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Abstract

This thesis attempts to explore the implementation of the Mechanistic Empirical
Pavement Design Guide (MEPDG) in Canada, specifically in Alberta. In order to
achieve this goal, quality of Canadian climate data files used for the MEPDG and its
effects on flexible pavement performance were evaluated. Results showed that
temperature and precipitation data used in the MEPDG are close to Environment
Canada data. This study demonstrated that asphalt concrete rutting, total rutting and
longitudinal cracking were sensitive to Canadian climate. However, alligator
cracking, transverse cracking and International Roughness Index (IRI) were found
less sensitive to climatic factors.

In addition, this study compared Alberta Transportation Pavement Design (ATPD)
method and the MEPDG. Comparison results revealed that pavement performance
(IR1) is quite close (< 8% difference) using these two methods. According to the
MEPDG, pavement designed by the ATPD method underestimates pavement
thickness at poor subgrade and high traffic conditions.
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Chapter 1

1. Introduction

Canada’s road infrastructure has an estimated value of $150 billion [1]. This big road
infrastructure enables transportation of people and resources, which is a major source
of our economic prosperity. The total length of Canada’s road and street system is
nearly 840,000 kilometers: 63% is earth and gravel and 37% is paved roads [2]. In
Canadian context, the deterioration of these roads is mainly caused by climatic
factors such as long winter sessions with cold temperature and moisture as well as
freeze thaw cycles [2].

Climatic factors affect the behaviour of all pavement layers by changing material
properties. Bound materials are sensitive to temperature variations. At low
temperatures asphalt concrete tends to contract. As a result, asphalt becomes hard and
brittle and builds tensile stress in the materials that result in transverse cracks when
the tensile stress exceeds the material strength [2]. At high temperatures asphalt
becomes soft and viscous, weakening the pavement structures. As a result, the asphalt
layer creates pavement rutting under heavy traffic loads [3]. Temperature and
moisture variations affect the behavior of unbound layers. With an increase of
moisture content unbound layers reduce their bearing capacity. In winter when
subsurface temperatures drop below the freezing point, frost penetrates pavement
materials and subgrade soils and freezes the water in the soils that creates ice lenses.
Ice lenses cause an increase in the strength and stiffness of the unbound pavement
layers and subgrade soil [3]. When the ice lenses thaw, the increased moisture content
in the soil weakens structural capacity of the pavement structure [4 and 5].

Freeze - thaw action is the key reason for pavement damage in cold climate regions.
Canada has a cold climate with freezing index more than 1000°C-days in 90% area of
Canada [6]. The pavement damage mechanism in cold climates is considerably
different from that in warmer climates. The effect of frost makes huge differences in
roughness during winter. The spring thaw causes quick damage during a somewhat
short time of the year. Thus climatic factors decrease the structural capacity and
functional serviceability of the pavement. Many studies in literature have explored

the effect of climatic factors on road deterioration. Nix (2001) shows that 20 to 50%



of road damage is caused by vehicles and 50 to 80% is due to weather depending on
pavement construction and traffic level [7]. A paper from Transport Quebec (Saint-
Laurent et Corbin, 2003) reported that according to several authors 30 to 80% of all
annual road damage occurs during the spring thaw period depending on the length of
the spring thaw season [8]. Therefore, pavement design practices in cold climatic
regions such as Canada need to adequately incorporate the effects of climatic factors

responsible for pavement damages.

1.1 Current Pavement Design Practices in Canada

In the United States, the Federal Highway Administration (FHWA) provides funds
for pavement construction and rehabilitation or setting pavement design standards.
However, there is no single agency like the FHWA in Canada [9]. Pavement design
for the primary highway network in Canada is governed by provincial governments
with the federal government responsible for National Parks Roadways [9]. Provincial
agencies are free to implement whatever design procedure they choose for pavement
design and rehabilitation. Most of the provincial transportation agencies (British
Columbia, Alberta, Manitoba, Ontario, Quebec, New Brunswick, Nova Scotia Public
Works and Government Services Canada (PWGSC)) use the American Association
of State Highway Transportation Official (AASHTO)-1993 whereas Saskatchewan
and Prince Edward Island use Asphalt Institute method for flexible pavement design
method. The AASHTO-1993 is an empirical pavement design method whereas the
Asphalt Institute method is a mechanistic pavement design method.

The AASHTO-1993 empirical model was drawn from field performance data
measured at the AASHO road test that was conducted in the late 1950’s under a
specific climatic condition, set of subgrade, and pavement materials with typical
traffic loading and characteristics. AASHTO-1993 empirical method served well for
the last four decades; however, these were not representative of the current world
scenario due to varied climate, traffic loading and volume around the world. Recent
studies demonstrated that AASHTO-1993 over- or under -estimates pavement
designs (thicknesses) in various situations since climate, traffic and other pavement
design inputs have not been adequately considered in these empirically based
methods [10]. The inherent limitation in this method is the empirical nature of the

decision process, which was derived from a road test conducted almost 50 years ago
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in Ottawa, Illinois. Besides, AASHTO-1993 pavement designs procedure has limited
environmental inputs: drainage and seasonal variation of subgrade support are
included, but these are not sufficient to completely predict the changes in pavement
response due to different climates. These limitations and deficiencies of the
AASHTO-1993 method motivated the development of a design guide based on the
mechanistic principles under the National Cooperative Highway Research Program
(NCHRP 2004). Literature reveals that the recently developed Mechanistic-Empirical
Pavement Design Guide (MEPDG) incorporates effects of climate, traffic and
materials on pavement performances in a comprehensive manner that made MEPDG
a more cost effective design procedure than existing empirical-based pavement
design methods [11].

1.2 Benefits of MEPDG over Empirical Based Approaches
Currently, many transportation agencies are considering the implementation of
mechanistic procedures and analytical methods rather than empirically based design
and analysis procedures for the design and evaluation of pavement structures. The
mechanistic pavement design procedures are capable of predicting pavement
responses (i.e., stress, strain, deflection) under traffic and environmental loads and
relating these predicted responses to pavement performance. The benefit of the
mechanistic procedure is the ability to calibrate design procedures to local climate
conditions and material properties. The current MEPDG, introduced by the recently
completed NCHRP project 1-37 A, is under evaluation by many transportation
agencies in North America.

The newly released MEPDG has adopted a mechanistic-empirical pavement design
procedure, in which pavement distresses are calculated through nationally calibrated
distress prediction models based on material properties and local climatic conditions.
The calibrated distress prediction models are based on the critical pavement
responses mechanistically calculated by a structural model, and coefficients
determined through national calibration efforts using the Long-Term Pavement
Performance (LTPP) database. The MEPDG requires many input parameters to map
the calibrated distress prediction models with traffic, environmental factors, and
material properties. All the distresses considered in the MEPDG are affected by

environmental factors to some degree [12]. The Enhanced Integrated Climate Model
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(EICM) is a powerful climate effects modeling tool, is used to model temperature and
moisture within each pavement layer and subgrade in the MEPDG software [13]. The
version of the EICM incorporated into the MEPDG is based on improvements to an
earlier version of the Integrated Climate Model [14]. EICM offers distinct benefits
compared to previous procedures [15].

The EICM requires climate data files which include inputs of hourly air temperature,
wind speed, sunshine percentage (used to define cloud cover), precipitation, relative
humidity and water table depth in a specified format by the MEPDG software [13].
Temperature profile, changes in ground water table, precipitation/infiltration, freeze-
thaw cycles, and other external factors are modeled in the MEPDG procedure in a
very comprehensive manner [13]. The MEPDG helps to evaluate pavement
performances and it can be upgraded if extra efforts and resources are involved to
better characterize materials, improve traffic data quality, and effectively use
environmental conditions [10].

To date, only in the United States have there been significant studies depicting the
consequences of climate on pavement performances using the MEPDG. One such
study was done by Johanneck et al. which was a sensitivity study on 610 complete
weather stations across the US [3]. This study attempts to evaluate some
environmental aspects required for the implementation of MEPDG for designing

pavements in Canada and especially in Alberta.

1.3 Objectives
The objective of this study was two-fold. The broad objectives and the specific

objectives are as follows:

1. Evaluation of Canadian climatic files and their effects on pavement
performances using the MEPDG
e Evaluate the accuracy of temperature and total precipitation data used for
the MEPDG application,
e Evaluate the accuracy of freezing index data computed by the MEPDG
e Compare maximum frost depth computed by the MEPDG with the
Modified Berggren method.



e Study the effects of Canadian climatic factors on pavement performances
using the MEPDG,

e Investigate the effect of Canadian climate zones on pavement distresses

e Evaluate the effects of latitude & longitude on pavement performances,
and

e Evaluate of the application of Virtual Weather Station (VWS) in the
MEPDG.

Comparison between Alberta Transportation Pavement Design (ATPD)

method and the MEPDG

e Compare the ATPD with the MEPDG method in terms of pavement
distress prediction International Roughness Index (IRI), and

e FEvaluate pavement performances using the MEPDG.

1.4 Scope

MEPDG version 1.1 was used for pavement performance evaluation in this study.
Since most pavements in Canada are flexible pavements, only flexible pavement
sections were considered.

Two hundred and six weather station files in Canada including 27 weather station
files in Alberta were evaluated.

Four weather factors such as temperature, precipitation, freezing index and frost
depth were evaluated in this study.

The accuracy of Canadian weather station files was evaluated using
Environmental Canada data records and Modified Berggren method.

Pavement distresses in terms of IRI, longitudinal cracking, alligator cracking,
transverse cracking, AC rutting and total pavement rutting were considered for
discussion in this study.

Since most of the Canadian provinces follow the AASHTO method for pavement
design, in this study the ATPD method, which is based on AASHTO-1993, was
compared with MEPDG.



1.5 Organization of This Thesis

This thesis is organized as follows: Chapter 1 presents the introduction, objectives
and scope of this work. Chapter 2 presents an overview to the relevant background
information as well as specific inputs and outputs of empirical-based pavement
design procedure AASHTO and recently developed MEPDG. Chapter 3 describes the
procedure of evaluation of Canadian climatic files used for the MEPDG. Chapter 3
also includes an analysis of the effects of Canadian climatic files on pavement
performances at three levels: (a) provincial, (b) climatic weather zones and (c)
geography (across latitude and longitude). Chapter 4 demonstrates a comparison
between the pavement design method adopted by Alberta Transportation agencies
and the MEPDG. Chapter 5 includes work summary, conclusions, contributions and

recommendation for future studies. This thesis ends with references and appendices.



Chapter 2

2. Literature Review

This study aims to evaluate the effects of climatic factors on pavement performance
and to conduct a comparative study between the Alberta Transportation Pavement
Design (ATPD) method and the Mechanistic Empirical Pavement Design Guide
(MEPDG). The related literature of this study is discussed in this chapter. Mainly a
brief overview of two different pavement design methods, American Association of
State Highway Transportation Official (AASHTO)-1993 method and MEPDG is
discussed. First, an introductory discussion on empirical based pavement design
methods and the newly developed MEPDG is provided. Then, AASHTO-1993
pavement design procedure, important input and output parameters, the advantages
and limitations of the AASHTO-1993 is briefly discussed. Subsequently, the
MEPDG pavement design procedure, environmental factors and climatic models as
well as different pavement performance prediction models used in the MEPDG is
discussed. Finally, comparison between the AASHTO-1993 and the MEPDG is

mentioned.

2.1 Pavement Design and Analysis Methods

There are two different types of tools available in literature for pavement design and
performance analysis: the empirical design approach and the mechanistic-empirical
(M-E) design approach. Under the action of traffic and environmental loading, an
ideal design tool will predict the state of stresses and strains within the pavement
structure. Materials that are available for the construction of pavement have a major
influence on design [16]. The pavement design tool should be equipped with material
models capable of capturing the mechanistic response of the various materials used to
construct the road. This type of model is regarded as a mechanistic model. In the
early 1960s, knowledge gaps prevailed between mechanics and material science that

caused the evolution of the empirical modeling method as an alternative [17].

2.1.1 Empirical Pavement Design Approach

Empirical design approach is the well-known approach for pavement design and its



performance evaluation to date. An empirical approach is one which is based on the
results of experiments or experience. Generally, it requires a number of observations
to be made in order to ascertain the relationships between input variables and
outcomes. As long as the limitations to the approach are recognized, it is not
necessary to firmly establish the scientific basis for the relationships between
variables and outcomes [18]. Specifically, it is not prudent to use empirically derived
relationships to describe phenomena that occur outside the range of the original data
used to develop the relationship. In some cases, it is much more expedient to rely on
experience than to quantify the exact cause and effect of certain phenomena. The
design inputs of empirical pavement design approach include standardized traffic
loading, physical properties of pavement materials, and environment conditions.
These inputs are required to estimate the pavement performance based on results
from previous field experiments and, in some cases, on practical experience [17].
Empirical design methods can range from extremely simple to quite complex. The
simplest approaches specify pavement structural designs based on what has worked
in the past. For example, local governments often specify that city streets should be
designed using a given cross section (e.g., 100 mm (4 inches) of Hot Mix Asphalt
(HMA) over 150 mm (6 inches) of crushed stone) because they have found that this
cross section has produced adequate pavements in the past. More complex
approaches are usually based on empirical equations derived from experimentation.
Some of this experimentation can be quite elaborate. For example, the empirical
equations used in the American Association of State Highway Transportation Official
(AASHTO)-1993 Guide are largely a result of the original AASHO Road Test. There
are several empirical design methods available, such as the National Crushed Stone
Association [19], the California Method and the most commonly used pavement
design method, various versions of the AASHTO design Guides [20, 21, 22, 23].
Among these methods AASHTO is the worldwide most popular method.

2.1.2 Mechanistic-Empirical (M-E) Design Approach

In the mechanistic approach, a mathematical model is used to describe the
relationship between the structural response (stresses, strains and deflection) and the
physical causes (inputs). However, this mechanistic approach is not capable alone for

complete pavement analysis because mechanistic approach are based on



mathematical model which are theoretical . As a result M-E design approaches were
developed as an alternative to fulfill the gap between the empirical and mechanistic
methods. In the M-E approaches, the performance prediction models use the stresses,
strains and deflections to predict pavement distress using the empirical formulas [17].
In other words, in the M-E method, the mechanical model is based on elementary
physics and determines pavement response to the wheel loads or environmental
condition in terms of stress, strain, and displacement [24]. The empirical part of the
design uses the pavement response to predict the life of the pavement on the basis of
actual field performance [25].

The Mechanistic Empirical Pavement Design Guide (MEPDG) combines both
empirical and mechanistic procedures for pavement design. The MEPDG is explained

in more details in Section 2.3.

2.2 Outline of AASHTO Pavement Design Method

The AASHTO pavement design procedure uses empirical equations to relate
observed or measurable phenomena (pavement characteristics) with outcomes
(pavement performances). The empirical equations were developed from the AASHO
road test conducted near Ottawa, lllinois, during the period 1958-62. The original
design procedure was modified several times over the last 50 years to improve the
procedure and to incorporate new research outcomes. With each revision, new
concepts were incorporated into it, resulting in an ongoing upgrade to the overall
procedure. For example the reliability concept was introduced with the release of the
1986 guide to deal with uncertainties related to design variables. The guide also
introduced the concept of the resilient modulus Mg (elastic response) in place of
pavement support. Drainage coefficients were added by replacing the regional factor
(R) [16]. The 1993 wversion of AASHTO improved the design procedure for
rehabilitating of existing pavements. The most recent version of the AASHTO
pavement design guide is AASHTO-1993. This guide is used by the majority of

Canadian provincial road authorities [26].

2.2.1 AASHTO Design Procedure
The main features of the ASSHTO-1993 pavement structural design procedure are

captured in Figure 2.1. The basic equation associated with the guide for flexible



pavement design is shown below as Equation 2.1. This basic equation of the
AASHTO-1993 design guide permits engineers to determine a structural number

(thickness index) necessary to carry a selected traffic load.

log,, [APSI /2.7]
0.40+1094 /(SN +1)%*°
+2.32log,, M, —8.07 (2.1)

logW,, = Z,S, +9.36 [log,, (SN +1]-0.2 +

where,
Wyg = predicted number of 80 kN (18,000 Ib.) equivalent standard axle
load (ESAL)

Zg = standard normal deviate

So = combined standard error of the traffic prediction and performance
prediction

SN=structural number (an index that is indicative of the total
pavement thickness required)

=a;D; + a,.D,m; + azDsms+...

a  =1i"layer coefficient
Di = i" layer thickness (inches)
m  =i" layer drainage coefficient

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

Mg = subgrade resilient modulus (in psi)
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Figure 2.1: Flow Chart for the AASHTO-1993 Structural Design Procedure
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2.2.2 Traffic

The basic traffic unit used in AASHTO-1993 is the 18-kip single standard axle.
Different axle types are converted to Equivalent Single Axle Loads (ESALSs) using
the Load Equivalency Factors (LEF). LEF is defined as the number of repetitions of
the 18-kip single standard axle that causes the same damage as a single application of
a particular configuration. The AASHTO method does not account for the concept of
the relative damage because it is based on empirical results of the ASSHTO Road
Test. Traffic consideration in the AASHTO method has not incorporated the concept
of multiple axle configurations such as tire types and pressures. The AASHTO-93
design practice does not account for vehicle speed. Slower speeds and stop conditions
for a longer period of time result in greater rutting damage. Today traffic volumes,
vehicle characteristics, type of truck loadings, classifications and distribution have

changed significantly. These factors have not been reflected in AASHTO-1993.
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2.2.3 Reliability

"The reliability of the pavement design-performance process is the probability that a
pavement section designed using the process will perform satisfactorily over the
traffic and environmental conditions for the design period” [23]. Reliability was
introduced in the AASHTO Guide to provide some degree of assurance (R) to the
designer to use in the design process so that various design alternatives will last for
which they were designed. Reliability is intended to account mostly for chance
deviations in traffic prediction and performance prediction. Reliability of design
performance is measured through the multiplication of reliability factor Fg with
design period traffic prediction (W3g) to produce design applications for the design
equation. The reliability factor is a function of the overall standard deviation (So) that
accounts for both chance variation in the traffic prediction and normal variation in
pavement performance prediction for a given Wig [17]. The AASHTO Guide
recommends reliability for various functional classifications of roads, from 50 to
99.9%, whether urban or rural [26].

2.2.4 Materials Characterization
The basis for materials characterization in the AASHTO Design Guide is the resilient
modulus of subgrade. This lets the pavement designer quantify the relative damage a

pavement is subjected to during each season of the year [27].

2.2.4.1 Roadbed Soil Characterization

For roadbed materials, laboratory resilient modulus tests using AASHTO Test
Method T274 should be performed on representative samples under stress and
moisture conditions simulating those of the moisture and temperature seasons. This is
considered as the first attempt at implementing a mechanistic property in pavement
design. The original AASHTO resilient modulus (Mg) test procedure has been
modified (SHRP — P-46) to the current procedure entitled “AASHTO T294-92” [16].
The resilient modulus is a means of characterizing the elastic property of soil that
recognizes definite nonlinear characteristics. The empirical model in the AASHTO
Guide is sensitive towards variations in the Mg parameter. When direct test facilities
of Mg are not available, the resilient modulus can be estimated from other tests such

as California Bearing Ratio (CBR), R-value and soil index test results using
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correlation relationships recommended by the Guide. The value of the resilient
modulus is stress-strain dependent, that is, the value changes as stress and strain
conditions change. The AASHTO guide outlines two procedures to be followed for
determining the seasonal variation of the modulus based either on the laboratory
relationship between the resilient modulus and moisture content, or from back-
calculated moduli for different seasons. The Guide comprises a procedure for
determining the effective roadbed soil resilient modulus based on an estimate of
relative damage (up) that corresponds to the seasonally adjusted subgrade modulus

for each month of the year [16].

2.2.4.2 Pavement Layer Material Characterization

AASHTO-93 has not incorporated pavement material characteristics directly in the
structural design but the factors of pavement material properties hich is called layer
coefficients. The layer coefficients of different unbound materials are related to the
resilient modulus. Those layer coefficients can be determined using AASHTO T274
test methods. On the other hand the bound material or asphalt concrete can be
characterized using results of the repeated load indirect tensile test (ASTM D 4123).
Structural coefficients can also be estimated from available charts of various base-
strength parameters and resilient modulus test values in the AASHTO Guide. The
effectiveness of the ability of various drainage methods to remove moisture from the
pavement is not described with detailed criteria, but is recognized through the use of
modified layer coefficients [28]. The layer coefficient, which is a measure of the
relative ability of the material to function as a structural component of the pavement,
expresses the empirical relationship between the structural number (SN) and
thickness [26]. The factor for modifying the layer coefficient is referred to as a
drainage factor for i layer (mjvalue and has been integrated into the structural
number (SN) equation along with the layer coefficient (a;) and thickness (Di) [28];
thus

SN =a,D, +a,D,m, +.....+a,D,m, (2.2)

Where:

SN = Structural number of the pavement structure
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aj = Layer coefficient i

D; = Thickness of layer i

m; = Drainage factor for layer i
The layer coefficients could be influenced by many factors such as the thickness of
the layer and the underlying support and position within the pavement structure. The
AASHTO guide mentioned that the resilient modulus values found by laboratory tests
were significantly different from field results. In most of the cases, the layer
coefficients values are determined from prior experience. Also layer coefficients

values can be determined from long-term pavement response data.

2.2.5 Serviceability

Pavement performance is characterized by the criteria of the structural performance
and the functional performance. The structural performance relates to the physical
conditions of the pavement, such as the occurrence of cracking or any other
conditions that might affect the load-carrying capacity of the road. On the other hand,
the functional performance describes how comfortable the ride is for the user and is
measured using the serviceability-performance concept [17].

The Present Serviceability Index (PSI) is a numerical index computed from objective
measurements of certain types of pavement surface characteristics. The PSI indicates
the pavement’s ability to serve traffic at any time in its life history. This index
method was developed by the AASHO Road Test Present Serviceability Rating
(PSR) on a scale of 0 to 5. From 0 to 1 PSI was termed very poor, and 4 to 5 was very
good. The PSI was developed to correlate various parameters about the distress of
pavement such as slope of variances, cracking, rutting and patching.

In the AASHTO-1993 system, the loss of serviceability is the difference between the
initial serviceability and terminal serviceability. It is the only performance indicator.
In the AASHTO system the roughness scale for ride quality ranges from 5 to 0. For
pavement design it is necessary to select both an initial and terminal serviceability
index. An initial serviceability index of 4.2 is suggested to reflect a newly constructed
pavement. A terminal serviceability index of 2.5 is suggested to be used in the design
of major highway agency such as Alberta Transportation [28]. The design
serviceability loss, APSI, is the difference between the newly constructed pavement

serviceability and that accepted before rehabilitation.
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2.2.6 Advantages of the AASHTO-1993 Design Method

AASHTO-1993 has been the most popular pavement design method around the world
for more than 50 years. There are several advantages of AASHTO-1993 design
method exists in compare to other empirical methods such as United States Army
Corps of Engineers (USACE), National Crushed Stone Association (NCSA), and
Portland Cement Association (PCA) and so on. AASHTO-1993 pavement design
method is very simple in nature. Due to its simplicity, the AASHTO-1993 design
method is very easy to implement. Users can design pavements within a very short
time using different design charts available in the guide or by plugging a design

equation into Microsoft Excel or an equivalent tool.

2.2.7 Limitation of the AASHTO-1993 Design Method

The AASHTO design guide was developed based on the specific conditions of the
AASHO Road Test. This guide is not realistic to use empirically derived relationships
to explain phenomena that occur outside the range of the original data used to
develop the empirical relationships. The limitations of the AASHTO-1993 Guide are:
(a) Design errors may occur if pavement is designed with materials and roadbed soils
other than those used in the AASHO road test ; (b) Less accurate results may occur if
pavement is used in different environments than that of AASHO road test; (c) this
guide does not consider incremental effects of loadings; (d) this guide may produce
inaccurate results if traffic distributions differ from those used in the AASHO road
test ; (e) AASHTO-1993 pavement design procedures do not adequately represent
climatic effects on pavement performances. AASHTO-1993 has only two input
parameters related to the environment: drainage and the seasonal variation of sub-
grade support. Though these two parameters are important, however, they alone are
not adequate. (f) One major deficiency of the empirical approach is that it is
insufficient in evaluating the performance of the pavements. There is no provision to
predict other modes of failure, such as fatigue, rutting and thermal cracking. In fact,
these types of failures in many cases dictate the scheduling of maintenance and
planning of rehabilitation [3]. (g) The empirical nature of the AASHTO design
approach does not account for the mechanistic response of asphalt concrete. The mix
design procedure relies on physical properties, which cannot relate to the pavement

structural response [17]. Empirical nature of AASHTO, results above shortcomings
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that have been addressed by Mechanistic Empirical (M-E) pavement design method.

2.3 Overview of the MEPDG

The Mechanistic Empirical Pavement Design Guide (MEPDG) was recently
introduced in the United States [3]. This guide was developed by the National
Cooperative Highway Research Program (NCHRP 1-37 A) under sponsorship by the
American Association of State Highway and Transportation Officials (AASHTO).
MEPDG aims at providing the highway community with a modern practice tool for
designing new as well as rehabilitated pavement structures, based on mechanistic-
empirical principles. The MEPDG and other associated software are suitable for
analyzing and predicting the performance of different types of flexible and rigid
pavements.

The MEPDG analyzes input data for traffic, climate, materials and proposed structure
using mechanistic-empirical numerical models. The models estimate damage
accumulation over the service life of the pavement. The Guide is primarily concerned
with the concept of pavement performance which accounts for structural and
functional performance [29]. The benefit of the mechanistic procedure is the ability to
calibrate design procedures to local climate conditions and material properties.

The current version of MEPDG, developed by NCHRP project 1-37 A, is currently
under evaluation by several transportation agencies. The goal of these evaluations is
to adapt and calibrate the MEPDG software for local conditions. A significant facet
of this process is to evaluate the performance prediction models and sensitivity of the
predicted distresses to various input parameters for local conditions and, if necessary,

re-calibration of the performance prediction models is required.

2.3.1 MEPDG Analysis Procedure

Pavement design through MEPDG is an iterative procedure based on analysis of the
MEPDG software results for trial designs proposed by the designer. A trial design is
investigated for sufficiency against input performance criteria. The output of the
MEPDG software is a prophecy of distresses and smoothness against a set of
reliability values. If the predictions do not meet the expected performance criteria at
the given reliability, the trial design is amended and the evaluation is repeated. The

designer can control incremental adjustments to the pavement structure and the
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specification of each performance criterion used in the pavement design procedure.

Figure 2.2 shows a process for designing flexible pavements.

Figure 2.2: Overall Design Process for Flexible Pavements in MEPDG [13]
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The MEPDG design approach brought a radical change from previous empirical

Strategy Selection

pavement design methods. Unlike generating a structure with specific layer
thicknesses like AASHTO, the MEPDG requires an initial assumption of the layered
pavement structure and generates a prediction of the pavement’s performance. The
initial layer thicknesses can be calculated from experience or by using old design
methods. The MEPDG helps to evaluate pavement damage incrementally, which
incorporates the hourly effect of climate as well as material properties throughout
pavement design life. Three design levels were integrated in the model for users to
select according to their needs. The MEPDG software requires extensive information
on traffic, climate, and material properties as input to create the initial layered
structure. Different design levels and information regarding traffic, climate and

material input are described in the following sections.

2.3.2 Design Input Level Hierarchy

Three input levels were incorporated in the MEPDG. Three levels of input depend on
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the importance of the project, availability of input information to the designer, and
the sensitivity of the pavement performance to a given input. These three levels of

design inputs are discussed as follows.

Level 1

This level of input requires the most precision input values. It requires site and/or
material-specific inputs which can be obtained through direct testing or
measurements such as site-specific axle-load data collection and laboratory testing of
dynamic modulus for Hot Mix Asphalt (HMA). This level involves more time and

resources.

Level 2

This is an intermediate level in terms of prediction and accuracy. If resources or
laboratory testing equipment are not available, the designer can use data from limited
testing, an agency data base, or correlations. For example, the dynamic modulus
could be estimated based on existing test results from binders, aggregate gradation

and mix properties.

Level 3

This level produces the lowest accuracy. In this level the designer selects the input
from national or regional default values, such as characterizing the HMA using its
physical properties (gradation) and type of binder used.

2.3.3 Environmental Factors Affecting Pavement Performances

There are two main environmental factors, moisture and temperature, which can
change the pavement layer and subgrade material’s properties for a pavement
structure and, consequently its strength, durability and load-carrying capacity [13].
During the cold winter months, the asphalt-bound materials modulus value can
increase by 20 times its value of the hot summer months. Asphalt stripping happens
drastically with excessive moisture. Similarly, at freezing temperatures, the resilient
modulus of unbound materials becomes very high in comparison to the thawing
months. Also the moisture content breaks up the cementation between soil particles
and affects the state of stress of unbound materials. If the moisture content increases,

then the modulus of the unbound materials decreases.
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In short, environmental factors play a significant role in pavement performance [30].
All the distresses considered in the MEPDG are affected by environmental factors to
some degree [12]. The Enhanced Integrated Climate Model (EICM) is a powerful
climate effects modeling tool, used to model temperature and moisture within each
pavement layer and sub grade in the MEPDG software [13]. The version of the EICM
incorporated into the MEPDG is based on improvements to an earlier version of the
Integrated Climate Model (ICM) [14]. EICM offers distinct benefits compared to

previous procedures [15].

2.3.3.1 Enhanced Integrated Climatic Model
EICM was initially developed as the Integrated Climatic Model (ICM) designed for
the FHWA in 1989 at Texas A & M University. Larsen and Dempsey revised the
original model in 1997, and consequently released the ICM version 2.0 [14]. The
EICM was amended for use in the MEPDG and undertook several key modifications
under the NCHRP 1-37A study. Version 2.1 is currently referred to as EICM.
EICM is a one-dimensional coupled heat and moisture flow program that implies
changes in pavement and sub grade characteristics and behavior along with
environmental conditions over the service period of the pavement [31]. It simulates
the upper boundary conditions of a pavement-soil system by producing patterns of
solar radiation, precipitation, wind speed, cloud cover, and air temperature [32]. The
EICM consists of three main components including the Climate-Materials Structural
model (CMS Model) developed at the University of Illinois [3], a frost-heave and
settlement model (CRREL model) developed at the United States Army Cold
Regions Research and Engineering Laboratory, and an Infiltration-Drainage model
(ID model) developed at the Texas Transportation Institute at Texas A & M
University [33].
EICM has been incorporated in the MEPDG to simulate the climatic effects in the
behaviour and characteristics of pavement and sub-grade materials over the design
period. The following are the required inputs of EICM [24]:

e Model analysis parameters: the exact date and duration of the analysis period

e Climatic data inputs: hourly air temperature, wind speed, percent of sunshine

(used to define cloud cover), precipitation, relative humidity, and water table
depth.
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e Material properties: thermal conductivity, heat capacity, and total unit weight.

e Pavement structure: select layers type, thickness, and number of elements.

e Base course moisture models: Thornthwaite Moisture Index (TMI) or ID

Model.

One of the main outputs of the EICM is a set of adjustment factors for layers of
unbound materials. The adjustment factors are responsible for the effects of
environmental parameters and conditions such as moisture-content changes, freezing,
thawing, and recovery from thawing. These factors are used to calculate the
composite environmental adjustment factor (Fe,), which further is used by the
MEPDG to adjust the unbound materials resilient modulus as a function of location
and time [24].
Other important outputs of the EICM include the predictions of in situ temperature
and moisture profiles. In the MEPDG, the predicted temperature profile through the
asphalt layer is used in both fatigue and permanent deformation prediction models,
whereas the predicted moisture profile is used in the permanent deformation model
for the unbound materials [24]. Also, the EICM computes and predicts the following
data throughout the pavement profile: resilient modulus adjustment factors, pore
water pressure, water content, frost and thaw depth, frost heave, and drainage
performance throughout the complete pavement and subgrade profile for the entire
design life of the pavement structure [15].
The function of the model is to document the user-supplied resilient modulus Mg of
all unbound layer materials under primary conditions, usually at near-optimum
moisture content and maximum dry density. After that the model estimates the
probable changes in moisture content and the effect on the user-entered resilient
modulus. The model also assesses the effect of freezing on the layer Mg and the
effect of thawing and recovery from the frozen Mg condition. The model supplies
varying Mg values in the calculation of critical pavement response parameters and
damage at different points within the pavement system. For the asphalt-bound layer,
the model estimates the changes in temperature to permit the calculation of the
dynamic modulus and thermal cracking. This EICM model is applicable to both

asphalt concrete (AC) and PCC pavements [13].
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2.3.3.2 Way of using climatic parameters by the MEPDG

The MEPDG software uses the climatic input data including hourly air temperature,
wind speed, sunshine percentage (used to define cloud cover), precipitation, relative
humidity and water table depth in a specified format [13]. Air temperature, wind
speed, and percent sunshine are used to estimate the heat transfer between the road

and the atmosphere, as shown in Figure 2.3.

Figure 2.3: Heat Transfer between Pavement and Air ona Sunny Day [34]
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Temperatures throughout the pavement structure are dominated by atmospheric
conditions at the surface. While measuring air temperatures is relatively simple, there
is not a direct correspondence between the air temperatures and pavement surface
temperatures. To estimate the pavement temperature, the energy balance at the
surface being used in the CMS model is described in Figure 2.3 and the equation
below (2.3). The Design Guide predicts pavement temperature for every hour based

on the following equation:
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Q-Q +Q,-Q. +Q, +Q,+Q, = (2.3)

Where,
Qi = Incoming short wave radiation
= Reflected short wave radiation
Q. = Incoming long wave radiation
Q. = Outgoing long wave radiation
Q. = Convective heat transfer
Qn = Effects of transpiration, condensation, evaporation, and sublimation

Qq = Energy absorbed by the ground

Wind speed affects the convective heat transfer between the pavement and air.
Convective heat transfer happens when the air temperature and pavement surface
temperature are not the same. Heat transportation always occurs from a warm to a
cold place, and results in either a gain or loss of heat to or from the pavement [3].
Higher wind speed increases the rate of convection. In a heat balance equation, the
percent of sunshine is used in the calculation at the pavement surface, and can be
estimated as a numerical illustration of cloud cover. Incoming shortwave radiation is
mostly accountable for daytime radiation heating and is dependent on the angle of the
sun and the amount of cloud cover. The angle of the sun is related to the latitude,
date, and time of day. To determine the infiltration of moisture in pavements
precipitation data is used by the EICM. If the average daily temperature in a month is
less than 0°C, in that month all precipitation is assumed to be snow. To model the
moisture gradient of both JPCP and CRCP, relative humidity values are used. The
EICM needs this information on an hourly basis throughout the entire life cycle of the
pavement to make temperature and moisture predictions at all depths. Because the
mechanical properties of materials and distress development are impacted by
temperature and moisture, the EICM software provides a discrete benefit over
previous procedures [35]. To satisfy the requirements for hourly data on the
previously mentioned parameters, the EICM uses climatic data obtained from the
climate data base available for the station.

The Design Guide is a noteworthy revolution in the way pavement design is carried
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out. The climate part in the Design Guide software requires the designer to specify a
climate file for the project location stored in the database. The user has an
opportunity to generate a weather file by interpolating climatic data from selected

nearby weather stations

2.3.4 Traffic

The traffic information is a key element for the structural design of pavement. The
traffic description proposed in the MEPDG is more specific than the conventional
ESALs technique adopted in AASHTO. In the MEPDG load, spectra for single,
tandem, tridem and quad axles are introduced. Traffic data, including truck count by
class, by direction and lane, are required for traffic characterization. For each vehicle
class, axle-load spectra distributions are developed from axle-weight data. Traffic
volumes by vehicle class are forecasted for the design analysis period. The total
number of axle applications for each axle type and load group is determined over the
design period in the traffic section. To determine the pavement responses and distress
prediction the number of applications for each axle type and load increment is used.
The pavement response module also needs data related to the axle configuration, such
as average axle width, dual tire spacing, tire pressure and axle spacing. Traffic
wander impacts the number of load applications over a point. This parameter affects
the prediction of fatigue and permanent deformation.

The MEPDG has kept a provision for the special axle configuration which is a vital
feature of this guide. This feature helps the user to evaluate pavement performance
due to any kind of non-conventional vehicle systems. Vehicle operational speed is
one of the important inputs for the flexible pavement design. It directly influences the
stiffness response of the asphalt concrete layers. The magnitude and duration of stress
pulses produced by the moving traffic is subject to the vehicle speed, type and
geometry of pavement structure, and the location of the element under consideration.
The dynamic modulus of the asphalt concrete layer is calculated with the use of

frequencies corresponding to various vehicle speeds.

2.3.5 Pavement Materials Characterization

Mechanistic pavement design procedures are complex and involve the interaction of

the pavement structure model that estimates the state of stresses and strains with the
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imposed traffic loads and environmental conditions. Material characterization
techniques were investigated to produce mechanistic properties suitable for the new
trend in modeling for the ME design approach. MEPDG requires a large set of
material properties. The material inputs needed for the design process may be
classified in one of the three major groups: pavement response model material inputs,
material-related pavement distress criteria, and climatic model material inputs [24]
The pavement response models use material properties such as elastic modulus (E)
and Poisson’s ratio (i) to compute the state of stress/strain and deflection at critical
locations within the pavement structure subjected to traffic loading and temperature
variations. These structural responses are used by the distress models along with
complementary material properties to predict pavement performance. Climatic-
related properties are used to determine temperature and moisture variation inside the
pavement structure. Material characterization models interact with the environmental
models. This interaction helps to determine the temperature and moisture profile
throughout the pavement structure. In the material characterization model, material
inputs include engineering properties such as the plasticity index and porosity, and
thermal properties such as heat capacity and absorptivity. The state of the different
materials forming the road layers and, consequently, the response of the structure,
changes with variation in temperature and moisture conditions. An effective
analytical model including material characteristics accounts for all of these factors in
analysis, leading to a performance-based road design in the MEPDG. Different

material characterizations are illustrated in the following subsections [13].

2.3.5.1 Hot Mix Asphalt Concrete (HMA) Materials Characterization

The key input parameter for flexible pavement design is the HMA dynamic modulus
(E). At level 1 input, the MEPDG requires the HMA dynamic modulus to estimate
from laboratory testing following guidelines presented in AASHTO TP 62 or ASTM
D3497. The asphalt binder complex shear modulus and phase angle testing
(AASHTO T315) are also necessary for level 1. For levels 2 and 3, Witczak’s
dynamic modulus prediction model, which requires HMA gradation, air voids,
volumetric binder content, and asphalt binder type as inputs, is used to estimate E and
develop the Master Curve. Additional testing is necessary to characterize HMA for

predicting thermal cracking. The additional testing includes tensile strength

24



(AASHTO T322), creep compliance (AASHTO T322), and thermal conductivity and
heat capacity (ASTM E 1952 and ASTM D2766) [24].

2.3.5.2 Portland Cement Concrete (PCC) Materials Characterization

The material characterization input parameters required for the MEPDG to design
and analyze the rigid pavement include: the elastic constants (elastic modulus,
Poisson’s ratio) of the PCC to compute the developed stresses and strains in the
concrete slab. The modulus of rapture of flexural strength (MR) is required to
estimate the fatigue life of the concrete. The coefficient of thermal expansion (CTE)
is necessary to calculate the joint opining and curling-induced stresses in the slab.
The composite modulus of subgrade reaction (k-value) is used to calculate the surface

deflections and joint faulting [24].

2.3.5.3 Chemically Stabilized Materials Characterization

The chemically stabilized materials covered in the MEPDG include lean concrete,
cement stabilized, cement treated open-graded drainage layer, soil cement, lime,
cement, and fly ash treated materials. The elastic modulus of the layer is the primary
input parameter for chemically stabilized materials. For lean concrete and cement
treated materials in new pavements, the elastic modulus is determined using ASTEM
C 469. For lime stabilized materials, AASHTO T 307 protocols apply [24].

2.3.5.4 Unbounded Base, Sub-base, and Subgrade Materials

The main input parameters required by the MEPDG for unbound materials include
the resilient modulus at optimum moisture content, Optimum Moisture Content
(OMC) and Maximum Dry Density (MDD), specific gravity, saturated hydraulic
conductivity, and Soil Water Characteristic Curves (SWCC) parameters.

The resilient modulus input can be obtained as a function of stress state at level 1 for
HMA pavements. However, this approach is not recommended at this time in the
MEPDG. At levels 2 and 3, they can be estimated with other, more easily obtained
soil properties. For example, at level 2, the unbound layer M, can be estimated
through correlations with several other commonly tested soil properties such as the
California Bearing Ratio (CBR), R-value, and AASHTO layer coefficients (a;). At
level 3, the resilient modulus of unbound materials is selected based on the unbound

material classification (AASHTO or USC) either from agency-specific testing or by
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adopting the MEPDG defaults. The MEPDG provides a general range of typical
modulus values (based on LTPP averages) for each unbound material classification at

their optimum moisture content and maximum dry density [24].

2.3.6 Flexible Pavement Response Models

The flexible pavement response model determines the structural response of the
pavement system due to external loads such as traffic loads and environmental
influences. Environmental load is applied on the pavement structure directly (e.g.,
strains due to thermal expansion and/or contraction) or indirectly through alterations
in the material properties such as changes in stiffness due to temperature and/or
moisture effects.
The pavement response model produces the stresses, strains, and displacements
within the pavement layers. In MEPDG the critical response variables are used as
inputs to the pavement distress models which are as follows:
e Tensile horizontal strain at the bottom/top of the HMA layer to predict
fatigue cracking;
e Compressive vertical stresses/strains within the HMA layer for prediction of
HMA rutting;
e Compressive Vvertical stresses/strains within the base/sub base layers for
prediction of rutting of unbound layers; and
e Compressive vertical stresses/strains at the top of the subgrade for

prediction of subgrade rutting.

Critical response variables need to be evaluated at the critical location within the
pavement layer where their values are maximum. The critical locations are decided
by inspection for a single wheel loading. For example, for a single wheel load, the
tensile horizontal strain reaches its maximum value under the center of the wheel at
the bottom of the HMA layer. For multiple wheels and/or axles, the position of the
critical location depends on the wheel load configuration and the pavement structure.
The critical location within the pavement structure of the pavement response
parameters will not be same for all vehicle types in mixed traffic conditions (single

plus multiple wheel/axle vehicle types). The pavement response model explores the
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critical location for each response parameter in these cases.
Two flexible pavement analysis methods have been implemented in the MEPDG

which are discussed below:

2.3.6.1 Multilayer Linear Elastic Analysis Method

There are different considerations related to this method ,such as each layer is
homogeneous, has finite thickness except for the subgrade, is isotropic, leads to full
friction developing between layers at each interface, and has no surface shearing
forces. Two material properties such as elastic modulus and Poisson’s ratio of each

layer are crucial to determine pavement stress and strain in this method [17].

2.3.6.2 Finite Element Method
A nonlinear finite element procedure is used to consider the unbound material

nonlinearity instead of determining the pavement stresses, strains, and displacements.

2.3.7 Design Reliability

The design of flexible pavements deals with many factors that lead to a considerable
amount of uncertainties. These factors include traffic levels, material properties and
construction quality, model prediction errors, and calibration measurement errors.
These uncertainties can be dealt with in pavement design through both deterministic
and probabilistic framework. Each design factor has a fixed value based on the factor
of safety assigned by the designer in the deterministic method. In addition, each
design factor is assigned a mean and a variance in the probabilistic method.

Reliability (R) is described as the probability (P) that each of the fundamental distress
types and smoothness levels will be less than a selected critical level throughout the
design period. R = P [Distress over Design Period < Critical Distress Level]. Design
reliability is defined for smoothness (IRI) as follows: R = P [IRI over Design Period
< Critical IRI Level]. Design reliability for key distress such as fatigue cracking is
defined as follows: R = P [Fatigue Cracking over Design Period < 20 percent lane
area]. Note that this definition is different from the AASHTO Design Guide in that it
considers each distress and the IRI directly in the definition. AASHTO defines
reliability in terms of the number of predicted equivalent single axle loads to terminal

serviceability (N) being less than the number of equivalent single axle loads actually
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applied (n) to the pavement. R = P [N < n]. AASHTO produced results indicating that
thicker pavements always increased design reliability. However, this is not always
true for the key performance measures adopted in the MEPDG. In the approach taken
in MEPDG, several design features other than thickness (e.g., HMAC mixture design,
dowels for jointed plain concrete pavements, and sub-grade improvement for all
pavement types) can be considered to improve the reliability estimate of the design
[17].

Recommended levels of reliability for predicted distresses by the MEPDG are based

on the functional class of the roadway as shown in Table 2.1.

Table 2.1: Illlustrative Levels of Reliability for New and Rehabilitation

Design [13]
Recommended Level of Reliability for
Functional Classification Pavement Distresses
Urban Rural
Interstate/Freeway 85 - 97 80 — 95
Principal Arterials 80 — 95 75 -90
Collectors 75 -85 70 - 80
Local 50 - 75 50 - 75

2.3.8 The MEPDG Distress Prediction
In the MEPDG the critical stress and/or strain values computed by the pavement
response model discussed in the above section are transformed to incremental
distresses, either in absolute terms, such as in rut depth calculation, or in terms of a
damage index in fatigue cracking. The calibrated distress prediction models transform
the cumulative damage to physical cracking and at the end of each analysis the output
is tabulated and plotted for each distress type by the MEPDG software.
The different structural distresses considered in flexible pavement design and
analyses are as follows:

e Bottom-up fatigue cracking (alligator);

e Surface-down fatigue cracking (longitudinal);

e Fatigue in chemically stabilized layers (in semi-rigid pavements);

e Thermal cracking; and

e Permanent deformation (rutting).
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The MEPDG achieves the feasible pavement designs in an iterative manner. The

steps of the design process include [13]:

1. Decide pavement performance criteria such as rutting level, cracking, and
smoothness at the end of the design life and the desired level of reliability for
each.

2. Perform a trial design based on the other pavement design guide or prior
experience.

3. Forecast performance over the design life.

4. Estimate the predicted performance against the design limits.

o

If the design criteria are not satisfied, revise design and repeat steps 3 and 4 until

the design does satisfy the performance requirements.

2.3.9 Performance Prediction Models
Pavement structure accumulates damage due to traffic and environmental load with
time. Performance predictions of a road are expressed in terms of pavement distresses
and ride quality. The major distresses predicted by the MEPDG for flexible
pavements are as follows:

* Permanent deformation (rutting).

* Fatigue cracking (bottom-up and top-down).

* Thermal cracking.

In addition, pavement smoothness (IRI) is predicted based on these primary distresses
and other factors. The MEPDG design procedure empirically correlates IRI with
other distresses for all types of pavement.

The methodology in the MEPDG uses an incremental damage approach in pavement
design and analysis. Distress or damage is estimated and accumulated for each
analysis interval. The basic unit for estimating the damage is assumed as an analysis
interval of one month. However, the analysis time interval reduces to bimonthly
during freeze and thaw periods due to the quick change in the modulus under these
conditions. The change in temperature and moisture conditions directly affects the
material response and hence the performance. The pavement performance prediction

models are elaborated in the following sections.
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2.3.9.1 Permanent Deformation

One of the most significant load-induced distresses occurring in flexible pavement
structure is permanent deformation. Permanent deformation includes rutting in the
wheel path, which grows gradually with accumulation of load repetitions. Rutting
normally appears as longitudinal depressions in the wheel paths accompanied by
small upheavals to the sides. The intensity of rutting is highly dependent upon the
pavement structure (layer thickness and quality), traffic matrix and quantity as well as
the environment at the design site [13]. Regardless of the material type considered,
there are generally three distinct stages for the permanent deformation behavior of
pavement materials under a given set of material, load and environmental conditions
which can be described as follows [13]:

* Primary Stage: high initial level of rutting, with a decreasing rate of plastic
deformations, predominantly associated with volumetric change.

* Secondary Stage: small rate of rutting exhibiting a constant rate of change of rutting
that is also associated with volumetric changes; however, shear deformations increase
at increasing rate.

o Tertiary Stage: high level of rutting predominantly associated with plastic (shear)

deformations under no volume change conditions.

The MEPDG employs the incremental damage approach to calculate the damage or
rutting in each layer in the pavement structure. The MEPDG models only the initial
and secondary permanent deformation stages shown in Figure 2.4. The primary stage
is modeled using an extrapolation of the secondary stage trend. The tertiary stage is
not considered in the model [17]. Once the material type of each sub-layer is
identified, an appropriate model is used by the system to calculate the accumulated
plastic strains at the mid-depth of each sub-layer in each sub-season. The total
permanent deformation is then calculated as the sum of permanent deformation in

each sub-layer [24].
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Figure 2.4: Pavement Deformation Behaviour of Pavement Materials [17]
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For a layered pavement, cross-section vertical strain at any given depth is computed
by the structural response model using the elastic properties of the material which is

given by the equation,

& —1*

rz = & (Gz — HOy _luo-y) (24)
E

Where, &, is the resilient strain, oy, 6y and o are the stresses developed along X, y and

z axis respectively, pis the Poisson ratio and E is the elastic modulus of the material.

Laboratory test results determine the plastic strain, which has the following form:

e le, =a, TN (2.5)

Where:
gp = accumulated plastic strain at N repetitions of load (in/in)
g =resilient strain of the asphalt material asa function of mix properties,
temperature and time rate of loading (in/in)
N = number of load repetitions
T = temperature (deg F)

a;j = non-linear regression coefficients
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The total permanent deformation is the summation of incremental rutting for different
conditions over the design period. Details of the method for calculating the
permanent deformation of each layer are given in Part 3-Chapter 3 of the MEPDG

documentation [13].

2.3.9.2 Fatigue Cracking

Tensile and shear stresses are developed in the asphalt layer due to repeated traffic
loads. Fatigue cracking starts at locations of critical strain and stress. Critical strain
occurs at the locations where the subjected load is maximum. Critical strain depends
on the stiffness of the asphalt layer. Two types of fatigue cracking occur in the
asphalt layer. The first type is known as fatigue cracking that commences due to
bending action, which develops flexural stresses at the bottom of the asphalt layer.
The second type of fatigue cracking, which propagates from the surface to the
bottom, is assumed to be due to critical tensile and or shear stresses which occur at
the surface due to high contact pressures at the tire edges-pavement interface. When

the asphalt layers are very thin and old, second type fatigue cracking is more likely to

happen.
Both types of fatigue cracking are estimated based on Miner’s law which is as
follows.
T n
D=> 1 (2.6)
iz N
where,

D = pavement damage
T = total number of periods
n; = actual traffic for period i

N; = traffic allowed under conditions prevailing in i
The model used to represent fatigue cracking is given below:

N, =Ck (/&) WE)" (2.7)

where,
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N = number of repetitions to fatigue cracking
& = tensile strain at the critical location

E = stiffness of the material

ki, k2, k3 = laboratory regression coefficients

C = laboratory-to-field adjustment factor

2.3.9.3 Thermal Cracking Model

The thermal fracture of the pavement is modeled in the MEPDG based on the visco-
elastic properties of the asphalt mixture. The Thermal Cracking Model (TCMODEL),
is an enhanced version of the Strategic Highway Research Program (SHRP) model.
The procedure measures the creep compliance at one or three temperatures depending
on the level of analysis with the help of the HMA mix representation in an indirect

tensile mode. The master creep compliance curve is then expressed by a power model

as follows:
D() =D, + D¢, (2.8)
where

D (§) =creep compliance at reduced time &
Do, D1 = Prony series parameters

m = power slope parameter

Then the relation between compliance D(t) and the relaxation modulus E, of the
asphalt mix is established using viscoelastic transformation theory. The relaxation

modulus is expressed by a generalized Maxwell model using a Prony series

relationship:
N+1 ;‘:
E($)=>Y, Ee” (2.9)
where:

E(§) = relaxation modulus at reduced time &
Ei, M = Prony series parameters for master relaxation modulus curve
(spring constants or moduli and relaxation times for the Maxwell

elements)
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The thermal stresses in the pavement can be computed using equation (2.10) once the

relaxation modulus is known from equation (2.9)

o(8) = j E(E-¢) dz: ds (2.10)

where,
o(§) = stress at reduced time &
E(&-&") = relaxation modulus at reduced time &-&'
¢ = strain at reduced time & = (o (T(§" ) - To))
o = linear coefficient of thermal contraction
T(&") = pavement temperature at reduced time &'
To = pavement temperature when ¢ = 0

&' = variable of integration.

The Paris law of crack propagation predicts the amount of crack propagation made by

a given thermal cooling cycle which is shown in equation (2.11)

AC = AAK" (2.12)

where:
AC = change in the crack depth due to a cooling cycle
AK = change in the stress intensity factor due to a cooling cycle

A, n = fracture parameters for the asphalt mixture

The stress intensity K is estimated based on an analytical finite element method

analysis shown in equation (2.12).

K =c(0.45+1.99C*) (2.12)
where:

K = stress intensity factor

o = far-field stress from pavement response model at depth of crack tip

C, = current crack length, feet

The value of the parameter (n) in Equation (2.11) is given by Equation (2.13)
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n=0.8(1+1/m) (2.13)

where the value of m given in equation (2.13) is determined from the master creep
compliance curve power function in equation (2.8). The fracture parameter (A) given
in equation (2.11) is given by equation (2.14)

A = 10 #"(4-389-2.52l09(E*y, 1)) (2.14)

where

E =mixture stiffness, psi

om = undamaged mixture tensile strength, psi

S = calibration parameter
The length of the thermal cracks is estimated based on the relationship between the
probability distribution of the log of the crack depth to the HMA layer thickness ratio
and the percent of cracking. The thermal crack depth is found by the following

equation:

C, =*N(logC/h, /o) (2.15)

where:
Ct = observed amount of thermal cracking
1 = regression coefficient determined through field calibration
N (z) = standard normal distribution evaluated at (z)

o = standard deviation of the logarithm of crack depth of in the pavement
C = crack depth

hac = thickness of asphalt layer

The thermal cracking model assumes a maximum crack length of 400 ft in every 500
ft, which is equivalent to a crack across a lane width of 12 feet spaced at 15 feet along
the pavement length. The model can only predict 50% of this maximum amount. The
model assumes failure occurs when the average crack depth reaches the thickness of

the asphalt layer.

2.3.9.4 Smoothness Models (IR1)

All pavement distresses discussed in section 2.3.9.1 to 2.3.9.3 are responsible for the
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loss of pavement smoothness. Smoothness of a road surface is usually measured by
its roughness. The smoothness is defined as the variation of surface elevation that
causes vibrations in navigating vehicles. The MEPDG accepted the international
roughness index (IRI) as a measure for smoothness. In addition to the other pavement
structural distresses, a terminal IRI is specified at a defined level of design reliability
as the performance criteria for smoothness. The smoothness model accumulates
changes due to the increase in individual distress, site conditions and maintenance
activities to the initial smoothness (IRI) over the design period. These distresses
include rutting, bottom-up/top-down fatigue cracking, and thermal cracking for
flexible pavements. The IRl model uses the distresses predicted using the models
included in the MEPDG, initial IRI, and site factors to predict smoothness over time.
The site factors include sub-grade and climatic factors responsible for the roughness
caused by shrinking or swelling soils and frost-heave conditions. IRl is estimated
incrementally over the entire design period.

The MEPDG distress prediction models, such as fatigue cracking, permanent
deformation and thermal cracking are empirically correlated to smoothness. The
smoothness model considers other distresses as well, such as potholes, longitudinal
cracking outside the wheel path, and block cracking if there is potential of
occurrence. The user needs to set an initial IRI value, typically between 50 to 100
in/mile, to estimate the terminal IRI value using the MEPDG smoothness (IRI)
prediction model. Long Term Pavement Performance (LTPP) data were used to
embed the following equations to predict IRI for new HMA pavement in the
MEPDG.

IRI = IRI, +0.0150(SF) + 0.400(FC,,, ) +0.008(TC) + 40.0(RD) (2.16)
where,

SF = Site Factor

FCwtar = Area of fatigue cracking (combined alligator, longitudinal, and

reflection cracking in the wheel path), percent of total lane area.

All load-related cracks are combined on an area basis — length of

cracks is multiplied by 1 foot to convert length into an area basis
TC = Length of transverse cracking (including the reflection of transverse

racks in existing HMA pavements), ft/mi.
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RD = Average rut depth (in)

The site factor (SF) is calculated in accordance with the following equation.

SF = FROSTH + SWELLP * AGE*® (2.17)
where:

FROSTH = LN([PRECIP+1]*FINES*[FI+1])

SWELLP = LN([PRECIP+1]*CLAY*[PI+1])

FINES =FSAND + SILT

AGE = pavement age, years

Pl = sub-grade soil plasticity index

PRECIP = mean annual precipitation, in.

FI = mean annual freezing index, deg. F Days

FSAND = amount of fine sand particles in sub-grade (percent of

particles between 0.074 and 0.42 mm)

SILT =amount of silt particles in sub-grade (percent of particles
between 0.074 and 0.002 mm)
CLAY = amount of clay-size particles in sub-grade (percent of

particles less than 0.002 mm)

2.3.10 Comparison between the AASHTO-1993 and the MEPDG

The MEPDG demonstrated significant improvements over the AASHTO 93 guide for

pavement design and analysis which is explained below.

e The MEPDG addresses a wide range of pavement structures including new
construction and rehabilitation of existing pavements. Pavement design and
analysis are also now possible for composite structures, which address the
importance of overlay AC pavement with PCC or the opposite.

e The MEPDG significantly improved the treatment of traffic-related variables.
AASHTO-1993 depends on an equivalent standard axles load (ESAL), which is
unable to incorporate explicitly the impact of the wvarious characteristics of
vehicles using the roadway network. The MEPDG extends characterization of

road vehicles to consider tire pressure, axle load and distribution.

e The MEPDG incorporates the effect of the climate on the material response by
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adjusting the values of the AC dynamic modulus and unbound resilient
modulus according to seasonal changes in moisture and temperature.

e The MEPDG model has introduced a mechanistic material characterization that
helps to evaluate the performance of newly developed materials such as
engineered binders, unconventional gradations, and recycled materials, whereas,
the limitations of AASHTO-1993 included dependence on information collected
for a single native soil and road construction material within unique
environmental and traffic conditions on which the AASHO Road test was
performed in the 1960s.

e MEPDG enables to analyze foundation material (native soil) and existing
pavement adequately that facilitate the model to evaluate a number of design

options before implementation.

2.4 Summary

The AASHTO -1993 Guide is used by most of the road agencies throughout the
world. The design process yields a set of layer combinations that satisfy the structural
number. There are various deficiencies in the design process that were identified and
described in the previous section. Progress made in engineering mechanics, analytical
modeling and material characterization techniques inspired the road community to
use the mechanistic design approach, such as the MEPDG, where the shortcomings of
the AASHTO method could be overcome. Competencies of the proposed MEPDG
are anticipated to inspire road agencies to switch to the new guide [16].
Improvements in the proposed MEPDG are expected to lead to more road agencies
switching to the new guide. However, the sensitivity of different inputs and outputs
of the MEPDG needs to be evaluated before implementation. Chapter 3 of this study
aims for a sensitivity analysis of climatic parameters through evaluation of Canadian
pavement performances. Also different pavement distress models of the MEPDG are
examined in this study. Chapter 4 is focused on the comparison between the
AASHTO-based Alberta Transportation Pavement Design method and the MEPDG.

Chapter 4 also includes evaluations of the effects of traffic, subgrade strength and

climatic factors on Alberta pavements.
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Chapter 3

3. Evaluation of Canadian Climatic Files and Its Effects
on Pavement Performances using the MEPDG

[Saha J. and Bayat A. Evaluation of the Canadian Climate Information and Its Effect
on Pavement Performance through MEPDG Prediction, proceeding of Transportation

Research Board annual conference, Washington DC, 2011.]

3.1 Introduction

Environmental factors such as precipitation, temperature, freeze-thaw cycles and
depth to water table have significant influence on pavement performances [13]. The
Mechanistic Empirical Pavement Design Guide (MEPDG) has incorporated the
climatic effects through the Enhanced Integrated Climatic Model (EICM). Climatic
information of 851 weather stations across the US was included as part of the
MEPDG [3]. To advance the implementation of the MEPDG in Canada, the
Transportation Association of Canada (TAC) has recently developed a climate
database with a specific format to use in the MEPDG software.

Empirical pavement design procedure, such as the American Association of State
Highway and Transportation Officials (AASHTO) — 1993, is the most popular
pavement design procedure implemented by most transportation agencies around the
world. However, it has only limited input climate parameters including drainage.
Although this parameter is important, it is not adequate for pavement design and
performance prediction. It is generally accepted that climate impacts pavement
performance; however, it is difficult to quantify this impact from AASHTO — 1993
and other previous pavement design procedures. Unlike the AASHTO [23] method
which has been described in detail in literature reviews, the MEPDG pavement
performance prediction model exclusively incorporates the effects of environmental
factors on pavement performances.

The objective of this study was to evaluate the Canadian climate files for the MEPDG
and to investigate the influence of climate data on pavement performance. Available

Canadian weather station files were categorized into several categories based on the
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annual freezing index and mean annual precipitation to monitor the effects of climatic
factors on pavement performance.

Existing Canadian climate files were evaluated and then incorporated to evaluate
pavement performances using the MEPDG software version 1.1. In this study, a
typical pavement cross-section was chosen and analyses were performed on this
pavement for all 206 Canadian weather station files that are available for MEPDG
application. Johanneck and Khazanovich performed a similar study for all weather
stations across the US [3]. Pavement performances for different Canadian climate
zones in terms of the International Roughness Index (IRI), Asphalt Concrete (AC)
rutting, and total permanent pavement deformations and longitudinal cracking were

studied and discussed.

3.2 Literature Review Related to the Evaluation of Climatic
Effects on Pavement Performances using the MEPDG

Different literatures on pavement design and analysis methods including the
AASHTO and MEPDG were reviewed in Chapter 2. In some literature, authors have
conducted different studies to investigate the effects of climatic factors on pavement
performances. Those literatures were also reviewed and some of them are provided in
this section because they are related to the topic of this chapter.

Johanneck et al. [3] evaluated the US climatic database used for the MEPDG
application and the effects of US climate on pavement performance predictions. To
evaluate the quality of the climate data they first predicted pavement performances
using actual climatic data of one station. Then they predicted pavement performances
of the same station creating virtual weather station data, which incorporates data from
nearby stations. Pavement performances found by using the actual and virtual
weather data were compared. It was assumed in this analysis that the pavement
performances predicted by using the actual and virtual weather station should
produce similar results. However, these analyses produced significantly different
results due to low-quality data of the nearby station or the test station. Johanneck et
al. also conducted a comprehensive sensitivity analysis of different climate
parameters on pavement performance prediction through the MEPDG using a

climatic database consisting of 610 US weather station files available for the MEPDG
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application. Analysis was performed at the national, regional and local levels and it
was illustrated that the environment has a significant effect on predicted pavement
performance. Johanneck et al. demonstrated that AC rutting and total permanent
pavement deformation have a significant effect on pavement performance. However,
they recommended that the IRI model used in the MEPDG needs to be calibrated
because it is less sensitive towards climatic factors. They also illustrated some
inconsistencies attributed to the low quality of the climatic data and emphasized
developing a climatic database including large amounts of high-quality data that can
eliminate year-to-year variations as well as yield more reliable prediction.

Breakah et al. [37] investigated the importance of using accurate climatic data to
predict pavement performances using the MEPDG. Pavement performances predicted
by using climatic files available with the MEPDG design guide and ones developed
based on historic information for counties in the state of lowa through the lowa
Environmental Mesonet were compared in the Breakah study. The climatic files that
were interpolated from the data available within the design guide predicted higher
rutting in both total and asphalt concrete layer, lower thermal cracking and lower IRI
compared to the files developed in the Breakah study. Breakah et al. also found that
there is a strong correlation between environmental factors (especially temperature
and rainfall) and pavement distresses such as rutting in the AC layer, total pavement
rutting, transverse cracking, and IRl and concluded that effects of climate on these
pavement distresses are statistically significant. The outcomes of the study include:
(a) temperature has a strong effect on thermal cracking and rutting in the AC layer;
(b) moisture strongly affects unbound layers; (c) fatigue cracking results show
evidence of the effects of temperature and moisture but the absolute values of the
distresses were very low; and (d) effects of temperature and moisture were not
prominent on longitudinal cracking in their study for the selected counties of the state
of lowa. They recommended considering more pavement sections to predict the
fatigue and longitudinal cracking using the MEPDG. Breakah et al. recommended
the following guidelines for designing pavements in the future using the MEPDG:

(@) Complete climatic data should be used for predicting pavement performances
using the MEPDG. Climate data file requires information about hourly precipitation,
air temperature, wind speed, percentage of sunshine, relative humidity, etc. for a

minimum of 24 months for the MEPDG computational purposes [3].
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(b) Climatic data files can be developed by each state’s department of transportation
and need to be continuously updated.

(c) Climatic data files that cover the project duration should be generated from the
existing data files and these files should be used to simulate pavement performance
during the given project life.

Tighe et al. [38] conducted a series of MEPDG analyses to assess the impact of
pavement structure, material characteristics, traffic loads and climate on incremental
and terminal pavement deterioration and performance on low volume roads at six site
locations in British Columbia, Alberta, Manitoba, Ontario, Quebec and
Newfoundland in Canada. The results of this study were dependent on many
assumptions, especially those regarding the selection of sites and manipulation of
climatic scenarios. Sites were selected from the Long Term Pavement Performance
(LTPP) program for that study. As an outcome of the Tighe et al. study, it was
revealed that climate has a significant effect on rutting (asphalt, base and sub-base
layers), longitudinal and alligator cracking. However, transverse cracking was not as
sensitive to the climate of their selected project site. This study also demonstrated the
effects of climate change on selected pavement sections in southern Canada. The
study showed that the current pavement design practices using temporal data do not
fully achieve their design lives. Analysis of their deterioration-relevant climate
indicators at the selected sites shows that over the next 50 years, low temperature
cracking will become less problematic. Structures will freeze later and thaw earlier
with correspondingly shorter freeze seasonal lengths. This will lead to higher extreme
in-service pavement temperatures that will increase the possibility of pavement
rutting. Additional maintenance and rehabilitation costs may be required to
compensate for additional distresses related to climate change.

Smith et al. [1] conducted temperature and precipitation sensitivity analysis on
pavement performance similar to the study conducted by Tighe et al. [38]. The study
was conducted in Alberta and Ontario using the MEPDG and showed that: (a) IRI
increases as temperature and precipitation increase; (b) As IRI increases, the other
pavement performance indicators also increase; (c) Longitudinal cracking increases
with more precipitation; (d) Alligator cracking increases as temperature and
precipitation increase; and (e) Transverse cracking is not greatly affected by changes

in temperature and precipitation except as seen in Ontario where transverse cracking
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decreased when the temperature increased by 5°C. Smith et al. also studied the
effects of climate change on pavement performance. They mentioned that the
estimated increment of average temperature in Canada is between 2°C and 5°C and
the estimated increase in average precipitation is 0% to 10% over the next 45 years.
This study shows the consequences of change of temperature and precipitation on
pavement performances. This study quantifies the impact of climate change in the
Canadian environment through the MEPDG using Canadian data from the Long-
Term Pavement Performance program. This study showed that an increase in
temperature has a negative impact on pavement performance in the Canadian
environment. If the temperature increases 1°C it would minimally affect maintenance,
reconstruction, and rehabilitation (MR&R) activities. The initial study shows that
Canadian transportation agencies would likely not change MR&R activities until a
2°C or higher increase in temperature. Based on the analyses conducted at the
selected sites in Alberta and Ontario it was observed that the MEPDG was not

sensitive enough to precipitation or transverse cracking.

3.3 Availability of Canadian Climate Data for the MEPDG

To facilitate the implementation of the MEPDG in Canada, climate files are required
based on specific climate factors and format for all Canadian provinces.
Transportation Association of Canada (TAC) hired a consultant company to develop
Canadian weather station files for the implementation of the MEPDG in Canada.

The Canadian climate data base applicable for the MEPDG includes a total of 232
weather station files. All 232 weather files were reviewed. It was found that out of
232 weather stations, one station in the Yukon does not have any data. Also, one
weather station in Newfoundland and Labrador and eight weather stations in the
Yukon have been reported twice. Therefore, there are 222 weather station files are
available for the MEPDG spread out in different provinces of Canada. Of these 222
weather stations, 16 stations in different provinces have incomplete climate
information or less than the 24 months worth of data recommended by the MEPDG
software for computational purposes [14]. Therefore, only 206 weather stations in
Canada were found to have complete climate data which can be used by the MEPDG.
It is noted that a complete climate data file requires information about hourly

precipitation, air temperature, wind speed, percentage of sunshine, relative humidity,
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etc. for a minimum of 24 months for the MEPDG computational purposes [3].
Literature indicates that out of 851 available weather station files in the US, 610 had
complete data files for the MEPDG [3]. The climatic information details (station
name, location, latitude, longitude, mean annual air temperature, mean annual
precipitation, start and end date of climate data record, number of available months of
climate data and the classified climate zone) of 206 Canadian weather stations are
presented in the Appendix A.1.1.

Table 3.1 presents the distribution of total and complete weather station files that are
applicable for the MEPDG for each province in Canada. It also provides the mean,
minimum, and maximum number of months available for the accessible weather
stations in each Canadian province and territories for the MEPDG application. One
sample of the climate data input file is provided in Appendix A.1.2. The input file
contains weather-related information including year, month, day, hour, air
temperature, total precipitation, wind speed, percent of sunshine and relative
humidity.
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Table 3.1: Distribution of Canadian Weather Station Files for the MEPDG

Number of weather

Number of monthly

Area station files Density data avallable_ ina
_ weather file
g?g\?i(rjlﬁl: Total Number
Complete | of Station .
(sq km) rg)l;r?i?;zsr files* 11000 Max. | Min. | Mean
sg.km
Alberta (AB) 661,348 27 27 4.1 240 34 201
British
Columbia 944,735 29 28 3.1 240 29 209
(BC)
Manitoba
(MB) 649,950 14 10 2.2 240 20 208
New
Brunswick 72,908 7 6 9.6 240 22 181
(NB)
Newfoundland
& Labrador 405,720 24 20 5.9 240 40 186
(NL)
Northwest
Territory (NT) 1,346,106 11 11 0.8 240 58 183
NO"("’,‘\lSS‘;O“a 55,284 12 12 217 | 240 | 73 | 172
Nunavut (NU) | 1,935,200 14 13 0.7 240 43 163
Ontario (ON) | 1,076,395 34 34 3.2 240 34 209
Prince Edward
Island (PEI) 5,684 2 2 35.2 240 240 240
Quebec (QC) | 1,542,056 24 20 1.6 240 33 211
Sa“?éﬂ‘;""a” 591,670 16 15 2.7 240 | 145 | 233
Yukon (YT) 482,443 8 8 1.7 240 141 194
Total 9,769,999 222 206 240 20 200

Note: Max= Maximum, Min.= Minimum
* Complete weather file refers to at least 24 months of data in a weather file for the MEPDG

application.

From Table 3.1 it is observed that existing Canadian climate data files contain

various quantities of climate data ranging from 20 to 240 months. In this study, it was

found that there are 31 weather station files that have climate data for less than 10

years and 13 stations that have climate data for less than 5 years. For the stations
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having less than 20 years of climate data, the MEPDG software reuses the existing
annual climate data [3]. For instance, if a pavement is designed for 20 years with only
10 years of available climate data, then 10 years of data is used twice. The area of
each province is tabulated in Table 3.1 to observe the density of available weather
stations that are available for the MEPDG application. The density column shows that
Nova Scotia and Prince Edward Island have the highest density of available weather
stations. However, in the Northwest Territories and Nunavut, the station density is
very low; there is less than one station in 1000 square km area. In Alberta, on
average, four weather stations are available per 1000 square km for the MEPDG

application.

3.4 Evaluation of Canadian Climate Data Files for the MEPDG

There are several sources such as Environment Canada web site, a tool called World
Index, the Canadian Encyclopedia, and a Tech Solutions 605.0 document made by
DOW where climatic parameters of some Canadian weather stations are available.
Out of these sources, Environment Canada has largest historical data record of
Canadian weather stations. Environment Canada keeps climate data records on a
yearly, monthly, daily and hourly basis. In this study, the Canadian climate database
prepared and formatted for the MEPDG was evaluated. To evaluate the existing
climate database, one weather station was chosen randomly from each province. To
evaluate the accuracy of climatic parameters available in Canadian weather files, the

following tasks were performed in this study:

e Climatic parameters such as temperature and total precipitation data used for
the MEPDG analysis were compared with the Environment Canada historical
data record for each randomly chosen weather station from each province of
Canada for the same time period (details are presented in section 3.4.1).

e The freezing index computed by the MEPDG Software version 1.100 for each
selected weather station was compared with the freezing index documented
from other sources (also further elaborated in section 3.4.2).

e The MEPDG-computed maximum yearly frost depth of a selected weather
station was compared with the frost depth computed by the Modified

Berggren method (this methodology is explained in section 3.4.3).
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The other MEPDG-required climatic parameters such as wind speed, percent of
sunshine and relative humidity were not evaluated because that is beyond the scope

of this study.

3.4.1 Evaluation of Temperature and Total Precipitation Data used for the
MEPDG Application

The accuracy of temperature and total precipitation data of Canadian weather files
used in the MEPDG were evaluated in this study. Appendix A.1.3 shows details of
the climate (temperature and total precipitation) data used in the MEPDG analysis
and also climate data recorded by Environment Canada for the same time period for
one randomly chosen weather station from each province. The table showing
differences in the climate data records are also presented in Appendix A.1.3. To
evaluate climate (temperature and total precipitation) data used for the MEPDG,
temperature and total precipitation data used in the MEPDG were compared with the
publicly available historical climate data recorded by Environment Canada for the
same year, month and day for 13 randomly chosen weather stations (one station from
each province) in Canada. These comparative results are illustrated in Table 3.2 and

3.3. They are graphically presented in Figures 3.1 and 3.2 respectively.

Table 3.2: Comparison of Temperature Data Recorded by Environment
Canada and by TAC Used for the MEPDG Application

Number Difference in temperature (°C) between
of MEPDG climate data and Environment
Weather Station available Canada Historical data

months | ot 50" 75" 90"

n fﬁgta Percentile | Percentile | Percentile | Percentile
Calgary Int. Airport_AB 227 0.09 0.20 0.32 0.46
Kamloops Airport_BC 227 0.11 0.20 0.32 0.45
Gimli Airport_MB 215 0.06 0.10 0.26 0.42
Saint John Airport_NB 227 0.14 0.30 0.43 0.59
Argentia Airport NF&L 191 0.09 0.20 0.31 0.41
Halifax_NS 107 0.20 0.40 0.56 0.72
Inuvik Airport NT 227 0.14 0.30 0.43 0.63
Baker Lake Airport_NU 191 0.06 0.20 0.28 0.40
Hamilton Airport_ ON 35 0.06 0.10 0.22 0.36
Cﬂiggtrtte?g‘l’ f 227 0.09 0.20 0.34 0.52
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Number Difference in temperature (°C) between
of MEPDG climate data and Environment
: Canada Historical data
Weather Station available
months | ot 501 750 90"
mffllzta Percentile | Percentile | Percentile | Percentile
Bagotville Airport_ QC 227 0.08 0.20 0.34 0.45
Broadview Airport_SK 131 0.15 0.30 0.53 0.82
Aishihik Airport_YU 155 0.17 0.30 0.48 0.70

Table 3.2 demonstrates that the 25", 50" 75" and 90™ percentiles of the difference in
temperature (°C) data between the MEPDG and Environment Canada historical data
record are less than 0.2 °C, 0.4 °C 0.5 °C and 0.8 °C respectively for all 13 randomly
selected weather stations in Canada. This indicates that data collected by TAC for
MEPDG is consistent with the Environment Canada data.

The distribution of these absolute differences in temperature (°C) data recorded by
TAC and Environment Canada is shown graphically by the box plot that is illustrated

in Figure 3.1.

Figure 3.1: Absolute Difference in Temperature (°C) between the
Environment Canada Recorded and the MEPDG Used Data
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Figure 3.1 shows the 25", 50", 75" and 90" percentiles of the differences of the
temperature data recorded by two different sources as mentioned above. The
maximum difference of 0.82 °C occurs at the 90" percentile at Broadview Airport in
Saskatchewan. This demonstrates that the temperature data between the two sources
(TAC and MEPDG) are consistent.

Table 3.3 shows the absolute differences in precipitation (mm) data recorded by TAC
and Environment Canada, which are shown graphically in the box plot illustrated in

Figure 3.2.

Table 3.3: Comparison of Total Precipitation Data Recorded by
Environment Canada and by TAC Collected for the MEPDG Application

Number Difference in precipitation (mm) between
of MEPDG climate data and Environment
i Canada Historical data
Weather Station ar\éz':]?ﬁ;e
in data 25th 50th 75th 90th
file Percentile | Percentile | Percentile | Percentile
Calgary Int.
Airport_AB 227 0.07 0.11 0.13 0.46
Kamloops Airport BC 227 0.08 0.09 0.13 0.42
Gimli Airport_MB 215 0.06 0.09 0.12 0.42
Saint John Airport NB 227 0.11 0.13 0.23 5.61
Argentia
Airport NF&L 191 0.03 0.02 0.09 0.30
Halifax_NS 107 0.02 0.01 0.01 2.46
Inuvik Airport NT 227 0.12 0.09 0.17 0.61
Baker Lake
Airport_NU 191 0.01 0.01 0.01 0.11
Hamilton Airport ON 35 0.08 0.11 0.15 0.45
CharlotteTown
Airport_PEI 227 0.11 0.14 0.17 0.82
Bagotville Airport_QC 227 0.13 0.09 0.18 0.62
Broadview Airport_SK 131 0.01 0.01 0.01 0.04
Aishihik Airport_YU 155 0.01 0.02 0.01 0.05

Table 3.3 and Figure 3.2 show the 25", 50", 75" and 90™ percentiles of difference in
precipitation (mm) data recorded by TAC for the MEPDG application, and by
Environment Canada. These results show that the 75" percentile of the difference of

the precipitation data recorded by two different sources is less than 0.5 mm for all 13
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randomly selected weather stations in Canada respectively. This indicates that data
collected by TAC for the MEPDG demonstrate consistency with Environment
Canada data in terms of precipitation. However, the maximum 90" percentile

difference (5.61 mm) of precipitation was observed at Saint John Airport.

Figure 3.2: Absolute Difference in Precipitation (mm) between the
Environment Canada Recorded and the MEPDG Used Data
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Figure 3.2 shows the 25" percentile, 50" percentile, 75" percentile and 90™ percentile
of the differences of the precipitation data recorded by two different sources
(MEPDG and Environment Canada). The 90" percentile precipitation difference
between the two sources exceeds 1.0 mm at the Saint John Airport in New Brunswick
and in Halifax, Nova Scotia. These 90" percentile values are not shown in Figure 3.2

because they do not fit the scale of the figure.

3.4.2 Evaluation of Freezing Index Data computed by the MEPDG

The Freezing Index (FI) is the number of degree-days between the highest and lowest
points on the cumulative degree-days time curve for one freezing season. It is used as
a measure of the combined duration and magnitude of below-freezing temperatures
occurring during any given freezing season. The total annual freezing index has been
widely used to predict permafrost distribution, maximum depth of ground-frost

penetration, etc. [39, 40]. At freezing temperatures, water in soil freezes and the
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resilient modulus rises to values 20 to 120 times higher than the value of the modulus
before freezing; the process may be accompanied by the formation of ice lenses that
create zones of greatly reduced strength in the pavement when thawing occurs [29].
Consequently pavement damage occurs. The Freezing Index influences the IRI
values. The IRI model uses the freezing index to calculate the site factor for flexible
pavement [29]. Therefore, it is necessary to verify the accuracy of the MEPDG
computed freezing index.

To measure the accuracy of freezing indexes resulting from the MEPDG output,
those freezing indexes computed by the MEPDG were compared with the freezing
index in other sources available for the Canadian weather stations. One of the
reference sources was the Tech Solutions 605.0 document published by DOW
Chemical Canada ULC which is available online [41]. The DOW document has been
prepared for calculating building insulation that needs to estimate and control frost
depth by comparing the freezing index. In this document, freezing indices from
various weather stations across Canada have been reported based on weather data
records from 1931 to 1960 prepared by the division of building research office,
National Research Council, Atmospheric Environment Service, and Environment
Canada.

Table 3.4 presents the differences in freezing index values between two sources, the
MEPDG and Tech Solution 605, for 13 randomly selected weather stations, one from

each province.
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Table 3.4: Comparison of Freezing Index Values from the MEPDG Output,
and Tech Solution 605 Document

Freezing Index (°C-days) ‘Absolute
Difference of
. o Freezing Index (°C-
Weather Station Prediction from | Tech days) between
the MEPDG solution MEPDG & Tech
outputs 605 Solution 605
Calgary Int. Airport-AB 983 995 12
Kamloops Airport-BC 333 335 2
Gimli Airport-MB 1954 1898 56
Saint John Airport-NB 803 632 171
Argentia Airport-NF&L 289 264 25
Halifax-NS 377 309 68
Inuvik Airport-NT 4109 4680 571
Baker Lake Airport-NU 5299 '\!Ot -
available
Hamilton Airport-ON 617 368 249
CharlotteTF())\évln Airport- 741 667 74
Bagotville Airport-QC 1514 1593 79
Broadview Airport-SK 1809 1802 7
Aishihik  Airport-YU 3005 2799 206

Note: The bold font displays the maximum absolute differences of freezing indexes between

MEPDG and the Tech Solution document.

The maximum absolute differences of freezing index values between MEPDG &
Tech Solution 605 was 571°C-days in Inuvik Airport, Northwest Territories (NT) as
shown in Table 3.4. This high difference (nearly 10%) of freezing index could be the
result of the high difference between the temperature data used in the MEPDG, Tech
solution 605 and World Index. Except for a few other stations (such as Hamilton
Airport-ON, Saint John Airport-NB and Aishihik Airport-YU), the freezing index
values computed by the MEPDG and two other sources are less than 100°C-days for

other Canadian weather stations available for the MEPDG application.

3.4.3 Verifying Maximum Frost Depth Computed by the MEPDG with the
Modified Berggren Method
To evaluate the accuracy of Canadian climate data files available for the MEPDG

application, frost depths predicted by the MEPDG were reviewed. The MEPDG
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software output provides frost depth for each month of the pavement design life. To
justify the frost depth computation by the MEPDG, maximum frost depth values of
one randomly selected year for each representative station were compared with the
frost depth values calculated using the Modified Berggren method [42]. One
randomly selected year out of a 20-year design life of pavement was selected to
calculate the maximum frost depth for one randomly selected weather station from
each province. To compute frost depth by the Modified Berggren method, necessary
temperature data was used from Environment Canada historical data. The surface
freezing index (nF) used in the modified Berggren method to compute the frost depth
was calculated using the European method. According to the European method, the
freezing index is the sum of the mean daily temperature ('F) minus the freezing
temperature (32'F) for the freezing days of a year. A day is called a freezing day if

the mean temperature of the day is below the freezing temperature (32F).

Mathematically, freezing index (nF) is defined as,

nF =->"(T -32°F) (2.17)

Where, T = mean daily temperature = 0.5(T, +T,)
T1= Maximum daily air temperature,

T,= Minimum daily air temperature

One sample calculation of frost depth values from the Modified Berggren method is
shown in Appendix A.1.4. The inherent assumption of the modified Berggren
formula is that the soil is a semi-infinite mass with uniform properties and existing
initially at a uniform temperature (T;) and the surface temperature is suddenly
changed from T; to Ts (below freezing). The frost depth computation method using
the Modified Berggren equation is described as below.

The Modified Berggren equation for homogeneous soil is [42]:

X = A(48k %)i (3.0

Where:
X = depth of frost (ft)
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k = thermal conductivity (Btu/(ft hr °F))
2 = correction factor, (Ref: Figure A.1.1 in Appendix 1)
nF = surface-freezing index (°F-days)

= latent heat (Btu/ft®)

In this analysis a multilayer solution to the Modified Berggren equation was used for
computing frost depth of layered pavement structure by determining that portion of
the surface freezing index required to penetrate each layer [43]. Depth of freeze (or
thaw) is calculated by adding the thicknesses of all the frozen layers. The partial

freezing (or thawing) index required to penetrate the top layer is given by:

F - 2L411 o) (3.2)
Where,

d; = thickness of first layer (ft)

R; = dy/ky = thermal resistance of first layer.

ki, Ly and A; are the thermal conductivity, latent heat and correction factor of the first
layer.

The partial freezing (or thawing) index required to penetrate the second layer is given

by,

(R + ) (3.3)

Fo = 24/12 2

Similarly, the partial freezing (or thawing) index required to penetrate the nt" layer is

given by,

F, = 24/12 T QR (3.4)

Where I R is the total thermal resistance above the n™ layer and equals

D R=R+R,+-- 4R, (3.5)
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The summation of partial freezing indexes, Fi, F,, ..., F, is equal to the surface-

freezing index (°F-days), nF, i.e.,

NF=F+F+F 4+ +F (3.6)

Surface-freezing index (°F-days), nF was computed by European method. Fy, Fo, ...,
Fn, was computed and added until right hand side of equation (3.6) was not equal to
the left hand side of equation (3.6). Few iteration is required to match both hand side

of the equation (3.6).

When surface-freezing index, nF becomes equal to the summation of the n number of
partial freezing indexes, Fi, F2, ..., Fn. Then the summation of the thickness of n

number of layers, di, d, ..., d, gives the frost depth, FD, i.e.,

FD=d, +d,+d,+------- +d (3.7)

Now, for computing partial freezing index for n-th layer, the values of d,, k and 4 are
needed to be known ahead. A is a function of Y and a where a is a function of Vj
(Initial temperature differential), Vs (Average surface temperature differential) and p
(Fusion Parameter) is a function of Vs, C , L. As an example, the frost depth beneath
a multilayer pavement structure (top layer: Asphalt Concrete (AC), middle layer:
Granular Base Layer (GBC) and bottom layer: clay Subgrade) can be determined
with the following conditions:

e Mean annual temperature, MAT =43.3 (° F)

e Surface freezing index, nF (°F-days) = 1138.1

e Number of freezing days (t) = 84
The list of required parameters to calculate frost depth for above conditions are
tabulated in Table 3.5
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Table 3.5: List of Required Parameter to Calculate Frost Depth in Different
Layers by Modified Berggren Method

Middle Layer
Top Layer Bottom
(Granular
Values of the parameters (Asphalt Layer
Base Layer
Concrete) (Subgrade)
(GBQ))
. Infinite (depth
Thickness of the pavement layers, d; (ft) 0.8 11
of soil layer)
Thermal Conductivity, k (Btu/(ft hr °F)) 0.9 10 12
Latent Heat, L
3 0 403.2 403.2
(Btu/ft”)
Volumetric Heat Capacity, C
28 25.2 25.2
(Btu/°F ft*)
Average surface temperature differential,
0 135 135 135
Vs=nF/t (F)
Initial temperature differential,
113 11.3 11.3

Vo = MAT-32 (°F)
Partial frost depth, d; (ft) 0.8 11 6.0

Average Volumetric Heat

Capacity, 28.0 263 255

~ _ LCd 0 e3
€ =3 BuF 1)

Average Volumetric Latent heat,

[ —Lld 3 - 239.7 364.7
L= T 2 (Btu/ft”)
. C
Fusion Parameter, it = ¥, T - 15 0.9
Thermal ratio,
0.8 0.8 0.8
o= Vo/ Vs
Correction factor, A (From graph A.3.1
) . - 0.5 0.7
shown in Appendix)
Partial Freezing Indexes (Computed using
- 100.7 1037.2
equation 3.4)
Cumulative partial freezing indexes R
- 100.7 1137.9

(Computed using equation 3.5)
*Partial frost depth of the subgrade layer is computed iteratively so that cumulative partia

freezing indexes become equal to the surface freezing index, 1138.1(°F-days).
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The maximum frost depth for this example, FD (computed using equation 3.6) = sum
of the partial frost depth, di computed above = 0.8+1.1+6.0 = 7.9 ft. =2.41 m.

The maximum frost depths computed by the MEPDG and Modified Berggren method
are provided in Table 3.6. The absolute differences between frost depths computed by

these two methods are also shown in Table 3.6

Table 3.6: Comparison between the Frost Depths Computed by MEPDG
Predicted and the modified Berggren method

Frost depth (m)
Weather Station e
Berglglr(()e(rjllf:izthod MEF-)DG Absolute
computed predicted | Difference
Calgary Int. Airport_AB 2.4 2.1 0.3
Kamloops Airport BC 1.2 11 0.1
Gimli Airport_MB 4.5 4.1 0.4
Saint John Airport_NB 2.7 2.2 0.5
Argentia Airport NF&L 11 11 0.0
Halifax_NS 1.2 11 0.1
Inuvik Airport_NT 53 9.0 3.7
Baker Lake Airport_ NU 5.0 8.9 3.9
Hamilton Airport_ ON 2.1 1.6 0.5
CharlotteTown Airport_PEI 2.5 1.9 0.6
Bagotville Airport_QC 4.0 3.4 0.6
Broadview Airport_SK 4.3 4.0 0.3
Aishihik  Airport_YU 5.0 8.9 3.9

Results obtained from Table 3.6 show that the difference between the frost depths
computed by the modified Berggren and MEPDG method is less than or equal to 0.6
m except in three stations including the Inuvik Airport in the Northwest Territories,
Baker Lake in Nunavut and Aishihik Airport in the Yukon, respectively. These
stations are situated in permafrost regions. Permafrost will typically form in
any climate where the mean annual air temperature is less than the freezing point
of water [44]. The MEPDG-computed maximum frost depths were exceptionally high
in these three stations and the absolute difference of frost depth was more than 3.7 m
between MEPDG and the Modified Berggren method. These differences in frost
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depth could be the result of differences in the freezing index which is more than
200°C-days between the MEPDG and other two methods as found in Table 3.4.
Figure 3.3 shows a bar diagram that illustrates the visual comparison of the maximum
frost depths computed by the Modified Berggren and the MEPDG methods.

Figure 3.3: Frost Depth Comparison between the Modified Berggren and the
MEPDG Method
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Figure 3.3 illustrates that maximum annual frost depths computed by the MEPDG
and modified Berggren methods are consistent since the absolute difference of the
frost depth computed by these two methods is equal or less than 0.6 meter for
randomly selected weather stations from 13 provinces. However, in the permafrost
zone the difference in frost depth computed by the above-mentioned two methods is

more than 3.5 meter.

3.5 Evaluating the Effects of Canadian Climatic Factors on
Pavement Performances using the MEPDG

The main objective of this study was to evaluate the effects of Canadian climatic

factors on pavement performances using the MEPDG. A similar study was conducted
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earlier in the US [3]. Different pavement design parameters used in the MEPDG for

this study are illustrated in Table 3.7.

Table 3.7: Different Input Parameters for Pavement Performance Prediction

Asphalt Concrete (AC) flexible

Values
pavement parameters
Design Period (Years) 20
Traffic (AADTT) 3200

Growth rate of traffic

compound 5%

Number of lanes in design direction 1
Percent of truck in design direction (%) 50
Depth of water table (m) 1.5

AC layer thickness

230 mm (9 inch)

Granular base thickness

330 mm (13 inch)

Asphalt binder PG 58-28
Sub-grade type A-6
Sub-grade modulus (MPa) 100
Granular base type A-1-a
Base modulus (MPa) 275.8
Reliability of all performance criteria 85%

Pavement design input parameters used in the MEPDG for this study as shown in
Table 3.7 are chosen from the US study [3]. This study was conducted in a manner
similar to that of US study [3] to evaluate the effects of climate on pavement
performances using the MEPDG. All other input parameters related to materials and
traffic were the MEPDG software default values. One sample of all input parameters
used in the analysis is provided in Appendix A.1.5 Calgary Int. Airport weather
station. The input level is considered as level 3 for all analysis. Using MEPDG
software version 1.1, 206 analyses were performed.

The traffic, binder type and subgrade vary in different locations in Canada. However,
with the exception of climatic parameters, when evaluating the effects of the climate
on pavement performance, the same inputs were considered for all weather stations

available for the MEPDG application across Canada.
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3.6 Predicted Pavement Distresses Using the MEPDG
Based on the inputs parameters presented in Table 3.7, the following pavement
distresses were investigated for all 206 Canadian weather station files: alligator
cracking, longitudinal cracking, transverse cracking, International Roughness Index
(IRI), total permanent pavement deformation (total rutting), and Asphal Concrete
(AC) layer rutting. The values of all outputs of pavement performances for all
Canadian files are tabulated in Appendix A.1.6 and output summary of all the
distresses from all Canadian weather files with their allowable design limits are

provided in Table 3.8.

Table 3.8: Output Summary of Pavement Distresses in Different Weather
Stations Available for the MEPDG Application Across Canada

MEPDG

Pavement Distresses Minimum | Mean | Maximum | allowable
limit
IRl (m/km) 1.45 1.9 2.25 2.29
Longitudinal cracking (m/km) 0.1 44.8 2006.7 378.6
Alligator Cracking (%) 0.7 2.1 3.4 25.0
Transverse Cracking (m/km) 0.2 22.3 399.8 189.3

Asphalt Concrete layer
permaﬁent deformationy(mm) 0.0 6.1 15.0 6.0
Permanent deformation (Total 6.0 14.8 240 19.05
pavement) (mm)

Table 3.8 illustrates the minimum, mean, maximum and the MEPDG-specified
limiting values of all distresses (IRI, longitudinal cracking, transverse cracking,
alligator cracking, AC rutting and total pavement permanent deformation).
Transverse cracking values are the same (0.2 m/km) for 196 out of 206 weather
station files as provided in Appendix 1.6. Although the climate is different for
different weather station files, transverse cracking values are not changing as
expected with climate. Therefore transverse cracking is not showing realistic results
and hence it needs calibration for local conditions to capture the effects of climate.
The value of alligator cracking varies from 0.7 to 3.4% which is much lower than its
allowable limiting value (25%). It shows a small range of variation due to different
environmental factors. However, this range (0.7 to 3.4%) of alligator cracking values

shows consistency with the values suggested by the MEPDG manual for a pavement
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having AC layer thickness of 230 mm and sub-grade modulus of 100 MPa [45].
Alligator cracking mainly depends on AC layer thickness, repeated traffic loading
and sub-grade strength whereas it is sensitive to environment. The insensitivity of
alligator and transverse cracking values indicates that the associated models need
calibration for local Canadian climate conditions. The similar findings also were
demonstrated in the US study conducted by Johanneck and Khazanovich [3].

On the other hand, the MEPDG predicts expected values for the other four distresses
(IRIl, AC layer deformation, total permanent pavement deformation and longitudinal
cracking) as shown in both Table 3.8 and Appendix A.1.6. The maximum and
minimum values of IRI, AC layer deformation, total permanent pavement
deformation and longitudinal cracking lie within the expected range. Consequently,
only these four distresses were considered in the following sections. The effects of
climate on these four distresses (IRl, AC layer deformation, total permanent
pavement deformation and longitudinal cracking) were analyzed at three levels:

(a) across different Canadian provinces that are discussed in section 3.7;

(b) across different climate zones that are elaborated in section 3.8 and

(c) geography (across latitude and longitude) which is explained in section 3.9.

3.7 Prediction of Pavement Distresses across Different Canadian
Provinces

3.7.1IRI
The initial IRI value in all analyses was assumed as 0.99 m/km. Figure 3.4 illustrates

the distribution of IRl for all 206 Canadian weather stations for the MEPDG

application. The results of IRI values were found after applying 50% reliability.
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Figure 3.4 Frequency Distribution of IRI
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Figure 3.4 illustrates that IRl varies between 1.45 to 2.25 m/km at the end of its 20-
year design life for all weather stations in Canada. However, the value of IRI lies
between 1.8 to 2.1 m/km in more than 85% of available weather stations. The small
range of variation shows that the IRI value for this type of pavement considered in
this study was not very sensitive to different factors of climate. This supports similar
findings reported for US climate files by Johanneck and Khazanovich [3].

Tables 3.9 illustrates the maximum, minimum, and mean IRI service lives (years) for
all the MEPDG-applicable Canadian weather stations that were 20.0, 10.0 and 16.5
years respectively considering terminal IRl value as 2.29 m/km. However the
maximum service life might be more than 20 years, since the pavement is designed
for a 20-year period and the results shows maximum life as 20 years. A similar
design criterion was considered in the US study by Johanneck and Khazanovich [3].

The pavement design and analysis period was considered as 20 years for all stations.
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Table 3.9: IRI Service life of Pavement in Different Canadian Provinces

IRI Service life /analysis period

Provinces of Canada (Year)
Minimum | Mean | Maximum*
Alberta (AB) 15.3 16.6 17.3
British Columbia (BC) 13.3 16.8 20.0
Manitoba (MB) 15.4 16.1 17.0
New Brunswick (NB) 15.5 16.1 16.7
Newfoundland & Labrador 16.9 181 193
(NL)

Nova Scotia (NS) 15.8 17.0 18.4
Northwest Territories (NT) 15.8 17.8 20.0
Nunavut (NU) 20.0 20.0 20.0
Ontario (ON) 14.7 15.7 18.1
Prince Edward Island (PEI) 16.6 16.7 16.8
Quebec (QC) 10.1 14.9 18.1
Saskatchewan (SK) 10.2 15.9 16.8
Yukon (YU) 9.7 13.3 18.8

Note: *When maximum service life is 20 years, it indicates the maximum analysis period.

Therefore the service life could be more than 20 years.

The minimum IRl service life (9.7 year) was found in the Yukon (YU). The IRI
service life was 20 years for all 13 stations in Nunavut (NU). In Nunavut no
pavement fails in IRl throughout its design life. The reason behind this outcome
could be the mean annual air temperature, which is less than -10°C for all stations in
Nunavut, and because most of this part of the territory is frozen. The recorded
temperature and precipitation details are provided in Appendix A.1.1. In British
Columbia (BC) minimum, mean and maximum IRI service lives were 13.3, 16.8, and
20 years or more respectively. This wide variation in service life occurs because in
BC weather varies distinctly in different part of the province. Prince Edward Island
(PEI) has only two weather stations which have an IRI service life of 16.6 and 16.7
year respectively. In Alberta (AB), Manitoba (MB) and New Brunswick (NB), the
difference in maximum and minimum service lives was 2.0, 1.6 and 1.2 years
respectively.

Figure 3.5 shows minimum, mean, and maximum IRI service life for all stations in

each province across Canada.
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Figure 3.5: Distribution of IRI Service Life across Different Provinces of

Canada
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It is observed from Figure 3.5 that the difference between minimum and maximum
IRI service life is higher in Quebec (QC), Saskatchewan (SK), BC, and YU than in

the other provinces.

3.7.2 AC Rutting

Figure 3.6 illustrates the frequency of AC rutting for all the MEPDG applicable

weather stations files in Canada. The values of AC rutting were captured at a

reliability level of 50%. Figure 3.6 shows that predicted AC rutting from the MEPDG

varied from 0.8 to 15.5 mm. Unlike IRI, this variation indicates that AC rutting is

more sensitive to environmental parameters such as temperature, precipitation etc.
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Figure 3.6: Frequency Distribution of AC Rutting
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Table 3.10 shows minimum, mean and maximum AC rutting service life in different

provinces.

Table 3.10: Predicted AC Rutting Service Life of Pavement in Different
Canadian Provinces

AC rutting service life/analysis
Provinces of Canada period (Year)
Minimum | Mean | Maximum™*
Alberta 6.8 12.7 17.8
British Columbia 2.8 11.6 20.0
Manitoba 8.7 11.8 20.0
New Brunswick 9.7 13.4 16.8
Newfoundland & Labrador 20.0 20.0 20.0
Nova Scotia 10.5 15.8 20.0
Northwest Territories 8.8 16.8 20.0
Nunavut 20.0 20.0 20.0
Ontario 5.8 10.6 20.0
PEI 13.8 14.8 15.8
Quebec 4.8 13.4 20.0
Saskatchewan 7.7 11.1 13.8
Yukon 7.9 15.0 20.0

Note: *When maximum service life is 20 years, it indicates the maximum analysis period.

Therefore the service life could be more than 20 years.
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Table 3.10 shows that the difference between minimum and maximum AC rutting
service life was between 0 to 2 years for NU, Newfoundland and Labrador (NL) and
PEI because the maximum mean annual air temperature of all the stations of these
three provinces is less than 6°C as shown in the Appendix. The difference between
minimum and maximum AC rutting service life for other provinces was between 6.1
to 17.2 years. This happens because different climates prevail in different part of the
provinces. In some provinces maximum service life is seen as 20 years, which is the
design period.

Considering an AC rutting limit of 6.0 mm as pavement failure criteria by the
MEPDG, the AC rutting service life has been plotted in Figure 3.7.

Figure 3.7: Distribution of AC Rutting Service Life across Different
Provinces of Canada
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Figure 3.7 shows the minimum, mean and maximum service life of AC rutting for all
of Canada’s provinces and territories. This figure also depicts that the minimum,
mean and maximum service life for AC rutting is 20 years for all stations in NU,
where the mean annual air temperature is less than -10°C. Although the NT has
similar climatic conditions to NU, the minimum AC rutting service life is not similar
to the AC rutting in NU. The reason might be the difference in minimum annual
temperatures between the two territories. In the NT, the minimum annual temperature

is -2.3°C whereas in NU it is -9.5°C as shown in Appendix 1.1. On the other hand, the
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difference between minimum and maximum AC rutting service life is almost 17
years for the weather stations in BC since different climate zones prevail across BC.

Further details about these climate zones are mentioned in section 3.8.

3.7.3 Total Permanent Pavement Deformation (TPPD)
Figure 3.8 illustrates the frequency of total permanent pavement deformation for all

MEPDG-applicable weather station files in Canada. The values of AC rutting were

noted at a reliability level of 50%.

Figure 3.8: Frequency Distribution of Total Permanent Pavement
Deformation
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Figure 3.8 shows that total permanent pavement deformation varies from 6 to 24 mm.
However, 70% of stations have total pavement deformation between 13 to 19 mm.
This variation occurs due to different climates in different parts of Canada. Similar to
AC rutting, Total Permanent Pavement Deformation (TPPD) was found to be
affected by climate change.

Table 3.11 shows minimum, mean and maximum TPPD service life obtained from
the MEPDG taking into consideration the TPPD terminal value as 19 mm for all

weather stations in Canadian provinces and territories.
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Table 3.11: Predicted Total Permanent Pavement Deformation Service life of
Pavement in Different Canadian Provinces
TPPD service life/analysis

Provinces of Canada period (Year)
Minimum | Mean | Maximum*

Alberta 13.8 19.5 20.0
British Columbia 6.8 16.8 20.0
Manitoba 15.7 18.5 20.0
New Brunswick 16.8 19.5 20.0
Ne""l‘:‘;‘;;:g"(;‘rd & 20.0 20.0 20.0
Nova Scotia 18.8 19.9 20.0
Northwest Territories 16.8 19.7 20.0
Nunavut 20.0 20.0 20.0
Ontario 12.8 17.3 20.0
PEI 20.0 20.0 20.0
Quebec 12.8 18.0 20.0
Saskatchewan 15.8 18.8 20.0
Y ukon 15.8 19.1 20.0

Note: *When maximum service life is 20 years, it indicates the maximum analysis period.

Therefore the service life could be more than 20 years.

From table 3.11 it is seen that the service life of TPPD of all weather station files in
Newfoundland & Labrador, Nunavut and PEI was 20 years, which is the design life
for the selected pavement. All the stations in these three provinces lie in high freeze
zones. Different climate zones are discussed in detail in section 3.8. Since the amount
of total permanent pavement deformation decreases as the temperature decreases, the
service life of pavement increases for TPPD. The minimum and maximum TPPD
service life in BC was 6.8 and 20 years respectively. This significant difference in
TPPD service life occurs because different parts of BC are in different climate zones

as shown in Appendix A.1.1.

Considering a total permanent pavement deformation limit of 19.0 mm as pavement
failure criteria by the MEPDG, the total permanent pavement deformation service life

for different provinces of Canada has been plotted in Figure 3.9.
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Figure 3.9: Distribution of Total Permanent Pavement Deformation Service
Life Across Different Provinces of Canada
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Figure 3.9 shows the minimum, mean and maximum service life of total permanent
pavement rutting for all provinces and territories in Canada. This figure also shows
that the minimum service life for total permanent pavement deformation is 20 years
for the stations in NU, NL and PEI where all the stations of these three provinces lie
in the high freeze zone. On the other hand, the difference between minimum and
maximum total permanent pavement deformation service life for BC is 13.2 years
since different climate zones prevail across BC. Further details about these climate

zones are mentioned in section 3.8.

3.7.4 Longitudinal Cracking

Figure 3.10 illustrates the frequency of longitudinal cracking for all MEPDG
applicable weather stations files in Canada. The values of AC rutting values were

observed at a 50% reliability level.
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Figure 3.10: Frequency Distribution of Longitudinal Cracking
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Figure 3.10 shows that the MEPDG-predicted longitudinal cracking values range
from zero to 53 m/km for 198 of the 206 weather station files. These values show
consistency with the values suggested by the MEPDG manual for a pavement having
an AC layer thickness of 230 mm and a sub-grade modulus of 100 MPa [45]. In a few
stations in the NT and NU, pavement failed in longitudinal cracking where
longitudinal cracking values are exceptionally high like 2006 m/km as provided in
Appendix A.1.6. Those stations are located in a permafrost zone where the freezing
indexes are extremely high. Due to a high freezing index the sub-grade becomes very
stiff which tends to cause a larger tensile strain at the surface layer and results in high
longitudinal surface cracking [45]. High longitudinal surface cracking may also occur
because of saturation during thawing.

Table 3.12 shows the minimum, mean and maximum longitudinal cracking service
life for different provinces in Canada. Table 3.12 illustrates that in the NT and NU
the minimum longitudinal cracking service life was less than one year in some
stations such as Mould Bay airport in the NT, Cambridge Bay airport, Rea Point
airport and Resolute airport in NU. Such a small service life occurs due to
excessively high longitudinal cracking value in those stations. The reason for this
high longitudinal cracking is that these weather stations are located in the permafrost
zones. In other provinces, longitudinal cracking service lives were 20 years for all

stations. Therefore, longitudinal cracking is found to be affected by air temperature.
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Table 3.12: Predicted Longitudinal Service Life of Pavement in Different
Canadian Provinces
Longitudinal Cracking Service

Provinces of Canada Life/analysis period (Year)
Minimum Average Maximum*

Alberta 20.0 20.0 20.0
British Columbia 20.0 20.0 20.0
Manitoba 20.0 20.0 20.0
New Brunswick 20.0 20.0 20.0
Newlt‘;‘;)r::?grd & 20.0 20.0 20.0
Nova Scotia 20.0 20.0 20.0
Northwest Territories 0.5 17.6 20.0
Nunavut 0.7 13.8 20.0
Ontario 20.0 20.0 20.0
PEI 20.0 20.0 20.0
Quebec 20.0 20.0 20.0
Saskatchewan 20.0 20.0 20.0
Yukon 20.0 20.0 20.0

Note: *When maximum service life is 20 years, it indicates the maximum analysis period.

Therefore the service life could be more than 20 years.

Figure 3.11 shows the service life of longitudinal cracking for 206 weather station
files that are available for the MEPDG application in Canada considering longitudinal
cracking limits of 378.6 m/km. Figure 3.11 shows the minimum, mean and maximum
service life of longitudinal cracking for all of the provinces and territories in Canada.
This figure also shows that the minimum service life of longitudinal cracking is less
than a year for some stations in the NT and NU where these stations are located in the
permafrost zone. For other provinces, the minimum longitudinal cracking service life
is 20 years which is also the design life for the selected pavement. As mentioned
earlier, due to a high freezing index in the permafrost zone, the sub-grade becomes
very stiff which tends to cause a larger tensile strain at the surface layer and results in

high longitudinal surface cracking [45].
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Figure 3.11: Distribution of Longitudinal Cracking Service Life Across
Different Provinces of Canada
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3.8 Prediction of Pavement Distresses in Different Climate Zones
Using the MEPDG

In the previous section, predicted pavement distresses from the MEPDG were
discussed for all Canadian provinces and territories. However, the differences in
pavement distresses found in different provinces could also be attributed to variations
in climate zones throughout the country. In this section, pavement distresses in terms
of IRI, AC rutting, total permanent pavement deformation and longitudinal cracking
are discussed for different Canadian climate zones.

In order to better understand the climatic distribution of climatic files, the 206
weather stations in Canada were categorized into four different climate zones based
on the annual freezing index and mean annual precipitation. These four zones are as
follows: no to low freeze — dry; no to low freeze — wet; high freeze — dry; and high
freeze — wet. The threshold values of the freezing index and precipitation were
considered as 400°C and 50 cm precipitation respectively. These threshold values
were considered according to Long Term Pavement Performance (LTPP)-defined
criteria [46].
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Figure 3.12: Locations of Different Climate Zones based on Freezing Index

and Precipitation Across Canada on Google Earth

Figure 3.12 was removed because of copyright restrictions

The number of stations located in each of the four climate zones is shown in Table
3.13.

Table 3.13: Classifications of Weather Zones

Zone Index Different climate zones Number of stations
1 No to low freeze — dry 4
2 High freeze —dry 83
3 No to low freeze — wet 18
4 High freeze — wet 101
Total 206

Table 3.13 illustrates that out of 206 Canadian weather stations that are applicable for
the MEPDG, 184 stations were located in high freeze - wet and high freeze - dry
climate zones because annual air temperature of most of the available Canadian
weather stations is low. The MEPDG-computed annual freezing index varies from
17°C- days to 5524°C - days with an average of 1641°C-days throughout Canada as
provided in Appendix A.1.1. The mean annual precipitation varies from zero to 308

cm with an average of 72 cm. Freezing indexes increase from south to north and
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heavy precipitation is observed mainly on the east coast and in a few portion of the

west coast of Canada. The effects of different climate zones on pavement

performances are discussed below.

3.8.11RI
The distribution of IRI predicted by the MEPDG for all 206 weather stations is

categorized by different climate zones and is shown by box plot in Figure 3.13.

Figure 3.13: Distribution of IRI for Different Climate Zones
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The box plot in Figure 3.13 illustrates that the mid spread (differences between 25"
and 75™ percentile) for any climate zone is less than 0.1 m/km. It specifies that the
IRI values of most of the weather stations in any climate zone are close to each other
(< 0.1 m/km). The maximum difference in the average IRI of different climate zones
is less than 0.2 m/km. These low values indicate that the IRl was not sensitive to

different climate zones.

3.8.2 AC Rutting
The effects of different climate zones on AC rutting are shown by boxplot in Figure

3.14.
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Figure 3.14: Distribution of AC Rutting for Different Climate Zones
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Figure 3.14 illustrates the distribution of AC layer deformation for four climatic
zones by boxplot. The height of the box represents the middle fifty (differences
between 25" and 75" percentile) for any climate zone. This figure shows that the
maximum height of the box is 3 mm and this maximum height is observed at a high
freeze-wet zone. It indicates that AC layer deformation values do not vary much
among weather stations within a single climate zone (< 3 mm). However, AC layer
deformation values greatly among different climate zones (a maximum difference of
7 mm was found between no-to-low freeze-dry and no-to-low freeze-wet). This result

shows that different climate zones have an effect on AC layer deformation.

3.8.3 Total Permanent Pavement Deformation (TPPD)
The change in behavior of TPPD for different climate zones is illustrated by boxplot

in Figure 3.15.
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Figure 3.15: Distribution of Total Permanent Pavement Deformation for
Different Climate Zones
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Both inter- and intra- climatic zonal effects on total permanent pavement deformation
are captured by box plot in Figure 3.15. Inter-climatic zonal effects are visualized by
the height of the box. The height of the box represents the interquartile range
(differences between 25" and 75" percentile) for a particular climate zone. Figure
3.15 shows that the maximum interquartile range of TPPD is 3 mm for the no-to-low
freeze-dry zone. This result shows that the inter-climatic zonal effect on TPPD is not
very significant. However, the intra-climatic zonal effect on TPPD is visualized by
the difference among the median of the different climate zones. Figure 3.15 shows
that the maximum difference between the median of two different climate zones is
found to be ~8 mm (between no-to-low freeze-dry and no-to- low freeze-wet). This
result indicates that intra-climatic zonal effects on TPPD are much more prominent

than the inter-climatic zonal effects on TPPD.

3.8.4 Longitudinal Cracking

The box plot of longitudinal cracking for different climate zones is shown in Figure
3.16. This plot shows the effects of climatic parameters (temperature and
precipitation) on longitudinal cracking. Very few (8 out of 206) weather stations
show very high longitudinal cracking (>113 m/km) whereas other values lie between
0-53 m/km. For better visualization, very high longitudinal cracking values were not

plotted in Figure 3.16.
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Figure 3.16: Distribution of Longitudinal Cracking for Different Climate

Zones
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The box plot shown in Figure 3.16 illustrates that the difference in the values of
longitudinal cracking of weather stations in a particular climate zone lies within 7
m/km. This difference in the values of longitudinal cracking within a particular zone
is reflected in the height of the boxes as shown in the above box plot. It indicates that
longitudinal cracking values at most of the weather stations in a particular climate
zone are close to each other. On the other hand, the median of the values of
longitudinal cracking at different climate zones are different (maximum difference
was found 10 m/km between no-to-low freeze-dry and no-to-low freeze-wet) in 198
out of 206 Canadian weather stations available for the MEPDG. However, for clarity,
exceptionally high longitudinal cracking (2007 m/km) that occurs in the rest of the
weather stations located at the high freeze-dry zone is not shown in the figure. The
average values of longitudinal cracking for different climate zones are 11, 99, 5 and 8
m/km respectively. These phenomena indicate that the effects of longitudinal

cracking on pavement performance are prominent in a high-freeze zone.

3.9 Variation of Pavement Performances Across Latitude and
Longitude

The effects of latitude and longitude on pavement performances of 206 Canadian

weather stations available for the MEPDG application were investigated. In order to
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achieve this goal, the relationships among pavement distresses (IRI, AC layer
deformation and total permanent pavement deformation) and latitude and longitude

are discussed below:

3.9.1IRI
Figure 3.17 (a) and (b) shows the distribution of IRl with latitude and longitude

respectively.

Figure 3.17: Variation of IRI with Latitude and Longitude
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Figure 3.17(a) demonstrates a negative correlation between the latitude of available
Canadian weather stations and IRl (correlation -0.5). This negetive correlation

indicate that the value of IRI decreases as latitiude increases (negative slope of the
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fitted line shown in Figure 3.17(a)). The latitude of Canadian weather stations
increases from south to north in Canada but the air temperature decreases from south
to north. The values of IRI increase as the temperatures increase, which was also
demonstrated in the previous section. This illustrates the effects of temperature on
IRI. However, the correlation value between the longitude of Canadian weather
stations available for the MEPDG and IRI is very low (correlation 0.03) as shown in
3.17(b). This states that there is no considerable effect of longitude of Canadian
weather stations on IRI. Longtitude increases from east to west in Canada. However,
no increasing or decreasing trend of climate parameters (temperature, precipitation,

etc.) is observed from east to west in  Canada.

3.9.2 AC Layer Deformation
The dot plot of AC layer deformation with latitude and longitude is illustrated in
Figure 3.18 (a) and (b) respectively.
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Figure 3.18: Variation of AC Layer Deformation with Latitude and

Longitude
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The primary observation in Figure 3.18(a) and (b), is that change in AC layer
deformation is much more prominent across latitude than longitude. The correlation
value between AC layer deformation and latitude is -0.51 whereas the correlation
value between AC layer deformation and longitude is 0.21. A regression line was
fitted using the points in Figure 3.18(a) and 3.18(b). The moderate negative
correlation (correlation value -0.51) and negative slope of the fitted line between the
latitude of available Canadian weather stations and AC rutting observed in Figure
3.18(a) specifies that AC rutting decreases as latitiude increases. As mentioned

earlier, latitude increases from south to north in Canada but air temperature decreases
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from south to north. This states that values of AC rutting decrease as temperatures
decrease which was also demonstrated in the previous section. This shows that the
effects of temperature are proportional to AC rutting.

However, the correlation value between the longitude of Canadian weather stations
available for the MEPDG and AC rutting is very low (correlation 0.21) as shown in
Figure 3.18(b). This states that the effect of longitude on AC rutting is not very
significant. So although longtitude increases from east to west of Canada, there is no
observable trend of the values of AC rutting in the weather stations.

3.9.3 Total Permanent Pavement Deformation

Figure 3.19 (a) and (b) shows the trend of total permanent pavement deformation
with latitude and longitude respectively.

Figure 3.19: Variation of Total Permanent Pavement Deformation with
Latitude and Longitude
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(b)
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Figure 3.19(a) shows that TPPD is negatively correlated with latitude and somewhat
positively correlated with longitude of Canadian weather stations available for the
MEPDG application. The slope of the fitted line in Figure 3.19(a) turned out to be
negative which indicates that value of TPPD decreases as latitiude increases. As
mentioned earlier, air temperature is negatively correlated with latitude of Canadian
weather stations available for the MEPDG application. The values of TPPD decrease
as temperatures decrease, which was also demonstrated in the previous section.

Although the correlation value between the longitude of Canadian weather stations
available for the MEPDG application and TPPD shown in Figure 3.19(b) is positive ,
the absolute value is low (correlation 0.14). This shows the minimal effect of
longitude of Canadian weather stations on TPPD. Longtitude increases from east to
west in Canada. However, no remarkable increasing or decreasing trend of climate

parameters (temperature, precipitation, etc.) is found across east to west in Canada.

3.9.4 Longitudinal Cracking

Figure 3.20 (a) and (b) shows distribution of longitudinal cracking with latitude and
longitude respectively. Few exceptionally high values (6 out of 206 weather stations)
of longitudinal cracking are not shown in Figure 3.20(a) and (b) to observe the linear
relationship between reasonable values of longitudinal cracking and Ilatitude

/longitude.
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Figure 3.20: Variation of Longitudinal Cracking with Latitude and

Longitude
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Both Figure 3.20(a) and 3.20(b) show a positive correlation between latitude and
longitiude of Canadian weather stations available for the MEPDG application and
longitudinal cracking respectively. These indicate that the wvalue of longitudinal
cracking increases as both latitiude and longitude increase (positive slope of the fitted
line shown in both Figure 3.20(a) and 3.20(b)). However, the low correlation value
(0.04) between the longitude of Canadian weather stations and longitudinal cracking
indicates that the increasing trend of longitudinal cracking across east to west in

Canadian weather stations is not significant. The reason could be the insignificant

83



change observed in climatic parameters (temperature, precipitation etc.) across
Canada east to west.

On the contrary, a moderate positive correlation between latitude and longitudinal
cracking indicates that values of longitudinal cracking decrease as temperature
increases (temperature is negatively correlated with latitude), which supports the fact
illustrated in the previous section. As discussed earlier, due to high freezing index in
the permafrost or a high freeze zone located in the north of Canada, the sub-grade
becomes very stiff, tending to cause a larger tensile strain at the surface layer

resulting in high longitudinal surface cracking.

3.10 Verification of Virtual Climatic Data

To ensure the accuracy of future pavement design, it is essential to check that the
derived virtual data are accurate and represent the specific climate conditions. In this
study, to evaluate the accuracy of the MEPDG-generated Virtual Weather Station
(VWS) data, the MEPDG software was used to compare pavement performance using
both climate data from corresponding weather stations and VWS data of that project
site. In this study, VWS was created by interpolating different combinations of

weather stations from the 6 nearest stations.

Table 3.14 shows the IRI, AC rutting and total permanent pavement deformation
results obtained from both weather station climate data and VWS climate data for a

few representative stations from different Canadian provinces (and territories).

Table 3.14: Comparison of Pavement Distress Using Weather Station
Climate Data and VWS Climate Data

Total Permanent
IRI (m/km) AC rutting (mm) Pavement Deformation
(mm)
S;la“‘)” Diff, Dift, Diff,
ame
stan. | Vs between stan. | VWS between stan. | VWs between
clim. | clim Stan & clim clim Stan & clim. | clim Stan &
' ' VWS ' ' VWS ' ) VWS
clim. clim. clim.
Cold Lake
. 1.9 1.9 0.0 6.4 6.1 0.3 15.2 15.0 0.2
Airport, AB
Edson, AB 1.9 1.9 0.0 5.6 6.1 0.5 145 15.2 0.7
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Total Permanent
IRI (m’km) AC rutting (mm) Pavement Deformation
(mm)
S&?&‘]’e” Diff, Diff, Diff,
Stan. | VWS between Stan. VWS between Stan. | VWS between
im lim Stan & im im Stan & im im Stan &
clim. | clim. VWS clim. clim. VWS clim. | clim. VWS
clim. clim. clim.
Quesnel 15 | 19 0.1 102 | 71 31 | 191 157 | 34
Airport, BC ’ ' ’ ’ ‘ ' ' ’ '
. Gimli 2.0 19 0.1 7.1 7.1 0.0 16.3 15.7 0.6
Airport, MB
Saint John
1. 2. 1 . 7.4 21 14.2 16. 2.
Airport, NB 9 0 0 53 6.5 3
She',t\’lgme’ 19 | 19 0.0 53 | 48 05 | 140 | 135 05
Fort
Resolution 19 19 0.0 51 48 0.3 14.2 135 0.7
Airport, NT
Ennadai
1. 1. 1 2. 4, 2. . 13. 4,
Lake, NU 8 9 0 8 8 0 8.9 35 6
Earlton
. 2.0 1.9 0.1 6.6 4.8 1.8 16.3 135 2.8
Airport, ON
Summerside
. 19 19 0.0 5.6 48 0.8 14.5 135 1.0
Airport, PEI
Bagotville
. 2.0 1.9 0.1 7.1 4.8 2.3 16.5 135 3.0
Airport QC
Broadview
Aimort, SK 1.9 1.9 0.0 6.6 4.8 1.8 16.0 135 25

Note: (Abbreviation) Stan.= Station, clim.= Climate

From Table 3.14, it can be observed that the difference of the predicted IRI, AC
rutting and total permanent pavement deformation created by VWS data and station
climate data varies from 0.0 to 0.1 m/km, 0.3 to 3.1 mm, and 0.2 to 4.6 mm,
respectively. The results indicate that VWS data is quite close to representing the
actual IRI using a particular station’s data. However, in predicting AC rutting and

total permanent pavement deformation, VWS data is not consistent enough in some
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stations. The reason for these differences can be the selection of nearby weather
stations, which range from a 3 to 100 km distance from the specified station. In
dealing with long distances, there is a high probability of changing climates and
consequent change in predicted pavement performance. Other reasons which may
lead to differences in pavement performance include the following: climatic change
at the micro level, meaning two stations can be closely located and have different
climate conditions; incomplete hourly data in some selected weather stations; or low
quality of climate data available in the surrounding weather stations, weather data

record of surrounding stations in different time periods.

3.11 Summary and Conclusions

A comprehensive study was conducted to evaluate the effects of climate on pavement
performances using the Canadian climate files available for the MEPDG. The quality
of the Canadian climate database was reviewed. Pavement performances were
analyzed for 206 weather stations in Canada which are applicable for the MEPDG.
The effects of climate on pavement distresses (IRI, AC layer and total permanent
pavement deformation) were analyzed at three levels: province, different climate
zone and geography (across latitude and longitude). It was found that the climate has
a reasonable impact on predicted pavement rutting. The outcomes of the study

presented in this chapter are summarized as follows:

i) There are 206 Canadian climatic files for the MEPDG throughout Canada.
Canadian climate data files contain various quantities of climate data ranging
from 20 to 240 months. In this study, it was found that 31 weather station files
have climate data for less than 10 years, and 13 stations have climate data for
less than 5 years.

iy The 75" percentile of the difference of the annual air temperature and
precipitation data recorded by two different sources (MEPDG used and publicly
available data recorded by Environment Canada) was less than 0.5°C and 0.5
mm for all 13 randomly selected weather stations in Canada respectively. This
shows that data collected by the Transportation Association of Canada (TAC)
for MEPDG show consistency with the Environment Canada data in terms of

temperature and precipitation.
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i)

Vi)

vii)

Alligator cracking varies from 0.7 to 3.4% which is much lower than its
allowable limiting value (25%). It shows a small range of variation due to
different environmental factors. It indicates that alligator cracking models need
calibration for local Canadian climate conditions.

Transverse cracking values are same (0.2 m/km) for 196 out of 206 weather
station files, although the climate is different for different weather station files.
Therefore, transverse cracking is not showing realistic results.

The IRI for all 206 Canadian stations varies between 1.5 to 2.3 m/km at the end
of its 20-year analysis period. However, the value of IRI lies between 1.8 to 2.1
m/km in more than 85% of weather stations. It shows that the IRI value for this
type of pavement considered in this study was not very sensitive to climate
change, or it needs recalibration.

The IRl does not change reasonably in different climatic zones. However, AC
layer deformation, TPPD, and longitudinal cracking change in different climate
zones. IRI, AC layer deformation and TPPD were observed more at high
temperature and low precipitation than low temperature and high precipitation
regions. The interaction effects of temperature and precipitation on pavement
distresses prevail. Based on MEPDG analyses, temperature has effects on
longitudinal cracking; however precipitation does not affect longitudinal
cracking.

AC rutting and total permanent pavement deformation values vary between 0 to
15 mm and 6 to 24 mm, respectively, at the end of a 20-year pavement design
life in this study for 206 Canadian weather stations that are applicable to

MEPDG. These differences can be attributed to climate change.

viii) Pavement distresses (IRIl, AC layer deformation and total permanent pavement

deformation) decrease as latitiude increases but longitudinal cracking increases
with increase of latitude. However, the longitude of Canadian weather stations
available for the MEPDG application does not have considerable effect on
pavement distresses.

Longitudinal cracking was observed more at the permafrost regions where the
mean annual air temperature is less than the freezing point of water. Due to a

high freezing index in the permafrost zones located in the north part of Canada,

87


http://en.wikipedia.org/wiki/Water

the subgrade becomes very stiff which tends to cause a larger tensile strain at the
surface layer resulting in high longitudinal surface cracking.

VWS verification results showed that difference in total permanent pavement
deformation using actual weather station and VWS can be up to 4.6 mm. The
reason of this difference may be low quality of data in nearby station or the
particular station has low quality of data. The selection of a combination of

nearby stations was also found to be an important factor in generating VWS
data.
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Chapter 4

4, A Comparative Study: Alberta Transportation
Pavement Design Method and MEPDG

4.1 Introduction

Alberta Transportation Pavement Design (ATPD) [28] method is an empirical
method based on the American Association of State Highway and Transportation
Official (AASHTO)-1993 [23] Guide for Design of Pavement Structure with some
modifications. ATPD reflects past Alberta Transportation & Ultilities (AT & U)
pavement design practices adjusted to Alberta environmental, traffic and materials
conditions [28]. When it was developed in 1997, the ATPD method claimed that it
offered the most appropriate design methodologies and strategies adapted for Alberta
conditions and practices [28]. However, the ATPD method has several inherent
limitations similar to the AASHTO-1993 Guide that was developed from the AASHO
Road Test. As mentioned in the literature review in Chapter 2, the AASHO Road
Test was conducted in one location with limited pavement materials and traffic
volumes. Since then, traffic has increased significantly in terms of volume and
configurations. Limitations and deficiencies of the AASHTO Guide motivated the
development of a Mechanistic Empirical Pavement Design Guide (MEPDG) under
the National Cooperative Highway Research Program (1-37 NCHRP, 2004) [47].

The MEPDG aims at providing the highway community with a modern practice tool
for designing, analyzing and managing new as well as rehabilitated pavement
structures. The MEPDG and its associated software DARWINME are suitable for
analyzing and predicting performance of flexible and rigid pavements. The MEPDG
analyzes input data such as traffic, climate, materials and predicts pavement structure
using mechanistic-empirical models. The performance models estimate accumulated
damage over the service life of pavement. Moisture and temperature variations within
the pavement structure are also calculated using the Enhanced Integrated Climatic
Model (EICM).

If additional efforts and resources are employed, the MEPDG will provide better

pavement analysis, design, and management [10]. Currently, many transportation
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agencies are considering implementation of the MEPDG for the design and
evaluation of pavement structures. However, implementation of the MEPDG is a
costly and time consuming task. Therefore, initial studies are necessary to evaluate
the MEPDG versus empirical pavement design methods such as AASHTO-1993
Guide. Several comparative studies of different empirical and MEPDG pavement
design and analysis methods are available in the literatures discussed in the following
Literature Review section. However, no study is available in the literature which has
attempted a comparison of ATPD and MEPDG.

In this study, an effort has been made to explore the use of the MEPDG for designing
pavements at Alberta in the future. To achieve this goal, a comparative study was
conducted between existing ATPD and the MEPDG methods. Pavements were
designed for different traffic levels and subgrade conditions by the ATPD method and
then those pavement structures were evaluated by the MEPDG method. Pavement
performance in terms of International Roughness Index (IRI) was evaluated by the
ATPD method and then compared with the MEPDG method.

4.2 Literature Review

Different literatures on pavement design and analysis methods including the
AASHTO and MEPDG were reviewed in Chapter 2. In some literature, authors have
conducted studies to compare AASHTO and MEPDG methods. Those literatures
were also reviewed. Some of that literature is provided in this section because they
are related to the topic of this chapter.

Gedafa et al. [48] conducted a comparative analysis between AASHTO-1993 and
MEPDG pavement design methods for typical Portland Cement Concrete (PCC) and
Asphalt Concrete (AC) pavements in Kansas. Five in-service Jointed Plain Concrete
Pavement (JPCP) projects were reanalyzed as equivalent JPCP and AC projects using
both the AASHTO-1993 Guide and MEPDG at 90% reliability level. This study also
has investigated the effect of change in performance criteria on the thickness of the
pavement using the MEPDG software versions 1.0 and 1.1. The outcomes of this
study include: the MEPDG procedure results in much thinner AC and PCC sections
compared to AASHTO-1993 Design Guide methodology; MEPDG software version
1.1 produced higher or equal AC thickness and PCC slab thickness compared to
MEPDG software version 1.0.
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El-Badawy et al. [47] redesigned several pavement sections in Idaho using
AASHTO-1993 and MEPDG methods that were designed according to the Idaho
Transportation Department (ITD) design method. ITD design procedure is the most
common empirical design method used in the Northwest region of the USA and is
based on R-value. Their study revealed that the AASHTO-1993 Guide and MEPDG
produced reasonably similar pavement structures. A comparative analysis between
ITD, AASHTO-1993 and MEPDG design procedures was conducted on six different
existing roads located in different regions in the state of Idaho. Performances of the
pavement structures obtained from different design methods were predicted by
nationally calibrated MEPDG software (version 1.1). The following conclusions were
drawn from this study: (a) all three design methods, ITD, AASHTO-1993 and
MEPDG, yielded reasonably similar thicknesses for the asphalt layers; (b) predicted
alligator cracking, fatigue cracking, thermal cracking and IRl were much less than the
MEPDG predicted threshold values for the sections selected for the experiment.
Schwartz et al. [10] demonstrated that different designs at the same serviceability in
the AASHTO-1993 methodology had different performance predictions when
evaluated using the MEPDG. Results of their experiments indicate that the
AASHTO-1993 Guide possibly overestimates the performance (or underestimates the
required pavement thickness) for warm locations. Authors mentioned that traffic has
always been a source of uncertainty in the AASHTO-1993 Guide, especially for high
traffic levels. Results found that the performance predicted by the MEPDG declined
as traffic increased. The results illustrated that performance prediction variability
increased with increasing traffic level. Authors showed that the AASHTO-1993
Guide may overestimate performance (or underestimate required pavement thickness)
when traffic levels are well beyond those in the AASHO Road Test (2 million
Equivalent Single Axle Load (ESAL)).

4.3 Objectives
The main objective of this chapter was to compare the existing pavement design
practice of Alberta, Canada with the MEPDG method. The following tasks were

carried out in this chapter.
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e Comparison of ATPD with the MEPDG method in terms of predicted
pavement distress (IRI);
e Evaluation of pavement performances (IRl and total rutting) using the
MEPDG.
This comparative study will help the transportation agencies in Alberta to implement

the MEPDG to design and analyze the pavement structure in the near future.

4.4 Differences between the ATPD and MEPDG Method

In this section, main differences between the pavement design method of ATPD and

the MEPDG are discussed as follows.

e The MEPDG characterizes materials based on the principles of engineering
mechanics, namely stress and strain, for the pavement analysis. The MEPDG is
able to input different material characteristics in the design model that helps to
predict the performance of the pavement [49]. However, ATPD follows empirical
relations to design pavement structure based on serviceability loss and not based
on stress strain in pavement layers.

e ATPD has been made based on the AASHTO-1993 Guide that predicts pavement
condition as a function of distresses translated into one single index, PSI. On the
other hand, the MEPDG predicts directly the structural distresses observed in the
pavement section such as IRI, AC rutting, longitudinal cracking, and total
permanent pavement deformation.

e ATPD directly computes the pavement layer thicknesses. The MEPDG evaluates
the suitability of a pavement section for a given condition. In the MEPDG, a trial
pavement section is defined and then evaluated by its predicted performance
against the design criteria. If the result is not satisfactory, the section is modified
and reanalyzed until an acceptable performance is reached.

e The MEPDG requires more input parameters than the ATPD, especially
environmental and material properties. It also allows user to choose different
quality levels of input parameters depending upon the level of information and
resources available, technical issues, and the importance of the project.

e In the ATPD method that follows the AASHTO-1993 Guide, the seasonally

adjusted subgrade resilient modulus and the layer drainage coefficients are the
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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.

e ATPD uses the concept of ESALs to define traffic levels, whereas the MEPDG
defines traffic by wvehicle class and load distributions in terms of traffic load
spectra. In the MEPDG each load application is analyzed individually to compute
pavement responses. These responses are used to predict distresses and damage

increments that are accumulated over load applications and time [10].

Direct comparison of pavement performances by these two methods is difficult since
they define pavement performance and reliability in different ways. The necessary
steps and methodologies adopted for comparison of the ATPD and MEPDG methods

in this study are discussed in the following section.

4.5 Methodologies

To compare the ATPD and the MEPDG methods, it is essential that the inputs of
these two procedures be comparable to the highest possible level. General inputs in
both methods include traffic data, subgrade, base layer and asphalt layer properties.
Three different levels of traffic (low, medium and high), two different types of
subgrade (poor and good) and the same base properties were considered for both the
ATPD and MEPDG methods.

Based on the above considerations, the following steps were conducted to compare
the ATPD and MEPDG methods which are as follows:

(1) Pavement structures were designed using the ATPD method for three
different traffic and two subgrade strength levels;

(2) Using the designed pavement structures by the ATPD method, pavement
distresses such as IRl and total permanent pavement deformation or total
rutting were determined at the end of a 20-year analysis period using the
MEPDG method,;

(3) Terminal Present Serviceability Index (PSI) from the ATPD method was

converted to IRl using an empirical formula suggested by Al-Omari and
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Darter [50], and they were compared with IRl predicted by the MEPDG

method.

4.6 Pavement Design by the ATPD Method

In order to capture the effects of different traffic levels and subgrade strength on
pavement performances, pavements were designed for three traffic levels and two
types of subgrade by the ATPD method. Traffic input used in the ATPD method is
ESAL. The typical values for different traffic and subgrade strength levels according

to ATPD are given below:

e Poor Subgrade: Subgrade modulus is 25 MPa.
e Good Subgrade: Subgrade modulus is 50 MPa.
e Low Traffic: 0.3 Million design ESAL

e Medium Traffic: 4 Million design ESAL

e High Traffic: 20 Million design ESAL.

Therefore, pavements structures were designed by the ATPD method for six different

cases as defined below:

e Case 1: Poor subgrade — low traffic
e Case 2: Poor subgrade — medium traffic
e Case 3: Poor subgrade — high traffic
e Case 4: Good subgrade — low traffic
e Case 5: Good subgrade — medium traffic

e Case 6: Good subgrade — high traffic

Except for traffic and subgrade, other pavement design input parameters for six
pavement structures were assumed according to ATPD as described in the manual

[28] which are as follows:

e Pavement design life = 20 years
e Initial serviceability =4.2
e Terminal serviceability =2.5

e Standard deviation (So) =0.45
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e Layer coefficients for asphalt layer was a; = 0.40 and for granular base layers
was a; = 0.14

e Reliability for low and medium traffic level = 85% and for high traffic level =
95%

Pavement structures were designed for all six cases based on required Structural
Number (SN) required for each pavement structure. Final design thicknesses of the
asphalt layer and granular base layer computed by the ATPD method for six different

cases considered in this study are summarized in Table 4.1.

Table 4.1: Pavement Design Thicknesses by ATPD Method for Different
Pavement Cases

Structural Asphalt Granular
Different Pavement Case Number .Iayer Bgse layer
thickness | thickness
(SN)
(mm) (mm)
Case-1: Poor subgrade — low traffic 87 140 220
Case-2: Poor subgrade — medium traffic 135 180 450
Case-3: Poor subgrade — high traffic 170 250 500
Case-4: Good subgrade — low traffic 70 105 200
Case-5: Good subgrade — medium traffic 108 160 320
Case-6: Good subgrade — high traffic 148 240 370

Table 4.1 shows that the required pavement structure was highest for Case 3 (Poor
subgrade — high traffic) and lowest for Case 4 (Good subgrade — low traffic) based on
SN value. Table 4.1 shows that with an increase of traffic, SN value increases. Also
for the same traffic level, pavement structure may need more SN value for the
pavement with lower subgrade strength. The computed layer thicknesses by the
ATPD method for all six pavement cases were used as input in the MEPDG method

to evaluate the pavement performances.

4.7 Pavement Performance Evaluation by the MEPDG Method

The aim of the MEPDG analyses was to evaluate the pavement distresses and

reliability at the end of 20-year analysis period. A reliability term has been
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incorporated in the MEPDG for each predicted distress type in order to come up with
an analytical solution that allows the design of a pavement with an acceptable level of
distress at the end of the analysis period [48]. All of the inputs used in the MEPDG
were considered as Level 3 inputs (the inputs consist of default or user-selected
values obtained from national and regional experiences such as Long Term Pavement
Performance (LTTP) sites). The following key pavement design input parameters are

required for pavement performance prediction using the MEPDG:

e Analysis period

e Climatic parameters

e Traffic level information

e Reliability for pavement distresses
o Pavement layer thicknesses

e Material properties

The above parameters are discussed in brief in the following paragraphs.

4.7.1 Analysis Period
The Pavement analysis period was considered similar to the design life as assumed in
the ATPD method that is 20-year. Therefore, pavement performances and distress

reliabilities were evaluated at the end of 20 years.

4.7.2 Climatic Parameters

Climatic information is an essential input in the MEPDG. To facilitate the
implementation of the MEPDG in Canada, climate files are required based on
specific format for the locations of pavement analysis. Transportation Association of
Canada (TAC) hired a consultant company to develop Canadian weather station files
for the MEPDG in Canada. The Canadian climate files for the MEPDG includes a
total of 232 weather station files. Out of the 232 weather station files, 206 weather
stations files in Canada were found to have complete climate data that can be used by
the MEPDG. It is noted that a complete climate data file requires information about
hourly precipitation, air temperature, wind speed, percentage sunshine and relative
humidity for a minimum of 24 months of period for the MEPDG computational

purposes [3]. There are twenty seven (27) weather stations files in Alberta that can be
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used for the MEPDG. These 27 weather stations are distributed all over Alberta.
Figure 4.1 illustrates the distribution of these 27 different weather stations in Alberta

on Google Earth Map.

Figure 4.1: Location of Weather Station Files for MEPDG in Alberta

Figure 4.1 was removed because of copyright restrictions

The climatic information details (station name, location, latitude, longitude, mean
annual air temperature, mean annual precipitation, start and end date of climate data
record and number of available months of climate data) of 206 Canadian weather
files including 27 weather station files of Alberta are presented in the Appendix
A.l1l

Pavement structures which were designed based on ATPD were analyzed for all 27
weather station files in Alberta and all six pavement structure cases as considered in
ATPD design. The MEPDG software version 1.1 was run for all cases and as a
consequence, 162 analyses (27 x 6) were performed. Each run of MEPDG took
approximate one hour. Therefore, analysis of six pavement cases for all weather

station files took around 162 hour of analysis time.
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4.7.3 Traffic Consideration in the MEPDG

ATPD uses ESAL as traffic unit, whereas MEPDG uses Average Annual Daily
Traffic (AADT) or Average Annual Daily Truck Traffic (AADTT). To make a fair
comparison between ATPD and MEPDG, it is necessary to use an equivalent traffic
unit in both methods. To convert ESAL to AADT or AADTT, the following

considerations were made according to ATPD [28] :

e The number of lane in design direction = 1 for low and medium traffic and 2 for
high traffic as a divided road.

e 9% of truck in design direction =50

o % of truck in design lane = 100 for low and medium traffic as undivided road and
85 for high traffic.

o % of single Unit Truck (SUT) in all truck traffic =70

e 9% of Tractor Trailer Combination (TTC) in all truck traffic = 30

In Alberta, it is assumed that 15% AADT are attributed to heavy vehicles. MEPDG
software converts AADT to AADTT using percentage of heavy vehicle. The
conversion of ESALs per day per direction to AADT is given in the following
Equation according to ATPD [28].

ESAL /day/direction =

AADT {(%SUT) 08814

@ « 2.073} 4.1

In the Equation (4.1), the factors 0.881 and 2.073 refer to load equivalency factors for
SUT and TTC respectively. The converted AADT and AADTT for three traffic levels
are provided in Table 4.2.

Table 4.2: Traffic Information for Three Cases Used in the MEPDG

Traffic Levels AADT AADTT
Low traffic 267 40

Medium traffic 3364 535
High traffic 17822 2673
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Traffic volume adjustment factor in terms of monthly adjustment, vehicle class
distribution values and hourly distribution were kept as default values in the MEPDG.
Axle load distribution factor and general traffic inputs were also kept as default
values in the MEPDG.

4.7.4 Pavement Layer Thickness

The pavement layers thicknesses for all six cases are one of the required inputs in the
MEPDG. Those pavement layer thicknesses were taken from ATPD output that is
provided in Table 4.1.

4.7.5 Reliability

Pavements design deals with many factors that lead to a considerable amount of
uncertainty. Even though mechanistic concepts provide a more accurate and
realistic methodology for pavement design, a practical method to consider the
uncertainties and variations in design is needed so that a new or rehabilitated
pavement can be designed for a desired level of reliability [13]. Recommended
levels of reliability for predicted distresses by the MEPDG [13] are based on the
functional class of the roadway that is explained in Table 2.1 in Chapter 2, Literature
Review. Following the guideline of MEPDG, the design reliability was taken as 85%
in all distresses for 162 analyses in this study. 85% is also a default value in the
MEPDG software.

4.7.6 Material Properties
Designed pavement structures consist of two layers (bound and unbound) and
subgrade. The properties of those layers and subgrade considered in the MEPDG are

explained below.

4.7.6.1 Subgrade and unbound base layer properties

Similar to ATPD inputs, two types of subgrade (poor and good) and the same base
layer were considered for all MEPDG analyses. The other properties (Poisson’s ratio,
coefficients of lateral earth pressure (Ko), material gradation, liquid limit, plastic limit
etc.) of subgrade and base layer were kept as default values of the MEPDG software.
For instance, Poisson’s ratio was considered as 0.35, coefficients of lateral earth

pressure Ko was considered as 0.5, for both subgrade and base layers. The base and
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subgrade material were classified as A-1-a and A-6 respectively according to
AASHTO soil classification system [51].

4.7.6.2 Asphalt layer properties

In the MEPDG, Hot Mix Asphalt (HMA) design properties including asphalt
mix/gradation and thermal properties were taken as default values. In order to select
asphalt binder type for specific weather station, first the high temperature climatic
zone based on Alberta Transportation (AT) design bulletin #13 [52] was used for the
location of each weather station files in Alberta. Different high temperature zones of

Alberta are shown in Figure 4.2.
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Figure 4.2: High Temperature Zones for Mix Type Selection
Source: AT Design Bulletin # 13 [52]

HIGH TEMPERATURE ZON'ES. , i .
FOR MIX TYPE SELECTION {0 X (j
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Table 4.3 provides the distribution of 27 Alberta weather files available into different

high temperature zones classified by AT design bulletin #13 [52].

Table 4.3: Distribution of Weather Stations of Alberta in Different High
Temperature Zones

High Number
Temperature Weather Stations of
Zone Stations
1 Medicine Hat 1
Namao Airport, Vermillion, Rocky Mountain House,
5 Coronation Airport, Calgary Int. Airport, Spring Bank 10
Airport, Cowley Airport, Pincher Creek, Leth Bridge
Airport, Lloyd Minster Airport
High Level, Fort Chipewyan, Embarras Airport, Fort
McMurray, Cold lake Airport, Peace River Airport,
3 Grande Prairie Airport, Slave Lake Airport, Lec La 16

Biche 1, Lec La Biche 2, White Court Airport, White
Court, City Centre Airport, Edmonton International
Airport, Edson, Edson Airport

Table 4.4 provides selection of conventional asphalt grades according to high
temperature zone and design ESAL as defined by AT design bulletin #13 [52].
Among all asphalt grades mentioned in this table, the MEPDG software does not
allow 150-200A asphalt binder. Based on engineering judgment, a PG 58-28 was
selected instead of a 150-200A grade asphalt binder.

Table 4.4: Selection of Conventional Asphalt Grades based on AT Design
Bulletin #13 [52]

High Design  ESAL (millions)
Temperature
Zone <10 10 t0<30 | 3.0to<6.0 | 6.0 to <100 >10.0
1 150-200A 150-200A 150-200A 120-150A 120-150A
2 200-300A 200-300A 150-200A 150-200A 120-150A
3 200-300A 200-300A 150-200A 150-200A 150-200A

The selected asphalt grades for different pavement design cases are provided in Table
4.5.
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Table 4.5: Binders of Asphalt for Different Pavement Cases and Zones Used
in the MEPDG

Different Pavement Cases Zone 1 Zone 2 Zone 3

Case-1: Poor subgrade — low traffic PG 58-28 200-300A 200-300A

Case-2: Poor subgrade — medium
traffic

Case-3: Poor subgrade — high traffic 120-150A 120-150A PG 58-28
Case-4: Good subgrade — low traffic PG 58-28 200-300A 200-300A

Case-5. Good subgrade — medium
traffic

Case-6: Good subgrade — high traffic 120-150A 120-150A PG 58-28

PG 58-28 PG 58-28 PG 58-28

PG 58-28 PG 58-28 PG 58-28

Table 4.5 shows that in Zone 1 for low and medium traffic, asphalt binder is the same
whereas high traffic pavement needs a different asphalt binder. In Zone 2, required
asphalt binders are different for different traffic levels. However, in Zone 3 required

asphalt binder is the same for medium and high traffic and different for low traffic.

4.8 Results and Discussions

Based on the input parameters described in the previous section, the MEPDG
software version 1.1 was run and 162 analyses were performed. The failure criteria or
allowable limits of the distresses for all analyses were considered as per MEPDG
default values. The main outputs of the MEPDG are the different pavement distresses
such as IRI, AC rutting, total permanent pavement deformation, longitudinal
cracking, alligator cracking and transverse cracking. The detailed outputs of these
distresses for all six pavement structures and 27 weather stations are provided in
Appendix 2.1. The outputs of MEPDG analyses are illustrated below.

Table 4.6 shows the summary of all cracking (longitudinal, alligator and transverse)
and their corresponding allowable limit by the MEPDG. The summary of IRl and
total rutting predicted by the MEPDG and their allowable limits for failure are given
in Table 4.7. The MEPDG output does not provide AC rutting values with design
reliability separately. AC rutting is included within total rutting. Therefore, AC

rutting is not discussed in this study.
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Table 4.6: Summary of Pavement Distresses (Longitudinal, Alligator and
Transverse Cracking) for Different Pavement Cases Predicted by the
MEPDG

Distresses by the MEPDG at the end of

Pavement Case 20 year design period at 85% reliability
Distresses Min. Max. Mean Allgw_able
limits
Case-1: Poor subgrade -
—_ . 42.05 53.01 45.52
E low traffic
= Case-2: Poor subgrade - 41.05 49.54 45.11
= medium traffic ' ' '
c .
£ Case-3r.]_P00r subgrade - | 4105 | 6138 | 49.89
S igh traffic 378.6
O -4 - |
o Case 4.IGood subgrade 203.00 | 341.70 | 314.39
E ow traffic
3 =S 53_000' tsuggfade " | 150.65 | 228.00 | 177.03
S - c;umd rab ic _
3 o .higf?otra?‘?icgra . Al o780 o
< Case-2: Poor subgrade - 230 2.72 2.48
= medium traffic ' ' '
C .
£ Case-3._Poor supgrade - 1.35 2135 2.09
& high traffic 25.0
O -4 - |
O Case-4: Good su_bgrade 451 7.56 5.78
g low traffic
2 Case-5: G_ood subgrade " | 1280 15.71 14.51
< medium traffic
Case-6: Good subgrade -
high traffic Sl s I
. Case-1: Poor su_bgrade "1 1205 12.95 12.95
E low traffic
O el e e
(=] . -
£ Case-3: Poor subgrade 12.95 12.95 12.95
S high traffic 189.03
S Case-4: Good subgrade — 1295 | 473.42 | 64.11 |
2 low traffic ' ' '
2 Case-;gggr%d ;Z?ﬁéade T 1205 | 1295 | 12,95
T
E Case-6.h gﬁoga??iggrade " 1205 | 1295 | 1295
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4.8.1 Longitudinal Cracking

Table 4.6 shows that the values of longitudinal cracking varied from O to 67.8 m/km
for all weather stations of Case 1, 2, 3 and 6 pavement structures i.e. in 108 out of
162 analyses (67%). However, longitudinal cracking values were observed between
150.6 to 341.7 m/km for 54 weather stations that are included in Case 4 and 5
pavement structures. The values of longitudinal cracking at each station for all
pavement cases are provided in Appendix A.2.1. Among the six cases, Case 3 and 6
of pavement structures which represent pavements designed with high traffic value,
whereas Case 4 represents low traffic condition. Analyses results showed that
longitudinal cracking values are low in high traffic and comparatively high in low
traffic road which is unrealistic. This unrealistic prediction of the longitudinal
cracking model in the MEPDG also was previously demonstrated by Ali [17]. Ali has
mentioned that longitudinal cracking is not well defined in the MEPDG from a
mechanistic viewpoint. The study conducted by Ali produced fluctuating and
unstable trends of longitudinal cracking in Canada. Schwartz et al. [10] and
Velasquez et al. [29] also mentioned that the existing models for longitudinal
cracking or top-down cracking incorporated in the MEPDG are immature and did not

appear to produce reasonable predictions.

4.8.2 Alligator Cracking

Table 4.6 illustrates that the values of alligator cracking varied from 1.35 to 7.56%
for 135 analyses of Case 1, 2, 3, 4 and 6 pavement structures i.e., in. However, in
Case 5 of pavement at 27 weather stations, the alligator cracking values were
observed between 12.8 to 15.71%. Case 4 represents medium traffic-good subgrade
road. Results demonstrated that the alligator cracking values created in high traffic
condition, for both poor and good subgrade levels are less than the medium traffic-
good subgrade roads. These results are unrealistic and hence alligator cracking
models need calibration for local Canadian climate condition. The similar findings

also were demonstrated in the US study conducted by Johanneck and Khazanovich

[3].
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4.8.3 Transverse Cracking

Transverse cracking values were the same (12.95 m/km) for 159 out of 162 analyses
as shown in Table 4.6. Very few exceptionally high values (473.42 m/km) were
found in only three out of 162 analyses as provided in Appendix A.2.1. Although all
the 162 analyses are different in terms of climate, traffic and subgrade, but transverse
cracking values are not changing reasonably. These observations indicate that
transverse cracking model is not very sensitive to Alberta environment, traffic and
material and hence it needs calibration for local condition.

On the other hand, the MEPDG predicts expected values for the other three distresses
(IRI, AC rutting and total rutting) at the end of analyses period as shown in Appendix
4.1.

4.8.4 Evaluation of the MEPDG Predicted IRl and Total Rutting and
Comparison with Their Allowable Limits

The desired level of reliability is related to the acceptable level of distress at the end
of the analysis period in defining performance requirements for a pavement design
[13]. As mentioned in section 4.7, the reliability in the MEPDG analyses was
considered as 85% for all distresses. Before discussing the results in detail for
predicted distresses and reliability values at the end of the 20-year analysis period, an
understanding of how the MEPDG estimates and presents the results is required. In

order to understand that, one example is discussed below.

4.8.4.1 Sample Distress Plots

Results of MEPDG software version 1.1 for Case-3, Calgary Int. Airport are provided
in Figure 4.3 and 4.4. These two figures show distresses (IRl and rutting) versus
pavement age (month). The MEPDG uses the imperial system; however, for the

purpose of this thesis all results were converted to metric system.
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Figure 4.3: IRI Predictions for Calgary Int. Airport for Case 3 Pavement
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Figure 4.3 shows predicted IRI over the 20-year analysis period with failure criteria
of IRI as 145 inches/mile. This figure also shows IRI at 50% reliability, as well as at
the selected reliability in the analysis.

Figure 4.3 illustrates that the value of IRI at 85% reliability is 164.29 in/mi and at
50% reliability the value is 128.9 in/mile at the end of the 20-year analysis period.
The predicted reliability at the end of the 20-year analysis period is 68.2%.
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Figure 4.4: Permanent Deformation (Total Rutting) Predictions for Calgary
Int. Airport for Case 3 Pavement Structure
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Figure 4.4 shows predicted rutting depth over the 20 year-design period. The figure
shows the user specified failure criteria for rutting: 0.25 inches for HMA layer and
0.75 inches in total pavement rutting (also on graph as total rutting design limit line).
These limits are briefly discussed under the “Results and Discussion” section of this
chapter. The total rutting at 50% reliability as well as at selected design reliability are
displayed on the. The selected design reliability corresponds to the level specified by
the designer.

Figure 4.4 also describes that the value of total rutting at design reliability (85%) is
0.93 inch and at 50% reliability the value is 0.81 inch at the end of the 20 year
analysis period. The predicted reliability after 20 year is 30.6%.

4.8.4.1 Summary and Discussion on the MEPDG Distress Outputs (IRl and Total

Rutting)
The maximum, minimum, and mean values of IRI and total rutting for each of the six

pavement cases of 27 weather stations are provided in Table 4.7.
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Table 4.7: Summary of Pavement Distresses (IRI and Total Rutting) for
Different Pavement Cases Predicted by the MEPDG

Distresses by the MEPDG at the end
of 20 year analysis period at 85%
Pavement Pavement Case reliability
Distresses
Min. Max. | Mean Allgwable
limits
Case-1: _Poor subgrade - 2 45 253 251
low traffic
Case_-2: Poo_r subgrade - 258 262 260
medium traffic
C_ase-3: _Poor subgrade - 259 290 266
IRI high traffic 299
(m/km) | Case-4: _Good subgrade — 240 280 246
low traffic
Casg-S: Goo_d subgrade - 250 254 259
medium traffic
Case-6: Good subgrade -
high traiffic 2.49 2.57 2.53
Case-1: _Poor subgrade - 18.80 | 2058 | 19.97
low traffic
Case-2: Poor subgrade -
medium traffic 22.39 | 24.30 23.01
Total | G8Se-3: Poor subgrade -1 »349 | 3519 | 2531
. high traffic
Uting == se-4: Good subgrade — 19.05
(mm) low traffic 16.14 | 1795 | 17.28
Case-5: Good subgrade - | 1567 | 2062 | 19.36
medium traffic
Case-6: Good subgrade -| 1905 | 2257 | 20.66
high traffic

Note: Min. = Minimum, Max. = Maximum

The minimum and maximum predicted IRI values among all six cases are 2.40 and
2.90 m/km respectively. The minimum value is observed at Calgary Int. Airport in
Case 4 (Good subgrade - low traffic) and maximum value is observed at High Level
Airport in Case 3 (Poor subgrade-high traffic). The difference between maximum and
minimum IRl is nearly 21% and this difference is the result of different traffic,
subgrade as well as climatic factors. The IRI values in all pavement cases exceed the
allowable limit of 2.29 m/km. Since the IRI values in all cases provided in Table 4.7
were observed at 85% reliability; the pavement structure designed by the ATPD
method will not meet the MEPDG allowable limit with 85% design reliability at the
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end of the 20-year analysis period. Therefore, it is necessary to evaluate the exact
reliability for the ATPD designed pavement structure in each case.

Table 4.7 illustrates that total rutting values vary from 16.14 to 32.11 mm in all cases.
The allowable limit is considered as 19.05 mm. The mean total rutting values in all
cases exceed the MEPDG allowable limit, except Case 4 which represents the best
road condition (Good subgrade-low traffic). The maximum total rutting value is
found in Case 3, which is the worst case (high traffic and poor subgrade). From the
above results it can be concluded that most of the pavement will fail at the given
failure criteria after 20-year with 85% reliability. Therefore, it is essential to evaluate
the exact reliability values at the end of the 20-year design period since achieving
higher reliability within all the project constraints is highly expected. The predicted
distress reliabilities are discussed below.

The design reliability in the MEPDG method was considered as 85%, which is the
default value in the MEPDG software version 1.1 [13]. From the above discussion,
we can see that in many cases pavement structures fails with 85% reliability value.
Therefore, it is necessary to evaluate the exact reliability at the end of the 20-year
design period with the given allowable limit of each distress. The predicted
reliabilities by the MEPDG for IRI and total rutting for six case at all 27 weather

station files are summarized and presented in Table 4.8.
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Table 4.8: Summary of Pavement Distress Reliability at the End of 20-Year
Analysis Period predicted by the MEPDG

MEPDG predicted distress
Pavement reliability at_ the e_nd of 20 year
Distresses Pavement Case analysis period (%)
Min. Max. Mean
Case-1: Poor subgrade - low traffic 71.6 76.3 73.1
Case_-2: Poor subgrade - medium 66.2 60.2 67.7
traffic
IRI Case-3: Poor subgrade - high traffic 50.0 68.2 64.2
Case-4: Good subgrade — low traffic 55.9 79.3 74.3
Case_-5: Good subgrade - medium 712 74.0 795
traffic
Case-6: Good subgrade - high traffic 69.3 74.3 71.6
Case-1: Poor subgrade - low traffic 67.0 87.2 4.7
Case_-2: Poor subgrade - medium 297 424 35.0
traffic
Total Case-3: Poor subgrade - high traffic 0.4 34.7 18.1
rutting Case-4: Good subgrade — low traffic 93.3 99.0 96.0
Case-5: Good subgrade - medium
traffic 67.6 88.3 8L.7
Case-6: Good subgrade - high traffic 46.0 82.4 66.8

Note: Min. = Minimum, Max. = Maximum

Table 4.8 shows that in all six cases the minimum, maximum and mean IRI reliability
predicted by the MEPDG is less than design reliability of 85%. The lowest average
IRI reliability is observed as 64.2% in Case 3 (Poor subgrade and high traffic
condition). Therefore, it can be said that designed pavement section by the ATPD
method needs more thickness to satisfy the IRI failure criteria by the MEPDG to
reach 85% reliability.

Table 4.8 also illustrates that the mean total rutting reliability predicted by the
MEPDG is less than 85% in all cases except Case 4. Case 4 (Good subgrade-low
traffic) represents the best case among all the six cases considered in this study where
the MEPDG predicted total rutting reliably exceeds 90%. The mean total rutting
values in Case 2 and 3 pavement structures (poor subgrade - medium & high traffic)
are 35 and 21%, which are much lower than the design reliability. Therefore, it can be
concluded that except in very good road conditions (Case-4), the total rutting
reliability predicted by the MEPDG does not meet the design reliability for the given
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failure criteria or allowable limit. Therefore, to satisfy the allowable limits of total
rutting, the pavement section used in the MEPDG analyses needs more thickness.
However, for Case 4 pavement structure, the designed pavement section is
overestimated according to MEPDG analysis since the average reliability is 96 %.

In any pavement structure case, the difference among minimum, maximum and mean
reliability reflects the effects of different climatic conditions in 27 weather stations.
For instance, with the same pavement structure in Case 3 pavement structure the
minimum, average and maximum IRI reliabilities predicted by the MEPDG are 61%,
65% and 75%.

4.9 Comparison of ATPD with the MEPDG Method in Terms of
Roughness (IR1)
Direct comparison of pavement performances by the ATPD and MEPDG methods is

difficult since they define pavement performances and reliability in different ways.
Therefore, it is essential to keep the inputs and performance criteria similar for both
methods. In methodology (section 4.5) common inputs for these two methods have
already been discussed. However, performance criteria are also important to make a
valid comparison which is discussed below.

ATPD computes pavement performances in terms of PSI at the end of design life. On
the other hand, MEPDG predicts pavement performances in terms of pavement
distresses such as IRI, AC rutting, total permanent pavement deformation, alligator
cracking, transverse cracking and longitudinal cracking. MEPDG distress prediction
models, for example, fatigue cracking, permanent deformation and thermal cracking
are empirically correlated to smoothness. The smoothness model considers other
distresses as well, such as potholes, longitudinal cracking outside the wheel path, and
block cracking if there is potential of occurrence [13]. Road roughness index such as
IRI is a useful indicator of the level of the pavement smoothness. Lower IRl means
less deviation in the pavement’s surface; an IRI of zero represents a perfectly smooth
pavement. IRl and PSI are both performances indices that can be used as indicators
of road roughness and serviceability.

As serviceability ratings are dominated by vehicle ride perception, a strong

correlation between serviceability (PSI) and roughness (IRI) prevails which has been
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discussed in the literature [50, 53, 54]. An empirical formula showing the relationship

between PSI and IRI was suggested by Al-Omari and Darter [48],
PSI — 5*6(—0.26*IRI) (42)

Where, IRl is in meter per kilometer

This correlation was employed to compare the pavement performances predicted by
the ATPD and MEPDG methods in this study. The terminal PSI was considered as
2.5 for all pavements in six cases based on the ATPD method [13] and then converted
to IRI using equation 4.2. The converted IRI is 2.67 m/km in the ATPD method. The
IRI for six cases and 27 weather stations were received from output distress files of
162 analyses which were performed by the MEPDG software version 1.1. In the
MEPDG method the design reliability was assumed as 85%. The maximum,
minimum and average IRl of 27 weather stations for all six cases predicted by the
MEPDG at the end of the 20-year analysis period are tabulated and compared with
ATPD predicted IRI which are given below.

Table 4.9: Comparison of IRl computed by ATPD or AASHTO and MEPDG
Method for Different Subgrade and Traffic Level

IRI (m/km) after 20 years predicted by
Pavement Case MEPDG with design reliability of 85%
ATPD g Y °
Minimum Maximum Average
Case-1: Poor subgrade - low 5 45 553 551
traffic ' ' '
Case-2: Poor subgrade - 558 5 62 2 60
medium traffic ' ' '
Case-3: Poor subgrade - high
traffic . 2.47 2.70 2.64
Case-4: Good subgrade — low '
traffic 2.40 2.80 2.46
Case-5: Good subgrade -
medium traffic 2.50 2.54 2.52
Case-6: Good subgrade - high 249 257 253
traffic ' ' '
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Table 4.9 shows that average MEPDG predicted IRI for all cases varies from 2.46 to
2.64 m/km. However, IRl which is equivalent to terminal PSI in the ATPD method is
2.67 m/km. The IRI found from both methods are fairly close since variation in IRI
values is between 1.1 to 7.8%. According to equivalent terminal PSI, ATPD method
considers failure criteria for IRl as 2.67 m/km, whereas MEPDG considers 2.29
m/km which is a default value as provided in Table 4.7. However, the user has the
option to change the default value and provide different failure limits. With 2.29
m/km allowable limit in the MEPDG method, pavement sections were observed to
fail in IRI criteria and could not reach design reliability that was discussed in the
previous section 4.8.1. However, Table 4.9 demonstrates that the IRI values at 85%
reliability at the end of the 20-year analysis period in the MEPDG method are pretty
close (<8 % difference) to the allowable limit of 2.67 m/km of ATPD method. From
the above analyses it can be concluded that with same allowable limits both method
shows comparable pavement distress as well as design life since the predicted
distresses are close enough in terms of IRI. Therefore, allowable limits play an
important role to carry out pavement design and its performance evaluation. Since no
correlation exists in literature to compare other MEPDG distresses (e.g. rutting or

cracking) with PSI, the above comments are made based on smoothness criteria only.

4.10 Comparison of IRl from ATPD and the MEPDG with Field
Observed Values

Pavement performance in terms of IRl predicted by ATPD and MEPDG were
compared with field data from Alberta Transportation Pavement Management System
(PMS) survey data available online [55]. To compare field data with ATPD and
MEPDG predictions, all pavement sections in the PMS which had a service life of 20
years must be selected; however it was not possible to find any pavement section
which had not any rehabilitation in 20 years after construction. It was possible to find
several sections with 19 years life without any rehabilitation. These sections have
been listed in Appendix A.2.2, these pavement sections have different traffic levels. It
was found that the average IRI for 19-year sections from PMS have the same IRI
value at an average of 2.4 m/km. Comparison of measured IRl by the PMS survey
with ATPD and MEPDG method is demonstrated in Table 4.10.
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Table 4.10: Comparison of average IRI values Found from ATPD and
MEPDG with PMS Survey Data Collected by Alberta Transportation

Mean IRl (m/km) from different
Traffic level Sourees
MEPDG PMS ATPD
Low 2.46
Medium 2.52 2.40 2.67
High 2.53

From Table 4.10, it is observed that the mean IRI from the MEPDG, ATPD and PMS
survey data are close (maximum difference 11.3%). The maximum difference is
noticed between field observed IRI with ATPD considered IRI, whereas the MEPDG
predicted IRI is fairly close (maximum difference 5.4%) to field measured IRI. The
difference between IRI predictions by the MEPDG method, and field observations
could be the reason of different traffic level considerations. Traffic level of low,
medium and high was defined as 267, 3564 and 17822 AADT respectively for all
pavements considered in the MEPDG. One difficulty in comparison of IRI from
pavement design methods and field data was that most of pavement sections from
PMS, are related to two highways (24:02 and 845:40) which have traffic levels of
1000 and 2320 AADT (112 and 326 ESAL/day) respectively as provided in
Appendix A.2.2. It can be concluded that it is difficult to compare the pavement
performance prediction parameters with field data due to limited road sections with

the same attributes.

4.11 Summary and Conclusions
This study attempted to compare the ATPD which is based on the AASHTO-1993

and the MEPDG method. In order to make such comparison, first of all, predicted
distresses by the MEPDG in terms of IRI and total rutting were evaluated. Then the
ATPD method was compared with the MEPDG in terms of IRI. Several conclusions

from this study are given below.
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The ATPD and MEPDG method predicts close IRI distress (<10% difference) at
the end of the 20-year analysis period with similar design inputs.

The comparative study between the ATPD and the MEPDG methods explored
that if the allowable limit of the MEPDG analysis is increased from 2.29 m/km to
2.67 m/km, all the pavement cases (162 analyses) will meet 85% reliability at the
end of 20-year analysis period. Therefore, allowable limits play an important role
in carrying out pavement design and its performance evaluation.

In this study, 162 MEPDG analyses indicated that all pavements fail in IRI with
an allowable limit of 2.29 m/km. Pavements designed with this allowable limit
reached minimum 50% and maximum 79.3% reliability at the end of the 20-year
analysis period. Therefore, in no case does the pavement structure designed by
the ATPD method meet the MEPDG, considering a design reliability of 85%.

The maximum difference between the lowest and highest predicted IRI by the
MEPDG method reaches 21%, which reflects the effects of different input
parameters in terms of traffic, subgrade as well as climatic parameters for 27
weather station files.

This study has concluded that the ATPD method cannot be said to overestimate
or underestimate pavement design when compared to the MEPDG method, rather
the estimation completely depends on different cases (traffic and subgrade
condition).

According to the MEPDG analysis, ATPD designed pavement structures have
been underestimated for total rutting in poor subgrade- medium and high traffic
conditions. However, for good subgrade-low traffic the ATPD designed structure
is overestimated according to MEPDG distress analyses.

Based on the MEPDG prediction, Case 3 pavement structure (high traffic-poor
subgrade), was the only pavement structure that failed in both IRI and total
rutting. Therefore, ATPD designed Case 3 pavement structure needs
strengthening to satisfy the failure criteria in the MEPDG method.

It is difficult to compare the pavement performance prediction parameters with

field data due to limited road sections with the same attributes.
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Chapter 5

5. Summary, Conclusions, Contributions and Future
Works

This chapter describes work summary, conclusions, contributions of this study and
future research directions.

5.1 Work Summary

Currently, most of the provincial transportation agencies in Canada use the American
Association of State Highway Transportation Official (AASHTO)-1993 pavement
design Guide for pavement design and rehabilitation. Several studies demonstrated
that the AASHTO-1993 overestimates or underestimates pavement designs
(thicknesses) in various situations. The current Mechanistic Empirical Pavement
Design Guide (MEPDG) incorporates effects of climate, traffic and materials on
pavement performances in a more comprehensive manner than the AASHTO method.
In this thesis, an effort has been made to explore the implementation of the MEPDG
in Canada, especially in Alberta.

In this study the accuracy of Canadian climate data files developed for the MEPDG
was extensively evaluated for 206 weather stations files and 206 MEPDG analyses
were performed to evaluate the effects of climatic factors on pavement performances.

In addition, a comparative study was carried out between the Alberta Transportation
Pavement Design (ATPD) method and the MEPDG. Three different traffic levels and
two different types of subgrade at 27 weather station files were considered for the
analysis in Alberta. As a consequence, 162 analyses were performed by the MEPDG.

The conclusions from this study are discussed in the following section.

5.2 Conclusions
The conclusions that were made from each of the objectives of this study are
mentioned below. The bold fonts indicate specific objectives, and conclusions from

the related study are given under each objective.

(@) Evaluating of the accuracy of Canadian Climatic Database used for the
MEPDG:
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i)

Differences between climatic parameters (temperature and precipitation) of the
MEPDG database and those parameters of the Environment Canada database
were negligible. Results showed that 75" percentile of the differences for
temperature and precipitation were 0.5°C and 0.5 mm respectively.

The differences of freezing index computed by the MEPDG and other sources
were less than 100°C-days, except in a few stations located in permafrost zones
such as Inuvik Airport of NT, Baker Lake of NU and so on.

The differences between frost depth computed by the MEPDG and Modified
Berggren methods were less than 0.6 m except in few stations located in
permafrost zones.

In permafrost zones, the freezing index and frost depth values were overestimated
by the MEPDG method in comparison to other available sources and hence, the
freezing index and frost depth calculating models in the MEPDG needs
calibration for locations in permafrost regions.

The comparison of Virtual Weather Station (VWS) data and actual weather
station data demonstrates that both of these data predict close IRI values (< 0.1
m/km difference). However, in predicting AC rutting and total rutting, VWS data

did not produce consistent results (difference was up to 4.6 mm) in some stations.

(b) Evaluating the Effects of Canadian Climate on Pavement Performances
using the MEPDG:

i)

AC rutting and total permanent pavement deformation values vary between 0 to
15 mm and 6 to 24 mm, respectively, at the end of a 20-year pavement design life
in 206 available Canadian weather stations for MEPDG. These differences can be
attributed to climate change.

IRI was less sensitive to environmental factors as the predicted IRI by the
MEPDG for 85% of weather stations was between 1.8 - 2.1 m/km.

Predicted Alligator cracking values predicted by the MEPDG were unrealistic
since alligator cracking varied from 0.7 to 3.4% among 206 weather stations,

which is much lower than its allowable limiting value of 25%.
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iv)

v)

Vi)

©)

Transverse cracking predicted by the MEPDG were the same (0.2 m/km) for 196
out of 206 weather station files. Therefore, predicted transverse cracking by the
MEPDG is not showing realistic results.

Extensive longitudinal cracking (up to 2007 m/km) was predicted by the MEPDG
for weather stations located in northern Canada where the mean annual air
temperatures are less than zero.

Unrealistic output of MEPDG for alligator and transverse cracking indicates that

associated models need calibration for local Canadian climatic conditions.

Comparison between the AASHTO-1993 based ATPD Method and the

MEPDG:

i)

The ATPD and MEPDG methods predict close IRI distress (<8% difference) at
the end of the 20-year analysis period with similar design inputs for 27 weather
stations files in Alberta.

The comparative study between ATPD and the MEPDG methods explored that if
the allowable limit of the MEPDG analysis is increased from 2.29 m/km to 2.67
m/km, all the pavement cases (162 analyses) will meet 85% reliability at the end
of the 20-year analysis period.

In this study, 162 MEPDG analyses indicated that all pavements fail in IRl with
an allowable limit of 2.29 m/km. Pavements designed with this allowable limit
reached the minimum 50% and maximum 79.3% reliability levels at the end of
the 20-year analysis period. Therefore, in no case does the pavement structure
designed by the ATPD method meet the MEPDG, considering a design reliability
of 85%

The maximum difference between the lowest and highest predicted IRI by the
MEPDG method was 21%, which reflects the effects of all variables considered
in this study for traffic levels, subgrade types, as well as climatic parameters for
27 weather station files.

Comparing the two pavement design methods, ATPD and the MEPDG, it was
concluded that the ATPD method overestimated or underestimated performance

of pavement as a function of pavement structures, traffic levels, and subgrade

types.
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vi) According to the MEPDG analysis, ATPD designed pavement structures have
been underestimated for total rutting in poor subgrade- medium and high traffic
conditions. However, for good subgrade-low traffic the ATPD designed structure
is overdesigned according to MEPDG distress analyses.

vii) Pavement structure with high traffic and poor subgrade, Case 3, was the only
pavement structure that failed in both considered distresses (IRl and total rutting)
by the MEPDG method. Therefore, ATPD underestimates thickness to satisfy
failure criteria in the MEPDG method.

viii) It is difficult to compare the pavement performance prediction parameters

with field data due to limited road sections with the same attributes.

5.3 Contributions

Some contributions of this study are as follows:

e This study attempted a primary effort to explore the implementation of MEPDG
in Canada. An earlier similar study was conducted only for the USA [3].

e This study is a first attempt in evaluation of the quality of Canadian climate data
files for use in the MEPDG.

e This study evaluated the effects of Canadian climate files for the MEPDG on
pavement performances that might help transportation agencies of Canada to
review the feasibility of MEPDG application in Canadian local condition.

e This study is an initial effort to compare the AASHTO-1993 based ATPD and the
MEPDG methods. This comparative study might help Alberta Transportation to
evaluate the benefits of the MEPDG over ATPD method.

5.4 Future Works

Some issues were identified for future research to evaluate the sensitivity of the
MEPDG inputs as well as to assess the benefits of the MEPDG over empirical

methods:

e IR, alligator and transverse cracking models used in the MEPDG were found to

be less or insensitive to Canadian climate files in this study. Calibrating of the
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existing IRI, alligator and transverse cracking models in the MEPDG are strongly
recommended.

Effects of climatic files on pavement performances were studied only for flexible
pavement. A similar study for rigid pavement is proposed for future work.

As only one pavement structure was considered to study the effects of climatic
data files, it is recommended that more pavement structures be studied in the
future.

Extend the comparative study between current pavement design practices with

MEPDG for other provinces of Canada.
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Appendix 1



A.1.1 List of Complete Weather Stations

S8 Mean Mean Awrage
< Elev. Annual Annual annual Start date | End date Noof | i
S S Weather Stations Lat. Long. ' - freezing available '
20 (m) Air Temp. | Precp. . of Data of data Zones
s °C) (cm) index months
° (°C-days)
Cafi?;{)r't”t' 51114 | -11402 | 330 47 426 982.7 7/1/1987 | 6/30/2007 240 2
Cold Lake Airport | 54417 | -11028 | 165 23 430 1672.6 7/1/1987 | 6/30/2007 240 2
Coronpa;'r;’” A so067 | 11145 | 241 26 36.1 1609.0 411957 | 3/31/1977 240 2
Cowley Airport | 49.633 | -11408 | 360 3.9 51.0 1067.0 1/1/1953 | 7/31/1960 91 4
Namao Airport | 53.667 | -11346 | 210 36 46.2 1293.2 211975 | 1/31/1995 240 2
City Centre Airport | 53573 | -11351 | 204 42 472 1188.0 411974 | 3/31/1994 240 2
Edonir;;%?t'm' 53317 | -11358 | 220 3.0 478 13816 7/1/1987 | 6/30/2007 240 2
Edson Airport | 53583 | -11647 | 283 22 56.9 1416.9 8/1/1971 | 7/31/1991 240 4
Edson 53583 | -11642 | 282 18 534 1556.0 3/1/1960 | 4/30/1970 122 4
< Embarras Airport 58.2 -111.38 72 -0.9 39.3 2547.0 1/1/1953 10/31/1967 178 2
=
3 Fort Chipewyan | 58717 | -111.15 | 69 22 427 20721 | 1111962 | 10/31/1967 60 2
<
Fort A'\f'r;r:g"ay 5665 | -111.22 | 113 21 457 1819.1 7/1/1987 | 6/30/2007 240 2
Gra”A‘:repE:ta'”e 5518 | -118.88 | 204 25 458 1549.7 7/1/1987 | 6/30/2007 240 2
High Level Airport | 58621 | -117.16 | 103 0.4 36.0 24117 7/1/1987 | 6/30/2007 240 2
Lac La Biche 54767 | -111.97 | 170 2.7 46.8 1502.6 | 12/1/1955 | 9/30/1958 34 2
Lac La Biche 1 | 54767 | -11202 | 173 13 46.7 1860.0 | 10/1/1958 | 5/31/1971 152 2
Lethbridge Airport | 49.63 | -112.80 | 283 6.2 39.4 876.3 411974 | 3/31/1994 240 2
L'OX?rr;(')“rfter 53309 | -11007 | 204 24 403 1614.5 7/1/1987 | 6/30/2007 240 2
Mei'i‘;;)”(frt”at 50019 | -11072 | 219 6.2 340 1013.6 11/1976 | 12/31/1995 240 2
Pez‘;rep's:;’er 56207 | -117.45 | 174 20 39.7 1684.1 7/1/1987 | 6/30/2007 240 2
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89 vean | vean | RS No of
§ § Weather Stations Lat. Long. Hev. Annual Annual freezing Start date End date available Climt.
20 (m) Air Temp. Precp. . of Data of data Zones
£ s °C) cm) omdex months
(C-days)
Pincher Creek 495 | -11395 | 352 48 533 993.2 0/1/1960 | 11/30/1973 | 150 4
Rocky Mtn House | 52.383 | -114.92 | 309 28 515 13502 | VL1954 | 8/31/1969 188 4
Slave Lake Airport | 553 | -11478 | 177 19 499 16041 | 6/1/1972 | 5/31/1992 240 2
Springbank Airport | 51103 | -114.37 | 366 3.0 497 11877 | 8/1/1988 | 5/31/2002 166 2
Vermilion Airport | 5335 | -110.83 | 189 18 428 18249 | 311962 | 2/28/1982 240 2
Whitecourt 54133 | -11567 | 226 15 546 16770 | 8/U/1958 | 7/31/1978 240 4
Whitecourt Airport | 54.144 | -11578 | 238 27 583 13746 | 1211979 | 6/30/1997 211 4
Abbotsford Airport | 49.025 | -122.36 | 18 10.4 152.8 55.7 7/1/1987 | 6/30/2007 240 3
Bea:i(;;oi“’er 57383 | -12138 | 256 11 44.7 22713 | VU193 | 3311967 171 2
Cape St. James | 51933 | -131.02 | 28 8.4 164.2 17.1 011972 | 8/31/1992 240 3
Castlegar Airport | 49.206 | -117.63 | 151 7.9 73.7 328.1 1/1/1966 | 11/30/1981 | 191 3
Comox Airport | 49717 | -124.9 8 10.1 1123 277 7/1/1987 | 6/30/2007 240 3
Cranbrook Airport | 49.612 | -115.78 | 287 6.3 382 687.5 7/1/1987 | 6/30/2007 240 2
= Fozi:;')?fto” 58.836 | -12259 | 116 03 44.4 23756 | 7/11987 | 6/30/2007 240 2
g Fort St John 56238 | -12074 | 212 25 44.6 14707 | 7/11987 | 6/30/2007 240 2
=) Airport
© | Kamloops Airport | 50702 | -12044 | 105 9.3 29.0 333.2 7/1/1987 | 6/30/2007 240 1
= Kelowna Airport | 49.956 | -119.38 | 131 72 26 443.9 6/1/1972 | 8/31/1976 51 2
“ [“Kimberley Airport | 49.733 | -115.78 | 279 50 36.0 853.3 1/1/1953 | 3/31/1969 195 2
Lyttonl 50233 | -12157 | 53 95 46.8 345.3 1/1/1953 | 1/31/1970 205 1
Lytton2 50233 | -12158 | 70 8.9 305 3858 | 1UU/1971 | 3/3U/1974 29 1
Nanaimo Airport 49.052 | -123.87 9 9.2 104.8 74.7 1/1/1954 10/31/1967 166 3
Penticton Airport | 49.463 | -119.60 | 105 98 342 2015 7/1/1987 | 6/30/2007 240 1
Port Hardy Airport | 50.68 | -127.36 | 7 8.6 1923 235 7/1/1987 | 6/30/2007 240 3
P“”Acierp%er?ge 53801 | -12268 | 211 46 587 830.7 7/1/1987 | 6/30/2007 240 4
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Awerage

§ = Mean Mean annual No of

CB -
§ S Weather Stations Lat. Long. Hev, Annual Annual freezing Start date End date available Climt
20 (m) Air Temp. Precp. . of Data of data Zones

s °C) cm) index months
° (°C-days)

Pr"fierp%”rfe” 54293 | -13045 | 11 7.3 253.4 1282 2/1/1975 | 1/31/1991 192 3

Princeton Airport | 49.468 | -12051 | 213 5.4 355 696.8 11/1953 | 1/31/1969 193 2

Quesnel Airport | 53.026 | -12251 | 166 46 52.4 8955 4/1/1969 | 3/31/1989 240 4

Sandspit Airport | 53.254 | -131.81 2 8.4 1435 310 7/1/1974 | 6/30/1994 240 3

S"}\Tps'r‘t’er 500 | -12643 | 205 28 468 2808.0 11/1953 | 9/30/1969 201 2

Smithers Airport | 54.825 | -127.18 | 159 43 50.6 755.4 7/1/1987 | 6/30/2007 240 4

Terrace Airport | 54466 | -12858 | 66 6.4 1376 3314 7/1/1987 | 6/30/2007 240 3

Tofino Airport | 49.081 | -125.78 7 8.7 3085 19.7 1/1/1960 | 4/30/1978 220 3

Va”;‘;;’p‘ger; Int. 1 49195 | -123.18 1 10.6 117.0 34.2 1/1/1987 | 12/31/2006 240 3

Gonzales Heights | 48417 | -12332 | 21 95 70.1 213 1/1/1953 | 4/30/1968 184 3

W'":‘irrrp‘)sokake 52183 | -12205 | 287 44 448 8307 6/1/1975 | 5/31/1995 240 2

Bird 56.5 942 26 55 50.3 36170 | 11/1/1957 | 12/31/1963 74 4

Brandon Airport 49.917 -99.95 125 25 45.6 1767.7 7/1/1987 6/30/2007 240 2

Dauphin Airport | 511 | -100.05 | 93 26 516 1767.8 7/1/1974 | 6/30/1994 240 4

Gimli 50.633 | -97.02 68 1.9 53.7 1897.0 111972 | 10/31/1990 226 4

S Gimli Airport 50.633 | -97.05 68 18 55.9 1953.7 111953 | 12/31/1971 208 4

= Lynn Lake Airport | 56.864 | -101.07 | 109 3.0 48.1 2978.7 2111974 | 1/31/1994 240 2

= Rivers Airport | 50017 | -100.32 | 144 19 48.4 1936.6 1/1/1953 | 9/30/1970 213 2

The Pas Airport | 53967 | -101.10 | 82 0.8 431 2109.2 7/1/1987 | 6/30/2007 240 2

Thompson Airport | 55803 | -97.86 68 22 49.8 2820.6 7/1/1987 | 6/30/2007 240 2

R'ChAarif;gg It 49017 | -o723 | 73 33 50.9 1670.7 7/1/1987 | 6/30/2007 240 4

Cax?rzz'gon 48 -66.67 2 42 99.1 10418 1/1/1953 | 11/30/1966 167 4

] Charlo Airport | 47.983 | -66.33 12 31 106.2 12705 6/1/1971 | 5/31/1991 240 4
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83 vean | vean | RS Noof |
§ S Weather Stations Lat. Long. Hev. Annual Annual freezing Start date End date available Climt.
20 (m) Air Temp. Precp. . of Data of data Zones

£ s °C) cm) omdex months
(C-days)

Fredericton Airport | 45872 | -66.53 6 56 1155 936.0 311976 | 2/29/1996 240 4

Moncton Airport | 46.104 | -6469 | 22 55 117.2 850.7 7/1/1987 | 6/30/2007 240 4

Saint John Airport | 45318 | -6589 | 33 51 142.4 803.1 11/1/1975 | 10/31/1995 240 4

St. Leonard Airport | 47.158 | 6783 | 74 3.2 108.6 13725 | 4/11985 | 4/30/1995 121 4

Argentia Airport | 473 | -54.00 55 100.9 288.9 9/1/1953 | 7/31/1969 194 3

Battle Harbourlor 52.25 -55.60 0.3 95.1 1154.0 10/1/1961 9/30/1981 240 4

Bonavista Airport | 48667 | -53.11 4.2 106.2 555.8 9/1/1975 | 8/31/1995 240 4

Buchans Airport 48.85 -56.83 84 2.9 1025 936.7 1/1/1953 5/31/1965 149 4

Burgeo 47617 | -57.62 3 4.2 167.0 5725 10/1/1971 | 9/30/1991 240 4

Cape Harrison | 54.767 | -58.45 3 0.6 713 1625.1 1/1/1953 | 9/30/1959 81 4

Cartwright Airport | 53.708 | -57.03 05 102.5 1670.7 7/1/1987 | 6/30/2007 240 4

% Ch “:irr‘;c') rfa"s 5355 | -6410 | 134 35 932 27325 | 2/11973 | 1/31/1993 240 4

5 | Gander Int. Airport | 48946 | 5458 | 46 4.2 1265 778.2 7/1/1987 | 6/30/2007 240 4

< | GooseBay Airport | 53317 | -6042 | 15 0.2 918 1918.0 7111987 | 6/30/2007 240 4

g Hopedale Airport 55.45 -60.22 4 -2.1 82.1 1944.8 8/1/1964 7/31/1984 240 4

g MaryA’isr;)ar;bour 52304 | -55.83 4 0.4 903 14083 | 11/1/1983 | 1/31/1988 51 4

o

E Port AAL:;‘p'S’ftsq“es 47574 | 5915 | 12 4.0 1517 583.1 o/1/1971 | 8/31/1991 240 4

St. Andrews 47.767 | -59.33 4.9 1109 5117 1/1/1953 | 5/31/1966 161 4

St.Anthony 51.367 | -55.58 18 87.2 934.1 1/1/1953 | 12/31/1965 156 4

St.Anthony Airport | 514 | -56.08 25 96.1 783.4 4/11967 | 9/30/1970 42 4

St.Anthony1 51.367 | -55.60 4 0.2 111.9 14269 | 1111970 | 6/30/1977 80 4

St. John’s Airport | 47.622 | 5274 | 43 4.9 148.7 534.3 7111987 | 6/30/2007 240 4

St. Lawrence 46917 | 5538 | 15 4.7 1439 3817 3/1/1966 | 3/31/1983 205 3

SteApiT;g‘r’t"'e 48533 | -5855 8 50 1369 666.8 7/1/1987 | 6/30/2007 240 4
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28 Mean | Mean | Sere0S No of
CB -
§ S Weather Stations Lat. Long. Hev, Annual Annual freezing Start date End date available Climt
20 (m) Air Temp. Precp. . of Data of data Zones
= b °C) cm) index months
(°C-days)
Copper Lake 45383 | -61.97 | 30 55 130.8 661.1 11/1953 | 2/28/1962 110 4
Debert Airport | 45417 | 6345 | 13 6.0 1281 637.6 11/1953 | 9/30/1960 93 4
Eddy Point 45517 | -61.25 | 20 58 141.8 560.7 V11972 | 3/31/1985 159 4
Greenwood Airport | 44983 | -64.92 9 7.6 1133 539.4 7/1/1987 | 6/30/2007 240 4
Halifax 4465 | -6357 | 10 7.4 124.7 376.9 1/1/1953 | 8/31/1963 128 3
m .
= Stanfield Int. 44883 | 6352 | 44 6.6 128.8 590.3 7/1/1987 | 6/30/2007 240 4
3 Airport
[
s Sable Island 43932 | 6001 | 2 75 1395 1851 | 11971 | 10311991 | 240 3
> Airport
Shearwater Airport | 44633 | 6350 | 16 6.6 138.2 498.0 10/1/1975 | 9/30/1995 240 4
Shelburne 43717 | -65.25 9 7.3 1356 3835 3/1/1982 | 12/31/1986 58 3
Sydney Airport | 46.167 | -60.05 | 19 6.0 1465 558.8 7/1/1987 | 6/30/2007 240 4
Truro 45367 | 6327 | 12 5.7 111.2 693.4 11/1960 | 3/31/1977 207 4
Yarmouth Airport | 43831 | -6609 | 13 7.2 127.0 346.1 7/1/1987 | 6/30/2007 240 3
Cape Parry Airport | 70.167 | -12472 | 26 118 157 4792.7 8/1/1972 | 7/31/1992 240 2
Fort Reliance 62717 | -100.17 | 51 6.6 273 38248 | 10/1/1977 | 10/31/1990 157 2
Fort Aﬁf;g'r‘t“io” 61181 | -11369 | 49 41 36.2 32568 | V1954 | 1/31/1970 193 2
- Fort Simpson 61.867 | -121.35 | 40 43 379 34618 4/1/1955 | 4/30/1963 97 2
o 3
£ FO’};\f;gg‘?tSO” 6176 | -12124 | 52 24 38.7 3010.4 3/11987 | 2/28/2007 240 2
[<b]
l_
i Hay River Airport | 60.84 | -11578 | 50 23 339 2739.4 11/1953 | 7/31/1960 91 2
[«5]
E Inuvik Airport | 68.304 | -13348 | 21 74 217 41088 7/1/1987 | 6/30/2007 240
§ Mould Bay Airport | 76233 | -119.33 | 4 A17.7 115 5000.0 4/1/1981 | 4/30/1987 73 2
Nor;[‘?rg ovr\t'e"s 65283 | -12680 | 22 49 20.4 3649.6 7/1/1987 | 6/30/2007 240 2
Sacr:irﬂzrrk?our 72 | 12527 | 26 -13.9 136 55241 | 11/1/1970 | 9/30/1977 83 2
Yellowknife 62463 | -11444 | 63 4.0 204 32885 7/1/1987 | 6/30/2007 240 2
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83 vean | vean | RS No of
§ § Weather Stations Lat. Long. Hev. Annual Annual freezing Start date End date available Climt.
80 (m) Air Temp. Precp. index of Data of data months Zones
S €0 | em | ol
Airport
Baker Lake Airport | 64.299 | -96.08 5 121 24.7 52091 | 11/1/1962 | 9/30/1979 203 2
Camzri'r‘;%it Bay | 60108 | -10514 | 8 145 14,0 50000 | 411975 | 3/31/1995 240 2
Cape Dyer Airport | 66.583 -61.62 120 -10.4 61.4 4174.1 3/1/1970 2/28/1990 240 4
Chesterfield 63333 | -90.72 2 -11.9 228 50629 | 1111962 | 4/30/1968 66 2
C'ﬁfp's:}’ e 70486 | -68.52 8 127 24.6 50000 | 8/1/1984 | 12/31/1989 65 2
E Contwoyto Lake | 65483 | -11037 | 138 121 30.7 5314.3 2/1/1959 | 8/31/1962 43 2
§ Coppermine 67.833 | -115.12 3 -11.2 255 4927.3 4/1/1970 12/31/1977 93 2
< Ennadai Lake 61133 | -10090 | 99 9.6 30.1 4645.2 6/1/1956 | 9/30/1966 124 2
Hall Beach Airport | 68.776 | -81.24 2 -14.2 216 5000.0 4/11975 | 3/31/1995 240 2
lqaluitAirport 6375 | -6855 | 10 95 422 4130.4 1/1/1976 | 12/31/1995 240 2
Ra%:golr: let 62817 | -92.12 9 -11.3 306 4931.0 3/1/1981 | 2/28/1997 192 2
Rea Point Airport | 75367 | -10572 | 5 175 6.9 5000.0 11/1972 | 6/30/1977 66 2
Resolute Airport | 74717 | -9498 | 20 -16.3 163 5000.0 1/1/1978 | 12/31/1997 240 2
Armstrong Airport | 50294 | -8891 | 98 05 736 2285.7 1/1/1953 | 6/30/1968 186 4
Atikokan 4875 | -9162 | 120 20 75.8 17901 | 10/1/1966 | 9/30/1986 240 4
Big Trout Lake | 53833 | -89.87 | 68 24 63.0 2771.2 1/1/1970 | 12/31/1989 240 4
Chapleau 47833 | 8343 | 131 18 833 17482 | 1111965 | 3/31/1976 125 4
2 Earlton Airport 477 | 7085 | 74 23 817 1687.1 | 10/1/1959 | 9/30/1979 240 4
5 Geraldton 497 | -8695 | 101 0.2 74.1 21467 | 111967 | 3/31/1977 113 4
Geraldton Airport | 49.783 | -86.93 | 106 0.2 74.1 2146.7 7/1/1987 | 6/30/2007 240 4
Gore Bay Airport | 45883 | -8257 | 59 56 785 878.1 10/11971 | 9/30/1991 240 4
Graham Airport | 49.267 | -9058 | 153 05 813 2057.2 1/1/1953 | 12/31/1966 168 4
Hamilton Airport | 43172 | -7993 | 72 7.9 895 616.7 8/1/2002 | 5/31/2006 46 4
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28 Mean | Mean | Sere0S No of

CB -
§ S Weather Stations Lat. Long. Hev. Annual Annual freezing Start date End date available Climt.
20 (m) Air Temp. Precp. . of Data of data Zones

s °C) cm) index months
° (°C-days)

Kai”irspkgft'”g 49414 | 8247 | 69 15 843 1859.4 7/1/1987 | 6/30/2007 240 4

Kenora Airport 4979 | 9436 | 125 33 70.3 1609.1 7/11987 | 6/30/2007 240 4

Killaloe 45567 | -77.42 53 5.0 66.1 11489 111953 | 7/31/1972 235 4

London Airport | 43.033 | -81.15 85 7.7 100.0 582.8 2111974 | 1/31/1994 240 4

Mount Forest 43983 | -8075 | 126 55 91.3 861.8 111962 | 7/31/1976 175 4

Nakina Airport | 50.183 | -86.70 99 0.0 78.6 21368 1/1/1953 | 10/31/1967 178 4

North Bay Airport | 46.364 | -7942 | 113 40 100.1 12755 2111974 | 1/31/1994 240 4

o“aWAair'E%i‘C"ﬁe 4545 | -75.63 17 6.3 86,5 995.9 11/1953 | 3/31/1964 135 4

Macdonald-Cartier | 5555 | 7567 35 65 924 920.6 7/11987 | 6/30/2007 240 4

Int. Airport

Petawawa Airport | 4595 | -77.32 40 46 80.5 1206.2 7111973 | 6/30/1993 240 4

Sa"{k“ifp';"r?“e 46.483 | -8451 59 5.1 89.9 919.4 7/1/1987 | 6/30/2007 240 4

Simcoe 4285 | -80.27 73 7.8 87.9 569.3 V11962 | 7/31/1977 187 4

Sio‘g‘ir'&orf"“t 50117 | -91.90 | 117 23 77.2 1776.4 7/1/1987 | 6/30/2007 240 4

Stirling 44317 | 7763 42 6.7 75.6 7875 1/1/1953 | 11/30/1968 191 4

Sudbury Airport | 46625 | -80.79 | 106 42 93.4 12493 7111987 | 6/30/2007 240 4

ThZ’}?pe;fay 48369 | 8933 | 61 3.0 69.1 14236 111974 | 12/31/1993 240 4

wc}ﬂ:pz?twer 4857 | -81.37 90 17 84.9 1795.1 7/1/1974 | 6/30/1994 240 4

Buttonville Airport | 43862 | -79.37 60 7.9 82.9 583.6 7/1/1987 | 6/30/2007 240 4

Lester B. Pearson | 5677 | 7963 | 53 83 76.7 511.0 71171987 | 6/30/2007 240 4

Int. Airport

Trenton Airport 44117 -77.53 26 7.3 86.9 681.2 6/1/1974 5/31/1994 240 4

White River 486 | -8528 | 115 0.7 835 1932.0 1/1/1956 | 12/31/1975 240 4

Wiarton Airport | 44746 | -81.11 68 6.3 105.2 704.7 7111975 | 6/30/1995 240 4
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§ S Weather Stations Lat. Long. Hev. Annual Annual freezing Start date End date available Climt.
20 (m) Air Temp. Precp. . of Data of data Zones
= b °C) cm) index months
(°C-days)
Windsor Airport | 42276 | -82.96 58 9.3 9024 4538 7/1/1975 | 6/30/1995 240
Winisk Airport | 55233 | -85.12 4 54 51.4 32413 2/1/1959 | 6/30/1965 77
[«5)
£es Cha;\'?rgstr:’w” 46280 | -6313 | 15 58 1127 7411 7711987 | 6/30/2007 240 4
=5 .
o2 Summerside 46439 | -63.83 6 55 107.4 7915 7111971 | 6/30/1991 240 4
o Airport
Bagotville Airport | 48333 | -71.00 48 3.0 926 15137 7/1/1987 | 6/30/2007 240 4
Bai}?sonrfa“ 49133 | -68.20 7 20 99.3 1350.5 2/1/1974 | 1/31/1994 240 4
Gaspe Airport | 48.777 | -64.48 10 36 109.0 1130.4 7/1/1987 | 6/30/2007 240 4
Gatineau Airport | 45517 | -75.57 20 5.6 0.0 10969 | 10/1/1987 | 9/30/1991 48 2
Grindstone Island 47.383 -61.87 18 45 97.2 696.4 4/1/1968 1/31/1983 178 4
Inukjuas Airport | 58467 | -78.08 7 6.6 48.9 3305.2 9/1/1976 | 9/30/1992 193 2
Kuujuaq Airport | 581 | -68.42 12 4.9 51.1 3068.2 7/1/1987 | 6/30/2007 240 4
La GraA”i‘rj;oft'V'ere 53633 | -77.70 | 59 23 68.0 2608.2 7/1/1987 | 6/30/2007 240 4
9 Maniwaki U 46302 | -7601 | 59 33 97.7 14145 1/1/1990 | 9/30/1992 33 4
:=! Airport
3 Mont-Joli Airport | 486 | -68.22 16 3.8 89.3 1116.4 7/1/1987 | 6/30/2007 240 4
St-Hubert Airport | 45517 | -73.42 8 6.4 1015 934.4 5/1/1974 | 4/30/1994 240 4
Mf}f’;c'”f[”t' 45667 | 7403 | 25 5.7 106.4 1027.7 7/1/1987 | 6/30/2007 240 4
Pierre Elliottrudeau | o 467 | 7375 | 11 71 99.2 8407 7/1/1987 | 6/30/2007 240 4
Int. Airport
Nitchequon 532 | -7090 | 163 38 85.4 28552 | 12/1/1965 | 11/30/1985 240 4
Jean A'-ﬁ;‘;gne It | 468 | 7138 | 23 48 543 11115 | 711987 | 6/30/2007 240 4
Roberval Airport | 48517 | -72.27 54 29 85.3 1564.2 7/1/1987 | 6/30/2007 240 4
Rouyn Airport | 48217 | -78.83 92 24 0.0 1663.1 7/1/1987 | 6/30/2007 240 2
Sept-lles Airport | 50217 | -66.27 17 16 87.3 1460.5 7/1/1987 | 6/30/2007 240 4
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§ S Weather Stations Lat. Long. Hev, Annual Annual freezing Start date End date available Climt
20 (m) Air Temp. Precp. . of Data of data Zones
s °C) cm) index months
° (°C-days)
Ste A&aJEfSDeSS 4605 | -7428 | 120 35 1175 1303.7 6/1/1972 | 5/31/1992 240 4
Val-Dor Airport | 48056 | -77.78 | 103 17 90.7 17753 | 12/1/1975 | 11/30/1995 240 4
Broadviewi Airport | 50.368 | -10257 | 183 25 415 17082 111975 | 12/31/1994 240 2
Broadview Airport | 50.25 -102.53 189 2.0 414 1809.2 1/1/1953 1/31/1965 145 2
Estevan Airport | 49.217 | -102.97 | 177 39 41.9 14498 7/11987 | 6/30/2007 240 2
Hudson Bay 52867 | -10240 | 113 0.1 45.2 2276.9 2/1/1955 | 3/31/1974 230 2
Kindersley Airport | 51.517 | -109.18 212 3.2 32.6 1517.3 7/1/1987 6/30/2007 240 2
La Ronge Airport | 5515 | -10527 | 115 0.7 48.7 2088.0 7111987 | 6/30/2007 240 2
Moose Jaw Airport | 50.333 | -10555 | 176 41 36.0 14404 | 12111977 | 11/30/1997 240 2
c
g NO”hA ﬁsgffo | 52772 | -10826 | 167 24 36.9 17000 | ouiess | &/3u2005 | 240 2
=
IS Prince Albert
g Airport 53217 | -10567 | 131 18 40.8 1869.4 7111987 | 6/30/2007 240 2
& Regina Airport | 50433 | -10467 | 176 3.2 384 1590.9 7111987 | 6/30/2007 240 2
D'efepr\‘i?s'gftr Nt 5r167 | 10672 | 154 28 342 16675 7/1/1987 | 6/30/2007 240 2
Sto%g‘g'“ 5025 | -10583 | 75 31 435 3015.3 7/1/1987 | 6/30/2007 240 2
Urag'i‘r‘g nc'ty 50567 | -108.48 | 97 32 34.0 3104.6 6/2/1966 | 6/1/1986 240 2
Wynyard Airport | 51.767 | -104.20 | 171 19 41.2 1844.2 9/1/1969 | 8/31/1989 240 2
Yorkton Airport | 51.267 | -10247 | 152 20 437 1806.4 7/1/1985 | 6/30/2005 240 2
Aishihik Airport 61.65 -137.48 294 -45 23.9 3004.6 1/1/1953 9/30/1966 165 2
Dawson 64.05 | -13043 | 98 54 33.7 36905 3/1/1960 | 12/31/1975 190 2
E, Dawson Airport 64.043 | -139.13 113 -4.4 333 3405.5 2/1/1976 10/31/1987 141 2
~ Mayo Airport 63.617 | -135.87 154 -2.6 320 2893.8 5/1/1974 9/30/1988 173 2
Snag Airport 62.367 | -14040 | 179 57 375 3686.8 1/1/1953 | 8/31/1966 164 2
Teslin Airport 60.174 | -13274 | 215 20 323 2367.0 6/1/1955 | 5/31/1975 240 2
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a's (°C) (cm) (°C-days)
Watson Lake
Airport 60.118 | -128.82 210 -2.0 411 2665.5 7/1/1987 6/30/2007 240 2
Whitehorse Airport | 60.71 -135.07 215 0.2 21.7 1825.3 7/1/1987 6/30/2007 240 2

Note:Lat.= Latitude, Long.

=Longitude, Elv. = Elevation, Temp.= Temperature, Precp= Precipitation, Climt.= Climate
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A.1.2 Sample of Climate Data Input File

The field designations of a climate data input file are Date(yyyy/mm/dd/hr).air
temperature(°F), precipitation(inch),wind speed(mile/hr), percent sunshine, relative

humidity. A sample of data records are given below.
1974020100,-0.9,6,70,0,55
1974020101,-4,4,100,0,62
1974020102,-4,3,0,0,60
1974020103,-5.1,7,0,0,59
1974020104,-8,5,60,0,62
1974020105,-9.9,4,30,0,60
1974020106,-11,3,40,0,61
1974020107,-13,3,90,0,58
1974020108,-14.1,3,90,0,58
1974020109,-11,3,90,0,58
1974020110,-9.9,7,20,0,56
1974020111,-8,3,50,0,50
1974020112 ,-5.1,3,60,0,48
1974020113,-4,4,50,0,50
1974020114,-2,8,40,0,43
1974020115,-0.9,7,20,0,46
1974020116 ,-0.9,6,40,0,48
1974020117 ,-2,3,80,0,50

138



1974020118,-4,5,40,0,46

1974020119,-6,3,40,0,50

1974020120,-8,3,80,0,52

1974020121,-9,4,80,0,55

1974020122,-11,9,80,0,57

1974020123,-11.9,10,100,0,59

1974020200,-13,10,100,0,56

1974020201,-13,9,100,0,56

1974020202,-13,7,100,0,56

1974020203,-14.1,7,100,0,57

1974020204,-15,7,100,0,53

1974020205,-15,7,100,0,54

1974020206,-16.1,9,100,0,54

1974020207,-17,7,100,0,55

1974020208,-17,8,90,0,56

1974020209,-16.1,9,70,0,52

1974020210,-14.1,8,80,0,47

1974020211,-11,7,70,0,45

1974020212,-9,6,70,0,42

1974020213,-7.1,6,20,0,42

1974020214,-6,6,30,0,41

1974020215,-5.1,8,20,0,41
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A.1.3 List of Climate Data Records found
from MEPDG and Environment Canada for

Calgary Airport

MEPDG data

Environment Canada

Difference in two methods

Data
Month | Average Total Max. Mean Total Diff in Diff in Total
(Year) Temp. Precp. Frost TSmp Precp. mean temp. Precp. (mm)
(°C) (mm,) (m.) 0 (mm) (°C)
9/1987 13.8 29.0 0.00 13.6 29.2 0.2 0.2
10/1987 7.1 20 0.12 7.1 20 0.0 0.0
11/1987 2.2 5.6 0.44 2.0 54 0.2 0.2
12/1987 -2.4 4.8 1.02 -2.9 4.9 0.5 0.1
1/1988 -8.2 43 1.64 -8.5 43 0.3 0.0
2/1988 -4.2 43 2.05 -3.9 43 0.3 0.0
3/1988 12 19.8 2.07 0.9 19.8 0.3 0.0
4/1988 6.9 15 0.07 6.4 15 0.5 0.0
5/1988 13.1 16.3 0.00 12.4 16.0 0.7 0.3
6/1988 16.5 84.6 0.00 16.3 84.6 0.2 0.0
7/1988 16.8 47.0 0.00 16.5 46.8 0.3 0.2
8/1988 15.2 150.1 0.00 15.0 163.9 0.2 13.8
9/1988 10.7 434 0.02 10.7 435 0.0 01
10/1988 7.1 8.1 0.37 6.8 8.0 0.3 0.1
11/1988 -0.3 74 0.77 -0.3 7.1 0.0 0.3
12/1988 4.4 51 1.14 -5.0 4.9 0.6 0.2
1/1989 -6.7 23.9 1.60 -7.1 234 04 05
2/1989 -117 12.4 2.00 -12.2 12.4 0.5 0.0
3/1989 -6.7 8.9 2.33 -7.0 N.A. 0.3 8.9
4/1989 4.7 229 2.35 4.4 228 0.3 0.1
5/1989 9.6 414 0.02 9.0 41.2 0.6 0.2
6/1989 14.8 80.5 0.00 14.3 80.7 0.5 0.2
7/1989 17.8 50.5 0.00 17.7 50.6 0.1 0.1
8/1989 15.2 61.7 0.00 15.4 61.6 0.2 0.1
9/1989 11.6 417 0.00 11.6 414 0.0 0.3
10/1989 5.9 6.1 0.14 5.7 6.0 0.2 0.1
11/1989 -0.2 17.3 0.64 -0.7 17.2 0.5 0.1
12/1989 -3.6 21.6 115 -4.5 21.8 0.9 0.2
1/1990 -45 5.8 1.27 -4.6 5.6 0.1 0.2
2/1990 -6.2 6.4 181 -6.5 6.4 0.3 0.1
3/1990 1.0 84 1.82 0.9 8.7 0.1 0.3
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MEPDG data Environng;r;; Canada Difference in two methods
Month | Average Total Max. Mean Total Diff in Diff in Total
(Year) Temp. Precp. Frost Tsmp Precp. mean temp. Precp. (mm)

(°C) (mm.,) (m.) 0 (mm) (°C)
4/1990 4.6 21.6 051 4.7 212 0.1 04
5/1990 9.1 100.8 0.02 9.0 100.2 0.1 0.6
6/1990 14.1 62.0 0.00 13.9 61.3 0.2 0.7
7/1990 16.4 84.1 0.00 16.2 837 0.2 04
8/1990 16.9 58.2 0.00 16.7 58.3 0.2 0.1
9/1990 14.0 7.6 0.00 14.1 75 0.1 0.1
10/1990 4.3 13.2 0.15 4.1 12.9 0.2 0.3
11/1990 -3.6 20.8 0.86 -4.0 20.7 04 0.1
12/1990 -10.3 12.4 1.45 -10.7 11.7 04 0.7
1/1991 -84 7.9 1.95 -8.8 74 04 05
2/1991 11 155 2.01 0.9 14.9 0.2 0.6
3/1991 -3.3 21.1 2.07 -35 21.0 0.2 0.1
4/1991 5.8 7.4 2.04 5.4 7.1 04 0.3
5/1991 9.6 96.5 0.07 94 96.1 0.2 04
6/1991 127 1133 0.00 13.0 1132 0.3 0.1
7/1991 16.7 30.0 0.00 16.4 29.6 0.3 04
8/1991 18.1 64.5 0.00 18.1 64.2 0.0 0.3
9/1991 114 26.2 0.00 11.5 25.9 0.1 0.3
10/1991 25 16.5 0.68 22 15.8 0.3 0.7
11/1991 -2.2 9.7 0.82 -2.6 9.6 04 0.1
12/1991 -2.0 18 0.98 -2.0 1.8 0.0 0.0
1/1992 -04 2.3 1.16 -11 2.2 0.7 0.1
2/1992 -2.3 3.8 145 -2.5 3.6 0.2 0.2
3/1992 31 8.1 0.26 31 7.9 0.0 0.2
4/1992 6.4 25.1 047 6.4 24.6 0.0 05
5/1992 9.6 46.0 0.05 95 46.2 0.1 0.2
6/1992 14.8 1775 0.00 14.8 177.2 0.0 0.3
7/1992 14.4 76.5 0.00 14.2 76.2 0.2 0.3
8/1992 14.3 42.2 0.02 14.1 415 0.2 0.7
9/1992 94 47.8 0.03 95 48.1 0.1 0.3
10/1992 5.0 14.7 0.29 5.3 14.6 0.3 0.1
11/1992 -0.9 38.9 0.67 -14 38.8 0.5 0.1
12/1992 -11.8 145 145 -11.8 14.0 0.0 05
1/1993 -10.6 5.8 2.02 -114 5.8 0.8 0.0
2/1993 -6.9 12.4 2.23 -7.1 125 0.2 0.1
3/1993 -0.2 17.8 2.34 -0.3 17.8 0.1 0.0
4/1993 5.2 6.6 234 4.8 6.5 04 0.1
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Environment Canada

MEPDG data Data Difference in two methods
Month | Average Total Max. Mean Total Diff in Diff in Total
(Year) Temp. Precp. Frost Tsmp Precp. mean temp. Precp. (mm)

(°C) (mm.,) (m.) 0 (mm) (°C)
5/1993 11.8 62.2 0.00 115 61.9 0.3 0.3
6/1993 13.2 118.4 0.00 12.8 1184 04 0.0
7/1993 13.1 87.6 0.00 13.3 87.0 0.2 0.6
8/1993 13.8 92.7 0.00 13.8 92.3 0.0 04
9/1993 10.6 24.4 0.02 10.5 24.3 0.1 0.1
10/1993 6.1 94 0.21 6.3 9.0 0.2 04
11/1993 =24 10.4 0.88 -2.9 10.4 0.5 0.0
12/1993 -1.9 38 1.00 -1.9 36 0.0 0.2
1/1994 -9.7 10.9 1.70 -94 10.6 0.3 0.3
2/1994 -132 9.9 211 -135 9.6 0.3 0.3
3/1994 2.6 84 2.30 25 8.1 0.1 0.3
4/1994 6.0 12.7 2.29 5.8 12.6 0.2 0.1
5/1994 10.8 63.0 0.00 10.5 62.5 0.3 05
6/1994 13.8 68.6 0.00 13.3 68.4 0.5 0.2
7/1994 17.7 38.1 0.00 17.4 38.0 0.3 0.1
8/1994 16.1 84.8 0.00 16.2 84.4 0.1 04
9/1994 131 10.4 0.01 13.1 10.4 0.0 0.0
10/1994 4.6 312 0.13 4.6 314 0.0 0.2
11/1994 -2.8 14.0 0.84 -3.3 13.9 0.5 0.1
12/1994 -5.9 51 1.20 -5.8 5.2 0.1 0.1
1/1995 -7.3 2.8 1.73 -7.3 2.8 0.0 0.0
2/1995 -5.2 20 191 -5.2 21 0.0 0.1
3/1995 -2.6 7.4 212 -3.0 7.3 04 0.1
4/1995 29 320 212 33 318 04 0.2
5/1995 9.6 72.1 0.05 9.3 719 0.3 0.2
6/1995 14.3 437 0.00 14.1 434 0.2 0.3
7/1995 15.4 133.4 0.00 15.6 1334 0.2 0.1
8/1995 135 34.8 0.00 13.6 34.2 0.1 0.6
9/1995 11.8 279 0.04 11.9 27.9 0.1 0.0
10/1995 4.1 14.7 0.36 4.2 14.4 0.1 0.3
11/1995 -4.9 231 0.90 -4.8 22.7 0.1 04
12/1995 -111 23.1 157 -11.0 229 0.1 0.2
1/1996 -15.6 27.9 212 -15.7 27.8 0.1 0.1
2/1996 -5.7 33 242 -5.6 30 0.1 0.3
3/1996 -5.9 35.3 2.61 -6.0 35.4 0.1 0.1
4/1996 51 18.3 2.67 4.9 185 0.2 0.2
5/1996 6.3 52.1 0.19 6.4 515 0.1 0.6
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Month | Average Total Max. Mean Total Diff in Diff in Total
(Year) Temp. Precp. Frost Tsmp Precp. mean temp. Precp. (mm)

(°C) (mm.,) (m.) 0 (mm) (°C)
6/1996 13.7 59.4 0.00 13.4 59.2 0.3 0.2
7/1996 16.6 422 0.00 16.4 419 0.2 0.3
8/1996 17.1 21.1 0.00 16.8 21.0 0.3 0.1
9/1996 9.1 46.5 0.04 9.1 46.4 0.0 0.1
10/1996 4.3 23.4 0.42 4.2 234 0.1 0.0
11/1996 -9.6 30.2 1.22 -9.7 30.0 0.1 0.2
12/1996 -137 185 1.76 -14.3 18.3 0.6 0.2
1/1997 -121 185 2.24 -125 185 04 0.0
2/1997 -2.8 38 2.45 -2.8 37 0.0 0.1
3/1997 -4.0 17.0 2.63 -4.0 17.1 0.0 0.1
4/1997 2.3 12.7 271 22 12.6 0.1 0.1
5/1997 9.5 100.6 0.02 9.3 100.7 0.2 0.1
6/1997 13.8 138.4 0.00 13.8 138.4 0.0 0.0
7/1997 16.3 16.8 0.00 16.0 16.9 0.3 0.1
8/1997 15.7 58.2 0.00 15.9 57.8 0.2 04
9/1997 12.9 37.8 0.02 13.1 37.8 0.2 0.0
10/1997 4.7 15.2 0.14 4.7 14.8 0.0 04
11/1997 -1.3 0.5 0.69 -1.5 0.6 0.2 0.1
12/1997 -2.2 6.4 0.98 -2.6 6.3 04 0.0
1/1998 -134 16.0 1.82 -13.6 15.6 0.2 04
2/1998 -2.7 4.1 1.97 -2.9 4.0 0.2 0.1
3/1998 -4.2 59.7 2.23 -4.6 59.4 04 0.3
4/1998 6.2 411 2.23 6.4 41.2 0.2 0.1
5/1998 125 86.4 0.00 12.2 86.4 0.3 0.0
6/1998 12.6 110.5 0.00 125 1104 0.1 0.1
7/1998 17.8 130.0 0.00 17.8 132.2 0.0 2.2
8/1998 18.0 18.0 0.00 17.8 18.0 0.2 0.0
9/1998 12.7 26.2 0.00 12.7 26.0 0.0 0.2
10/1998 6.7 11.4 0.07 7.0 11.4 0.3 0.0
11/1998 -2.3 14.0 0.62 -2.6 14.1 0.3 01
12/1998 -8.2 19.3 1.30 -8.4 19.0 0.2 0.3
1/1999 -8.1 11.4 181 -7.9 11.3 0.2 0.1
2/1999 -1.6 0.0 1.90 -15 0.0 0.1 0.0
3/1999 -0.8 6.6 2.07 -0.8 6.4 0.0 0.2
4/1999 4.7 72.4 1.59 4.8 72.8 0.1 04
5/1999 8.7 52.8 0.07 8.7 52.8 0.0 0.0
6/1999 11.9 95.3 0.00 11.9 95.4 0.0 0.2
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MEPDG data

Environment Canada

Difference in two methods

Data
Month | Average Total Max. Mean Total Diff in Diff in Total
(Year) Temp. Precp. Frost Tsmp Precp. mean temp. Precp. (mm)
(°C) (mm.,) (m.) 0 (mm) (°C)
7/1999 13.9 103.6 0.00 13.7 103.8 0.2 0.2
8/1999 15.8 87.6 0.00 15.9 89.2 0.1 16
9/1999 10.2 9.1 0.06 10.3 9.1 0.1 0.0
10/1999 5.8 38 0.13 5.7 3.6 0.1 0.2
11/1999 13 124 0.56 13 12.4 0.0 0.0
12/1999 -0.2 20 0.91 -0.6 18 04 0.2
1/2000 -9.7 10.4 1.49 -9.7 10.2 0.0 0.2
2/2000 -6.2 20.8 1.84 -6.7 20.6 0.5 0.2
3/2000 -04 25.4 2.03 -04 255 0.0 0.1
4/2000 4.1 175 0.76 4.1 17.0 0.0 05
5/2000 9.0 29.0 0.03 8.8 28.8 0.2 0.2
6/2000 127 110.2 0.01 12.5 109.8 0.2 04
7/2000 17.1 66.8 0.00 16.7 66.8 04 0.0
8/2000 15.4 63.5 0.00 15.6 63.9 0.2 04
9/2000 10.6 53.6 0.12 10.7 53.6 0.1 0.0
10/2000 51 18 0.16 54 1.8 0.3 0.0
11/2000 -3.1 5.6 0.74 -3.3 5.8 0.2 0.2
12/2000 -9.8 9.1 1.50 -9.9 8.8 0.1 0.3
1/2001 -1.2 2.3 1.58 -15 20 0.3 0.3
2/2001 -10.2 8.1 2.02 -10.5 7.7 0.3 04
3/2001 -0.3 12.4 2.15 -0.1 12.3 0.2 0.1
4/2001 4.1 19.6 2.19 4.0 19.2 0.1 04
5/2001 11.6 30.7 0.03 11.2 305 04 0.2
6/2001 12.4 121.7 0.00 12.2 1214 0.2 0.3
7/2001 17.1 58.7 0.00 16.8 58.8 0.3 0.1
8/2001 18.6 14.2 0.00 18.0 14.2 0.6 0.0
9/2001 13.0 13.2 0.00 13.2 13.0 0.2 0.2
10/2001 38 18.0 0.18 4.0 17.9 0.2 0.1
11/2001 0.1 16.8 0.83 -0.2 16.6 0.3 0.2
12/2001 -8.0 48 1.27 -8.2 4.8 0.2 0.0
1/2002 -6.0 11.7 1.55 -6.5 11.4 0.5 0.3
2/2002 -2.9 94 1.79 -3.2 94 0.3 0.0
3/2002 -12.2 16.3 2.28 -122 16.6 0.0 0.3
4/2002 0.8 20.8 2.38 11 20.5 0.3 0.3
5/2002 7.2 335 0.20 6.6 34.0 0.6 05
6/2002 14.9 58.7 0.00 14.4 58.6 0.5 0.1
7/2002 18.6 35.1 0.00 18.3 34.6 0.3 05
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MEPDG data Data Difference in two methods
Month | Average Total Max. Mean Total Diff in Diff in Total
(Year) Temp. Precp. Frost Tsmp Precp. mean temp. Precp. (mm)

(°C) (mm.,) (m.) 0 (mm) (°C)
8/2002 14.3 57.2 0.00 14.2 574 0.1 0.3
9/2002 10.0 58.4 0.00 10.1 58.2 0.1 0.2
10/2002 16 23.9 0.54 19 23.6 0.3 0.3
11/2002 2.7 9.9 0.53 2.7 10.0 0.0 0.1
12/2002 -2.7 10.2 0.99 -2.9 10.2 0.2 0.0
1/2003 -6.3 5.8 148 -6.3 5.6 0.0 0.2
2/2003 -6.7 21.6 181 -7.2 21.7 0.5 0.1
3/2003 -4.6 16.5 217 -4.8 15.8 0.2 0.7
4/2003 3.7 81.8 2.23 35 818 0.2 0.0
5/2003 8.6 34.8 0.05 8.3 345 0.3 0.3
6/2003 13.8 104.9 0.00 13.7 104.8 0.1 0.1
7/2003 17.8 42.4 0.00 17.5 42.2 0.3 0.2
8/2003 17.8 39.1 0.00 18.0 39.3 0.2 0.2
9/2003 10.8 39.9 0.01 11.2 39.6 04 0.3
10/2003 7.2 30.7 0.39 75 30.8 0.3 0.1
11/2003 -5.5 135 0.90 -5.8 13.2 0.3 0.3
12/2003 -4.8 0.8 1.19 -4.9 0.7 0.1 0.1
1/2004 -10.3 16.8 171 -10.5 16.9 0.2 0.1
2/2004 -3.1 2.3 2.07 -3.1 2.2 0.0 0.1
3/2004 13 11.2 2.10 20 10.9 0.7 0.3
4/2004 6.3 18.0 0.09 6.1 18.0 0.2 0.0
5/2004 8.1 55.6 0.00 8.1 55.6 0.0 0.0
6/2004 13.2 98.0 0.00 13.1 98.2 0.1 0.2
7/2004 16.9 54.6 0.00 17.0 54.2 0.1 04
8/2004 15.1 58.2 0.00 15,5 58.6 04 04
9/2004 9.7 305 0.01 9.9 304 0.2 0.1
10/2004 4.1 24.4 0.30 4.0 24.1 0.1 0.3
11/2004 14 41 0.53 16 34 0.2 0.7
12/2004 -4.3 14.7 1.04 -4.7 14.3 04 04
1/2005 -9.1 10.2 1.79 -8.9 10.2 0.2 0.0
2/2005 -2.8 10.7 191 -3.1 10.6 0.3 0.1
3/2005 0.3 14.7 1.94 0.2 14.6 0.1 0.1
4/2005 6.0 8.6 0.15 5.8 8.4 0.2 0.2
5/2005 11.0 18.8 0.09 10.7 18.8 0.3 0.0
6/2005 12.3 247.7 0.00 12.4 247.6 0.1 0.0
7/2005 16.7 19.6 0.00 16.4 19.8 0.3 0.2
8/2005 13.9 98.6 0.00 13.8 98.2 0.1 04
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Month | Average Total Max. Mean Total Diff in Diff in Total
(Year) Temp. Precp. Frost Tsmp Precp. mean temp. Precp. (mm)

(°C) (mm.,) (m.) 0 (mm) (°C)
9/2005 9.2 71.9 0.03 94 86.0 0.2 14.1
10/2005 5.7 11.2 0.12 5.9 10.8 0.2 04
11/2005 0.8 124 0.50 04 12.2 04 0.2
12/2005 -4.2 25 1.13 -4.4 24 0.2 0.1
1/2006 -1.3 6.4 113 -15 6.2 0.2 0.1
2/2006 -5.3 20.1 153 -5.6 20.0 0.3 0.1
3/2006 -4.3 7.4 1.89 -4.4 7.2 0.1 0.2
4/2006 7.0 29.7 1.92 6.8 29.4 0.2 0.3
5/2006 11.8 373 0.04 11.2 37.0 0.6 0.3
6/2006 15.1 122.7 0.00 14.7 122.8 04 0.1
7/2006 185 51.6 0.00 18.4 51.4 0.1 0.2

Note: Max. = Maximum, Temp. = Temperature, Precp. = Precipitation
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A.1.3.1 Literature on Frost Depth Computation by Modified Berggren
Method (Source: TM 5-852-6/AFR 88-19 (VOL. 6), Technical Manual, Arctic
and Subarctic Construction-Calculation Methods for Determination of
Depths of Freeze and Thaw in Soils)

*TM 5-852-6/AFR 88-19, Volume &

CHAPTER 3
ONE-DIMENSIONAL LINEAR AND PERIODIC HEAT FLOW

3-1. Thermal regime.

The seasonal depths of frost and thaw
penetration in soilsdependsupon the
thermal properties of thesoil mass, the
surface temperature (upper boundary
condition) and the thermal regime of
the soil at the start of the freezing or
thawing season. Many methods are
available to estimate frost and thaw
penetration depths and surface tem-
peratures. Some of these are sum-
marized in appendix B. This chapter
concentrates on some techniques that
require only relatively simple hand
calculations. For the computational
methods discussed below, the initial
ground temperatureisassumed touni-
formly equal the mean annual air tem-
perature of the particular site under
consideration. The upper boundary
condition is represented by the sur-
face freezing (or thawing) index.

3-2. Modified Berggren equation.

a. The depth to which 32°F tem-
peratures will penetrate into the soil
mass is based upon the “modified”
Berggren equation, expressed as:

48 K nF
X=2
L
or (eq 3-1)
48 K nl
X=
L
where

X=depth of freeze or thaw (ft)

K=thermal conductivity of soil
(Btu/ft hr °F)

L= volumetriclatentheatof fusion
(Btu/ft3)

n=conversion factor from air
index tosurface index (dimen-
sionless)

F=air freezing index (°F-days)

1 =air thawing index (°F-days)
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A =coefficient that considers the
effect of temperature changes
in thesoil mass (dimensionless).

The j coefficient is a function of the
freezing (or thawing) index, the mean
annual temperature of the site,and the
thermal properties of the soil. Freeze
and thaw of low-moisture-contentsoils
in the lower latitudes is greatly in-
fluenced by this coefficient.Itisdeter-
mined by two factors: the thermalratio
a and the fusion parameter . These
have been defined in paragraph 2-1.
Figure 3-1 shows A as a function of «
and u.

b. A complete development of this
equationandadiscussionofthe neces-
sary assumptions and simplifications
made during its development are not
presented here. A few of the more im-
portant assumptions and some of the
equation limitations are discussed
below. The assumptions and limita-
tions apply regardless of whether the
equationisused todetermine thedepth
of freeze or the depth of thaw.

(1) Assumptions. The mathematical
model assumes one-dimensional heat
flow with the entire soil mass at its
mean annual temperature (MAT) prior
to the start of the freezing season. It
assumes thatwhen the freezing season
starts, the surface temperature
changes suddenly (as a step function)
from the mean annual temperature to
atemperature v, degrees below freez-
ing and that it remains at this new
temperature throughout the entire
freezing season.Latentheataffects the
model by acting as a heat sink at the
moving frost line, and the model as-
sumes thatthesoilfreezesatatempera-
ture of 32°F.

(2) Limitations. The modified
Berggren equationisable todetermine
frost penetration in areas where the
ground below a depth of several feet

3-1
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remains permanently thawed, or to
determine thaw penetration in areas
where the ground below a depth .of
several feet remains permanently
frozen. These two conditions are simi-
lar in that the temperature gradients
are of the same shape, although re-
versed withrespecttothe32°F line. No
simpleanalytical method exists todeter-
mine the depth of thaw in seasonal
frost areas or the depth of freeze in

permafrost areas, and such problems .

should be referred to HQDA (DAEN-
ECE-G)or HQ AFESC. Numerical tech-
nigues and computer programs are
available to solve more complex prob-
lems. Appendix Bdiscussessome ther-
mal computer models for computing
freeze and thaw depths. The modified
Berggrenequation cannotbeused suc-
cessfully tocalculate penetration over
parts of the season. The modified
Berggren equation does not account
for any moisture movement that may
occur within the soil. This limitation
would tend to result in overestimated
frost penetration (if frost heave is sig-
nificant) or underestimated thaw
penetration.

{3) Applicability. The modified
Berggrenequationismostoftenapplic-
able in either of two ways: to calculate
the multi-year depth of thaw in perma-
frost areas or to calculate the depth of
seasonal frost penetration in seasonal
frostareas,[tisalsosometimes used to
calculate seasonal thaw penetration
(active layer thickness) in permafrost
areas.

3-3. Homogeneous soils.
The depth of freeze or thaw in one
layer of homogeneoussoilmay bedeter-
mined by means of the modified
Berggrenequation. A thin bituminous
concrete pavement will not affect the
homogeneity of this layer in calcula-
tions, but a portland-cement-concrete
pavement greater than 6 inches thick
should be treated as a multilayered
system. In this example for homoge-
neous soils, determine the depth of
frost penetration into a homogeneous
sandy siltfor the following conditions:
—Mean annus! temperature

(MAT) = 37.2°F.

*TM 5-852-6/AFR 88-19, Volume 6

—Surface freezing index (nF) =
2500 degree-days.

—Length of freezing season (t)
=160 days.

—Soil properties: yq = 100 1b/ft3, w
> 1595 P Yd

The soil thermal properties are as
follows:
—Volumetriclatent heat of fusion,
L = 144(100)(0.16) = 2160 Btw/tt3.  (eq. 3-2).
—Average volumetric heat
capacity,
Chug = 100[0.17++(0.75%0.16)]
=283 Btu/tt3 °F. (eq 3-3)
-Average thermal conductivity,
K, = 0.80 Btu/ft hr °F (fig. 2-3)
K, =0.72 Btu/ft hr °F (fig. 2-4)
Kove = 172(K, + K)) = 0.76 Btu/ft
hr °F.
The ) coefficient is as follows:
—Average surface temperature
differential, '
vg = nF/t = 2600/160
= 18.8°F (18.6°F below 32°F). (eq3-4)
—Initial temperature differential,
Vo= MAT -32 = 37.2-32.0 =

5.2°F (5.2° above 32°F). (eq 3-5)
—Thermal ratio,

a=Vo/Vg = 5.2/18.8 = 0,33, (eq 3-6)
—Fusion parameter,

4= Vg (C/L) = 16.6(28.2/2160) = 0.20. (eq 3-7)
—Lambda coefficient,

A =0.89 (fig. 3-1). (eq3-8)

Estimated depth of frost penetration,

48(0.76)(2500)
X=2 =0.89
2180 )

3-4. Multilayer soils.

A multilayer solution to the modified
Berggren equation is used for non-
homogeneous soils by determining
thatportion of the surface freezing (or

48 K nF
= 5.8 ft.
(eq3-9

L

- thawing) index required to penetrate
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each layer.The sumofthe thicknesses
of all the frozen (or thawed) layers is
the depth of freeze (or thaw). The
partial freezing (or thawing) index re-
quired to penetrate the top layer is
given by

R,

(— )

2

Lydy
243§

Fy(orl)= (eq 3-10)

3-3



*TM 5-852-6/AFR 88-19, Volume 6

where

d, = thickness of first layer (ft)

R, = d/K, = thermal resistance of

first layer.
The partial freezing (or thawing)index
required to penetrate the second layer
is
Lady Ro
Ry + —).
2

Fy(orly) =, (eq 8-11)

24,\%

The partialindexrequired to penetrate
the nt! layer is:
Lndn Rn
(ZR+ — )
2

Fhlorl )= (eq 3-12)

2422
whereIRisthe total thermalresistance
above the n'" layer and equals

Ry +Rg+Rgu+ Ry - (eq 3-13)

The summation of the partial indexes,

Fi+Fy+Fg..+ Fn(or I+ :[2 g

+1) (eq 3-14)

is equal to the surface freezing index
thawing index).

a. In this example, determine the
depth of thaw penetration beneath a
bituminous concrete pavementfor the
following conditions:

Sinceawindspeed of7-1/2 mph results
in an n-factor of 2.0 (fig. 2-10), asurface
thawing index nl of 1560 degree-days

is used in the computations. The Ve Vg
and gvaluesaredetermined in thesameé

way as those for the homogeneous case:

vgm 1560/105 = 14.8°F (eq B-15)
Vo= 12,0 -32.0 = 20.0°F (eq 3-18)
¢ = 200/148 = 135. (eq B-17)

' The thermal properties C, K and L of

—Mean annual temperature (MAT) -

= 12°F.
—Ailr thawing index (I)
=780 degree-days.

—Average wind speed in summer
= 7.5 miles per hour (mph).

-Length of thaw season (t)
=105 days.

—Soil boring log:

Depth

Layer (ft) Material”
1 0.0-0.4 Asphaltic concrete
2 0.4-2.0 GW-GP
3 2.0-5.0 GW-GP
4 5.0-6.0 SM
5 6.0-8.0 SM-SC
6 8.0-9.0 SM

therespectivelayersareobtained from
figures 2-1 through 2-8. _

b. Table 3-1 facilitates solution of
the multilayer problem, and in the fol-
lowing discussion, layer 3 is used to
illustrate quantitative values.Columns
9, 10, 12 and 13 are self-explanatory.
Column 11, T, represents the average
value of L for a layer and is equal to
ILd/id (2681/6.0 = 517). Column 14, C,
represents the average value of C and
is obtained from >Cd/zd (145/5.0 = 29).
Thus T and C represent weighted
values to a depth of thaw penetration
given by xXd, which is the sum of all
layer thicknesses to that depth.

The fusion parameter u for each layer
is determined from

v (C/T) =14.8 (20/517) = 0.83. (eq 3-18)
The A coefficient is equal to 0.508 from
figure 3-1, Column 18, R, is the ratio
d/K and for layer 3 equals (3.0/2.0) or
1.5. Column 19, IR, represents the sum
of the R, values above the layer under
consideration. Column 20, R + (R /2),
equals the sum of the R, values above
the layer plus one-half the R, value of
thelayer beingconsidered. Fo. iayer3
thisis [1.32 + (1.50/2)] = 2.07.Column 21,
nl, represents the number of degree-
days required to thaw the layer being
considered and is determined from

Dry unit weight Water content
' (Ib/ft?) (%)
138 -
156 2.1
151 2.8
130 6.5
122 4.6
116 5.2

"In accordance with Unified Soil Classification System.
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Multilayer solution of modified Berggren equation.

Table 3-1.
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*TM 5-852-6/AFR 88-19, Volume 6

Ld Ry
nl = ZR + — . (eq 3-19)
24,2 2
For layer 3,
(610)(3.0)
nig = (2.07) (eq 3-20)
24(0.508)°

= 812 degree-days

The summation of the number of
degree-days required to thaw layers1
through4is1297,leaving (15660 -1297 =)
263 degree-days to thaw a portion of
layer b. A trial-and-error method isused
to determine the thickness of the
thawed part of layer b. First, it is as-
sumed that 1.0 feet of layer b is thawed
(designated as layer 5a). Calculations
indicate 465 degree-days are needed
tothaw 1.0 footoflayer b or (465 -263 =)
202 degree-days more than available.
A new layer, bb, is then selected by the
following proportion

(263/466)1.0 = 0.67 ft (try 0.8 ft). (eq 3-21)

This new thickness results in 260
degree-daysrequired to thaw layer 85b
or 3 degree-days less than available.
Further trial-and-error isunwarranted
and the total estimated thaw penetra-
tion would be 6.6 feet. A similar tech-
nique isused toestimate frost penetra-
tion in a multilayer soil profile.
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A.1.4 Frost Depth Calculation for Multi-layer System in Modified Berggren Method

Partial freezing index required to penetrate nth layer is F, = L,d,/(243°)+(ZR+R,/2)

The summation of the partial freezing indexes, F1+F2+F3...+Fn is equal to the surface freezing indexes
Definition of used units:

d=dpth (ft), C=volumetric heat capacity

K = Thermal conductivity, L = Latent Heat

V, = Initial temperature differential= Mean cumulative monthly temp. - 32°

V, = Average surface temperature differential, Vs = nF/t = surface freezing index/length of freezing season
o = Thermal Ratio= V,/V,

M = Fusion Parameter=V(C bar/L bar)

d |zd| ¢ | k| L | W | S |Lhar| cd | 5ca| O
_ = » Frezing No (_)f al\:rfjgl )
Station 2 | = P o o o o I3 I3 = In:lsx Zfezlzg Temp. Vs Vo o M Al A Ry YR | YR+R,/2 nF >nF
m e m m m

1|08 o8| 280 09| 00 | 00 0.0 - | 210 [ 210 | 280 | 11381 | 840 433 | 135| 113|08| - | - | - |09 | 00 04 - ]

/Cf.:ﬁig f:g 2 |11 19| 52 | 10 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 | 11381 | 840 433 | 135|113 ]08|15[05|03] 11 | 09 14 1007 | 100.7
3160 79| 252 | 12 | 4032 | 24192 | 28627 | 3647 | 1502 | 1999 | 255 | 11381 | 840 433 | 135|113 ] 08| 09|07 |04] 50| 20 45 | 1037.2 | 1137.9

1|08 o8| 280 09| 00 | 00 0.0 ~ | 210 [ 210 | 280 | 6019 | 560 493 | 107|173 16| - | - | - |09 | 00 04 - ]

Kamggps— 2 |11 ] 19| 52 | 10 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 | 6019 | 560 493 | 107|173 16| 1204 02] 11 [ 09 14 1484 | 1484
312039 | 252 | 12 4032 8064 | 12499 | 3247 | 504 | 991 | 257 | 6019 | 560 493 | 107|173 16| 0905 [02] 17 [ 20 28 454.7 | 603.1

- 1|08 o8| 280 09| 00 | 00 0.0 ~ | 210 [ 210 | 280 [ 31290 | 1430 | 360 [219| 40 [o2] - | - [ - [ o9 oo 04 - -
Gimli MAérpO”’ 2 |11 19| 2 | 10 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 [ 31290 | 1430 | 360 | 219 40 |02 2406 04| 21 | 09 14 639 | 639
3 [ 129147 | 252 | 12 | 4032 | 51811 | 56246 | 3826 | 3238 | 3725 | 253 | 31200 | 1430 | 360 | 219 40 |02 | 14|07 ] 05 108] 20 74 | 30651 | 3129.0

_ 108|088 280 09| 00 | 00 0.0 - [ 210 [ 210 | 280 [ 15232 | 1230 | 403 [124| 83 |07 - | - [ - [ 09| o0 04 - -
:ﬁ?;;ﬁ::% 2 |11 19| 52 | 10 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 [ 15232 | 1230 | 403 [ 124 83 |07 |14 06| 03] 21 | 09 14 752 | 752
3 [ 71| 90 | 252 | 12 [ 4032 28708 | 33143 | 3695 | 179.4 | 2281 | 254 | 15232 | 1230 | 403 [ 124 | 83 |07 09|06 04| 60 | 20 50 | 14464 | 15216

_ 10808280 09| 00 | 00 0.0 - [ 210 [ 210 | 280 | 4040 | 740 430 | 55 | 10|20 - | -| - o9 00 04 - ]
Air’;;?te_”l\tl';‘&L 2 |11 ] 19| 52 | 10 [4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 | 4040 | 740 430 | 55 | 110 | 20|06 05|02] 11 [ 09 14 1211 | 1211
3| 18| 36| 252 | 12 [4032| 7056 | 11491 | 3192 | 441 | 928 | 258 | 4040 | 740 430 | 55 | 110 |20 | 04|05 03] 15 [ 20 27 2822 | 4033

1| o0s8|o08| 280 09| 00 | 00 0.0 - | 220 [ 210 | 280 | 5130 | 570 472 |90 |2 27| - [ - -] o9 oo 04 ] ]

Halifax NS | 2 | 1.1 | 19 | 252 | 10 | 4032 | 4435 | 4435 | 2397 | 27.7 | 487 | 263 | 5130 | 570 472 | 90 [ 152171004 f02] 11| 09 14 1384 | 1384
3| 2139 | 252 | 12 [4032| 8266 | 12701 | 3257 | 517 | 1004 | 257 | 5130 | 570 472 | 90 [ 152 [ 170705 03] 17 [ 20 28 3737 | 5121

Inuvik 10808280 09 [ 00 | 00 0.0 - | 210 | 210 | 280 [ 71696 | 2130 | 196 [337] 124 04| - | - | - [ 09| 00 04 - -
Airport NT [ 2 [ 11 | 19 | 252 | 10 | 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 | 71696 | 2130 | 196 | 337 | 124 |04 |37 |05 03| 11 | 09 14 1047 | 1047
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d |xd| c K L ld | YLd |Lbar| cd | ycd
bar M
. ean
= Frezing No of annual
Station > = L: - N - - = = = Index, | Freezing Temp Vs Vo a u R Ry >R | YR+Ry/2 nF >nF
- —~ —~ 3 < = E =4 =t Y] o~ ™ .
ele| S| =3 | 2|2 |2s5|s|s| "™ |®™Ywmy
gl z|o| o | & | & |&| 3|3
m
3 | 155|174 | 252 | 12 | 4032 | 6261.7 | 67052 | 3858 | 3014 | 4401 | 253 | 71696 | 2130 | 196 | 337 | 124 |04 |22 06| 03] 131 20 85 7060.4 | 7165.1
1 (08| 08| 20/ 09| 00| o0 0.0 - | 210 | 210 | 280 [ 95004 | 2550 | 100 [373| 22006 - | - | - | 09 | 00 0.4 - -
Bﬂ“ ,\Llake 2 | 11 ] 19 | 252 | 10 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 | 9500.4 | 2550 | 100 | 373|220 |06 | 41|04 02| 11 | 09 14 1506 | 159.6
- 3 | 146|164 | 252 | 12 | 4032 | 58706 | 6314.1 | 3848 | 366.9 | 4156 | 253 | 95004 | 2550 | 100 | 373 | 220 | 06| 25| 05| 02| 122 | 20 8.1 9339.1 | 94987
_ 1 (08| 08| 20| 09| 00| o0 0.0 - | 210 | 210 | 280 [ 12884 | 1110 | 451 |16 | 13111 - | - | - [ 09 | 00 0.4 i -
H/im'c')tﬁ” 2 | 11 ] 19 | 252 | 10 [ 4032 | 4516 | 4516 | 2415 | 282 | 492 | 263 | 1288.4 | 1110 | 451 | 116 | 131 | 11| 13|05 03| 1.1 | 09 14 1032 | 1032
- 3 | 52| 70 | 252 | 12 | 4032 | 20765 | 25281 | 360.1 | 129.8 | 1790 | 255 | 1288.4 | 1110 | 451 | 116 | 131 | 11| 08| 06 | 03 | 43 | 20 41 11855 | 12887
1 (08| 08| 20/ 09| 00| o0 0.0 - | 210 | 210 | 280 [ 13774 | 1210 | 416 |[114| 96 |08 - | - | - [ 09 | 00 0.4 i ;
CharA'OtFt,eEtIOW" 2 | 11 ] 19 | 252 | 10 [ 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 | 13774 | 1210 | 416 [114| 96 08|13 |05 03| 1.1 | 09 14 898 | 89.8
- 3 | 62| 81 | 252 | 12 | 4032 | 25119 | 20555 | 3658 | 157.0 | 2057 | 255 | 1377.4 | 1210 | 416 | 114 | 96 | 08| 08| 06| 04| 52 | 20 46 1287.9 | 13777
_ 1 (08| 08| 20/ 09| 00| o0 0.0 - | 210 | 210 | 280 [ 27544 | 1420 | 368 |194| 48 |02 - | - | - [ 09 | 00 0.4 i ;
B""Agog’é"e 2 | 11 ] 19 | 252 | 10 [ 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 | 27544 | 1420 | 368 [104| 48 |02 |21 06 04| 1.1 | 09 14 681 | 681
- 3 | 113|132 | 252 | 12 | 4032 | 45683 | 5011.8 | 3803 | 2855 | 3342 | 254 | 27544 | 1420 | 368 | 194 | 48 |02 | 13|07 |05 95 | 20 6.7 2687.3 | 2755.4
_ 1 | o08|o08]| 280 09| 00 | 00 0.0 - | 2120 [ 2120 | 280 | 28323 | 1420 | 358 | 199 38 |o02| - | - | - [ 09 | 00 0.4 ] ;
Br;ads"lfw 2 | 11 ] 19 | 252 | 10 [ 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 [ 28323 | 1420 | 358 [109| 38 02| 220704 11 | 09 14 601 | 60.1
- 3 | 121|140 | 252 | 12 | 4032 | 48868 | 53303 | 381.6 | 3054 | 3541 | 254 | 28323 | 1420 | 358 | 199 | 38 |02 | 13|07 05| 102 20 71 27705 | 2830.6
- 1| o08|o08| 280 09| 00 | 00 0.0 - | 220 [ 2120 | 280 | 53019 | 2000 | 237 [ 264 83 |03 | - | - | - [ 09 | 00 0.4 - ;
A/fh\'('ﬂk 2 | 11 ] 19 | 252 | 10 [ 4032 | 4435 | 4435 | 2307 | 277 | 487 | 263 [ 53019 | 2010 | 237 [ 264 | 83 [ 03|29 |06 03| 1.1 | 09 14 865 | 865
- 3 | 147|165 | 252 | 12 | 4032 | 50190 | 63625 | 3849 | 369.9 | 4187 | 253 | 53019 | 2010 | 237 | 264 | 83 | 03| 17| 06| 04| 123 | 20 8.1 52156 | 5302.1
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A.1.5 A Listof the MEPDG Input ParametersUsed in the Analysis

Project: Calgary Int. Airport.dgp

General Information

Design Life 20 years
Base/Subgrade construction: September, 2010
Pavement construction: October, 2010
Traffic open: November, 2010
Type of design Flexible

Analysis Parameters

Performance Criteria Limit  Reliability
Initial IRI (in/mi) 63
Terminal IRI (in/mi) 145 85
AC Surface Down Cracking (Long. Cracking) (ft/mile): 2000 85
AC Bottom Up Cracking (Alligator Cracking) (%): 25 85
AC Thermal Fracture (Transverse Cracking) (ft/mi): 1000 85
Permanent Deformation (AC Only) (in): 0.25 85
Permanent Deformation (Total Pavement) (in): 0.75 85
Reflective cracking (%): 100
Location: Edmonton
Project ID:
Section ID:
Date: 6/7/2009

Station/milepost format:

Station/milepost begin:

Station/milepost end:

Traffic direction: East bound
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Default Input Level

Default input level

Traffic

Initial two-way AADTT:

Number of lanes in design direction:
Percent of trucks in design direction (%):
Percent of trucks in design lane (%):
Operational speed (mph):

Traffic -- Volume Adjustment Factors

Monthly Adjustment Factors

3200

50
100
60

(Level 3, Default MAF)

Lewvel 3, Default and historical agency values.

Vehicle Class

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

January 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
February 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
March 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
April 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
May 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
June 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
July 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
August 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
September 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
October 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
November 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
December 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Vehicle Class Distribution

Hourly truck traffic distribution
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(Level 3, Default Distribution)
AADTT distribution by vehicle class

Class 4 1.8%
Class 5 24.6%
Class 6 7.6%
Class 7 0.5%
Class 8 5.0%
Class 9 31.3%
Class 10 9.8%
Class 11 0.8%
Class 12 3.3%

Class 13 15.3%

Traffic Growth Factor

Vehicle | Growth Growth
Class Rate Function
Class 4 5.0% Compound
Class 5 5.0% Compound
Class 6 5.0% Compound
Class 7 5.0% Compound
Class 8 5.0% Compound
Class 9 5.0% Compound
Class 10 5.0% Compound
Class 11 5.0% Compound

by period beginning:

Midnight 2.3% | Noon 5.9%
1:00

1:00 am 2.3% | pm 5.9%
2:00

2:00 am 2.3% | pm 5.9%
3:00

3:00 am 2.3% | pm 5.9%
4:00

4:00 am 2.3% | pm 4.6%
5:00

5:00 am 2.3% | pm 4.6%
6:00

6:00 am 5.0% | pm 4.6%
7:00

7:00 am 5.0% [ pm 4.6%
8:00

8:00 am 5.0% [ pm 3.1%
9:00

9:00 am 5.0% | pm 3.1%

10:00 10:00

am 5.9% | pm 3.1%

11:00 11:00

am 5.9% | pm 3.1%
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Class 12

5.0%

Compound

Class 13

5.0%

Compound

Traffic -- Axle Load Distribution Factors

Lewvel 3:

Default

Traffic -- General Traffic Inputs

Mean wheel location (inches from the lane 18
marking):
Traffic wander standard deviation (in): 10
Design lane width (ft): 12
Number of Axles per Truck
| Vehicle Single | Tandem | Tridem Quad

Class Axle Axle Axle Axle
Class 4 1.62 0.39 0.00 0.00
Class 5 2.00 0.00 0.00 0.00
Class 6 1.02 0.99 0.00 0.00
Class 7 1.00 0.26 0.83 0.00
Class 8 2.38 0.67 0.00 0.00
Class 9 1.13 1.93 0.00 0.00
Class 10 1.19 1.09 0.89 0.00
Class 11 4.29 0.26 0.06 0.00
Class 12 3.52 1.14 0.06 0.00
Class 13 2.15 2.13 0.35 0.00

Axle Configuration

Awerage axle width (edge-to-edge) outside 8.5
dimensions, ft):
Dual tire spacing (in): 12
Axle Configuration

Tire Pressure (psi) : 120
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Average Axle Spacing

Tandem axle(psi): 51.6
Tridem axle(psi): 49.2
Quad axle(psi): 49.2
Climate
icm file: C:\Documents and Settings\raj\Desktop\Jhuma MSc\MEPDG\Canadian
project\Calgary.icm
Latitude (degrees.minutes) 51.114
Longitude (degrees.minutes) -114.02
Elevation (ft) 330
Depth of water table (ft) 5

Structure--Design Features

HMA E* Predictive Model: NCHRP 1-37A viscosity based model.
HMA Rutting Model

coefficients: NCHRP 1-37A coefficients

Endurance Limit (microstrain): None (0 microstrain)

Structure--Layers
Layer 1 -- Asphalt concrete

Material type: Asphalt concrete
Layer thickness (in): 9

General Properties
General

Reference temperature (F°): 70

Volumetric Properties as Built

Effective binder content (%): 10
Air wids (%): 8.5
Total unit weight (pcf): 150
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Poisson’s ratio:

Thermal Properties

0.35 (user entered)

Thermal conductivity asphalt (BTU/hr-ft-F°): 0.67
Heat capacity asphalt (BTU/Ib-F°): 0.23
Asphalt Mix
Cumulative % Retained 3/4 inch sieve: 7
Cumulative % Retained 3/8 inch sieve: 30
Cumulative % Retained #4 siewe: 57.5
% Passing #200 sieve: 4
Asphalt Binder
Option: Superpave binder grading
A 11.0100 (correlated)
VTS: -3.7010 (correlated)
High temp. Low temperature, °C
°C -10 -16 -22 -28 -34 -40 -46
46
52
58 ]
64
70
76
82

Thermal Cracking Properties
Awerage Tensile Strength at 14°F:
Mixture VMA (%)
Aggreagate coeff. thermal contraction (in./in.)
Mix coeff. thermal contraction (in./in./°F):

493.26
18.5
0.000005
0.000013
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Low Mid. High
Load | Temp. Temp. Temp.
Time -4°F 14°F 32°F
(sec) (1/psi) (1/psi) (1/psi)
2.05E- 3.87E-
1 07 07 | 5.68E-07
2.31E- 4.63E-
2 07 07 | 7.64E-07
2.71E- 5.89E-
5 07 07| 1.13E-06
3.05E- 7.05E-
10 07 07 | 1.53E-06
3.44E- 8.45E-
20 07 07 | 2.05E-06
4.03E- 1.07E-
50 07 06 | 3.04E-06
4.54E- 1.29E-
100 07 06 4.1E-06

Layer 2 -- A-1-a
Unbound Material: A-l-a
Thickness(in): 13

Strength Properties

Input Level: Lewel 3
Analysis Type: ICM inputs (ICM Calculated Modulus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5
Modulus (input) (psi): 40000

ICM Inputs
Gradation and Plasticity Index
Plasticity Index, PI: 1
Liquid Limit (LL) 6
Compacted Layer Yes
Passing #200 sieve (%): 8.7
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Passing #40

Passing #4 sieve (%):

D10(mm)
D20(mm)
D30(mm)
D60(mm)
D90(mm)
Sieve Percent Passing
0.001mm
0.002mm
0.020mm
#200 8.7
#100
#80 12.9
#60
#50
#40 20
#30
#20
#16
#10 33.8
#8
#4 44.7
3/8" 57.2
1/2" 63.1
3/4" 72.7
1" 78.8
11/2" 85.8
2" 91.6
21/2"
3"
31/2" 97.6
4" 97.6

20
44.7
0.1035
0.425
1.306
10.82
46.19
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Calculated/Derived Parameters

Maximum dry unit weight (pcf): 127.7 (derived)
Specific gravity of solids, Gs: 2.70 (derived)
Saturated hydraulic conductivity (ft/hr): 0.05054 (derived)
Optimum gravimetric water content (%): 7.4 (derived)
Calculated degree of saturation (%): 62.2 (calculated)
Soil water characteristic cune parameters: Default values
Parameters Value
a 7.2555
b 1.3328
c 0.82422
Hr. 117.4
Layer 3 -- A-6
Unbound Material: A-6
Thickness(in): Semi-infinite

Strength Properties

Input Level: Lewvel 3
Analysis Type: ICM inputs (ICM Calculated Modulus)
Poisson's ratio: 0.35
Coefficient of lateral pressure,Ko: 0.5
Modulus (input) (psi): 14500

ICM Inputs
Gradation and Plasticity Index
Plasticity Index, PI: 16
Liquid Limit (LL) 33
Compacted Layer No
Passing #200 sieve (%): 63.2
Passing #40 82.4
Passing #4 sieve (%): 93.5
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D10(mm)

D20(mm)
D30(mm)
D60(mm)
D90(mm)
Sieve Percent Passing
0.001lmm
0.002mm
0.020mm
#200 63.2
#100
#380 73.5
#60
#50
#40 82.4
#30
#20
#16
#10 90.2
#8
#4 93.5
3/8" 96.4
1/2" 97.4
3/4" 98.4
1" 99
11/2" 99.5
2" 99.8
21/2"
3"
31/2" 100
4" 100

0.000285
0.0008125
0.002316
0.05364
1.922

164



Calculated/Derived Parameters

Maximum dry unit weight (pcf):
Specific gravity of solids, Gs:

107.9 (derived)
2.70 (derived)

Saturated hydraulic conductivity (ft/hr): 1.95e-005 (derived)
Optimum gravimetric water content (%): 17.1 (derived)
Calculated degree of saturation (%): 82.1 (calculated)
Soil water characteristic cune parameters: Default values
Parameters Value

a 108.41

b 0.68007

c 0.21612

Hr. 500

Distress Model Calibration Settings - Flexible

AC Fatigue
k1l
k2
k3

AC Rutting
k1l
k2
k3

Standard Deviation Total

Rutting (RUT):

Thermal Fracture
k1

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)

0.007566

3.9492

1.281

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)

-3.35412

1.5606

0.4791

0.24*POWER(RUT,0.8026)+0.001

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)
1.5
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Std. Dev. (THERMAL):

CSM Fatigue
k1
k2

Subgrade Rutting
Granular:
k1
Fine-grain:
k1

AC Cracking
AC Top Down Cracking

C1 (top)

C2 (top)

C3 (top)

C4 (top)

Standard Deviation (TOP)

AC Bottom Up Cracking
C1 (bottom)
C2 (bottom)
C3 (bottom)
C4 (bottom)

Standard Deviation (TOP)

CSM Cracking
C1 (CSM)

0.1468 * THERMAL + 65.027

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)

1

1

Level 3: NCHRP 1-37A coefficients (nationally
calibrated values)

2.03

1.35

7

3.5

0
1000

200 + 2300/(1+exp(1.072-2.1654* og(TOP+0.0001)))

1
1
0
6000

1.13+13/(1+exp(7.57-15.5* 0g (BOTTOM+0.0001)))
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C2 (CSM) 1
C3 (CSM) 0
C4 (CSM) 1000

Standard Deviation (CSM) CTB*1

IRI
IRl HMA Pavements New
C1(HMA) 40
C2(HMA) 0.4
C3(HMA) 0.008
C4(HMA) 0.015

IRl HMA/PCC Pavements

C1(HMA/PCC) 40.8
C2(HMA/PCC) 0.575
C3(HMA/PCC) 0.0014
C4(HMA/PCC) 0.00825
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A.1.6 List of Pavement Performances for All 206 Canadian
Weather Stations Prepared by TAC for the MEPDG Application

Predicted Distresses

PrOVi?‘:eS Weather |\ o o || onaitude | 1Ry | Asehalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?a da Stations g Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Calgary Int. | 51114 | -114.02 | 1.91 6.6 15.5 0.19 1.9 3.56
Airport
Cold Lake | 54 417 | .110.283 | 1.92 6.4 15.2 0.19 1.9 3.43
Airport
Coronation | 55 057 | 11145 | 1.92 6.4 15.2 0.19 1.9 3.31
Airport
Cowley 49.633 | -114.083 | 1.91 6.1 15 0.19 1.9 35
Airport
Namao 53.667 | -113.467 | 1.92 6.1 15 0.19 1.9 3.24
Airport
oo _
i Ciy Centre | 53573 | -113518 | 1.94 6.9 16 0.19 2.1 4.43
= Airport
<
Edmonton 53.317 | -113.583 | 1.93 6.4 15.5 0.19 2 3.56
Int. Airport
Edson Airport | 53.583 | -116.467 191 5.6 145 0.19 1.9 3.18
Edson 53.583 | -116.417 | 1.91 5.6 14.5 0.19 1.9 3.18
Embarras 582 | -111.383 | 1.95 6.9 16 0.19 22 6.25
Airport
Fort 58.717 | -111.15 | 1.94 6.1 15.5 0.19 2.2 7.25
Chipewyan
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Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Fort
Mcmurray 56.65 | -111.217 | 1.95 6.6 16 0.19 2.2 5.62
Airport
Grande
Prairie 55.18 -118.885 1.92 6.1 15 0.19 1.9 3.14
Airport
High Level | gg601 | .117.165 | 1.95 6.9 16 0.19 21 5.21
Airport
Lac La Biche | 54.767 | -111.967 | 1.93 6.6 15.7 0.19 2 3.96
Lac Lal Biche | 54767 | -112.017 | 1.94 6.6 15.7 0.19 2.1 4.75
Lethbridge | 4963 | .1128 | 1.95 8.4 17 0.19 21 6
Airport
Lloydminster | 53309 | .110.073 | 1.92 6.1 15 0.19 1.9 3.09
Airport
Medicine Hat | 54919 | -110.721 | 1.98 9.7 18.3 0.19 2.1 7.59
Airport
Peace RiVer | g o7 | _117.447 | 1.9 5.6 147 0.19 1.8 2.59
Airport
Pincher Creek | 49.5 | -113.95 | 1.96 7.9 16.8 0.19 2.1 6.44
Rocky Mtn | 55 383 | .114.017 | 1.93 6.4 15.5 0.19 2 413
House
Slave Lake | g3 | 194783 | 1.91 53 14.2 0.19 1.8 2.4
Airport

169




Predicted Distresses

Provinces : PR
Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Springbank | 59 103 | 114374 | 1.9 5.6 14.2 0.19 1.8 2.76
Airport
Vermilion 53.35 | -110.833 | 1.92 6.1 15.2 0.19 2 35
Airport
Whitecourt | 54.133 | -115.667 | 1.93 6.1 15.2 0.19 2 4.01
Whitecourt | 54944 | 115787 | 1.95 6.6 15.7 0.19 21 4.9
Airport
Abbotsford | 49 0p5 | 122363 | 1.95 8.4 17 0.19 2.7 15.69
Airport
Beatton River | 57383 | 121383 | 1.88 43 13.2 0.19 1.7 2.2
Airport
Cape St. 51.933 | -131.017 | 1.74 2 9.7 0.19 1.2 0.09
James
S Castlegar 49.296 | -117.633 | 2.05 12.2 20.8 0.19 2.5 15.85
o) Airport
=
S Comox 49.717 | -124.9 1.85 6.1 14.2 0.19 2.1 5.17
8 Airport
S Cranbrook | 49612 | -115.782 2 10.7 19.1 0.19 2.1 0.01
= Airport
5 Fort Nel
ort Nelson | 5g g35 | _122.597 | 1.97 7.4 16.8 0.19 2.2 6.32
Airport
Fort Stlohn | gso3g | 12074 | 1.9 5.6 145 0.19 1.8 257
Airport
Kamloops 50.702 | -120.442 | 2.02 12.7 21.1 0.19 2.2 11.79
Airport
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Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Kelowna 49.956 | -119.378 | 2.01 11.9 20.3 0.19 2.1 0.98
Airport
Kimberley | 49733 | -115.783 | 1.98 9.7 18.3 0.19 2 7.06
Airport
Lytton1 50.233 | -121.567 | 2.12 15.5 24.1 0.19 2.5 16.49
Lytton2 50.233 | -121.583 | 1.96 10.4 185 0.19 1.9 6.63
Nanaimo 49.052 | -123.87 | 194 8.6 17 0.19 2.4 11.89
Airport
Penticton | 49 463 | -119.602 | 1.98 11.7 19.6 0.19 2.1 9.66
Airport
Port Hardy | 5ngee | _127.366 | 1.8 33 11.4 0.19 1.7 1.15
Airport
Prince Geoge | 53891 | .122679 | 1.93 6.9 15.7 0.19 2 4.43
Airport
Prince Rupert | g4 993 | .130.445 | 1.84 3 11.2 0.19 1.7 0.91
Airport
Princeton 49.468 | -120.512 | 2.04 12.2 20.8 0.19 2.3 11.17
Airport
Quesnel 53.026 | -122.51 | 2.02 10.2 19.1 0.19 2.3 0.18
Airport
Sandspit | 53954 | _131.813 | 1.77 28 10.7 0.19 15 0.49
Airport
Smith River | 599 | 126433 | 1.9 46 13.7 0.19 1.9 4.41
Airport
Smithers 54.825 | -127.183 | 1.96 8.1 17 0.19 2.1 6.4
Airport
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Provinces

Predicted Distresses

Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Terrace 54.466 | -128.578 | 1.94 6.6 15.2 0.19 2.4 10.03
Airport
Tofino 49.081 | -125.778 | 1.82 3.6 11.7 0.19 1.7 1.48
Airport
vancouver | 49195 | 123182 | 1.85 5.8 14 0.19 2.1 4.81
Int. Airport
Gonzales 48.417 | -123.317 | 1.78 4.8 12.4 0.19 1.5 1.57
Heights
Williams
Lake Airport 52.183 | -122.054 | 1.93 7.4 16 0.19 1.9 4.22
Bird 56.5 -94.2 1.91 4.6 13.7 0.19 2.2 12.4
Brandon 49.917 | -99.95 1.97 7.6 17 0.19 2.2 5.72
Airport
Dauphin 51.1 -100.05 | 1.99 7.9 17.3 0.19 24 7.97
Airport
Gimli 50.633 | -97.017 | 1.99 7.9 17.3 0.19 2.3 7.42
(q+]
2 Gimli Airport | 50.633 | -97.05 1.97 7.1 16.3 0.19 2.2 5.57
b=
S LymnLake | 56864 | -101.076 | 1.94 5.8 15 0.19 2.2 9.62
Airport
Rivers 50.017 | -100.317 | 1.96 6.9 16.3 0.19 2.1 5.3
Airport
The Pas 53.967 | -101.1 | 1.96 6.9 16.3 0.19 2.2 5.98
Airport
Thompson | 55803 | _97.863 | 1.96 6.4 15.7 0.19 2.3 10.41
Airport
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Predicted Distresses

Provinces : PR
Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Richardson | 49917 | .97.233 2 8.4 17.8 0.19 2.4 7.4
Int. Airport
Campbellton 48 -66.667 | 1.96 6.4 15.7 0.19 25 7.36
Airport
Charlo 47.983 | -66.333 | 1.96 6.1 15.5 0.19 25 71
v Airport
[&) -
s Fredericton | 45875 | 66528 | 2.01 7.9 17.3 0.19 2.9 15.3
@ Airport
c%’ '\Q\(}Ppccfﬂn 46.104 | -64.688 | 1.96 6.4 15.5 0.19 2.6 9.09
2 .
2 SaintJohn | 45318 | 65886 | 1.94 53 14.2 0.19 2.4 5.87
Airport
St. Leonard | 47158 | _67.832 | 1.97 6.1 15.7 0.19 2.6 7.86
Airport
Argentia 47.3 54 1.8 2.8 10.7 0.19 15 0.55
Airport
S
5 Battle 52.25 -55.6 1.81 15 9.9 0.19 1 0.19
5 Harbourlor
(4]
_| N
o Bonavista | 48667 | .53.114 | 1.84 3 11.4 0.19 15 0.78
= Airport
8 Buchans 48.85 -56.833 | 1.88 3.6 12.4 0.19 1.8 1.86
= Airport
3 Burgeo 47617 | -57.617 | 1.86 3 11.4 0.19 1.6 0.8
3 Cape 54.767 | -58.45 1.86 3 11.9 0.19 1.4 1.25
Z Harrison
Cartwright | 53708 | .57.035 | 1.88 3 12.2 0.19 1.6 1.42
Airport
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Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Churchill 53.55 641 | 191 3.8 12.7 0.19 1.9 5.76
Falls Airport
Gander Int. | 48946 | 54577 | 1.9 43 13.2 0.19 2 3.48
Airport
GooseBay | 3317 | _60.417 | 1.92 4.6 13.7 0.19 2 3.99
Airport
Hopedale 5545 | -60.217 | 1.83 2 10.4 0.19 1.1 0.57
Airport
Mary’s
Harbour 52.304 | -55.834 | 1.86 3 11.9 0.19 1.5 1.29
Airport
Port Aux
Basques 47574 | -59.155 | 1.85 2.8 11.2 0.19 1.5 0.68
Airport
St. Andrews | 47.767 | -59.333 | 1.87 4.1 12.7 0.19 1.9 3.18
StAnthony | 51.367 | -55.583 | 1.84 2.8 11.4 0.19 1.4 0.7
StAnthony | 594 | 56083 | 1.83 25 11.2 0.19 1.3 0.51
Airport
StAnthonyl | 51.367 -55.6 1.86 2.5 11.2 0.19 1.4 0.76
St.John’s | 47620 | 52743 | 1.88 4.1 12.4 0.19 1.8 2.65
Airport
St. Lawrence | 46.917 | -55.383 | 1.81 2.3 10.2 0.19 1.3 0.23
Stephenville | 48 533 | 5855 1.9 43 13.2 0.19 21 3.2
Airport
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Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Copper Lake | 45.383 | -61.967 | 1.94 5.8 14.7 0.19 2.5 9.56
Debert 45.417 -63.45 1.92 5.3 14 0.19 2.3 6.83
Airport
Eddy Point | 45.517 -61.25 1.92 5.3 14 0.19 2.3 6.65
Greenwood | 44983 | _64.917 | 1.97 7.6 16.3 0.19 2.8 14.73
Airport
Halifax 44.65 -63.567 | 1091 5.3 14 0.19 2.3 6.27
.© -
3 Stanfield Int. |4 683 | 63517 | 1.94 6.1 14.7 0.19 2.4 8.75
K Airport
(1]
8 Sable Island
pa : 43932 | -60.009 | 1.84 3.8 11.9 0.19 1.9 2.08
Airport
Shearwater | 44 633 -63.5 1.92 5.6 14.2 0.19 2.3 6.97
Airport
Shelburne 43.717 -65.25 1.91 5.3 14 0.19 2.3 6.95
Sydney 46.167 | -60.048 | 1.93 5.6 14.2 0.19 2.3 6.85
Airport
Truro 45367 | -63.267 | 1.92 5.6 14.2 0.19 2.3 6.4
Yarmouth 43.831 | -66.089 | 1.88 4.6 13 0.19 2.1 4.07
Airport
8 > | CapePany | 70167 | 2124717 | 1.69 15 6.9 0.19 0.9 24.99
E =) Airport
S F | Fort Reliance | 62.717 | -109.167 | 1.88 4.6 13.5 0.19 1.9 11.66

175




Predicted Distresses

Provinces : o
Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Fort
Resolution | 61.181 | -113.69 1.9 5.1 14.2 0.19 2 7.4
Airport
Fort Simpson | 61.867 | -121.35 1.9 5.1 14.2 0.19 2 7.4
Fort Simpson | o1 76 | _121237 | 1.99 7.9 17.3 0.19 2.4 12.67
Airport
Hay River 60.84 | -115.783 | 1.01 5.6 14.7 0.19 1.9 5.28
Airport
Inuvik 68.304 | -133.483 | 1.87 4.6 13.2 0.19 1.8 17.89
Airport
Mould Bay | 76933 | .110.333 | 1.48 1 6.4 0.19 0.7 2006.76
Airport
Norman 65.283 | -126.8 1.92 5.8 15 0.19 2 10.81
Wells Airport
Sachs
Harbour 72 -125.267 | 1.69 1.3 6.9 0.19 0.9 173.41
Airport
Yellowknife | 65 463 | 11444 | 1.9 5.3 14.2 0.19 2 7.35
Airport
Baker Lake | 64999 | -96.078 | 1.75 2.3 8.4 0.19 1.4 113.02
Airport
5
& Cambrid
= amoriage 1 g9 108 | -105.138 | 1.51 15 7.1 0.19 1.1 912.51
> Bay Airport
Cape Dyer | goeg3 | _61.617 | 1.78 2 8.1 0.19 1.3 39
Airport
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Predicted Distresses

Provinces . o
Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latitude | Longitude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Chesterfield | 63.333 | -90.717 | 1.73 2 7.6 0.19 1.2 46.19
Clyde River | 76 485 | _68517 | 1.71 13 6.9 0.19 0.9 38.81
Airport
C"r‘L‘a"l‘;ytO 65.483 | -110.367 | 1.77 2.5 8.9 0.19 1.6 146.91
Coppermine | 67.833 | -115.117 | 1.75 2.3 8.1 0.19 1.4 52.63
Ennadai Lake | 61.133 | -100.9 1.77 2.8 8.9 0.19 1.5 51.49
Hall Beach | 68776 | -81.244 | 151 1.3 6.9 0.19 0.9 210.14
Airport
IqaluitAirport | 63.75 -68.55 1.74 1.8 7.4 0.19 1 21.77
Rankin Inlet | o> 817 | 92117 | 1.75 2 8.1 0.19 1.3 40.51
Airport
Rea Point 75.367 | -105.717 | 1.45 0.8 6.1 0.19 0.7 2006.76
Airport
Resolute 74717 | -94.986 | 1.49 1 6.4 0.19 0.7 1968.89
Airport
Armstrong | 50294 | -88.905 | 1.96 6.1 15.5 0.19 2.4 7.67
Airport
o Atikokan 4875 | -91.617 | 2.01 7.9 17.3 0.19 2.7 11.15
§ Big Tout | 53833 | -89.867 | 194 5.3 14.7 0.19 2.2 9.24
© Chapleau 47833 | -83.433 | 1.96 6.1 15.5 0.19 2.4 7.18
Earlton 47.7 -79.85 1.98 6.6 16.3 0.19 2.5 8.27
Airport
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Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Geraldton 49.7 -86.95 1.95 5.8 15.2 0.19 2.3 6.29
Geraldton | 49783 | .86.931 | 1.95 5.8 15.2 0.19 2.3 6.29
Airport
Gore Bay 45883 | -82.567 | 1.97 7.4 16.5 0.19 2.5 7.91
Airport
Graham 49.267 | -90.583 | 1.95 5.6 15 0.19 2.3 6.59
Airport
Hamilton 43172 | -79.934 | 201 0.1 18 0.19 2.7 13.97
Airport
Kapuskasing | 49 414 | _g82.468 | 1.98 6.4 16 0.19 25 8.99
Airport
Kenora 49.79 -94.365 2 7.9 17.3 0.19 2.5 8.5
Airport
Killaloe 45567 | -77.417 | 2.01 8.6 18 0.19 2.6 8.99
London 43.033 | -81.151 | 2.02 9.1 18.3 0.19 2.9 21.96
Airport
Mount Forest | 43.983 -80.75 1.98 7.6 16.8 0.19 2.6 12.4
Nakina 50.183 -86.7 1.96 6.1 155 0.19 2.4 8.05
Airport
NorthBay | 46364 | -79.423 2 7.1 16.8 0.19 2.9 11.79
Airport
Ottawa
Rockeliffe 4545 | -75.633 | 2.03 9.1 18.5 0.19 2.8 11.85
Airport
Macdonald-
Cartier Int. | 45.323 | -75.669 | 2.05 9.9 19.3 0.19 3 18.12
Airport
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Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Petawawa 45.95 -77.317 | 2.02 8.4 18 0.19 2.8 11.15
Airport
Saulte Marie | 46 483 | 84500 | 1.99 76 16.8 0.19 2.6 10.79
Airport
Simcoe 42.85 -80.267 | 1.99 8.6 175 0.19 2.6 14.9
Sioux
Lookout 50.117 -91.9 1.99 7.1 16.5 0.19 2.5 9.13
Airport
Stirling 44317 | -77.633 | 2.02 9.7 185 0.19 2.7 13.42
Sudbury 46.625 | -80.799 | 2.01 7.9 17.5 0.19 2.8 11.91
Airport
ThunderBay | 4g359 | .89.327 | 1.97 6.9 16.3 0.19 2.4 6.44
Airport
Victor Power | 4g 57 -81.377 | 1.98 6.6 16.3 0.19 2.6 10.62
Airport
Buttonville | 43860 | 7037 | 2.02 9.9 185 0.19 26 15.94
Airport
Lester B.
Pearson Int. 43.677 -79.631 2.01 9.9 18.5 0.19 2.6 15.39
Airport
Trenton 44117 | -77.533 | 1.99 8.4 17.3 0.19 2.6 13.54
Airport
White River 48.6 -85.283 | 1.98 6.6 16.3 0.19 2.7 10.34
Wiarton 44746 | -81.107 | 2.01 8.4 17.5 0.19 2.9 18.02
Airport
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Predicted Distresses

Provinces : PR
Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Windsor | 45976 | _82.056 | 2.04 10.7 19.3 0.19 2.9 20.26
Airport
Winisk 55.233 | -85.117 | 1.86 3.3 11.9 0.19 1.6 4.83
Airport
(D)
2 p o | Charlottetown | 46089 | 63129 | 1.94 5.8 14.7 0.19 2.4 7.14
S a2 Airport
o=z
— 02 Summerside
A ; 46.439 | -63.832 | 1.93 5.6 14.5 0.19 2.4 5.83
Airport
Bagotville | 4g 333 71 1.99 71 16.5 0.19 2.6 9.67
Airport
Bale-Comeau | 4q 133 -68.2 1.9 4.1 13.2 0.19 2 2.22
Airport
Gaspe Airport | 48.777 | -64.478 | 2.14 6.1 15.5 256.28 2.5 7.65
Gatineau 45517 | -75.567 | 2.09 10.7 19.3 298.27 2 8.67
o Airport
[ .
2 Grindstone | 47383 | 61867 | 1.86 36 12.2 0.19 1.8 1.34
C:;‘ Island
Inukjuas 58.467 | -78.083 | 2.07 2 9.9 399.84 1 4.43
Airport
Kuujjuag 58.1 68.417 | 1.86 3.3 11.9 0.19 15 43
Airport
La Grande
Riviere 53.633 777 1.93 4.8 14.2 0.19 2.2 0.18
Airport
Maniwaki U | 45 30> | _76.006 | 2.04 8.1 18.3 0.19 3.4 18.53
Airport
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Predicted Distresses

Provinces : PR
Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Mont-Joli 486 | -68.217 | 1.95 6.1 15.2 0.19 23 5.19
Airport
St-Hubert 45517 | -73.417 | 2.03 8.9 18.3 0.19 3 16.13
Airport
Mirabel Int. | 45 667 | _74.033 | 2.06 9.9 19.3 0.19 33 21.77
Airport
Pierre
Elliottrudeau | 45.467 | -73.75 2.03 9.1 18.5 0.19 3 17.17
Int. Airport
Nitchequon 53.2 -70.9 2.16 3.6 12.7 399.84 2 5.58
Jeanlesage | 469 | 71383 | 1.07 8.1 17 0.19 22 8.27
Int. Airport
Roberval | 4g517 | 72267 | 1.99 7.4 16.8 0.19 26 9.16
Airport
Rouyn 48.217 | -78.833 | 2.09 7.4 16 399.84 1.8 5.53
Airport
Sept-lles 50.217 | -66.267 | 1.89 41 13 0.19 1.8 1.95
Airport
SteAgathe | 4505 | 74283 | 2.02 7.6 17.3 0.19 3.1 16.51
DesS Monts
Val-Dor 48.056 | -77.787 | 2.25 6.4 16 399.84 2.6 10.56
Airport
$ £ g | Broadviewi | gy358 | 102571 | 1.95 6.9 16.3 0.19 2.1 4.81
nhe s Airport
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Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Broadview | gno5 | 102533 | 1.94 6.6 16 0.19 2 4.79
Airport
Estevan 49.217 | -102.967 | 1.98 8.4 17.5 0.19 2.2 6.06
Airport
Hudson Bay | 52.867 | -102.4 2.22 6.6 16 399.84 2.2 5.98
Kindersley | 59517 | .100.183 | 1.95 7.9 16.8 0.19 2 458
Airport
La Ronge 55.15 | -105.267 | 1.94 6.1 15.5 0.19 2.1 4.43
Airport
Moose Jaw | 545333 | 10555 | 1.97 8.6 175 0.19 2.2 6.51
Airport
North
Battleford 52.772 | -108.256 | 1.94 6.9 16 0.19 2 4,51
Airport
Prince Albert | 53517 | _105.667 | 1.95 71 16.3 0.19 21 5.05
Airport
Regina 50.433 | -104.667 | 1.96 7.9 17 0.19 2.1 5.11
Airport
Diefenbaker | 55 167 | _106.717 | 1.95 7.4 16.5 0.19 2 451
Int. Airport
Stony Rapids | 5995 | _105.833 | 1.97 71 16.3 0.19 2.4 12.12
Airport
Uranium City | 59567 | 108483 | 1.93 6.4 15.2 0.19 2.1 9.22
Airport
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Predicted Distresses
Provinces ; AR
Weather . . Asphalt layer | Tot. Perm. | Transverse | Alligator | Longitudinal
Car?; da Stations Latiude | Longiude | IR Rutting Deform. Cracking | Cracking [ Cracking
m/km mm mm m/km (%) m/km
Wynyard 51.767 | -104.2 1.94 6.9 16 0.19 2 4.37
Airport
Yorkton 51.267 | -102.467 | 1.95 7.1 16.3 0.19 2.1 5.36
Airport
Aishihik 61.65 | -137.483 | 1.83 36 11.9 0.19 1.4 3.24
Airport
Dawson 64.05 -139.433 2.2 6.1 15.2 399.84 2.3 13.14
Dawson 64.043 | -139.128 | 2.25 7.9 17 399.84 2.5 14.52
Airport
Mayo Airport | 63.617 | -135.867 | 2.25 8.4 17.8 399.84 2.3 10.11
[
_542 Snag Airport 62.367 -140.4 2.18 53 14.5 399.84 2.2 11.55
>.
Teslin Airport | 60.174 | -132.736 | 2.14 4.8 13.5 399.84 1.6 2.57
Watson Lake | g5 118 | 128,822 | 1.93 6.1 15.2 0.19 2 5.36
Airport
Whitehorse | 6571 | _135.068 | 1.86 5.1 13.7 0.19 15 1.82
Airport
Note: Tot. = Total, Perm. = Permanent, Deform. = Deformation
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Appendix 2



A.2.1 Predicted Pavement Distresses by the MEPDG at 85%
Reliability and at the End of 20-year Analysis Period for Six
Different Pavement Structure Cases

AC layer rutting is not found directly from the output results with design
reliability (85%). This has been merged within total rutting. The other pavement

distresses are summarized for different cases as below.

CASE 1: Traffic-0.3 million ESAL / 40 - AADTT, AC layer
thickness- 140 mm, GB layer thickness- 220 mm, Poor Subgrade
having modulus 25 MPa

IRI TO'_[a| Longitudinal | Alligator | Transverse

Weather stations of Alberta rutting Cracking Cracking | Cracking
(m/km) (mm) (m/km) (%) (m/km)

Pincher Creek 2.49 19.30 43.49 1.52 12.95
Lethbridge Airport 2.48 19.45 42.70 1.52 12.95
Cowley Airport 2.49 19.49 42.68 1.53 12.95
Medicine Hat Airport 2.45 18.80 42.13 1.48 12.95
Springbank Airport 249 19.26 43.42 15 12.95
Calgary Int. Airport 2.47 19.09 42.05 1.49 12.95
Coronation Airport 2.50 20.06 44.36 1.49 12.95
Rocky Mtn House 2.52 20.11 45.35 1.54 12.95
Lloydminster Airport 251 20.05 45.45 1.5 12.95
Edmonton Int. Airport 251 20.01 45.00 1.51 12.95
Vermilion Airport 2.52 20.26 46.31 1.52 12.95
City Centre Airport 2.50 19.90 42.77 1.52 12.95
Edson 2.52 19.92 46.93 1.52 12.95

Edson Airport 2.53 20.29 46.50 1.55 12.95
Namao Airport 2.50 19.68 44,12 15 12.95
Whitecourt 2.53 20.26 47.49 1.54 12.95
Whitecourt Airport 2.53 20.26 45.43 1.55 12.95
Cold Lake Airport 252 20.28 45.54 1.51 12.95
Lac La Biche 1 251 20.33 48.56 1.54 12.95
Lac La Biche 2 2.53 20.58 46.53 1.54 12.95
Grande Prairie Airport 251 20.07 45,12 1.51 12.95
Slave Lake Airport 2.52 19.92 45.07 1.5 12.95
Peace River Airport 251 20.03 44.84 1.49 12.95
Fort Mcmurray Airport 2.53 20.46 48.50 1.56 12.95
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IRI TO'_[a| Longitudinal | Alligator | Transverse
Weather stations of Alberta rutting Cracking Cracking | Cracking
(m/km) (mm) (m/km) (%) (m'km)
Embarras Airport 2.53 20.51 48.06 1.55 12.95
High Level Airport 2.53 20.48 47.59 1.54 12.95
Fort Chipewyan 2.53 20.23 53.01 1.55 12.95

CASE 2. Traffic-4 million ESAL / 535-AADTT, AC layer

thickness- 180 mm, GB layer thickness-450 mm, Poor Subgrade
having modulus 25 MPa

. Total Longitudinal | Alligator | Transverse

Weathi:bzt?tgons of IRI rutting Cr%cking Cragking Cracking
(m/km) (mm) (m/km) (%) (m/km)
Pincher Creek 2.61 23.49 43.13 2.6 12.95
Lethbridge Airport 2.59 23.41 43.10 2.51 12.95
Cowley Airport 2.59 22.67 44.59 2.51 12.95
Medicine Hat Airport 2.61 24.30 41.05 2.55 12.95
Springbank Airport 2.58 22.45 47.11 2.37 12.95
Calgary Int. Airport 2.58 22.62 44.45 2.36 12.95
Coronation Airport 2.59 22.93 42.92 2.34 12.95
Rocky Mtn House 2.61 23.27 44.94 2.6 12.95
Lloydminster Airport 2.59 22.85 46.67 2.35 12.95
Edmonton Int. Airport 2.60 23.11 47.06 2.43 12.95
Vermilion Airport 2.59 22.73 43.06 2.39 12.95
City Centre Airport 2.60 23.22 44.10 2.49 12.95
Edson 2.60 22.57 43.87 2.43 12.95
Edson Airport 2.62 23.26 44.72 2.67 12.95
Namao Airport 2.59 22.67 48.76 2.37 12.95
Whitecourt 2.61 22.88 46.76 2.54 12.95
Whitecourt Airport 2.62 23.55 47.84 2.72 12.95
Cold Lake Airport 2.60 23.02 45.17 2.41 12.95
Lac La Biche 1 2.60 23.21 49.54 2.6 12.95
Lac La Biche 2 2.61 23.06 44.51 2.51 12.95
Grande Prairie Airport 2.60 22.94 45.95 2.4 12.95
Slave Lake Airport 2.59 22.39 44,91 2.32 12.95
Peace River Airport 2.58 22.57 43.40 2.3 12.95
Fort Mcmurray Airport 2.62 23.47 46.53 2.72 12.95
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Total | Longitudinal | Alligator | Transverse

Weather stations of IRI rutting Cracking Cracking | Cracking
Alberta
(m/km) (mm) (m/km) (%) (m/km)
Embarras Airport 2.61 23.10 44.84 2.49 12.95
High Level Airport 2.60 23.11 43.90 2.43 12.95
Fort Chipewyan 2.60 22.54 45.08 2.5 12.95

CASE 3. Traffic-20 million ESAL /2635 - AADTT, AC layer

thickness- 250 mm, GB layer thickness-500 mm, Poor Subgrade
having modulus 25 MPa

. Total Longitudinal | Alligator | Transverse

Weath:\'ibse}?tgons of IRI rutting Cr%cking Cragking Cracking
(m/km) (mm) (m/km) (%) (m/km)
Pincher Creek 2.66 25.56 41.64 2.18 12.95
Lethbridge Airport 2.65 25.65 41.34 2.14 12.95
Cowley Airport 2.59 23.11 43.78 1.93 12.95
Medicine Hat Airport 2.67 26.99 42.75 2.16 12.95
Springbank Airport 2.61 23.51 45.57 2.03 12.95
Calgary Int. Airport 2.59 23.54 41.05 1.92 12.95
Coronation Airport 2.60 23.62 52.07 1.89 12.95
Rocky Mtn House 2.64 24.61 48.16 2.11 12.95
Lloydminster Airport 2.62 24.25 52.93 2.02 12.95
Edmonton Int. Airport 2.65 25.21 48.75 2.01 12.95
Vermilion Airport 2.63 24.46 55.48 2.08 12.95
City Centre Airport 2.62 24.57 41.07 1.98 12.95
Edson 2.66 25.01 51.71 2.16 12.95
Edson Airport 2.69 26.11 51.57 2.3 12.95
Namao Airport 2.60 23.17 47.72 1.9 12.95
Whitecourt 2.67 25.47 54.49 2.24 12.95
Whitecourt Airport 2.70 26.68 50.56 2.33 12.95
Cold Lake Airport 2.63 24.47 52.68 2.05 12.95
Lac La Biche 1 2.67 26.15 54.91 2.29 12.95
Lac La Biche 2 2.68 26.01 54.55 2.26 12.95
Grande Prairie Airport 2.67 25.79 50.74 2.16 12.95
Slave Lake Airport 2.65 24.86 54.36 2.12 12.95
Peace River Airport 2.65 25.27 52.40 2.1 12.95
Fort Mcmurray Airport 2.70 26.69 53.00 2.35 12.95
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Total | Longitudinal | Alligator | Transverse

Weather stations of IRI rutting Cracking Cracking | Cracking
Alberta
(m/km) (mm) (m/km) (%) (m/km)
Embarras Airport 2.69 26.18 58.82 2.23 12.95
High Level Airport 2.90 32.11 43.64 1.35 12.95
Fort Chipewyan 2.65 24.35 61.38 2.18 12.95

CASE 4. Traffic-0.3 million ESAL /40- AADTT, AC layer

thickness- 105 mm, GB layer thickness -160 mm, Poor Subgrade
having modulus 50 MPa

. Total | Longitudinal | Alligator | Transverse
Weatrf\:bztﬁgons of IR rutting Cr%lcking Cragking Cracking
(m/km) (mm) (m/km) (%) (m/km)
Pincher Creek 2.43 16.42 314.44 7.16 12.95
Lethbridge Airport 2.41 16.40 302.29 6.09 12.95
Cowley Airport 2.43 16.69 313.26 6.62 12.95
Medicine Hat Airport 2.40 16.24 293.22 4.74 12.95
Springbank Airport 2.43 16.56 303.22 5.06 12.95
Calgary Int. Airport 2.40 16.14 293.58 5.12 12.95
Coronation Airport 2.45 17.45 302.29 4.51 12.95
Rocky Mtn House 2.46 17.52 320.67 6.62 12.95
Lloydminster Airport 2.45 17.43 302.92 4.57 12.95
Edmonton Int. Airport 2.45 17.35 307.36 5.25 12.95
Vermilion Airport 2.46 17.53 313.22 5.12 12.95
City Centre Airport 2.44 17.16 303.24 5.59 12.95
Edson 2.46 17.41 317.11 5.67 12.95
Edson Airport 2.48 17.73 328.01 7 12.95
Namao Airport 2.44 17.09 303.53 5.06 12.95
Whitecourt 2.48 17.64 330.70 6.69 12.95
Whitecourt Airport 2.47 17.58 326.55 6.78 12.95
Cold Lake Airport 2.46 17.51 309.88 5.12 12.95
Lac La Biche 1 2.45 17.56 318.28 5.53 473.42
Lac La Biche 2 2.48 17.88 325.47 6.46 473.42
Grande Prairie Airport 2.46 17.47 307.73 5.25 12.95
Slave Lake Airport 2.46 17.44 305.16 4.69 12.95
Peace River Airport 2.45 17.50 305.48 4.56 12.95
Fort Mcmurray Airport 2.47 17.66 336.52 7.56 12.95
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Total | Longitudinal | Alligator | Transverse

Weather stations of IRI rutting Cracking Cracking Cracking
Alberta
(m/km) | (mm) (m/km) (%) (m/km)
Embarras Airport 2.48 17.95 332.33 6.78 12.95
High Level Airport 2.47 17.81 330.28 6.16 12.95
Fort Chipewyan 2.80 17.54 341.73 6.39 473.42

CASE 5. Traffic-4.0 million ESAL /535- AADTT, AC layer

thickness- 160 mm, GB layer thickness-320 mm, Poor Subgrade
having modulus 50 MPa

. Total Longitudinal | Alligator | Transverse
Weg;hgzbsgftgons IRI rutting Cracking Cracking Cracking
(mkm) | (mm) (m/km) (%) (m/km)
Pincher Creek 2.53 19.80 172.80 15.38 12.95
Lethbridge Airport 2.52 19.86 165.89 15.12 12.95
Cowley Airport 2.51 19.05 171.30 15.16 12.95
Medicine Hat

Airport 2.53 20.62 168.98 15.19 12.95
Springbank Airport 2.50 18.67 162.70 13.79 12.95
Calgary Int. Airport 2.50 19.04 150.65 13.74 12.95
Coronation Airport 2.50 19.16 157.83 13.11 12.95
Rocky Mtn House 2.53 19.49 183.01 15.3 12.95

Lloydminster
Airport 2.51 19.11 165.09 134 12.95
Edmonton Int.

Airport 2.52 19.47 169.00 14.44 12.95
Vermilion Airport 2.52 19.20 175.04 13.95 12.95
City Centre Airport 2.52 19.64 165.89 14.67 12.95

Edson 2.52 18.88 177.28 14 12.95

Edson Airport 2.54 19.45 190.62 15.34 12.95
Namao Airport 2.51 19.11 161.89 13.79 12.95
Whitecourt 2.53 19.25 189.26 15.08 12.95
Whitecourt Airport 2.54 19.74 187.88 15.58 12.95
Cold Lake Airport 2.52 19.32 168.98 14.01 12.95
Lac La Biche 1 2.51 19.24 191.30 14.8 12.95
Lac La Biche 2 2.54 19.56 184.43 14.95 12.95
Grande Prairie

Airport 2.52 19.25 165.09 14.1 12.95

Slave Lake Airport 2.51 18.70 160.27 12.87 12.95
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. Total | Longitudinal | Alligator | Transverse
Weather stations IRI rutting Cracking Cracking Cracking
of Alberta

(m/km) | (mm) (m/km) (%) (m/km)

Peace River Airport 2.50 18.88 158.63 12.8 12.95

Fort Mcmurray

Airport 2.54 19.71 210.84 15.71 12.95
Embarras Airport 2.54 19.67 202.32 15.34 12.95
High Level Airport 2.53 19.66 194.61 14.83 12.95
Fort Chipewyan 2.54 19.30 228.25 15.55 12.95

CASE 6. Traffic-20 million ESAL /2673 AADTT, AC layer

thickness- 240 mm, GB layer thickness- 370 mm, Poor Subgrade
having modulus 50 MPa

st | R1 | 1o | L | Algr | o
of Alberta

(m/km) (mm) (m/km) (%) (m/km)
Pincher Creek 2.53 20.72 51.06 3.59 12.95
Lethbridge Airport 2.53 21.20 50.33 3.59 12.95
Cowley Airport 2.50 19.33 49.94 3.15 12.95
Me,‘i'ﬁ;”anat 256 | 2252 51.27 3.85 12.95
Springbank Airport 2.49 19.05 49.75 2.95 12.95
Calgary Int. Airport 2.49 19.66 47.11 3.11 12.95
Coronation Airport 2.51 19.97 53.75 3.04 12.95
Rocky Mtn House 2.52 20.15 52.31 3.43 12.95
LIOX?r?;n; e 250 | 19.75 53.25 3.04 12.95
Edn}gir;;%rr]tlm' 255 | 2141 54.52 3.97 12.95
Vermilion Airport 2.52 19.93 54.54 3.26 12.95
City Centre Airport 2.56 21.67 53.62 4,37 12.95
Edson 2.53 20.09 55.01 3.56 12.95
Edson Airport 2.56 21.10 57.44 4.47 12.95
Namao Airport 2.50 19.34 50.36 3.03 12.95
Whitecourt 2.55 20.76 58.36 414 12.95
Whitecourt Airport 2.57 21.71 58.06 4,94 12.95
Cold Lake Airport 2.55 21.13 55.18 3.84 12.95
Lac La Biche 1 2.54 21.08 58.21 451 12.95
Lac La Biche 2 2.56 21.33 59.73 4.33 12.95
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Weatrrstaons | 1| [o65 | oot | r | Toreee
of Alberta

(m/km) [ (mm) (m/km) (%) (m/km)
Gra,r;\(:fpop:tame 2.4 21.00 53.54 3.77 12.95
Slave Lake Airport 2.52 19.94 54.01 3.37 12.95
Peace River Airport 2.52 20.37 52.97 331 12.95
FonAl\iAr;?rlirray 257 | 2163 59.73 4.83 12.95
Embarras Airport 2.57 21.56 64.92 4.28 12.95
High Level Airport 2.54 20.69 58.36 3.56 12.95
Fort Chipewyan 2.55 20.78 67.80 4.47 12.95
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A.2.2 Measured IRI Data from Pavement Management System (PMS) of Alberta

CONDITIO
PAVEMENT TRAFFIC N
Highway Base Last Activity
Sur ESA
From To f | Seal L
Typ Di Coa | AAD
e No. r km km Type | Year | Type | Year | mm | t T /Day IRI Age
42.58 | 43.07
PH 2:40 C 3 2 GBC | 1991 | ACP | 1991 | 163 | O 5200 | 209 2.4 19
20.00
PH | 29:0200 | C 4 241 | GBC | 1991 | ACP | 1991 (100 | O 1000 | 112 15 19
PH | 290200 | C | 24.1 246 | GBC | 1991 | ACP | 1991 [ 100 | O 1000 | 112 2.4 19
PH | 29:0200 | C | 246 | 249 | GBC | 1991 | ACP | 1991 | 100 | O 1000 | 112 1.9 19
PH | 290200 | C | 2496 | 2546 | GBC | 1991 | ACP | 1991 | 100 | O 1000 | 112 15 19
PH | 290200 | C | 2546 | 256 | GBC | 1991 | ACP | 1991 | 100 | O 1000 | 112 2.4 19
PH | 29:0200 | C | 25.6 26.1 | GBC [ 1991 | ACP | 1991 [ 100 | O 1000 | 112 1.7 19
PH | 290200 | C | 26.1 265 | GBC | 1991 | ACP | 1991 [ 100 | O 1000 | 112 2.5 19
PH | 29:0200 | C | 26.5 27 GBC | 1991 | ACP | 1991 | 100| O 1000 | 112 3 19
PH | 29:0200 | C 27 27.38 | GBC | 1991 | ACP | 1991 | 100 | O 1000 | 112 1.7 19
PH | 290200 | C | 27.38 | 27.88 | GBC | 1991 | ACP | 1991 | 100 | O 1000 | 112 2.8 19
PH | 29:0200 | C | 2788 | 28.26 | GBC | 1991 | ACP | 1991 | 100 | O 1000 | 112 1.4 19
PH | 290200 | C | 294 305 [ GBC | 1991 | ACP | 1991 [ 100 | O 1000 | 112 15 19
PH | 29:0200 | C | 30.5 31 GBC | 1991 | ACP | 1991 | 100| O 1000 | 112 1.6 19
32.57
PH | 29:0200 | C 31 6 GBC | 1991 | ACP | 1991 | 100 | O 1000 | 112 1.9 19
PH | 490800 | C | 1452 | 16.36 | GBC | 1991 | ACP | 1991 | 120 | O 860 180 2.8 19
525:02:0
PH 0 C 0 053 | GBC | 1991 | ACP | 1991 | 100 | O 210 30 1.7 19
620:04.0 27.29
PH 0 C | 2694 2 GBC | 1991 | ACP | 1991 | 110 | O 1630 | 399 1.7 19
740:02.0 49.71
PH 0 C 4 49.86 | GBC | 1991 | ACP | 1991 (100 | O 320 30 3.1 19
PH | 791.060 | C 0 1.2 GBC | 1991 | ACP | 1991 | 100 | O 440 37 2 19
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CONDITIO

PAVEMENT TRAFFIC N
Highway Base Last Activity
Sur ESA
From To f | Seal L
0

845:04.0

PH 0 1.95 218 | GBC | 1991 | ACP | 1991 (100 | O 2320 326 2.2 19
845:04.0

PH 0 2.74 3.7 GBC | 1991 | ACP | 1991 (100| O 2320 326 2.3 19
845:04.0

PH 0 5.36 552 | GBC | 1991 | ACP | 1991 [ 100 | O 2320 326 2.4 19
845:04:0

PH 0 5.84 6 GBC | 1991 | ACP | 1991 (100| O 2320 326 2.6 19
845:04.0

PH 0 7.49 763 | GBC | 1991 | ACP | 1991 | 100 | O 2320 326 1.9 19
845:04.0

PH 0 8.28 856 | GBC | 1991 | ACP | 1991 [ 100| O 2320 326 2.7 19
845:04.0

PH 0 9.66 984 | GBC | 1991 | ACP | 1991 [ 100| O 2320 326 1.6 19
845:04.0

PH 0 10.12 | 11.15 | GBC | 1991 | ACP | 1991 | 100 | O 2320 326 1.6 19
845:04.0

PH 0 1223 | 1242 | GBC | 1991 | ACP | 1991 | 100| O 2320 326 1.5 19
855:16:0 20.58

PH 0 20.48 5 GBC | 1991 | ACP | 1991 (100 | O 1061 100 3.4 19
881:24:0

PH 0 4259 | 428 | GBC | 1991 | ACP | 1991 [ 170 | O 2890 347 1.8 19
897:02:0

PH 0 2.4 3.4 CSB [ 1991 | ACP | 1991 | 100| O 410 60 2.3 19
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