AN INTEGRATED MODEL TO ASSESS
ASPHALT CEMENT QUALITY ON LOW
TEMPERATURE PERFORMANCE AND LIFE
CYCLE COST

By:

Susan Louise Tighe

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Civil Engineering

Waterloo, Ontario, Canada, 1999

©Susan Louise Tighe 1999



i+l

National Library
of Canada du Canada
Acquisitions and Acquisitions et
Bibliographic Services
395 Waellington Street

Ottawa ON K1A ON4
Canada

395, rue Wellington
Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Ottawa ON K1A ON4

Bibliothéque nationale

services bibliographiques

Your fie Votre réference

Our file Notre référence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propnété du
droit d’auteur qui protége cette these.
N1 la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-51232-0

Canada



iil

BORROWER’S PAGE

The University of Waterloo requires the signatures of all persons using or photocopying this

thesis. Please sign below, and give address and date.



v

ABSTRACT

The performance of an asphalt pavement is strongly affected by the response of the asphalt
cement in the mix formulation to the in-service condition. In Canada, one of the major obstacles
to achieving long term pavement performance is low temperature cracking. The Strategic
Highway Research Program (SHRP) Superpave methodology incorporates design requirement
based on the low and high in-service temperatures. This research examines how existing practice
can be incorporated into the requirements of the SHRP Superpave Performance Graded (PG)
asphalts. As well, it examines how modified asphalts relate to the low temperature susceptibility
criteria. The research involves the development of a framework for an integrated model which
examines low temperature cracking and how it relates to pavement performance and life-cycle

cost. The model was divided into four modules and focuses on asphalt pavements.

Module One focuses on the material characterization of the asphalt cement.  This analysis
examines the McLeod Penetration Viscosity Number (PVN) as a low temperature susceptibility
indicator. The results show that PVN is a fingerprint as it remains constant over time. PVN also
relates to the SHRP Superpave Performance Graded (PG) asphalts. A decrease in the minimum
temperature corresponding to the PG asphalt is consistent with an increase in the PVN. As well,
the PVN shows variation within a crude source as would be expected and it shows PVN is
constant regardless of the calculation method. For modified asphalts, PVN is related to the
minimum Superpave PG temperature. Based on the analysis for a small number of samples,

indications are that PVN does not remain constant with time for the modified asphalts.

Module Two uses the material properties to predict low temperature cracking. The Canadian
Airport Model and Hajek model is used to predict cracking on the C-LTPP and C-SHRP test
sites. The predicted cracking is compared to the observed cracking. The analysis indicates that
the Hajek model and Canadian Airport model show good correlation to the observed cracking.
The thermal contraction coefficient is examined and found to be a very good indicator of low

temperature cracking based on observed cracking.



Module Three involves predicting performance using the cracking prediction provided in the
previous Module. Using roughness as the measure of pavement performance, the performance of
the pavement is predicted. Low temperature cracking is related to roughness in terms of Riding
Comfort Index (RCI). Various relationships which relate RCI to the International Roughness
Index (IRI) is examined. The predicted IRI values is compared to the observed values using the
C-LTPP test sites. The Canadian Airport Model is considered to be used as a starting point with

recognition that it is conservative.

The life-cycle cost analysis framework is described in Module Four. In general, a formal life-
cycle costing procedure is not carried out for most pavement designs in Canada. If a life-cycle
cost is carried out, it is a deterministic analysis. This research recommends a probabilistic life-
cycle cost procedure should be carried out. A lognormal distribution is determined to be the most
appropriate distribution for pavement lift thickness. An extensive analysis of material costs is
presented. The analysis indicates that a lognormal distribution in general is also the best fit
distribution for material costs. Costs should be grouped according to the quantity as economies
of scale have a significant impact on the magnitude and the standard deviation associated with

pavement material costs.

A framework for predicting the technical and performance of a pavement is presented. Overall
the thesis illustrates how these variables can be used to provide pavement designers with a
methodology for predicting low temperature cracking. The model is intended to compliment the
SHRP Superpave methodology and ultimately result in the selection of the most appropriate

design based on it’s technical and economic merits.
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CHAPTER ONE INTRODUCTION

1.1 BACKGROUND

Transport Canada indicates that approximately 12 billion dollars is spent on roads annually in
Canada [Richardson 96]. Based on geography, Canada’s road system plays a particularly
important role with regard to both economic and social development. Overall, the total length of
Canada’s roads and streets is about 840,000 km of which 37% are paved or surface treated [TAC
92]. However, the paved portion is the most intensely used with about 55% of the vehicle—km of
travel occurring in urban areas even though these areas only account for about 15% of the total
km [RTAC 88]. Based on the high usage of these paved roads, pavement engineers attempt to

design, construct and maintain pavements that are safe, long lasting and cost effective.

In Canada, one of the major obstacles to achieving long-term performance is low temperature
cracking of asphalt pavements. Low temperature cracking is a multimillion dollar pavement
distress problem in Canada [AI 98]. Cracking due to climatic effects occurs when: ambient
temperatures reach significant low values, when shrinkage cracks occur due to volatilization and
oxidation, and when thermal cycling effects combine with increasing stiffness with age [Seddick
95]. Canadian studies have confirmed that thermal cracking is a single event phenomenon
[Anderson 99]. Research has shown that excessive thermal stresses are prevalent when
temperatures decrease. This low temperature cracking results from the initiation of a microcrack.
The studies show the internal damage to the pavement may be due to the formation of the micro
cracks within the asphalt mix (aggregate and asphalt) when it is cooled. At a certain point the mix
loses it’s ability to “flow” within the mix matrix. The thermal contraction coefficient of the binder
is approximately 15 to 20 times greater than aggregate [AI 98]. When the induced stresses exceed
the tensile strength, the crack propagates to the full depth of the layer upon one or more thermal
cycles. The rate and progression of this cracking is largely dependent on the in-service

temperature and the stiffness of the asphalt binder.
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Low temperature cracks also form when an existing cracked pavement is resurfaced. The
underlying crack is thought by some to propagate up through the new layer under one or more
thermal cycles (commonly referred to as “reflection cracking”). Once a crack forms, the
pavement structure is vulnerable to the infiltration of water and other particles. It is imperative
that once a crack has initiated, it needs to be sealed. Otherwise, the newly formed crack will

result in the premature deterioration of the pavement structure.

In addition to the aforementioned climatic effects, asphalt properties (i.e. penetration, viscosity,
and stiffness as a function of temperature) have a huge impact on low temperature cracking [Haas
87]. The St. Anne’s field study confirmed that pavements cracked at low temperature extremes
and high asphalt stiffness [Anderson 99]. Additional field data also indicated that when an asphalt
cement stiffens in excess of the cracking stiffness, the severity of cracking is affected by the mix

properties and mix design, pavement design and pavement age [Haas 87].

In an attempt to quantify the environmental effect on pavements, the United States (U.S.)
Strategic Highway Research Program (SHRP) has developed Superpave (Superior Performing
Pavements) binder specifications for Performance Graded (PG) binders. This program proposes
that structural design should be based on low and high in-service temperatures rather than on
traditional empirical relationships. While the U.S. SHRP program was developing Superpave, the
Canadian General Standards Board (CGSB) introduced performance based asphalt binder
specifications [Al 98]. CGSB introduced Group A, B, and C quality grade asphalt specifications
that closely relate pavement performance to asphalt cement performance [NSB 90]. The
Canadian Strategic Highway Research Program (C-SHRP) initiated a full scale test road to
enhance understanding of the low temperature asphalt binder characteristics and correlate CGSB
asphalt specifications to field performance across Canada [Anderson 99]. These results support

the use of CGSB asphalt specifications for selecting asphalts best suited for cold climates.

Based on the in-service temperatures and the pavement factors (i.e. traffic level, functional
classification, etc.) the asphalt cement grade is selected. According to the U.S. SHRP Superpave

design methodology, a large number of pavements will require an asphalt modification or
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enhancement to meet the design specification. Suppliers and manufacturers of enhanced asphalt
have their own proprietary technology for formulations and processes. Sometimes a process is
used to change the asphalt properties, while in other cases, modifiers are combined with the base
asphalt through high shear rate mixing and dispersing agents to maintain stability in the storage

tanks. [Tighe 97].

Modifiers or enhancers are combined with softer base asphalt to provide reduced stiffness at low
temperatures. Based on laboratory studies it is known that when combined with modifiers, the
chemical and physical properties dramatically change [King 88]. In particular, asphalt modifiers
have been shown to reduce temperature susceptibility. Various laboratory tests have been
designed to help understand these enhancers and they attempt to correlate these changes to
performance. However, asphalt cement is a unique viscoelastic material. The addition of a

modifier further complicates the structure.

Currently, modified products are still poorly understood scientifically and research efforts must be
undertaken to better understand how the structure and properties of modified asphalt relate to
performance. So, although modified asphalt technology has been in existence for over twenty
years, it appears that there are very few modifications, which have been evaluated in a
comprehensive way. In particular, the modified asphalt technology has primarily assessed
laboratory matenal performance and very little information is available on performance and life

cycle costs related to these enhanced asphalt cements.

To select the most appropriate pavement design for a given situation, pavement specialists need to
understand how the asphalt material properties relate to cracking and life cycle cost. A given
design may be most appropriate on facility while it may be least appropriate on another. Different
asphalt cements dramatically affect the long-term performance. With the advent of new design
methodologies, there is a tremendous need to develop performance and economic models which
examine low temperature cracking and examine how a asphalt modifier influences pavement

performance and life cycle economic cost.
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This thesis presents a mathematical model, which relates the laboratory material characterization
of asphalts to pavement performance in terms of low temperature susceptibility and life cycle cost.
The model developed is probabilistically based and quantifies the associated pavement

performance with life-cycle cost prediction.

1.2 SUMMARY OF RESEARCH APPROACH

The research described herein predicts the performance and life-cycle cost of various asphalt
pavements. Within this research methodology, various laboratory test results have been examined
and assessed in terms of how they relate to field performance. Low temperature susceptibility
indicators are analyzed extensively in terms of relevance and uncertainty with regard to field
performance. Once the low temperature performance is determined, the roughness progression is
estimated. To determine the life-cycle, the pavement is assessed in terms of maintenance and

rehabilitation treatments and costs.

The research produces a framework for a probabilistic model of pavement performance and cost
using six databases from both the private and public sectors in Canada. Information is combined
to produce a mathematical model for use in Canada. The research extracts material
characterization data (laboratory and field), cracking data, pavement factors such as subgrade and
traffic levels, performance data such as roughness and cracking and cost data including both
supplier and agency costs from the six databases. Some of the data has been used for model
development while other data was used for verification. Probabilistic simulation is used to

determine uncertainty associated with performance and cost of various asphalt pavements.
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1.3 RESEARCH SCOPE

Pavement engineers must design, construct and maintain safe, long lasting and cost effective
pavements. This thesis specifically addresses how to predict low temperature cracking of asphalt
pavements. Based on the 100 billion dollar current in place asset value of Canadian pavements, it
seems imperative that pavements be managed efficiently. In order to do this it is necessary to
quantify variables such as the in-service environment and the life-cycle activities (i.e. initial
construction, maintenance, rehabilitation, etc.), determine the variability associated with the
prediction variables and predict performance accurately. Performance prediction is a challenge.
However, it is imperative to good asset management. Moreover, even marginal improvements in

managing pavements can result in large absolute savings [Haas 97].

Asphalt materials are very difficult to model and relate to performance. The new SHRP
Superpave technology is intended to link asphalt characterization to field performance but there
are still many deficiencies. Most public agencies have addressed surface distresses (i.e., raveling,
flushing, rutting) through materials selection and mix design procedures. In Canada, there is
particular interest in low temperature cracking of asphalt pavements as low temperature cracking
markedly accelerates the loss of serviceability. This results in bumps, dips and potholes that result

in increased pavement roughness.

Although modified asphalt technology has been in existence for over twenty years, as previously
noted, it appears that there are few modifications that have been evaluated in a comprehensive
way. To date, low temperature materials characterization of modified or enhanced asphalts has
not been effectively related to low temperature cracking in the field. An integrated model is

necessary to effect this linkage.
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1.4 RESEARCH PROBLEM

This research problem focuses on low temperature cracking. Low temperature cracking is
predicted based on asphalt cement qualities. Once the low temperature cracking is predicted, it is
related to performance and life-cycle cost. The uncertainty associated with the asphalt cement
testing, cracking prediction and costs are determined. Low temperature cracking issues and

uncertainty are discussed herein.

1.4.1 Low Temperature Cracking

Fracture markedly accelerates the loss of serviceability in a pavement, thus resulting in bumps,
dips and potholes. In 1965, behavior of flexible pavements and their components at low
temperatures was judged by the Canadian Good Roads Association to be the highest priority road
research need in Canada [Haas 69]. It is still today one of the first priority road research needs, as

evidenced by the Canadian Strategic Highway Research Program (C-SHRP).

To properly manage a pavement network in Canada it is important that low temperature cracking
can be predicted. Laboratory testing must indicate low temperature susceptibility so that proper
materials and designs are selected for long term performance. The laboratory tests should
accurately predict in-service cracking and in a timely manner (i.e. testing should be relatively

accessible and not overly time consuming).

To estimate cracking, life-cycle performance and cost, various pavement variables need to be
determined. This means examining material tests to see if they are accurate and reliable in
predicting field performance. Maintenance plays an important role in long term performance. If
cracks are sealed in a timely manner, environmental damage will be minimized and optimum

performance can be achieved (i.e. the pavement reaches design life).
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1.4.2 Uncertainty

Quantitative methods of modelling, analysis and evaluation are the tools of modern engineering.
In practice, it is important to quantify the effect of uncertainty and evaluate its effect on
performance and design [Ang 75]. Thus probability should be included in an engineering system.
However, a “point estimate” or single value is often used as an input variable despite the
importance of uncertainty. Using a point value, often a mean value, fails to account for the
randomness of the phenomena or process and may result in a different conclusion than having

used a probability distribution [Button 99].

Uncertainty in engineering prediction can be expressed in a number of ways including: uncertainty
associated with randomness, namely variation in observed or measure values, and the frequency of
those values, and uncertainty with respect to the inference space (i.e. regional construction
variation), uncertainty associated with imperfect modelling and estimation and the possible

omission of a variable based on limited data [Ang 75, Button 99].

It is apparent that when predicting pavement performance of a road, uncertainty must be
considered so that the results are relevant to the “real world”. By addressing uncertainty, the
asphalt cement effect on low temperature cracking, and thus performance and life-cycle cost can

be predicted more realistically.

1.5 RESEARCH OBJECTIVE AND ASSOCIATED TASKS

Based on the need for a comprehensive model, the overall intent of this research is to develop an
integrated model, which can accommodate both conventional and modified or enhanced asphalts
and relate them to design, performance and life-cycle cost. The material characterization would
incorporate mix, aggregates, low temperature susceptibility, strength, deformation, and stiffness.

The material characterization would then be linked to field performance.
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The main objective of the research is to investigate the relationship between asphalt cement, low
temperature performance and life-cycle cost. The methodology and model quantify the asphalt
cement selection in terms of both technical and economic benefits. To achieve the main objective,

the basic tasks required are summarized, in terms of modules, in the following discussion.

First, the low-temperature material characterization methods are assessed, and those properties,
which are most influential in terms of low temperature performance are identified. The inputs for
pavement structural design are also identified to ensure that the most appropriate design for
cracking resistance is structurally adequate to transmit the designated traffic loads. The results

from this task, comprising Module One are then used as inputs to the second module.

Module Two predicts low temperature cracking with respect to age based on the inputs from
Module One. In this module, a cracking model was selected and is used to predict cracking. This

prediction is verified using field performance data.

Module Three predicts performance in terms of roughness based on the predicted cracking trom
Module Two. Structural design for various “best practice” pavements are estimated and verified
using field data. As part of this module, probabilistic maintenance and rehabilitation schedules are

determined.

Module Four determines the probability distributions for the life-cycle costs of the respective
asphalt pavements. The structural design costs have been assessed in a probabilistic manner and
distributions for each material have been constructed using an extensive cost database. The
distributions for pavement lift thickness are also determined. A framework for pavement life-

cycle costing is presented.

1.6 ORGANIZATION OF THESIS

The thesis contains eight chapters as follows:
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Chapter One: Introduction provides a brief background for the problem and approach to how the

problem is solved.

Chapter Two: Literature Review describes the important concepts and approaches related to

asphalt cement, low temperature susceptibility, performance and life-cycle cost.

Chapter Three: Research Methodology outlines the integrated model presented and the data

sources used in the analysis. The fundamental probability concepts and framework are discussed.

Chapter Four: Module One: Material Characterization is developed in this chapter. Penetration
Viscosity Number, PVN and how it relates to Superpave, how it is influenced over time and the
variability associated with PVN is examined in detail. PVN and how it relates to modified asphalt

is also presented.

Chapter Five: Module Two: Low Temperature Cracking describes the methods used to predict
cracking. These methods are then statistically compared to the observed cracking on the C-LTPP

test sites located throughout Canada. The thermal contraction coefficients are also examined.

Chapter Six: Module Three: Performance Prediction relates the thermal cracking obtained in
Module Two to the roughness. The predictions are then compared to observed roughness on the

C-LTPP test sections so that pavement performance can be predicted in a probabilistic manner.

Chapter Seven: Module Four: Life-Cycle Costing this chapter documents the probability
distribution for lift thickness and material costs for carrying out a life cycle cost analysis. The

framework for life-cycle costing is provided.

Chapter Eight: Conclusions and Recommendations summarizes the final conclusions and

recommendations of the thesis.
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CHAPTER TWO LITERATURE REVIEW

2.1 INTRODUCTION TO BASIC CONCEPTS

The purpose of this chapter is to review basic concepts and approaches to research related to
asphalt cement, low temperature susceptibility, performance and life-cycle cost. A synopsis of

information related to these areas is presented.

Although research has been carried out in these various areas, there are no models in existence
which combine the variables. Based on the literature review herein it was also established that
uncertainty has not typically been considered with respect to the asphalt cement qualities, low
temperature susceptibility and life-cycle cost. This omission further emphasizes the important

contribution that a probabilistic, integrated model makes to the research.

2.2 ASPHALT CEMENT BASICS

Scientists and engineers have determined that carbon and hydrogen are the principal elements in
asphalt cements'. Although the chemical composition and physical properties vary from source to
source, asphalt cement is typically composed of straight or branched chains (aliphatic or
paraffinic), simple or complex saturated rings (naphthenic) and one or more stable six carbon
condensed unsaturated rings. These various heteratoms molecules form functional groups or
polar groups which in turn result in molecular interactions. These interactions strongly influence
the physical and chemical properties of the asphalt cement. The three major functional groups

most often identified within asphalt cement are asphaltenes, resins and oils [Roberts 91].

The asphalt cement is regarded as a colloidal system where the rheological properties are dictated
by the composition of the constituents [Rozeveld 97]. Three asphalt cement characteristics that

are important to performance include temperature susceptibility, viscoelasticity and aging.

! It is common to use the term binder or bitumen for asphalt cement particularly in the UK., Australia, etc.. In
other words, the terms are used interchangeably. As well, the term asphalt is commonly used in place of asphalt
cement in North America. However, in some countries asphalt refers to the asphalt concrete mix or bituminous

layer.
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Asphalt is temperature susceptible as it is stiffer at low temperatures. Thus, when asphalt cement
is tested in the laboratory it is essential that the temperature is specified to make the results
meaningful. Similarly, asphalt cement behaviour is dependent on time loading, meaning that it is
stiffer under a shorter loading time. This dependence of behaviour on temperature and loading
time means the two factors can be used interchangeably. Slow loading rate can be interchanged
as high temperature while fast loading rate by low temperatures. Asphalt cement is viscoelastic as
it displays both viscous and elastic characteristics. At high temperatures (e.g. > 100°C), it acts as
a viscous fluid, while at low temperature (e.g. < 0°C) it behaves like an elastic solid, rebounding
to it’s original shape when loaded and unloaded. At intermediate temperatures, it displays both

elastic and viscous properties, making the behaviour more complex [Soleymani 97].

Aging or oxidation has a major effect on asphalt cement. Oxidation results in a more brittle
structure. Heating also results in rapid oxidation and for this reason, it is important that
temperatures be monitored during the construction process [SHRP 93]. Jongepier showed that
in addition to temperature and loading time, a third factor can influence the behavior of asphalt
cement. This third factor can show up as a stress, strain or rate of strain which is indicative of
change or even failure of material during a test [Jongepier 69]. These nonlinear properties are

most likely related to failure characteristics of asphalt cement [Soleymani 97].

Various researchers have analyzed the molecular formations and constituents of asphalt cements
to understand the temperature susceptibility, visocoelasticity and oxidation process. Some
examples of chemical analytical techniques on asphalt cements include: morphology and
microstructure using various microscopes [Shin 96], differential scanning calorimetry to study
asphalt crystallinity [Daly 96] and chromatography to determine rheology [Roberts 91], to name a
few. Overall these techniques have the potential of characterizing the primary molecular
components that influence rheological properties and aging characteristics related to pavement
performance. However, in general, these techniques are expensive and have been used for
research purposes only. They have not been related to field performance and it may be a long

time until the results can be fully understood.
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2.3 ASPHALT CEMENT CHARACTERIZATION

Asphalt cement used for roadway construction is tested at the refinery, pre-construction, at the
asphalt plant and post-construction. The material characterization tests generally fall into the
following basic categories: consistency testing, static testing and cyclic (dynamic) testing. These
tests are outlined in the following subsections as some of the results are variables in the integrated

model subsequently described.

2.3.1 Consistency Testing

Consistency tests are most widely used as they measure the degree of fluidity at any particular
temperature. Thus, it is important to measure consistency at the same temperature and shear
loading for a number of conditions. The most important consistency tests are penetration,

viscosity, softening point and ductility [Soleymani 97].

The penetration test is an empirical test that measures the “stiffness” at a loading time of
approximately 0.4 seconds [Van Der Poel 54]. The test is usually performed at 25°C to
approximate the average in service pavement temperature. A needle with 100g weight is allowed
to penetrate the asphalt binder for 5 seconds. The depth of the penetration is measured in units of
0.1mm and is reported as a penetration number. While the test is considered to be empirical in
that only depth of penetration is reported, it is actually also a shear test. However, little if any
analytical work has been carried out on the actual (time dependent) shear response in penetration

testing.

Viscosity is the ratio of shear stress to shear rate at any given temperature. Asphalt viscosity is a
fundamental measure of the asphalt flowability that is not affected by changes in testing conditions
(i.e., configuration of test instruments, geometry of sample). Viscosity is typically performed at
60°C, which is denoted as the absolute viscosity, and 135°C, which is denoted as the kinematic

viscosity.
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The absolute viscosity is defined as the resistance to flow of a fluid at 60°C and it approximates
the maximum in-service summer pavement temperature. To determine absolute viscosity, a
viscometer is mounted in a thermostatically controlled temperature and is charged with asphalt
cement. A partial vacuum is applied and the flow is timed in seconds and then multiplied by a

calibration factor (unit in poise) [Roberts 96].

The kinematic viscosity describes high temperature behavior and essentially characterizes the flow
behavior under gravity. The asphalt cement flows through a capillary tube under gravitational
force and approximates the mixing and lay down temperatures during pavement construction.
The kinematic viscosity is measured in centistokes because the gravitational forces induce flow

and density of the material affects the rate of flow [Roberts 96].

The Ring and Ball (R+B) test measures the softening point. The purpose of this test is to
determine the temperature at which a phase change occurs in the asphalt cement. Ductility tests
are also commonly performed at specific loading rates and temperatures in order to determine the
relationship between shear susceptibility at the various in service temperatures. Some researchers
believe there is correlation between ductility and low temperature cracking while others have
debated that ductility tests have little value based on their empirical nature and their poor

reproducibility.

2.3.2 Static Load Test

Static tests have been used for the characterization of time dependency. The three most
commonly used loading modes are: creep, which applies a constant load and measures
deformation with time; relaxation, where constant deformation is applied while the load change is
measured with time and constant deformation where the material is exposed to a constant rate of

deformation while the load required to keep that rate constant is measured.

The moduli from the loading modes are calculated to characterize the material behavior as a
function of loading time [Soleymani 97]. The creep mode is the simplest and most convenient.

Schweyer [Schweyer 74] introduced various types of viscometers to examine creep behavior.
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These include: rotational type (utilizes coaxial cylinders or cone and plate) and a specialized
capillary type in which a piston is used to drive the asphalt cement through a capillary tube
[Soleymani 97]). The bending beam rheometer developed by SHRP is a creep loading test [Bahia
92].

A constant stress creep test result exhibits three stages [Tia 87). In the first stage, the initial
elastic response can be used to calculate the elastic modulus E,. The second stage is denoted as
the creep portion which becomes linear, resulting in a constant slope ( €.) or velocity. This slope
is the strain or shear rate (e or y) corresponding to a given stress and test temperature. Once the
applied stress is released, an immediate recovery of elastic strain occurs followed by the gradual,
time dependent recovery of elastic strain (€rccovered, delayed elastic strain). The residual strain that
exists after complete elastic recovery is the nonrecoverable strain or permanent deformation

(creep strain) [Tia 87, Ruth 96].

To analyze the creep test data, the stress and strain development at a specified temperature are
examined. Note that at the lowest temperature T1, the viscosity is very high resulting in low

creep rates (€. ) and high stress (). The stiffness modulus is then defined by:

S¢) = G, 2.1
e(t)
where S(t) = time dependent modulus of stiffness
t = loading time
Go = applied uniaxial stress
g(t) = resulting uniaxial strain at time t

Overall, the creep test can be used to effectively calculate the stresses and strains developed

during cooling of a bituminous pavement [Ruth 96].

2.3.3 Cyclic (Dynamic) Testing

In cyclic (dynamic) testing, a sinusoidal stress is applied to a specimen and the resulting strain is
monitored as a function of frequency. Strain controlled testing (sinusoidal varying stress is

applied and strain is measured) is more common than stress controlled testing. The primary
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responses in dynamic testing are the complex modulus (G*) and the phase angle (8). G*is a
measure of the asphalt cement resistance to deformation while 6 is the time delay or phase angle
between the applied stress/strain, and the response stress/strain as depicted in Figure 2.1 [SHRP
95].

Viscoelastic: 0 <8 <90°
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Figure 2.1/ Time Delays Between Applied Stress/ Strain [SHRP 95]

O =time lag

2.4  ASPHALT TEMPERATURE SUSCEPTIBILITY

Low temperature cracking has been shown to occur when thermal stresses in the bituminous layer
exceed fracture strength [Haas 87]. Excessive thermal stresses are most prevalent under
decreasing temperatures when a microcrack initiates. In terms of practical implications this means

that one of two things happen:

1. Either a microcrack initiates at the surface when the temperature induced stresses
exceed the tensile strength (due to decreasing temperature) and the crack propagates

only to some limited depth because of varying stiffness gradient.
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2. Or the crack propagates to full depth of the surface upon one or more cycles of
sudden warming due to the creation of stress imbalances. Continued warming (in
spring) leads to firstly open, visually apparent cracks which then close with further

warming (late spring) [Haas 87].

The most critical factors influencing low temperature cracking have been identified as follows
[Haas 87]:

1) Climatic Effects (ambient temperature and rate of temperature decrease)

2) Asphalt Properties (penetration, viscosity, stiffness as a function of temperature)

3) Mix Properties and Mix Design (stiffness as a function of temperature)

4) Pavement Design (subgrade type, asphalt thickness)

5) Pavement Age (increase in stiffness with age)

6) Other Factors such as ductility of binder, voids and type and amount of mineral

filler.

Based on some consistency tests as outlined earlier, researchers have tried to develop temperature
susceptibility indices. Three important temperature susceptibility indices are: Penetration
Viscosity Number (PVN), Penetration Index (PI) and the Viscosity Temperature Susceptibility
(VTS).

McLeod [McLeod 76] proposed the use of PVN to determine the temperature susceptibility of
asphalt cements. PVN is based on the penetration at 25°C and the viscosity at 135°C. It is

calculated as:

PVN = -1.5[L -log X] 2.2)
L -M]
where: X = viscosity at 135°C of the asphalt (centistoke)
L =4.258 - 0.79674 log P (centistoke)
M = 3.46289 - 0.61094 log P (centistoke)
P = penetration at 25°C of the asphalt
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Most paving asphalts have a PVN between -1 and 1. Lower PVN values are associated with
asphalts that are more temperature susceptible. Based on McLeod’s field studies [McLeod 78,
87], he concluded that the PVN of asphalt cement was associated with low temperature
transverse cracking and that it remained constant over time. This was strongly supported by a
field study of twenty six Canadian airport pavements [Haas 87). The PVN was believed to be a

“fingerprint” of the asphalt that remained constant over time.

The PI [Pfeiffer SO] uses the penetration and the ring and ball softening point temperature. The PI
calculation assumes that the relationship between log penetration under the same loading and
temperature conditions is linear and that penetration of asphalt at it’s softening point is about 800
[Lefebvre 70]. It is calculated as:

PI = [30/(1+90B)] - 10 2.3)

where: B =[2.9031 - log(Pen25))/(Tg-s - 77) 2.9)
Pen 25 = the penetration at 25°C
Tr-s = the ring and ball softening point temperature, °C

Research showed that the PI did not work well on waxy asphalts, so Heukelom [Heukelom 73]

developed the following revised PI calculation:

PI

(20 - S00A)/(1 + 50A) (2.5)

where A = (log Pen at T, - log Pen at T,)/(T, - T,) (2.6)
T,;,T, - temperatures in °C.

The PI calculated using the Pfeiffer and Heukelom equations are slightly different than PVN.

However, the range of values is very similar [Soleymani 97].

The VTS is another type of susceptibility index as defined below [Roberts 96]:

VIS = log log(viscosity at T,)- log log( viscosity at T;) 2.7
log Tl - lOg Tz
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Larger VTS’s denote higher temperature susceptibility. Most asphalt cement VTS’s range from
3.36 to 3.98 [Roberts 96].

Soleymani summarized that many investigators have tried to correlate relationships between
consistency tests and temperature susceptibility indices [Soleymani 97]. Some have shown that
there is poor correlation between viscosity, penetration and ductility values. This poor correlation
has been attributed to unknown and variable shear rates at low temperatures. Consequently,
attention must be given to stress levels or shear rates to attain a better relationship between
penetration and viscosity. In terms of the temperature susceptibility indices, good correlation is
found between the PVN and VTS indices while poor correlation is found between PI and PVN
and PI and VTS.

2.4.1 Characterization of Low Temperature Susceptibility of Asphalt Mixes

In order to assess the potential of low temperature cracking it is important to determine the
stiffness of the asphalt at low temperatures (asphalts which have a high stiffness modulus at low

temperatures are very prone to cracking) [Roberts 96].

Stiffness is a fundamental property in the evaluation of low temperature response. Indirect
methods are termed so because they estimate stiffness without direct laboratory measurements
(using routine index test data and transforming it into stiffness values) while direct methods for
measuring stiffness include uni-axial tension testing [Haas 73]. The two methods commonly used
to estimate thermal fracture in an asphalt layer are described herein. The first method calculates
stress in a long completely restrained strip [Hills 66] or an extension which incorporates both
temperature and stiffness gradients through the depth of the bituminous layer [Haas 69]. Both of
these methods assume the bituminous layer is completely restrained and free of cracks. The data
acquired from the constant rate of extension tests is than used to estimate the fracture

temperature, Tgg, as follows [Seddick 95]:

1) Values of stiffness modulus are determined at each temperature at a certain strain rate.
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2) Relationships of stiffness modulus (secant based) versus loading time are plotted for
different temperatures and the reference temperature, T., is selected (i.e. -15°C)

[Seddick 95a].

Master curves are then constructed. These curves characterize the behavior of the asphalt at any
combination of loading times and temperatures to provide information needed to predict cracking.
Ultimately, if the asphalt stiffness (S) increases too much or too quickly as the temperature drops
then cracking can be induced. Once the master curve is established with its associated shift factor
ar. The use of time temperature superposition allows the stiffness modulus to be derived for any
failure stress at a specified loading time and temperature. The tensile strength is then adjusted
according to the new estimated values for stiffness. In turn, thermally induced stress, or, for a
certain cooling time (T), can be estimated. The fracture temperature Trr can then be obtained

from the combination of the adjusted tensile strength and the calculated induced stress.

The second method utilized to determine fracture temperature, Tgg, is based on a strain criterion.
The stress-strain values are calculated at each temperature and at certain strain rate for the mixes.
The mean values of failure strain and stiffness are calculated in the same manner as above with the
stress criteria. The average strain to failure at four temperatures is plotted versus temperature
together with induced strain. Induced strain is determined using the coefficient of thermal
contraction . The point of intersection of average strain and thermally induced strains should

represent the point of fracture (Tgg) [Seddick 95].

Seddick suggests that thermally induced stress methods seem to give better values than the strain
methods and that the results indicate the a is different based on the different test methods and the
different Ty relating to different test methods [Seddick 95]. Overall, results suggest that cracking
frequency of asphalt pavements in most cases is related to low temperature stiffness of the mix as
reflected by the Tgr. In a study of twenty-two airport pavements [Haas 87] it was shown that
sections with low cracking had low Tgg except for one section. Low crack frequencies are
generally associated with mixtures of lower stiffness at low temperature regardless of other

factors such as freezing index and subgrade type. In addition, sections with higher Tgr had more
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cracking with much stiffer mixes at low temperatures. This indicates cracking frequency is
largely associated with mix stiffness rather than freezing index per se or subgrade soil type.
However, Deme has shown that subgrade type on the St. Anne’s Road was dependent on

subgrade type [Anderson 99].

2.4.2 Low Temperature Cracking Models

A considerable amount of research has been directed toward the prediction of low temperature
cracking in flexible pavements. In essence, the following are design considerations for prevention

of iow temperature cracking [Haas 94]:

1. Select an appropriate grade of asphalt cement for the design temperature
conditions within certain specifications.

2. Design a limited stiffness for the asphalt mix for the design temperature
conditions.

3. Predict cracking temperature by using the estimated or measured stiffness values
of the mix and expected field temperature conditions.

4. Predict the frequency of cracking at various ages for the design under
consideration based on empirical relationships and measuring asphalt binder and
mix properties.

2.4.3 PVN and Cracking

In the mid 1980’s, a comprehensive study was carried out which examined cold climate
performance of Canadian airport pavements [Haas 87]. It developed cracking prediction models
for design and it assessed the feasibility of using a new asphalt specification for controlling
cracking. The study involved taking four replicate core samples from each of the twenty six
airport pavements. Tests such as penetration and viscosity on the extracted binders, and residual

asphalt content were performed. In addition, low temperature tests were performed on beams
sawn from the cores and the stiffness modulus was calculated for various stress, strain and loading
time values. Penetration-viscosity number (PVN) values were calculated from viscosity and
penetration test results on the extracted binders. Regression equations were also developed

which related the observed transverse cracking in the field to several independent variables,
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including Riding Comfort Index (RCI). Based on these regression equations, a life-cycle cost
analysis was performed which quantified the dollar savings possible with reduced levels of
cracking. A number of equations (see chapter six for details) were developed for transverse

cracking, incorporating one or more independent variables, as follows:

Transverse cracking frequency = f{asphalt concrete layer thickness, 2.8)
minimum design temperature, stiffness modulus increase
between 0°C and —17°C) and PVN)

Overall, the finding indicated that low temperature cracking is strongly affected by PVN, as well
as the coefficient of thermal contraction, asphalt layer thickness and subgrade soil type to some
degree. It was also suggested that the aged binder (i.e., recovered) PVN values were similar to

the original, unaged binders [Haas 87].

2.4.4 Hajek Model

Hajek [Hajek 71] identified five independent variables which influence low temperature cracking
as follows: stiffness of original asphalt cement, in kg/cm?, according to McLeod’s method, winter
design temperature, °C; age of pavement, in years; thickness of bituminous layer, in inches and

subgrade soil type. This is summarized in functional form as follows:

I = f( S,t,a, m d) (2.9)
where I =  cracking index (transverse cracks per 500/ft)
S = Stiffness of original asphalt cement, kg/cm’ determined for loading time of
20, 000 seconds, winter design temperature (°C)
t= combined thickness of bituminous layers, inches
a=  age of pavement, years
m=  winter design temperature, °C

d=  subgrade type (dimensionless code 1-sand 2-loam 3-clay)
Limits: Modulus of stiffness equals zero; then function = 0

To use the model the following are required: average freezing index at the site of the project,

bituminous layer thickness, soil type, and the penetration and viscosity of the binder. The
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modulus of stiffness is then estimated by calculating the winter design temperature, the PI or
PVN, and the Ring and Ball Temperature Tx.g at the base temperature [Hajek 71, Haas 73].

2.4.5 Superpave Low Temperature Models

The non load related material characterization SUPERPAVE model utilizes laboratory test data
on asphalt mix samples to determine tensile strength and master relaxation curves [Witczak 97].
All other properties are either assumed (default) or estimated using empirical relations. The
tensile strength obtained from the low temperature indirect tension test is defined as the stress at
which the difference between the vertical and horizontal diametric deviation reach a maximum.
The relaxation master curve is obtained from the low temperature indirect tensile creep test
assuming viscoelastic material behavior. Bending beam rheometer (BBR) data for the binder is
used to supplement the mixture requirements. Prony series expansion are fitted to all compliance
curves and then shifted to form a master curve at a reference temperature of —20°C. The master
compliance curve is converted to a master relaxation curve via a Laplace transformation [Witczak

97]. The crack extension is modeled using the Paris law as expressed in equation 2.10.

AC = A(AK))" (2.10)
where AC = the increment of crack extension
AK, =the increment in the stress intensity factor
A = fracture parameter of the mix which is estimated from an
empirical expression developed by Molenaar [Molenaar 83]
n = fracture parameter of the mix which is obtained from slope m of
the log creep compliance curve (n =0.8 * (1 + 1/m)) 2.11)
Log A =4.389-2.52*Ilog(E * o, * n) (2.12)
E = relaxation modulus of the mixture (kPa)
Om = mixture tensile strength (kPa)

In the Superpave system, Molenaar’s empirical relationship for A is modified by replacing the

modulus E with a field derived calibration coefficient k so that:

where A = 4389-252*log(k*on*n) (2.13)
k field calibration set to 10,000
Om mixture tensile strength (kPa)
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The thermal cracking model consists of three parts: the stress intensity factor; the crack depth (or
fracture) model and the crack extent model. The stress intensity factor k; is computed from a
regression equation as a function of the far field tensile stress and the crack length. The
regression equation is based upon two-dimensional linearly elastic finite element analysis that
simulates the conditions at the tip of a local vertical crack as functions of loading/stress, layer
thickness and material properties. Crack extension for a given cooling cycle is estimated from

AK, value and the incremental form of the Paris law for crack propagation. The crack extent
model predicts the number (or frequency) of thermal cracks per unit length of pavement as a
function of the probability that the crack depth is equal to or greater than the thickness of the

surface layer.

The Superpave low temperature model was extensively reviewed and considered to be basically

sound; however the following concerns were noted [Witczak 97]:

1. The coefficients of thermal expansion a calculated in the Superpave program were found to

be too high by approximately one order of magnitude.

2. Variation of o with temperature is ignored, which contrasts with known test results that show

it is not constant at low temperatures.

(VS

Although tensile strength is measured at -20°C, -10°C and 0°C the thermal cracking model to

estimate the A and n fracture parameters, uses —10°C.

4. The empirically derived A and n parameters in the Paris crack extension law are assumed
constant with respect to temperature. In reality, they are expected to vary and these empirical

relationships may not be applicable for modified mixes.

Additionally, a separate crack initiation phase is not included in the low temperature cracking

model; and field calibration was based on material properties measured from field aged cores.
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Based on this field aged core measurement, the calibration constants could change if material

properties were measured from laboratory specimens and or production cores [Witczak 97].

A study of the two models [Seddick 95a] showed that the Superpave model predicted less
cracking than Hajek’s model [Hajek 71] at an asphaltic concrete thickness of 280 mm for both
mixes. However, at an asphaltic concrete thickness of 140 mm and 70 mm, including Petro
Canada’s premium asphalt mix, the Hajek model predicted much lower cracking than Superpave.
Based on this study, Hajek’s model was found to be quick and simple and predicted results
comparable if not better than the complex Superpave model. In addition, as cited in the
Superpave concerns, Seddick also notes that Superpave utilizes a calculated o. However, a more

precise, direct measurement method should be used [Seddick 95a].

2.5 PAVEMENT PERFORMANCE

The basic objective of evaluating pavement performance is to quantitatively establish how well a
pavement is serving the users. To assess performance, the functional behavior of a section of
pavement is intended to provide a smooth, comfortable and safe ride. Based on this definition,
the user’s opinion must be measured in order to rate the serviceability of the pavement. The
user’s opinion is quantified by the response to motion as characterized by the particular pavement-
vehicle-human interaction for a given speed. The other major measure of pavement performance
or deterioration is surface distress [Haas 94]. Structural adequacy, while not a measure of

deterioration per se, is related to the rate of deterioration.

Pavement roughness characterizes the pavement-vehicle-human interaction. Roughness is used as
a measure of pavement serviceability and is defined as “ a distortion of the pavement surface that
contributes to an undesirable or uncomfortable ride” [Haas 97]. The degree of roughness is
dependent on the amplitude and frequency or wave lengths of the pavement distortions. The
three most common types of devices used to quantify roughness include: profiling measuring

devices; response measuring devices, and subjective rating {Haas 97].
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The second measure, surface distress, is often expressed in terms of a Surface Distress Index
(SDI), or incorporated in a Pavement Condition Index (PCI) [MTO 90]. The PCI combines the
type of distress with the extent and severity. The principle causes of pavement distress include:
construction deficiencies, material deficiencies, traffic loading and environmental and climatic
conditions. The rating classifies the type of density or extent of the distress (few, intermittent,
frequent, extensive, very extensive). The severity and density of the particular distresses are then
converted to a Distress Manifestation Index (DMI). An equation has been developed to combine
the roughness and the DMI to determine a PCI value, according to Ontario practice [MTO 90].

These performance indicators enable pavement engineers to monitor pavements, provide
information for priority programming and in general are an important part of managing a

pavement network [Tighe 97].

2.6 ASPHALT MODIFICATION

Additives and modifiers in hot mix asphalt have been in use for over 50 years [Roberts 96]. The

purpose of an additive and or modifier is to improve the binder and mix properties and the overall

performance of the asphalt [Haas 83]. Although additives and modifiers are not required for all

binders, there are some specific technical benefits. Some of these benefits include:

1. Ability to obtain stiffer mixtures at high in service temperatures to minimize rutting.

2. Ability to obtain softer mixtures at low in service temperatures to minimize nonload
associated thermal cracking.

Improved fatigue resistance.

(V3]

Improved asphalt aggregate bonding to reduce stripping or moisture susceptibility.

Minimize tender mix problems during construction.

4
S
6. Improved abrasion resistance of mixture to reduce raveling.
7. Rejuvenate aged binders.

8. Reduce flushing or bleeding.

9. Improve resistance to aging or oxidation.

10. Improve overall performance.

11. Reduce life cycle costs



35

In terms of modification of asphalt binders, many laboratory results indicate these modifications
can lower stiffness at high construction temperatures to enable mixing and compacting but also
reduce rutting in-service. Lower stiffness values can also be achieved to reduce thermal cracking
and provide adhesion between the asphalt binder and aggregate in the presence of moisture to
reduce stripping [Roberts 96]. These benefits are economically and technically desirable
especially in light of the recently developed SHRP program where the asphalt binder is required to
meet stiffness requirements at both high and low in-service temperatures. Other contributing
factors that have lead to emphasis on modification include high traffic volumes, which can result

in premature rutting and fatigue cracking, and low temperature thermal cracking.

In addition, public agencies are increasingly carrying out life-cycle cost analysis of pavements. As
demonstrated in a recent study [Tighe 97], modifications can provide significant costs savings for
agencies particularly on high volume facilities. Clearly, costs and performance of asphalt
modifications must be carefully evaluated. However, environmental effects, energy requirements,
availability of modifiers and recyclability are also important factors in evaluating effectiveness

[Haas 83].

2.6.1 Modified Asphalts

A softer asphalt cement grade is typically selected for the modification process. Softer asphalt
cements are selected as they are able to relieve stresses at lower temperature, have higher failure
strains and a greater ability to promote healing of microcracks at high temperatures [Lee 95]. The
softer binders are also typically selected so that the stiffness temperature is below that of the
coldest in-service temperature and sufficient polymer is added to give the high temperature
characteristics needed to resist deformation [King 88]. The following are examples of polymer
modified asphalts currently supplied in Canada. There are many types of modifications available,

however.

Unstable polyethylene systems have been industrially produced since the late 1970’s under the

tradename Novophalt. The system is unstable as the polyethylene emulsion tends to phase
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separate after mixing. This phase separation occurs in the form of a thick viscous layer on the

surface within minutes after mixing. The problem can be rectified through continuous agitation.

Stabilized polyethylene systems graft a polybutadiene polymer on the surface of an individual
polyethylene particle. This results in a stabilization of the polyethylene emulsion. The process is

sold under the tradename Polyphalt.

Another method involves chlorinated polyethylene systems. In this case a known amount of the
chlorinated polyethylene is added to the system under high shear so that no discernible phase
separation occurs. Dissolved polyethylene systems add a small amount of asphaltene to the

asphalt cement at high temperature which result in a stabilized system [Lee 95].

These are a few examples of the polymer modified mixes available commercially. Many other

mixes are proprietary and it is thus difficult to assess them even on a general basis.

2.6.2 Supply of Modified or Enhanced Asphalts

The Canadian Strategic Highway Research Program (C-SHRP) initiated a survey in 1993 to
assess the availability of various enhanced asphalts [C-SHRP 95, C-SHRP 95a]. Based on this
survey the following observations were made. Only enhanced binders would be suitable for
southern Ontario based on the low and high temperatures. Although these products were
available for Toronto and Montreal, they would not be suited for the northern Ontario sections
where very low temperatures are experienced during the winter months. There was also a
serious lack of suitable products available for western Canada. These results were very disturbing
as agencies were examining the feasibility of implementing the SHRP specifications which would

require a range of polymer products in many paving projects.

Fortunately, since 1993, a number of asphalt suppliers have started supplying new and different
modified asphalts as a result of the anticipated SHRP implementation. Although many suppliers
will be unable to supply a range of modified asphalts based on limited storage facilities [C-SHRP
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95b], public agencies and suppliers are working together in an attempt to ensure that the

changeover to SHRP and use of enhanced asphalt is as smooth as possible.

2.7 STRATEGIC HIGHWAY RESEARCH PROGRAM

2.7.1 SHRP Testing

SHRP has enabled the pavement community to redefine the evaluation criteria for modified
binders in terms of low temperature and high temperatures using newly defined measures of

thermal susceptibility [Brule 95].

High temperature susceptibility is tested using the Dynamic Shear Rheometer (DSR) and the
Rotational Viscometer (RV). Low temperature properties are determined using the Bending
Beam Rheometer (BBR) and the Direct Tension Tester (DTT). Aging of the asphalt binders is
measured by using these tests on the Rolling Thin Film Oven (RTFO) residue and the Pressurized
Aging Vessel (PAV) residue [SHRP 95]. RTFO is intended to simulate aging of the binder as it
goes through the hot mix plant and is placed, while PAV simulates aging after several years in-

service. Table 2.1 provides a summary of the SHRP Superpave Tests.

In terms of enhanced asphalt characterization, lower slopes of G* (DSR) and lower phase angles
(8) have been obtained (see Figure 2.1). This means that the G*/sind should indicate increased
resistance to rutting with the polymer modified asphalts [Maccarrone 94]. Some other
observations based on the SHRP testing include reduced fatigue cracking as demonstrated by

G*sind [Ponniah 95, Bahia 96].

Overall, these tests have enabled modified products to be examined in the laboratory and provided
a basis for the SHRP Performance Grade (PG) specification. However, researchers continue to
improve the test methods and make appropriate revisions so that modified asphalts can be

evaluated accurately with good repeatability.
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Table 2.1 SHRP Superpave Tests [SHRP 95a]

'EQUIPMLENT

Rolling Thin Film Oven (RTFO)  |Simulate binder (hardening)characteristics
Pressurized Aging Vessel (PAV)

Dynamic Shear Rheometer (DSR)  |Measures binder properties at high and intermediate
temperatures .

Rotational Viscometer (RV) Measures binder properties at high temperatures

Bending Beam Rheometer (BBR) Measures binder properties at low temperatures
Direct Tension Tester (DTT)

2.7.2 SHRP Performance Variables

SHRP PG has attempted to address performance by delivering two main products: (a)
performance based asphalt binder specifications and performance based asphalt and (b) asphalt-
aggregate mixture specification including mix design and analysis. The specifications have been
developed to address pavement deformation, fatigue cracking, low temperature cracking,
moisture sensitivity, aging and adhesion. The underlying rationale is that performance is
influenced by asphalt binder and aggregate [Kandahl 96). Essentially the concept is that pavement
performance is based on calculating stresses and strains to predict cracking and rutting. The
overall stresses and strains are then related to the natural performance characteristics [Uzan 96].

Table 2.2 summarizes the Superpave performance parameters for the binders.

The specifications relate to three stages of testing to evaluate performance. Stage one covers the
transportation, storage and handling. Stage two simulates mix production and construction for
specification by aging the binder (i.e. RTFO) while stage three simulates aging over a period of
time (i.e., PAV) [SHRP 95].
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Table 2.2/ Superpave Performance Parameters for Binders [SHRP 95a)

Rolling Thin Film Oven (‘RO) Resistance to () d construction

Pressurized Aging Vessel (PAV) Resistance to aging (durability) during construction

Dynamic Shear Rheometer (DSR) Resistance to permanent deformation (rutting) and
fatigue cracking

Rotational Viscometer (RV) Handling and pumping

Bending Beam Rheometer (BBR) Resistance to thermal cracking

Direct Tension Tester (DTT) Resistance to thermal cracking

Deformation is characterized by the complex shear modulus, G* and the phase angle, & (see
Figure 2.1) which are obtained by using the DSR. This test characterizes the elastic and viscous

properties according to the loading time and temperature effects.

The Rotational Viscometer (RV) is used to determine the storing and handling properties. The
Bending Beam Rheometer (BBR) evaluates low temperature performance through the creep
stiffness, S and the logarithmic creep rate, m. While the Direct Tension Tester (DTT) also
evaluates low temperature susceptibility by determining the tensile strain at failure, the m value in
the BBR test has been determined to be the controlling factor. If the creep stiffness is too high,
the asphalt will become brittle and crack. Thus a low value of S is desired while a high value of m
is desirable. As stiffness (ratio of stress to strain) decreases, this leads to smaller tensile stresses

and less chance of cracking.

In terms of selecting a PG asphalt, the design air temperatures are determined. The air
temperatures are then converted to pavement temperatures and the expected high and low

temperatures are determined. These temperatures are then used by the designer to specify the
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overall grade [SHRP 95a]. It has been noted that at fracture there are differences between air
temperature and pavement temperature. It appears that the pavement temperature at fracture is
related to both the subgrade temperature and air temperature and not only to air temperature [C-
SHRP 95a]. However, in general good correlation between the C-SHRP low temperature

performance criteria and the pavement fracture temperatures was observed in the field.

Other observations noted by C-SHRP include that limiting stiffness criteria is not mechanically
correct based on the fact that most of the stresses that develop in the pavement accumulate above
the fracture temperature where the binder stiffness is high. C-SHRP also suggests that the low
temperature design based on the minimum air temperature is too conservative, especially when
very low temperatures are experienced, as the pavement temperatures are warmer than those
indicated by the SHRP assessment. Instead, the minimum expected pavement surface temperature
would be more reliable for predicting cracking. The low temperature using the BBR correlated

well with the fracture and provides a good correlation to thermal cracking [C-SHRP 95a].

An approximate general rule of 90 can be used as a guideline to determine if a modifier will be
required based on the PG specification. If the low temperature (absolute value) and the high
temperature for the design situation are added together and the total is greater than 90 then a
modified asphalt will probably be required; however if the total is less than 90 then a conventional
asphalt will probably be specified.
For example PG 64-22 (64 + 22 = 86) will probably not require a modifier
PG 64-28 (64 + 28 = 92) will likely require a modifier

where 64 represents the high temperature requirement of the specification, in °C and -22 and —28

represent the corresponding low temperature requirement, in °C.

2.7.3 Long Term Performance

There are very few data available that relate low temperature cracking to performance. As well,
there is limited information on the long term performance of modified asphalt pavements. The

only long term performance model described in the literature seems to bc the Markov based ones
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developed by Tighe [Tighe 97]. This involved using expert opinion to predict the future state of
the model element by examining the present state. The Markov models were developed for both
rutting and PCI. The rutting model was verified by using actual field data while the PCI models
were verified using OPAC 2000 (a new pavement design system) and actual field data.

Based on this study, the modified sections were shown to have the least amount of rutting. In
terms of cracking, the PCI values based on the Markov models predicted that extended service
lives could be achieved by using modified asphalts. It should be noted that the results were in
most cases reasonable and consistent with the various laboratory results, and they provide good
initial working models. However, clearly more data are required to further validate the models
and it must be recognized that this modeling works best with a strong record of experience.
Thus, while the results may reflect some degree of expectation regarding long term polymer
modified asphalt performance, they form a good basis for further analysis [Tighe 97]. However,
models relating modified asphalts at low temperatures to long term performance remain to be

developed.

Another potential long term performance model is the Exxon MOEBIUS model which performs
structural design based on modified mixes. It is based on a heavily instrumented and well
documented road in the Netherlands [Eckman 87]. Specifically, the model uses traffic histograms
to represent the distribution of traffic stress over time. It also uses mean monthly air temperature
to estimate hourly temperature at various depths within the pavement. MOEBIUS estimates
stresses and temperatures combined with the creep damage as measured in the laboratory to
compare rut depth with time [Nahos 90]. Although it could possibly provide some insight into
long-term performance, it is also a proprietary product, which may make it difficult to use in

assessing performance.

In essence, there is little information to date on relating modified asphalt properties to long term
performance. MOEBIUS may provide some insight into performance although assessing it may
be difficult. The Markov modeling approach also provides some insight into long term

performance; however, further validation is required.
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2.8 SUMMARY OF CHAPTER TWO

Various important concepts related to the research problem are reviewed. Asphalt cement is a
complex material used in the construction of roads. Material characterization of asphalt cement,
low temperature cracking, SHRP PG asphalt methodology, modified asphalts and pavement

performance are reviewed.

The intent of laboratory testing is to simulate in-service conditions. Consistency, static and cyclic
tests are used to assess in-service asphalt performance. Various low temperature susceptibility
values have been developed to examine how the material properties determined in the laboratory
will predict performance. This research problem focusses on low temperature cracking. PVN, PI
and VTS are examined in addition to the new test methods introduced by SHRP. The SHRP tests
have been reviewed as well as the low temperature cracking models. Pavement performance and
modified asphalts have also been presented. This information provides the basis for the integrated

model subsequently described.
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CHAPTER THREE RESEARCH METHODOLOGY

The purpose of this chapter is to outline the integrated model, document the data sources used to
develop and verify the model and describe the major research tasks within each module. In
addition, analysis of variance, probability distributions and Monte Carlo simulation are explained,

as these concepts are fundamental to the framework of the model.

3.1 THE INTEGRATED MODEL

The model is composed of four modules. Module One discusses material characterization
properties of asphalt cement. Module Two relates the asphalt properties to low temperature
cracking while Module Three relates the low temperature cracking to pavement performance.
The final Module, Module Four determines the life-cycle cost. The integrated model is outlined in

Figure 3.1, while the major research tasks within each can be summarized as follows:

Module One: Material Characterization

1. Determine if PVN is a fingerprint for asphalt cements.

2. Determine the uncertainty associated with PVN and crude source.
3. Identify how PVN relates to Superpave Performance Grades.

4. Examine PVN and how it relates to enhanced asphalt.

Module Two: Low Temperature Cracking Prediction
1. Estimate low temperature cracking using PVN.

Verify Hajek cracking model.
Explore feasibility of updating the Hajek model.
Verify Canadian Airport cracking model.

wohk wenN

Compare Hajek and Canadian Airport cracking models.
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Module One |
Materials, Site/Design

Information

Module Two
Prediction of Cracking

Module Three
Prediction of Performance Maintenance

(RCI/IRI vs Age) Schedule

Module Four
Life-Cycle Costing

Figure 3.1/ The Integrated Model Framework
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Module Three: Pavement Performance Prediction
1. Predict roughness associated with cracking.

2. Verify Canadian airport model.

3. Explore feasibility of a model update.

Module Four: Framework for Life-Cycle Cost
1. Determine thickness probability distributions.

2. Determine material cost probability distributions

Establish framework for life-cycle economic analysis.

LI

3.2 DATA SOURCES

The databases used in this research to develop the integrated model have come from a number of
sources. The three primary sources include: data obtained through research grants, data obtained
through professional contacts and data obtained from the literature review. Some of the data was
used to develop the model while some was used to verify the model. If the data was used for

development, it was not used for verification and vice versa.

Two of the primary databases used to develop and verify the model came from research grants
specifically related to this research project. Imperial Oil Limited (IOL) has supported much of the
research in the form of a University Research Grant (URG). Through this grant an extensive
database on material characterization was obtained. The database includes asphalt properties
from around the world. It is extensive in terms of both the number of asphalt cement samples and
the testing data made available. Both chemical and physical test results are available for various
asphalt cements. This database was used primarily for the development of Module One. Due to
the proprietary nature of the data, actual crude sources have not been identified. =~ Additional cost

data and cracking performance data from test sites was obtained from IOL

The second database obtained through a grant was the Canadian Long-Term Pavement
Performance (C-LTPP) database through a Graduate Research Grant. The Canadian Strategic
Highway Research Program (C-SHRP) initiated this C-LTPP project in 1989. It is a national full
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scale field experiment involving the design and construction of 24 test sites located on the major
highway system in all ten provinces, each with two to four adjacent test sections for a total of 65
test sections. Each test site consists of an asphalt overlay placed over an existing asphalt concrete
pavement with a granular base course. Adjacent sections were constructed to allow a comparison
of the performance of different overlay strategies under identical traffic, climatic conditions and
the same underlying pavement structure. The experiment was designed so that across the 24 test
sites, asphalt overlay factors, traffic, environment, subgrade type and freezing index conditions

could be compared [C-SHRP 96].

Although the C-LTPP database contains various data on the experimental factors, the following
data relevant to the integrated model developed herein was obtained: material data, pavement
design information, pre-construction and as-built data, pavement distress data, roughness data,
traffic data, subgrade data (bore hole logs), weather data and moisture data. The data has been

analyzed and incorporated into the modules as appropriate.

Additional data was obtained from C-SHRP however, it was not part of the aforementioned grant.
These data came from three other test roads located in Lamont (Alberta), Hearst (Ontario) and
Sherbrooke (Quebec). These sites were constructed in 1991 and 1992 to validate or suggest
possible changes to incorporating binder and mixture specifications appropriate for Canadian
climatic conditions. As well the intent was to investigate existing fracture temperature models for
Canadian use [Anderson 99]. Material characterization and cracking data from this C-SHRP

study have been used in this research.

The second category of data has been obtained through professional contacts. Cost data from the
Ontario Ministry of Transportation (MTO) was obtained from their Project Value System (PVS).
This system provides item prices for capital construction projects and maintenance contracts. The
individual costs per contract or project are provided as an average of the three lowest bid prices.
The data includes prices from contracts/projects from 1993 to 1997 (most recent available).
Additional cost data was obtained for various conventional and enhanced asphalt cements from

asphalt suppliers in Canada.
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Another source of data provided by MTO were action plan fact sheets which determine
performance, typical pavement designs and maintenance schedules for respective pavement
sections located throughout Ontario. This data was collected as part of a previous study which
examined the Rehabilitation and Reconstruction Candidates in Ontario for the Canadian Portland
Cement Association [Tighe 98). The action plan fact sheets combined with data obtained from
another study [Tighe 97] have been used to develop “best practice” pavement sections used in the

integrated model.

The third source of data has been obtained through the literature review and has been referenced

in the respective modules.

3.3 ANALYSIS OF VARIANCE

Analysis of Variance (ANOVA) is used in this research to identify variation associated with
experimental data. It has been used to examine various parameter relationships related to asphalt
cements. ANOVA is a statistical technique for analyzing measurements depending on several
kinds of effects operating simultaneously. ¥ The measured observations may be part of

experimental or non-experimental science [Scheffé 59].

ANOVA procedures separate a portion of the variation observable in a response variable into two
basic components: variations due to assignable causes and variation due to uncontrolled or
random causes [Mason 89]. Assignable causes are generally known sources of variation that can
be controlled or measured during an experiment. Random sources are all other sources of
variation not controlled or measured. The ANOVA variability is measured as sum of squares.
The total variability is referred to as the total sum of squares (TSS). For a single factor
experiment, the variability is partitioned as an assignable cause (A) or as an error cause (E) as

depicted in equation 3.1.

TSS =SS4 + SSe 3.1
where: TSS = Total sum of squares
SSa = Sum of squares due to assignable causes

SSg = Sum of squares due to random causes
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The degrees of freedom (sample size — dependent variables) refers to the number of statistically
independent response variables or functions of the response variables which comprise a sum of
squares. The mean sum of squares (MSS) are the respective sums of squares divided by their
number of degrees of freedom. F is used to determine overall compliance with the null
hypothesis. The F-statistic is the mean square due to the experimental factor divided by the mean

square due to error [Mason 89].

In most cases, the experimenter wants to determine if the variation between the “treatment”
means is significantly larger than the variation that occurs within treatments [Duever 98}. The
Null Hypothesis (H,) generally tests if the parameters corresponding to the main effects and
interactions are zero. The complement, the Alternative Hypothesis (H,) would suggest that there
were differences in the parameters (they are not equal) for at least one pair of treatments. The H,

and H, can be summarized as follows:

Hy: W=m=..i 3.2)

Ho:  Wi# (3.3)
where: H, = Null Hypothesis

H, = Alternative Hypothesis

n = Number of samples

1,42 U, Bi, Yj = Mean values for given experiment

The Fecuaes In the ANOVA is compared to the tabulated value of F, or Fuica given by the
degrees of freedom between and within the experiment at the pre-selected significance level (a).
The significance level of the test represents the Type I error. Type I error is the chance of
rejecting the null hypothesis when it is true. A 95% confidence level or a = 0.05 is commonly

specified.

If the Feajcunates > Faitical, the Ho, is rejected, therefore concluding that there are differences between
the experimental treatments or that at least one pair of treatments are different. Alternatively, if
the Feicutated < Feritical, the response variability attributable to assignable causes is not significantly

greater than the variability from random causes [Mason 89]. Overall, the F-test indicates
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whether or not the means are equal. However, it does not tell us which particular means are

unequal [Christensen 96].

Another very useful parameter associated with ANOVA is the significance probability (p). The p
value is the probability of obtaining a value for a test statistic that is as extreme or more extreme
than the observed value assuming the H, is true [Mason 89]. The calculated p value can be
compared to the significance level, similar to the aforementioned F-test procedure. Overall, it is
the level at which the test would just barely be rejected. The smaller the p value, the more
evidence against the Hy. For instance, if the p = 0.06, then at a = 0.10 (90% confidence level),
the H, would be rejected, and there is a 6% probability the conclusion is wrong. However, at a =
0.05 (95% confidence level), the Hy would not be rejected (Type II error). The p value in this
case indicates how consistent the data is with the Hy. Thus if a large p value is obtained, it
indicates great consistency with the Hp and conversely a small p value in this situation would

indicate inconsistency with Hp [Christensen 96].

Type II error or B, is the probability of incorrectly rejecting H, when the null hypothesis is false.
This risk is almost never known to the experimenter [Mason 89]. Type II error, can be calculated
for specific values of interest. This calculation is known as Power (1 - B), or the probability of
correctly rejecting Ho when Hp is false. Type II error depends on the size of the sample and the
degree of difference between the hypothesized and true populations at the given significance level.
The larger the sample size, the more easier a difference between the two populations can be
detected [Scheffé 59]. This calculation is important when the experimenter must know if the true
population mean is different than hypothesized as it increases the information in the sample that is
incorporated into the test statistic [Mason 89]. If the Hj is true, the power of a test equals a. If a
very small o is given, the statistical significance occurs only for a large difference between the
hypothesis and the true population. To realize good power, the largest possible sample sizes are
to be employed. If the sample size is small, the significance level must not be too small because it

reduces the power of the test [Mason 89, Scheffé 59].



50

3.4 PROBABILITY DISTRIBUTIONS

Results from an experiment can be described as discrete or continuous. Discrete variables are
those that are finite while continuous variables can take on an infinite number of possible values.
For a discrete variable, the probability of outcome is described as a summation over all possible
values, while the relative frequency behaviour of continuous variables is called a probability
density function [Scheaffer 82]. For continuous variables, once the random variable are obtained,
probability distributions can be assigned to serve as models for various observed phenomena. If a
distribution is continuous, it is then important to check symmetry and skewness of the distribution
[Button 95].

For continuous variables the bounds of the distribution are extremely important. Most of the
variables in this research are bounded by zero but have no upper limit. In addition they generally
have one mode and are positively skewed with most values closest to the lower limit. When there
is no sharp upper bound, a skew and a single mode, then a lognormal or gamma distribution are
good candidate distributions [Button 99]. Lognormal distributions as shown in Figure 3.2, are

used in most of this research based on best-fit principles.

f,r(!)

Log-norec!

Figure 3.2 Typical Lognormal Distribution {[Ang 75]
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When a distribution function and its parameters of a random variable are known, the exact
outcome cannot necessarily be predicted due to the inherent randomness of the natural
phenomenon. This uncertainty or error of parameter estimation can be reduced by increasing the
sample size [Ang 75]. To solve most engineering problems, it is preferable to obtain as large a
sample size as possible for predicting future behaviour. However, time and money often limit the

ability to collect a large sample size.
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CHAPTER FOUR MODULE ONE : MATERIAL
CHARACTERIZATION

This chapter describes the material characterization module. The intent is to examine how
McLeod’s Penetration Viscosity Number (PVN) relates to the Superpave low temperature
parameters, how PVN varies over time and what type of variability is associated with PVN values
for different crude sources. The statistical significance of PVN is assessed and analyzed. The

results of this module are then used to predict cracking in Module Two.

4.1 ASPHALT BINDER SELECTION

The behavior of the asphalt pavement at low temperature conditions is affected by the properties
of the asphalt cement. Various researchers [McLeod 76, Haas 87, Roberts 96] have agreed that
the asphalt cement is a dominant component in low temperature performance. Thus, it is
important to study the low temperature behaviour of the asphalt cement to obtain a better
understanding of low temperature performance. The main objective of Module One is therefore

to characterize the asphalt cement in terms of low temperature susceptibility.

This susceptibility is the rate at which the consistency of the asphalt cements changes with a
change in temperature. In general, the refining process has a large impact on the asphalt cement
as it influences the chemical structure [McLeod 75]. However, regardless of the refining process,
variations in crude source combined with proprietary refining differences yield vanations in the
asphalt cements [Marks 85]. Much of the unsatisfactory performance of asphalt pavements

occurs due to the failure to select the proper asphalt cements.

The intent of asphalt specifications is to identify which asphalts should be used given a particular
design situation. In 1990, the Canadian General Standards Board (CGSB) through the committee
on Road Materials, produced revised specifications [NSB 90]. The specification uses penetration
at 25°C and either absolute viscosity at 60°C or kinematic viscosity at 135°C. Temperature
susceptibility was incorporated into the specification and defined at 60°C absolute viscosity and

penetration at 25°C. Three asphalt groups were specified, Group A for low temperature
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susceptibility, Group B for medium temperature susceptibility and Group C for high temperature
susceptibility [NSB 90, EBA 93]. The PVN values can be easily computed from the penetration
and viscosity values. Some of the concerns associated with the CGSB specification include:
penetration does not describe the mechanical properties related to performance of a binder and the

penetration and viscosity are not determined at low temperatures or for long term aging.

The Superpave test methods have been designed to measure mechanical properties at various
loading rates and in-service temperatures. The asphalt classification is based on the average seven
day maximum and one day minimum pavement design temperature [SHRP 95a]. Overall both
systems classify the asphalt binders for use in pavements with the intent of reducing and/or
eliminating permanent deformation, fatigue cracking and low temperature cracking for the given

facility.

Module One focuses on temperature susceptibility. The penetration at 25°C and the viscosity
either at 60°C or at 135°C have been traditionally used to assess material properties. However,
with SHRP Superpave design methodology, penetration would no longer be used and would be
replaced with alternative measures. In any case, viscosity and penetration continue to be used as
in-line tests in asphalt plants as a quality control indicator’. From these two material tests, the
PVN can be calculated. If an asphalt cement has a PVN = 0.0, then it has a low temperature
susceptibility while a PVN = -1.5 would mean the asphalt cement is highly temperature
susceptible (i.e. high probability of low temperature cracking). Based on studies performed by
McLeod [McLeod 75, 76], and an Iowa Department of Transportation (DOT) study [Marks 85],
it appears that PVN is a good indicator of susceptibility. PVN has also shown to be a statistically
significant variable in the progression of low temperature cracking on 22 Canadian Airports [Haas

87].

Based on this information, and the fact that many databases including the C-SHRP C-LTPP

database do not include the SHRP test parameters, PVN was used to examine low temperature

* The alternative would be Dynamic Shear Rheometer (DSR) test values. However, the cost of the equipment can
be prohibitive and the speed and practicality of regular production applications can be questioned.



54

susceptibility. PVN, which utilizes penetration, is considered an empirical measure. However,
given that long-term performance data are not available for many in-service roads, and PVN
appears to be a good measure, it was used to assess the material properties of the asphalt
cements. One of the important assumptions is that PVN was developed using asphalts
manufactured by steam and vacuum reduction processes and thus its applicability to all asphalt

cements needed to be examined.

Data obtained from IOL, C-SHRP C-LTPP, C-SHRP test roads and the literature were used in
this analysis. In some cases both the CGSB and Superpave test results were available while in

other cases only the CGSB results were available.

The purpose of this analysis is to determine:
1. If the PVN calculated using the absolute viscosity is not statistically different from the
PVN calculated using the kinematic viscosity
To assess the uncertainty associated with PVN calculations.
If PVN remains constant with time, for both short term and long term aging.

How the PVN relates to the Superpave PG specifications.

I

How the PVN varies within a crude source.

Initially all the asphalts in the databases were included. However because PVN was developed
based on asphalts produced by steam and vacuum reduction processes, some of the results appear
to be inconsistent. Consequently, when an inconsistency arose in the analysis, the crude source
was examined. In some cases, it was subsequently omitted if it was felt to be outside the “valid

PVN range”.
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4.2 PVN CALCULATIONS

This analysis examines whether the PVN values calculated on original or aged asphalt using either
the kinematic viscosity (@ 135°C) and/or absolute viscosity (@ 60°C) are statistically different.
For most of the asphalt test results available, both the kinematic and absolute viscosities on
original asphalt cements were available. If an aged sample was available, then in most cases only
the absolute viscosity was available. Six ANOVA'’s have been calculated for the initial PVN
examination as shown in Figure 4.1. This figure details the data that were used to calculate the
PVN’s using a 95% confidence level. When the absolute viscosity was available, Figure 4.2

[McLeod 76] was used to determine the PVN.

To calculate the PVN using the kinematic viscosity, the following equation was used:

PVN = -1.5[L-log X] 4.1)
(L -M]

= viscosity at 135°C of the asphalt (centistoke)
=4.258 - 0.79674 log P (centistoke)

= 3.46289 - 0.61094 log P (centistoke)

= penetration at 25°C of the asphalt

where:

T2

Initially 45 asphalt cement samples® from the C-SHRP test roads and IOL database were used to
test if the PVN calculated for original samples using kinematic viscosity and absolute viscosity
and the PVN calculated using aged material (aged penetration and absolute wiscosity of the
sample) were statistically the same. Although, there are more than 45 samples in the combined
database, there were only 45 samples where these three PVN values could be calculated.
ANOVA A Figure 4.1 was used to determine if the PVN values calculated using the asphalt data
from the various laboratory tests at various times would be significantly different statistically. The
null hypothesis for between asphalt cements was established as follows:

H,: PVNaghan1 = PVNaghi2= ... = PVNagpnann “4.2)

H.: PVNaghni # PVNasghanj (4.3)

* A database of detailed material properties, not included herein, has been kept on file in the writer’s office at the
University of Waterloo.



PVN PVN PVN
Original Penetration Original Penetration Aged Penetration
Original Viscosity (@135°C) Original Viscosity (@60°C) Aged Viscosity (@60°C)

PVN PVN
Original Penetration Original Penetration Aged Penetration
Original Viscosity (@135°C) Original Viscosity (@60°C) Aged Viscosity (@60°C)

ANOVA B

PVN PVN
Original Penetration Original Penetration
Original Viscosity (@135°C) Original Viscosity (@60°C)

ANOVA C

PVN PVN
Original Penetration Aged Penetration
Original Viscosity (@60°C) Aged Viscosity (@60°C)

ANOVA D

PVN PVN
Original Penetration Aged Penetration
Original Viscosity (@135°C) Aged Viscosity (@60°C)

ANOVA E

Figure 4.1 Summary of Data Needs For ANOVA
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Figure 4.2 PVN Absolute Viscosity Calculation Chart [McLeod 76]

Where: H, = Null Hypothesis
H, = Alternative Hypothesis
N = number of samples (N = 45)
PVNasphate 1, PVNaghatti , PVNagrary = Calculated PVN values

The null hypothesis for variation within an asphalt cement was as follows

Ho:  PVNaghan1 = PVNugpu2= PVNasphaitn 4.4

H, : PVNAsplulti * PVNA,ph,nj (45)
Where: H, = Null Hypothesis

H, = Alternative Hypothesis

n = number of asphalt cement samples (n = 3)

PVNiuspari = PVN(original penetration, original viscosity @135°C)
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PVNagnt 2 = PVN(original penetration, original viscosity @60°C)
PVNagpnat 3 = PVN(aged penetration, aged viscosity @60°C)

Complete ANOVA results are presented in Appendix A.1 and are summarized in Table 4.1
Table 4.1 PVN Calculation Method Comparison Using All Asphalts (ANOVA A)

Comparison Test FeaLcuLATED FcriticaL P-value Degrees of
Freedom
PVNasphan1 To | Between” 3.9650 1.5147 1.9539E-8 44
PVNasphalt 45 Asphalt
PVNasphalt 1 Within® 4.2366 3.1001 0.0175 2
PVNagrarz | AsPhal
PVN aqphalt 3 >
Notes: 1) Represents the difference between asphalt samples where the null hypothesis states all
asphalts are equal.

2) Represents the differences in PVN values calculated for the same asphalt where the

null hypothesis states regardless of how PVN is calculated the values will be equal.
The results indicate that the PVN variation between the true value of the asphalt cement, or at
least one of values are different (FcaLcuLatep > Fermicar). The low p-value indicates there is a
small probability under the null hypothesis of having an F value more extreme than 3.9650 for
comparison one and 4.2366 for comparison two.  This result is consistent with the engineering
experience that different asphalts would have different low temperature susceptibilities. Figure
4.3 shows a comparison of the PVN values calculated using the penetration and viscosity levels
for the aged and original samples in cases where all three PVN’s could be calculated. For some
samples there are larger differences in the calculated PVN value, while in other cases they are

similar.

The within asphalt result indicates that there is a significant difference between the PVN
calculation methods. Upon further examination of the PVN values for the 45 asphalt cements,
using the three laboratory samples, it would seem reasonable that the differences can be explained.
The laboratory tests performed on the various asphalt cements were not necessarily tested or
performed by the same person. Thus, some differences or errors due to random causes may not

be properly assigned. However, the repeatability of penetration and viscosity testing is




59

5
4
.3
2
|
| I
l Z
JEO.AFU@U@’T!JT“J|II|xn1.11:» [t BT SR
Y ﬂ
5 |
! 5 Original Asphalt (@135C) } i
ST 0 Original Asphalt (@60C) \ dj ,
!
4 + O Aged Asphalt (@ 60C) :
-3

PVN

& Original Asphalt (@135C) i

-30 +—
0O Original Asphalt (@60C) 4
: -3.5 -“ O Aged Asphalt (@ 60C) ,
t
; -4.0

Figure 4.4 PVN Comparison for Typical Canadian Asphalt Cements



60

very good. In addition, some of the asphalts analyzed were not typical asphalts used in North

America.

Based on these findings, the analysis was repeated using “typical” asphalt cements used in Canada
(ANOVA B). The data was examined to check for unusual results that may be attributed to
testing errors and/or data input errors. The results are presented in Table 4.2 and Appendix A 2.

Table 4.2 PVN Calculation Method Comparison Using Typical Canadian Asphalt

(ANOVA B)
! Comparison Test Fearcviaten | Fermmica P-value Degrees of |

Freedom

PVNasphatt 1 TO Between" 55.4561 1.6775 | 1.6614E-31 28

PVNsphalt 29 Asphalt

PVNasphat 1 Within® Asphalt 0.3643 3.1619 0.6963 2

PVNasphaie 1,23

PVNasphait 3

Notes: 1) Represents the difference between asphalt samples where the null hypothesis states all

asphalts are equal.

2) Represents the differences in PVN values calculated for the same asphalt where the
null hypothesis states regardless of how PVN is calculated the values will be the same.

In total, 29 asphalt samples were included in the ANOVA B analysis where the three calculated
PVN values were compared. The first null hypothesis was rejected as the Fcarcuratep > Fermcad
(55.4561 > 1.6775). This result was consistent with ANOVA A and is consistent with the theory
of differences in low temperature susceptibility. Again, the p-value is very small indicating

consistency.

The ANOVA for within vanation associated with the three values of PVN calculation results in
the acceptance of the null hypothesis as the Fcarcuiatep < Fcrmicar (0.3643 < 3.1619). This

indicates that it is not possible to find a difference which is significant at the 95% confidence level.
Consequently, the PVN calculated using PVN (original penetration, original viscosity @135°C),
PVN (original penetration, original viscosity @60°C) and PVN (aged penetration, aged
viscosity @60°C) are statistically equal, for these 29 asphalts.
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Figure 4.4 summarizes the PVN calculations using the three PVN values for the typical Canadian
asphalts. Further to the ANOVA, PVN values calculated using the three sources of information

give more consistent results as compared to those PVN values shown in Figure 4.3.

Based on the high p-value obtained in ANOVA A for within group variation, three additional
ANOVA'’s were carried out, ANOVA C, ANOVA D and ANOVA E. Data from the Canadian
asphalts analysis, ANOVA B plus additional points for asphalt samples where only two PVN

values were available were included in the subsequent analysis.

ANOVA C compares the PVN calculated on original binder using only original asphalt data.
Table 4.3 summarizes the ANOVA C for the original asphalts while the more complete analysis is
located in Table A.3 in Appendix A. Tables 4.4 and 4.5 summarize the difference between PVN
calculations using only absolute viscosities (ANOVA D) and PVN calculations using kinematic
viscosities on original and absolute viscosities on aged asphalts (ANOVA E). Detailed results for
these two evaluations are in Tables A.4 and A.5 in Appendix A.

Table 4.3 PVN Calculation Method Comparison Using Original Asphalt Only (ANOVA C)

Comparison Test FCALCULATED FcriticaL P-value Degrees of
Freedom

PVNasphait ] To | Between” 37.8962 1.6154 6.31E-26 48

PVNasphalt 49 Asphalt

PVN@I135C Within® 0.7667 4.0426 0.3856 1

PVN@60C Asphalt

Table 4.4 PVN Calculation Method Comparison Using Absolute Viscosity (ANOVA D)

Comparison Test FCALCULATED FcriticaL P-value Degrees of
Freedom

PVNasphart 1 To | Between” 7.3516 1.6238 1.15E-10 47

PVNasphalt 48 Asphalt

PVNoriginal Within® 3.6138 4.0471 0.0634 1

PVNa e Asphalt

Notes: 1) Represents the difference between asphalt samples where the null hypothesis states all
asphalts are equal.

2) Represents the differences in PVN values calculated for the same asphalt where the
null hypothesis states the PVN true values are the same.




62
kL

Table 4.5 PVN Comparison Using Original (@135°C) and Aged (@60°C) (ANOVA E)

[ Comparison Test FcarLcuLaTeD FcriticaL P-value Degrees of
Freedom
PVNasphalt 1 TO Between" 1.6124 1.5579 0.0383 56
PVNasphalt 57 Asphalt
PVNoriginal Within® 1.0365 4.013 0.3130 1
PVNaged Asphalt
Notes: 1) Represents the difference between asphalt samples where the null hypothesis states all
asphalts are equal.

2) Represents the differences in PVN values calculated for the same asphalt where the
null hypothesis states the true values of the PVN are the same.

In all three cases where two PVN values are compared, the null hypothesis is rejected for the
between asphalt analysis. This is consistent with ANOVA A and B. With regard to the within
asphalt test, in these three cases the null hypothesis is accepted, as the Fcarcuratep < Fermicar.
This indicates that the differences between the PVN calculations are not statistically significant or
that regardless of what is used for the PVN calculation, the overall result is that the PVN would
be statistically the same. Given that the analysis is carried out for original binder and binder which

has been aged, there are two pertinent implications to this finding.

First, it indicates that PVN can be calculated with either absolute viscosity or kinematic viscosity
and the results will be the same. The second implication is that the PVN remains constant over
short term aging as simulated in the laboratory, as the differences between the original asphalt and
aged sample are not statistically significant. Consequently, in terms of short term aging the PVN

remains constant.

Figure 4.5 shows the relationship between the PVN calculated using original penetration values
and original viscosity values at 135°C and 60°C. The line represents equality and ideally the
points should be as close to the line as possible. Good correlation is evident for PVN values
calculated on asphalts with PVN befween about 0.0 and -1.0. There is more discrepancy
associated with PVN values between -1.0 and —4.0. However, the discrepancy appears to be

evenly distributed in this range.
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Figure 4.6 depicts the PVN calculations using the absolute viscosities for original and aged
samples. Many of the calculated PVN values fall along the equality line indicating good
correlation. However, there are a few points above the line. In these cases, the PVN calculated
on the aged sample gives a higher value when compared to the PVN on the original sample. This

is most likely related to the varniation in the test methods.

Figure 4.7 shows that many asphalts fall directly on the line of equality, meaning that there are
very few differences between the calculation methods. However, there are some points scattered
around the line. The points above the line represent the case where the PVN calculated on the
original asphalt is giving higher values (showing it is less temperature susceptible), while the PVN
values below the line show the opposite, indicating that the aged PVN has a lower temperature

susceptibility.

4.3 ISPVN A LONG TERM FINGERPRINT?

In 1996, a study was published which presented penetration, viscosity, BBR data and cracking
data on six samples at four different stages [Kandahl 96]. The test data were compiled on the
original asphalt cement, short term aging, after constructioh and seven years in-service. Analysis
of the data as part of this thesis research, as shown in Figure 4.8, indicates that the PVN value
remains constant over time for these six asphalt cements. Although the PVN values have a limited
range, it does indicate temporal stability, which supports the McLeod theory that PVN is a
“fingerprint” [McLeod 76]. The concept of a fingerprint is very powerful as PVN can be used to
determine low temperature susceptibility in a quick and simple manner. Table 4.6 summarizes

ANOVA F while, complete results are detailed in Table A.6 in Appendix A.

The ANOVA indicates that between asphalts, the calculated PVN values are statistically
significant. With regard to the within asphalt analysis, the Fcarcuratep < Fermcar, which means

the null hypothesis is accepted and the PVN remains constant with time. This result is very
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important as it confirms that PVN does remain constant with time.

Table 4.6 PVN Over Time (ANOVA F)

66

Comparison" Test Fearcutate | Ferrmicaw | P-value | Degrees of
b Freedom
PVNasphait 1 To Between” 67.241 2901 | 9.84E-10 5
PVNjsphalt 6 Asphalt
PVNoriginat & PVNjage & Between 3.034 3.287 0.0620 3
PV Nconstruction & PVNp. Points In
Service Time”

Notes: 1) PVN calculated using data from [Kandahl 96].
2) Represents the difference between asphalt samples where the null hypothesis states the

true PVN values for the asphalt are equal.

3) Represents the differences in PVN values calculated for the same asphalt where the

null hypothesis states the PVN values calculated will be equal.

4.4 SUMMARY OF ANOVA
Overall, six ANOVA’s were performed. The results summarized in Table 4.7 indicate that PVN

does effectively remain constant over time and that the same PVN is obtained regardless of which

calculation method (based on absolute or kinematic viscosity) is used.

Table 4.7 Summary of the Purpose and Result of ANOVA

Comparison PVN PVN PVN
Varies Between Fingerprint with Calculation
Asphalt" Time” Independent”
ANOVA A Yes No* No"
ANOVA B Yes Yes Yes
ANOVA C Yes NAY Yes
ANOVA D Yes Yes Yes
ANOVA E Yes Yes Yes
ANOVA F Yes Yes NA”

Notes 1) Null Hypothesis rejected meaning statistical significance between different asphalts.
2) ANOVA tests indicate statistical significance of PVN over time.
3) ANOVA tests indicate all PVN calculation methods are the same.
4) PVN concept not developed for all asphalts and reliability of data questionable.
5) Not applicable as ANOVA does not indicate this.
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4.5 DETERMINING POWER OF THE ANOVA

The ANOVA results indicate that PVN is constant over time, it is repeatable and it is an indicator
of low temperature cracking. These conclusions are based on the ANOVA results where the
Fcarcvraten < Fermca at the 95% confidence level. However, there is Type II error (B) or a
buyer’s risk associated with this result. It is the risk of accepting the conclusion when it is wrong.
In other words, even though the ANOVA states the true PVN values are equal, there is a nisk that

they are not.

This risk is almost never known to the experimentor, although, it can be calculated for specific
values of interest. The calculation is known as the power calculation or the probability of
correctly rejecting the H, when the H, is false [Mason 89]. Power depends on the sample size and

the degree of difference between the hypothesized and true populations [Scheffé 59]. If the H, is
true, the maximum power of a test equals .. Based on data available, this power test would be a

two-way layout with equal numbers of observations in the cells and would be described in

equation 4. 6 [Scheffe 59].

Y; o= Myt oot Byt og (4.6)
Where: [l j; = mean row value

Qi =a x [ row averages matrix]i.e. Ol x[1 O -1]

B; = [column averages matrix] i.e.[1 2 -1 -2]

g  =iid N (U, o)

a = percent difference in the true populations

The power calculation can be simulated using this equation with a Monte Carlo analysis. The
probability of rejecting the null hypothesis is determined by dividing the number of simulations

where the H, is rejected by the total number of simulations.

Alternatively, the power can be calculated by calculating ¢ for the Pearson and Hartley tables

provided in Scheffé and described in equation 4.7 [Scheffé 59].
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® = [(1/(;+1).5)+1/0orx((V2) Z (A - Am))’]1/ (5P 4.7)
Where: © = value required for Pearson and Hartley Table [Scheffé 59]

L1 = rows degree of freedom

L2 = column degree of freedom

Or = standard deviation of rows

o = variance entire sample

a; = mean for the i row under the alternative hypothesis Ha

Om = a [ row average matrix]

a = percent difference in the true populations

The degrees of freedom (v; and v; ) are used to select the appropriate Pearson and Hartley table
[Scheffé 59]. The probability of rejecting the null hypothesis (power) can then be determined
from the charts. Table 4.8 summarizes a comparison by Reilly [Reilly 99] where a power
calculation using a Monte Carlo simulation is compared to the value obtained using the Pearson
and Hartely tables and equation 4.7.

Table 4.8 Power Calculation Method Comparison [Reilly 99]

Degree of Number of Probability of 00) Pearson and
Difference in Iterations Rejecting H, Hartley Table
True Values (Monte Carlo) [Scheffé 59]

0.00 278848 .05048 0.00 0.05
0.01 249490 22789 0.89 0.23
0.02 628541 .74499 1.77 0.745
0.03 205025 0.98257 2.66 0.98

When the degree of difference in true values is zero, the probability of rejecting the null
hypothesis 1s 5%. This would be expected as the F test is being conducted at the 95 % confidence
level and the power would be 5%. In other words, when two values are equal, there is a 5%
probability that the null hypothesis would be rejected. As the percent difference between values

increases, the power increases indicating a better probability of detecting differences.
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4.5.1 Approach to Power Analysis

To determine the power of ANOVA'’s B, C, D, E and F, the value was calculated according to
equation 4.7. The probability of rejecting H, was then determined using the Pearson and Hartley
tables in Scheffé [Scheffé 59]. The limitations of these calculations were that the tables provided
values for degrees of freedom of rows (v;) between one and six and degrees of freedom for

columns (v;) between six and sixty.

Operating curves were constructed as shown in Figure 4.9 through 4.13 for ANOVAB, C,D, E
and F respectively. The complete results are in Table A.7 in Appendix A. The x axis on the
operating curve is the percent difference between the true values, in this case the PVN, while the
y axis is the probability of rejecting the null hypothesis. If the percent difference between the true
values is low corresponding to a high rejection of the null hypothesis, then the test would have a

high power and it would indicate the ANOVA result is good.

To assess the power, the 95% probability of rejecting the null hypothesis was examined on the
operating curves. The 95% was selected for consistency with the ANOVA. Table 4.9
summarizes the percent difference between the two values when the power is 95 %. The percent
difference in the true values at a 95% probability of rejection ranges from 3.3% to 45%. Based
on this finding, it would indicate that ANOVA F, which tests the temporal nature of PVN is an
extremely good test. At a 95% rejection of the null hypothesis, the difference in values would be
very small for the null hypothesis to be rejected. In fact for ANOVA B, C, and D, the results are
also very good as they are all under 10 %.

For ANOVA E, which compares the PVN calculated on original and aged asphalt, it shows the
true values would need to differ by 45% for rejection. This result is concerning and contradicts
ANOVA F. Although, there are more samples with ANOVA E, the ANOVA F has four

performance points, including a long term performance point.
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Table 4.9 PVN Power Summary for ANOVA’s

ANOVA % Difference | v, V2 Purpose of ANOVA Test

@ 95%
B 79% 2 28 Repeatability of PVN and PVN over time
C 6.7% 1 48 Repeatability of PVN only
D 8.0% 1 47 Repeatability of PVN and PVN over time
E 45% 1 56 PVN over time
F 3.3% 3 5 PVN over time

4.6 PVN AND SUPERPAVE PG COMPARISON

The relationship between the CGSB and SHRP design methodologies is examined in terms of low
temperature susceptibility. If the PVN is consistent with the Superpave low temperature grades
and if a comparison shows that a higher PVN corresponds to a lower PG, then it would reinforce
the idea that PVN is a low temperature susceptibility parameter. This also has implications for
assessing long term performance as the SHRP Superpave performance grades are not available for

the C-LTPP database; however, PVN’s can be calculated.

CGSB specification bands have been shown to be much narrower at high and low in-service
temperatures [Jhanwar 98]. In general the band is usually 1°C to 2°C as compared to the 6°C for
the Superpave increments. Thus, to apply a transformation between systems is technically not
advisable. For example a CGSB 150 — 200 A, which meets a PG 58-28, does not mean that a PG
58-28 meets a CGSB 150 - 200 A [Jhanwar 98]. As well, variability associated with intra-
laboratory, “within site” reproducibility and inter-laboratory, “different sites” could result in
misclassification of a PG asphalt [Puzic 96]). To avoid such misclassifications, the actual grades

should be used as opposed to the official grades with the 6°C band.

One major advantage to the Superpave PG methodology is that it subdivides the asphalt cements
by providing the maximum and minimum temperatures. For example a PG 58 — 28 would have

better low temperature performance compared to a PG 58 — 22. The following analysis examines
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whether the PVN value within a CGSB grade provides similar information in terms of low

temperature susceptibility as the Superpave PG asphalt grades.

4.6.1 PVN and Superpave PG Minimum Temperature Comparison Results

The asphalt cements included in this analysis are those samples for which both the PG grade was
available and PVN could be calculated. The PVN values for the PG asphaits were compared both
within groups and between groups at the 95% confidence level. Four PVN comparisons were
made for each of the following : PG 58 — 22 and PG 58 — 28, PG 52 - 28 and PG 52 - 34, PG 64
— 22 and PG 64 — 28 and PG 46 — 28 and PG 46 —34, as summarized in Table 4.10.

Table 4.10 ANOVA Summary for Superpave Comparison

Comparison" Test Fcarcuiate | Fermicar | P-value | Degrees of
D Freedom
Between” 12.184 4279 0.002 1
PVNPG 58 - 22 AND Grade
PVNpg sg - 28
Between® 20.928 6.608 0.006 1
PVNPG §2-28 AND Grade
PVNpg 53 - 34
Between” 51.287 6.608 0.0008 1
PVNPG 64-22 AND Grade
PVNbpges - 28
Between? 5.636 10.128 0.098 1
P VNpG 46 - 28 AND Grade
PVNpg 46 - 34

Notes: 1) PVN calculated and compared according to the PG low temperature grade.
2) Represents the difference between asphalt samples where the null hypothesis states

all asphalts are equal.

Detailed ANOVA are in Appendix A, Tables A.8. The null hypothesis is rejected for the first
three comparisons ( i.e. Fermcar < Fcavrcuraten) as shown in Table 4.10. This means that for
these comparisons, there are statistically significant differences for the PVN’s in these groups.

However, in the last case, the PG 46 — 28 and PG 46 — 34, the difference is not statistically

significant.
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Figure 4.14 shows the magnitude of the PVN for the respective PG Superpave asphalts. In all
cases, as one moves from a less conservative low temperature grade to a more conservative
grades, for example from PG 46 — 28 to PG 46 — 34, or from PG 52 - 28 to PG 52 - 34, the PVN
value increases. The practical significance of these test results is summarized in Table 4.11.

Table 4.11 Summary of PG and PVN ANOVA

Comparison PVN Varies Between PVN Remains Constant
PG Asphalt Grades” Within PG Asphalt Grades”
PG 58 — 22 AND Yes Yes
PG 58 — 28
PG 52 - 28 AND Yes Yes
PG 52 —34
PG 64 - 22 AND Yes Yes
PG 64 - 28
PG 46 — 28 AND No” Yes
PG 46 — 34
Notes: 1) Null hypothesis rejected meaning the true PVN values between PG asphalt grades are
different.
2) Null hypothesis is accepted meaning there is no differences of the true value of the
PVN within a PG asphalt.

3) Null hypothesis accepted meaning there are no differences between the PG asphalt.

This finding has various implications, as it indicates that PVN does relate to low temperature
susceptibility because the comparison has essentially isolated the PG low temperature influence.

A power test was not possible based on limited data.
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4.7 PVN AND CRUDE SOURCE
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The purpose of this analysis is to determine what type of variability is associated with a PVN for a

given crude source. The asphalt samples were separated according to crude source and the

number of samples available for each source. If the crude source had only one or two samples, it

was not included in the analysis. The crudes were analyzed based on the number of samples that

were available. Table 4.12 summarizes the ANOVA results when three, four, six, fourteen,

twenty-three and thirty-two PVN values were available per crude source. Detailed calculations

are located in Appendix A, Tables A 9.
Table 4.12 Summary of Crude Source ANOVA

Comparison" Test FCALCULATED FCRITICAL P-value Degrees of
Freedom
Between? 11.0680 1.4950 1.3E-22 47
3 PVN/ Source
Crude Sources Within® 19.9922 3.0932 5.83E-8 2
Source
Between” 15.4545 10.1280 0.0293 1
4 PVN/ Source
Crude Sources Within®’ 0.7136 9.2799 0.6059 3
Source
Between” 2.8045 2.6030 0.0382 5
6 PVN/ Source
Crude Sources Within® 0.6850 2.6030 0.6391 5
Source
Between? 16.1103 3.4028 3.66E-5 2
14 PVN / Source
Crude Sources Within® 1.0474 2.1834 0.4413 12
Source
Between® 1.9244 3.2093 0.1580 2
23 PVN/ Source
Crude Sources Within® 1.5904 1.7889 0.0942 22
Source
Between? 0.1317 4.1596 0.7192 1
32 PVN/ Source
Crude Sources Within® 1.8835 1.8221 0.0414 31
Source

Notes: 1) Comparison categorizes according to the number of PVN’s available per crude source.
2) Represents the difference between asphalt samples where the null hypothesis states all

asphalts are equal.

3) Represents the differences in PVN values calculated for the same asphalt where the




78
null hypothesis states regardless of how PVN is calculated the values will be the same.

The values indicate that in some cases the null hypothesis is rejected while in other cases it is
accepted for the between crude source variation. One possible explanation is that in these cases,
the asphalt is not within the “typical within normal PVN range” (i.e. PVN = -9.75 and -11.56,
which is much beyond the McLeod range). The null hypothesis for within grades is also

inconsistent.

In an engineering sense, it would be expected that the PVN within a crude source would vary
depending on the fraction of the distillate in the refining process; as well, as the crude may change
over time or because “contaminants” (i.e. mixed in the pipeline). In addition, different crude
sources could exhibit similar low temperature properties. Thus, it seems more reasonable to carry
out the crude source analysis incorporating the Superpave PG asphalt grades and to determine the

power for one of the crude sources.

The power test was performed based on the ANOVA of six crude source samples. As shown in
Table 4.12, the within source analysis indicates that the true PVN values are equal as the null
hypothesis is accepted (Fcarcuratep < Fermcar). The power, shown in Figure 4.15 (Appendix
Table A.10) is the operating curve for this test.  The magnitude of the x value is much higher in
this example as compared to the previous power tests for PVN. At the 95% probability of
rejecting H,, the percent difference in true values would be 55%. The power of the test is not
very good as the differences in PVN will not be detected very easily; for a rejection to occur the
true values must differ by 55%. This finding would further emphasize the point that the PVN

within a crude source could vary for a number of reasons.

Consequently, the following is a crude source analysis incorporating the Superpave PG asphalt

grades. Three “typical” Canadian crude sources have been selected for this analysis. Each
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Figure 4.15 Operating Curve for ANOVA 6 Crude Sources
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sample has the PG asphalt grade and the PVN on the original asphalt. The ANOVA results are
presented in Tables 4.13 and A.11.
Table 4.13 ANOVA Summary for Superpave PG and PVN Crude Source Comparison

Comparison” Test Fcarcuiate | Fermmicar | P-value | Degrees of
D Freedom

Between” 49.6921 4.7571 1.0E-4 3

Crude Source A Grade
Within® 2.0489 5.1432 0.2098 2

Grade
Between? 26.8346 4.7571 7.0E-4 3

Crude Source B Grade
Within®’ 1.4103 5.1432 0.3147 2

Grade
Between” 19.8759 4.7571 1.6E-3 3

Crude Source C Grade
Within® 1.0759 5.1432 0.3987 2

Grade

Notes: 1) PVN calculated and categorized according to crude source and PG grade.
2) Represents the difference between asphalt samples where the null hypothesis states all
asphalts are equal.
3) Represents the differences in PVN values calculated for the same asphalt where the
null hypothesis states regardless of how PVN is calculated the values will be the same.

The ANOVA for crude source A involved comparing PVN values which would be classified as
PG 46 - 34, PG 52 - 28, PG 58 — 22, PG 58 — 28, PG 64 — 22 and PG 64 — 28. There were
statistically significant differences between the PVN'’s between the PG asphalt grades. This means
that the PVN values calculated for a specific grade were different from those corresponding to a
different low temperature grade when the high PG temperature is kept constant. However, within

grades, there were no differences and the null hypothesis was accepted.

Similar findings were obtained for crude source B (PG 46 — 34, PG 52 - 28, PG 58 — 22, PG 64 —
22, PG 64 — 28 and PG 70 - 22) and crude source C (PG 46 - 34, PG 52 - 34, PG 58 — 28, PG
64 — 22 and PG 64 — 34).  Overall, the findings indicate that within a crude source and PG
grade, the differences between the PVN values are statistically insignificant. This means that

when the PVN values within the PG grade are compared, they are consistent.
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Table 4.14 provides the average PVN value, standard deviation and number of samples for each
crude source and corresponding Superpave PG asphalt grade. The results again indicate that the
PVN corresponds to the Superpave grading. As the asphalt meets the lower temperature
requirements, the PVN increases, indicating better tolerance to low temperature cracking. These

results will be incorporated into the probabilistic low temperature cracking analysis in Module

Two.
Table 4.14 PVN Crude Source Variability Associated with PG Asphalts
PVN
Crude Superpave Average Standard Number of
Source PG Asphalt Grade Deviation Samples
PG 46 34 -0.2285 0.0340 3
PG 52 — 28 -0.6837 0.0655 3
A PG 58 — 22 -0.7122 0.0361 4
PG 58 — 28 -0.6856 0.0734 8
PG 64 - 22 -0.7068 0.0423 2
PG 64 - 28 1.0533 0.0493 2
PG 46 - 34 -0.4096 0.0963 3
PG 52 — 28 -0.3480 0.1381 3
B PG 58 — 22 -0.6952 0.2381 8
PG 64 - 22 0.1454 0.9286 2
PG 64 — 28 0.9997 0.3654 2
PG 70 - 22 0.8330 0.4064 3
PG 46 - 34 -0.1887 0.0132 3
PG 52 -34 -0.2064 0.0935 3
C PG 58 — 28 -0.3932 0.0694 6
PG 64 - 22 -0.4693 0.0348 3
PG 64 — 34 1.0576 0.0289 2

Figures 4.15, 4.16 and 4.17 further emphasize that the PVN value increases when the high PG
temperature remains constant and the low temperature decreases, thus, further indicating that

PVN does characterize low temperature susceptibility.
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Figure 4.18 Average PVN Values for Crude Source C
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4.8 PVN AND MODIFIED ASPHALT

The intent of this section is to examine how PVN is influenced by a modification to asphalt and if
there is some correlation between the PVN and the Superpave performance grade. Asphalt
modifications were not considered in the development of the PVN concept or the Superpave
system. In both cases only conventional asphalt binders were considered. Thus, the assumptions
related to PVN and the Superpave testing protocol may not be valid for some modified binder
systems. Furthermore, because the type of modifier and quantity will dramatically influence the
physical and chemical properties of the asphalt, there appears to be a need for elaborate evaluation
of these characteristics [Bahia 96]. This analysis examines the relationship between the temporal

nature of PVN and the magnitude of PVN for modified systems.

The values used in the modified asphalt analysis are provided in Table 4.15. The first analysis
focuses on those modified asphalts where muitiple PVN values can be calculated, using laboratory
results on both aged and original modified asphalt samples. Table 4.16 shows the PVN values for

seven modified asphalts where more than one PVN value could be calculated.

As shown in two cases three values could be calculated. In three cases, four PVN values were
calculated. Three series of ANOVA’s were carried out. Table A.12 summarizes the two-way
comparison (i.e. original @ 135°C and original @ 60°C, original PVN @ 135°C and aged @
135°C, etc.). Based on the data available, this two-way analysis was carried out five times as

shown in Table 4.17.

In three cases, the two way ANOVA shows that the differences between the PVN calculation
methods are not significant. In two other cases, the methods are shown to be statistically
different. Based on this result it is difficult to determine if PVN is a good indicator for modified
asphalts. When the three and four way analysis is performed, the differences in the calculated
PVN’s are shown to be statistically significant as shown in Appendix Table A.13 and summarized
in Table 4.18. Overall the results indicate that for modified asphalts, the PVN does



Table 4.15 PVN for Selected Modified Asphalt Cements

ID PVN D PVN
SIM 1 -0.7864 STM 17 0.8020
STM 2 0.0537 STM 18 1.088
STM 3 0.0369 STM 19 0.7414
STM 4 0.3439 STM 20 1.2581
STM S 5174 STM 21 1.0185
STM 6 0.3139 ST™M 22 1.0371
STM 7 -.2205 STM 23 1.0781
STM 8 -0.7532 STM 24 .5462
STM 9 -.2483 STM 25 .3646
STM 10 -.2483 STM 26 6547
STM 11 -.1752 STM 27 1.2980
STM 12 -.5528 STM 28 -.5567
STM 13 -.7070 STM 29 .8203
STM 14 -.3694 STM 30 2.1883
STM 15 -.7196 STM 31 -.4348
STM 16 -.5018 STM 32 0159
Table 4.16 Summary of PVN Values For Multiple Points as Simulated In The Laboratory
ID PVN Original PVN Original PVN Aged PVN Aged
@ 135°C @ 60 °C @ 135°C @ 60°C
STM 1 -0.7864 -0.8452 NA -0.4432
STM 2 0.0537 0.2449 NA 0.7089
STM 3 0.0369 -0.2351 NA NA
STM 4 0.3439 0.0930 NA NA
STM 5 0.5174 0.5661 1.2639 1.0139
STM 6 0.3139 0.3507 0.8296 0.6171
STM 7 -0.2205 -0.1701 0.0825 -0.0761

Note: NA refers to not available.
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Table 4.17 Two Way ANOVA Comparison for Modified Asphalt

Comparison Test FcaLCULATED FcrimicaL P-value Degrees of
Freedom
Original PVNjssec | Between 0.3191 5.9874 0.5927 1
Methods
AND PVNeooc Within? 27,2475 42839 0.0004 6
Methods
Original PVNissoc | Between" 16.5931 18.5128 0.0553 1
Methods
AND Aged PVNussoc [ 19.4138 19.0000 0.0490 2
Methods
| Original PVNissoc | Between” 19.8971 7.7086 0.0112 1
Methods
AND Aged PVNsoac Within? 31.7417 6.6882 0.0027 4
Methods
Original PVNgooc | Between" 13.7365 18.5128 0.0657 1
Methods
AND Aged PVNissac ™ iihind 19.1861 19.000 0.0495 2
j Methods
Original PVNgooc | Between" 23.2040 7.7086 0.0085 1
Methods
AND Aged PVNstoc ™ ipin? 54.7376 6.3882 0.0010 4
Methods
Notes: 1) Represents the difference between calculation methods where the null hypothesis states
that PVNs are equal.
2) Represents the difference between asphalts where the null hypothesis states they are

equal.

not appear to be consistent. However, based on the limited sample size it is difficult to make a

final decision. More data on modified asphalts, with multiple points, would be desirable.

The second analysis performed using modified asphalts was the PVN and PG comparison. The
intent was to examine if the magnitude of the PVN values changed when the PG changed. Figure
4.19 shows the average PVN values for the various modified asphalts. When the high end PG is
kept constant and the minimum temperature decreases by a PG grade —6°C, the average PVN
value is shown to increase. This would be consistent with what would be expected, as when the
PG grade decreases at the low end, the asphalt should be less temperature susceptible and have a

higher PVN values as shown in this Figure.
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Table 4.18 Three and Four Way ANOVA Comparison for Modified Asphalts

Comparison” Test Fearcuraten | Fermmicar P-value Degrees of
Freedom
Four Way Between" 13.1452 4.7571 0.0048 3
Comparison Methods
P Within®? 66.7843 5.1432 7 94E-05 2
Methods
Three Way Between" 15.2136 6.9443 0.0135 2
Comparison Original | Methods
PVN[ssoc R Ongmal >
| ) Within® 37.1884 6.9443 0.0026 2
PVNgooc
Three Way Between" 12.3790 6.9443 0.0193 2
Comparison Original Methods
PVNsooc , Aged
sooc - 8 Within? 56.1772 6.9443 0.0012 2
PVNesooc AND Aged Methods
P VNI350C

Notes: 1) Represents the difference between calculation methods where the null hypothesis states
that PVNs are equal.
2) Represents the difference between asphalts where the null hypothesis states they are

equal.
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Figure 4.19 PVN For Selected Modified Asphalts

4.9 SUMMARY OF CHAPTER FOUR

Various ANOVA’s are carried out in Module One to examine McLeod’s Penetration Viscosity
Number and how it relates to the Superpave low temperature parameters, how PVN varies over

time, what type of variation is related to PVN and how modified asphalts relate to PVN.

The analysis showed that PVN is a fingerprint as it remains constant over time. It is shown to be
an indicator of low temperature susceptibility and it is related to the minimum temperature
specified in the Superpave design methodology. PVN within a crude source varies as would be

expected. It is also shown that regardless of how PVN is calculated, it remains constant.

For modified asphalt, the PVN did not remain constant with time. Although, the sample size was

limited. PVN for modified asphalts did relate to the Superpave PG minimum temperature.
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CHAPTER FIVE MODULE TWO : LOW TEMPERATURE
CRACKING

The purpose of this chapter is to describe the low temperature cracking module. Two methods
used to predict cracking are described and examined. Cracking predictions are compared to
observed cracking on pavement test sections located throughout Canada. Thermal contraction
coefficients are also examined. The results in this module are used as input to the subsequent

module.

5.1 MAGNITUDE OF PVN AND HOW IT INFLUENCES CRACKING

Differences in PVN and how they influence cracking are important. Figure 5.1 shows the
absolute difference in the magnitude of the PVN values for all of the conventional asphalts (not
including modified) based on the calculation method. The PVN values are calculated using the
following combinations of the three laboratory test results:
1) PVN (original penetration, original kinematic viscosity) &
PVN (original penetration, original absolute viscosity)
2) PVN (original penetration, original absolute viscosity) &
PVN (aged penetration, aged absolute viscosity)
3) PVN (original penetration, original kinematic viscosity) &
PVN (aged penetration, aged absolute viscosity)
Some notable differences are observed. Ideally the differences should be close to zero, or all
columns should be close to the x-axis, indicating there are no differences in the method of
calculation. In other words, the PVN calculation method should be irrelevant and remain constant
over time. Based on the fact that there are three bars for each sample in cases where there are
two columns higher than zero, this would indicate that two results are very similar to each other

and one is different, while if there is one column by itself, this indicates one inconsistent resulit.
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This analysis is presented as it is important to establish the variability associated with the PVN
calculation so that the cracking analysis can be carried out in this Module. As well, this analysis
will assist in determining fundamentally what the difference between the magnitude of the PVN

values means in terms of low temperature cracking.

5.2 MODULE TWO: PREDICTION OF CRACKING

The objective of Module Two is to relate the characteristics of the asphalt binder (stiffness, PVN,
etc.) to thermal cracking. Stiffness is a fundamental parameter. It has been shown that limiting
stiffness is related to thermal cracking. In mechanical terms, if the asphalt stiffness, S, increases
too much or too quickly as the temperature drops, then cracking can be induced. Limiting
stiffness specifications, as reflected in SHRP’s Superpave PG binder specifications, is really an
indirect means of controlling low temperature cracking. Another method is to select a design
temperature for a certain project around which the cracking temperature, Tgs, for a particular
asphalt cement can be estimated. In effect, the design approach based on estimated T for
expected in-service temperature conditions is a variation on the limiting stiffness approach [Haas
94]. However, neither approach estimates the frequency of cracking, which is needed to relate to

performance.

If the premise holds that cracking is related to stiffness, and that stiffness is related to PVN, as
indicated in Module One, then a cracking frequency model using stiffness directly as an
independent variable would be very useful for predicting performance. It is desirable for a
pavement designer to estimate cracking frequency as in Canada low temperature cracking can
substantially affect the long term performance and life-cycle cost of a pavement. It may even be
possible to design a pavement without temperature related cracks. However, due to structural
requirements for fatigue and rutting this may not be technically or economically feasible. Hence a
trade-off may be necessary. However, regardless of the pavement design factors, if the designer
can predict low temperature performance, particularly in Canada, and optimize the design by

relating the cracking to performance and life cycle cost, it could result in tremendous cost savings.
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The Hajek model [Hajek 71] and the Canadian Airport Model [Haas 87] are used to predict low
temperature cracking frequency. Test sections from the C-LTPP graduate grant, as summarized

in Table B.1 in Appendix B and the C-SHRP test sections [Anderson 99] are used in this analysis.

5.3 MODEL ONE: HAJEK MODEL PREDICITON

The Hajek model was developed based on 42 observations from a number of pavement sections in
Ontario and Manitoba [Hajek 71]. Five independent variables are related to a cracking index.
The cracking index is based on the MTO definition is the number of full plus one half of the half
transverse cracks per 500 foot section of two lane roadway. Cracks less than one half of the
roadway width are not included, the assumption being that they form subsequent to low
temperature cracking and are therefore not a primary manifestation of the phenomena [Haas 73].

The Hajek model (R? = 0.82) predicts cracking as:

log CI = 30.3974 + 0.6026*S*log(d) - 12.4958*m + 1.3388log(S) - 2.1316*d -

0.874*t*log(S) + 6.7977* log(S) (5.1)
where:CI =  Cracking Index
S=  Stiffness of original asphalt cement in kg/cm**10™! as determined by McLeod’s
method for loading time 20,000 seconds and for winter design temperature
a=  Age of the pavement, for the time of prediction

m=  Winter design temperature in (°C x -10")

d=  Subgrade type (dimensionless code 1-sand 2-loam 3-clay)

t= Combined thickness of the bituminous layers in inches
The stiffness variable of the asphalt cement is used to represent the asphalt cement and the mix
properties. The original asphalt cement variables are used to determine stiffness using Figures 5.2
and 5.3. More specifically, the PVN and original penetration are used to determine the
temperature difference between the base temperature and temperature employed for the
penetration value. This value obtained from Figure 5.2 is added to 25°C to give a base
temperature of a given asphalt cement. The specified service temperature is calculated by adding
the specified minimum temperature to the base temperature. The stiffness can then be determined

by using Figure 5.3 and a standard loading time of 20,000 seconds.
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The Hajek model was selected based on Seddick’s work [Seddick 95a] and the concerns raised by
the SHRP review committee with regard to the Superpave low temperature cracking models.
[Witczak 97]. Overall, based on the available data, Hajek’s model seemed well suited to this
research. However, it must be recognized that the stiffness used in this model, S, is not
determined by test but rather by an indirect (nomograph) means developed by McLeod and that it

was only developed for conventional binders [Haas 73].

5.4 MODEL TWO: CANADIAN AIRPORT MODEL PREDICITON

The second model used in the research is the Canadian Airport model [Haas 87] which predicts
transverse cracking. This model is based on data obtained from 22 airports across Canada. Data
includes cracking surveys, laboratory test data, climatic data as well as design and construction
information. Thirty-two variables were examined during the development of this model as
detailed in [Haas 87]. Regression models were used to relate the independent vanables to

cracking. The best-fit model ( R? = 0.70) and the model used herein is defined as:

TRANCRAK =218 + 1.28 ACTHICK + 2.52 MINTEMP + 30 PVN - 60 COEFFX (5.2)

where: TRANCRAK = Transverse crack average spacing in metres

MINTEMP = Minimum temperature recorded on site in °C

PVN = Penetration Viscosity Number

COEFFX = Coefficient of thermal contraction in mm/1000mm/°C
ACTHICK = Thickness of the asphalt concrete layer in centimetres

One limitation associated with this model is related to the fact that only viscosities and
penetrations on recovered asphalts were available for the 22 airports and PVN calculations were
for the recovered asphalts. Original asphalt properties would also have been desirable or even
preferable. However, the model was developed based on observed performance and it seems

reasonable to examine it in this research.
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5.5 HAJEK MODEL PREDICTIONS FOR THE C-LTPP SITES

Cracking frequency was estimated for those sections where the five independent variables as
outlined in equation 5.1 were available. The stiffness value was determined based on the
penetration and PVN for the respective test sections while the thickness value was obtained from
the available core data. Both the total thickness and overlay thickness were examined. The
overlay thickness or new thickness for the C-LTPP sites was used as it was found to give more
reliable cracking results. The total thicknesses of the asphalt for the three C-SHRP test roads
(new construction) were used. The subgrade and minimum temperature were categorized
according to the data provided. Complete results are summarized in Table B.2 in Appendix B.
Table 5.1 summarizes the results for the sections where cracks could be estimated using the Hajek

model and where the observed transverse crack data was available.

The purpose of the analysis was to examine how close the Hajek results were to the observed
transverse cracking.  The predicted results are those results corresponding to the age the
pavement section was when it was last evaluated. The observed values are those values provided
in the databases. It appears that in some cases, the observed cracking is very similar to the
predicted cracking. However, in some cases, particularly when there are more than 100 cracks
observed over 150m, the model under predicts cracking. It is not readily apparent why the
prediction is so different from the observed. Some difference may be attributed to the subjective

nature in counting cracks and the variability associated with the other independent variables.

An ANOVA was performed only on those sections where both Hajek predictions and observed
were available. The results are summarized in Table 5.2 while the detailed results can be found in
Table B.3.

The results indicate that the differences between the predicted cracking and the observed are
statistically insignificant (Fcarcuratep 0.4407 < Fermcar 3.9798). Thus it would indicate that the

Hajek model is a good predictor of cracking frequency.
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Data Test Site Section Age Cracking Index |
Last Evaluation Predicted Observed
(lears) (/150m) (/150m)
C-LTPP 810404 1 7 13.3 143
2 7 6.8 44
3 7 12.7 1.7
4 7 12.8 1.9
820205 1 4 12.8 05
2 4 97 00
820502 | 8 10.0 0.0
2 8 88 0.0
820605 1 8 92 0.0
2 8 4.7 00
830403 1 8 539 71.5
2 8 32.7 29.0
3 8 59.9 30.9
830801 1 7 60.2 92.6
2 7 11.9 254
3 7 95.8 96.6
4 7 458 78.2
840101 1 7 9.8 0.0
2 7 95 0.0
3 7 12.7 0.7
840204 1 7 339 11.8
2 7 452 22.8
840604 1 7 493 69.9
2 7 26.2 58.6
3 7 NA 643
4 7 54.6 75.2
850201 1 7 NA 0.0
2 7 NA 0.0
850206 1 7 55 52
2 7 7.2 19.8
850601 1 7 NA 0.0
2 7 NA 0.0
860501 1 7 4.1 0.0
2 7 7.2 0.0
3 7 82 0.0
860603 1 7 11.2 0.0
2 7 11.4 0.0
3 7 12.5 0.0
870102 1 6 134 404
2 6 219 66.8
870504 1 6 419 338
2 6 70.0 54.0




Table 5.1 Low Temperature Cracking Using Hajek Prediction (Page 2 of 2)

Data Test Site Section Age Cracking Index
Last Evaluation Predicted Observed
Q'em) (/150m) (/150m)

C-LTPP 870505 1 6 9.0 0.0
2 6 NA 49.0

3 6 11.8 55

4 6 27.1 23.8

870701 1 6 27.7 60.5

2 6 17.8 54 .6

880203 1 8 13.0 0.8

2 8 11.7 0.0

3 8 13.0 25

4 8 11.9 0.0
890503 1 7 414 322

2 7 14.7 97

3 7 17.3 14.0
4 7 17.0 15.0
890702 1 7 335 109

2 7 404 22.7

900402 1 8 48.3 37.1
2 8 NA 12.9

900802 1 8 60.6 38.3

2 8 NA 321
3 8 NA 262
900803 1 8 39.8 264
2 8 NA 55.2
C-SHRP Lamont 1 6 67.2 12.0
2 6 455 179

3 6 1.1 0.0

4 6 92.7 18.1

5 6 16.5 7.1

6 6 1.7 29

7 6 83 1.0

Hearst AA 6 0.0 0.6
A 6 09 03

B 6 2.1 0.6

BB 6 2.6 1.6

Sherbrooke A b 58 1.2
B 5 578 6.8

C 5 256 49

D 5 322 1.6
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Table 5.2 ANOVA Summary for Hajek Prediction and Observed Cracking

Comparison” Test Fcarcuratep | Fermmicaw | P-value | Degrees of
Freedom
Section 1 To Between” 2.3621 1.4900 0.0002 69
Section 70 Sections
Hajek Cracking Prediction | Between >’ 0.4407 3.9798 0.5096 1
AND Observed Cracking | Model and
Observed

Notes: 1) Uses C-LTPP and C-SHRP test data [Anderson 99].
2) Represents the difference between test sections where the null hypothesis states all
sections are equal.
3) Represents the differences in Hajek prediction and observed cracking where the
null hypothesis states regardless of how cracking is determined (observed or
predicted), the values will be the same.
A power test was performed on the ANOVA results for the between model and observed
cracking presented in Table 5.2. The results identify the percent difference between the true
values based on the Hajek model and observed model comparison. The operating curve for this
analysis is presented in Figure S.4. When the probability of rejecting the null hypothesis is 95%,
the percent difference in true values would be 3.4%. The values used in the analysis are provided
in Appendix B, Table B.4. This small difference indicates the Hajek cracking prediction is a very

good model and the buyers risk is low.

5.6 AIRPORT MODEL PREDICTIONS AND OBSERVED DATA

Similar to the Hajek model evaluation, a comparison of the Canadian Airport Model [Haas 87]
and observed data was performed. The complete results are contained in Table B.5. Thickness,
PVN and minimum temperatures were the same values used as in the Hajek predictions for the
various sections. The fourth independent variable in this model is the thermal contraction
coefficient (o). This value refers to the asphalt mix volume that decreases when the temperature
decreases. Ideally a direct measurement is preferable. However, when a direct measurement
cannot be taken, the contraction coefficient can be estimated using prediction methods [Anderson
99]. The predictive equations for thermal contraction used by the Superpave system at the time

of this study were not validated and overall there are various methods of estimating thermal
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contraction coefficients as outlined in [Anderson 99]. However, the use of typical coefficients is

often a reasonable procedure when direct measurements are not available [ Anderson 99].

For this comparison analysis, two approaches were taken based on the available data. The crack
frequency estimates for the C-LTPP sections were calculated using five thermal contraction
coefficients considered to be in a reasonable range based on the literature (1.2 x 105 1.5 x 107,
20x10° 22x10° and 2.5 x 107). The closest cracking estimate for the five coefficients was
selected and this value was compared to the observed cracking. The second approach involved
calculating the cracking frequency for the C-SHRP sections using the measured values from
Anderson [Anderson 99]. The predicted cracking was then compared to the observed cracking.
The thermal coefficients for all the sections were calculated based on the observed cracking and

compared to the measured values.

5.6.1 Thermal Contraction CoefTicient Analysis Using C-LTPP Data

Figure 5.5 shows the influence of the thermal contraction coefficient on the transverse crack
spacing for the C-LTPP sections, when all other variables remain constant. The figure indicates
that as the thermal coefficient increases, the spacing between cracks decreases. Obviously, the
thermal coefficient has a major influence on the crack spacing and accurate measurement would
be desirable. The complete results are in Appendix B Table B.S. The cracking index is calculated
as per equation 5.2 and the cracks per 150m has been calculated so that it corresponds with the

observed cracking and Hajek model prediction.

The cracking predicted using the Canadian Airport Model [Haas 87] was compared to the
observed cracking as summarized in Table 5.3. The values highlighted indicate the cracking that

is closest to the observed for the various thermal contraction coefficients.

The second comparison uses the thermal coefficients provided for the C-SHRP test sections
located in Lamont Alberta, Hearst Ontario and Sherbrooke Quebec. For the majority of cases,

the Airport model appears to be a conservative cracking prediction method.
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Test Site Section | PVN | Thickness| Minimum Cracks (/150m)* Observed
Temperature! Using Various CoefTicient of Thermal Contraction® * Cracks
(mum) (°C) 1.2 1.8 2.0 22 2.5 (/150m)
810404 1 022 61 -30 2.1 28 63 129 . 143
2 029 103 -30 20 26 5.6 102 . 4.4
3 0.12 94 30 1.9 25 49 8.0 210.1 1.7
4 0.12 55 -30 2.0 27 5.8 10.7 . 1.9
820205 1 -122 42 -15 1.9 2.5 52 8.8 . 0.5
2 -1.06 83 -15 1.7 22 3.8 5.5 16.5 0.0
820502 1 -1.02 104 -15 1.6 2.1 35 48 115 0.0
2 0.78 118 -15 1.5 1.8 2.9 3.7 6.8 0.0
820605 1 -1.15 50 20 22 30 77 19.9 . 00
2 -1.04 73 -20 20 27 58 109 . 0.0
830403 1 035 100 35 25 36 12.3 789.5 . 715
2 035 113 35 2.4 34 10.8 789 . 29.0
3 -037 148 35 23 3.2 8.5 26.9 * 309
830801 I -0.38 185 =35 2.1 29 6.8 14.8 - 926
2 -0.41 103 35 26 37 14.1 . . 254
3 -0.71 126 35 29 43 33.1 . . 96.6
4 -0.36 170 -35 22 3.0 72 17.1 » 78.2
840101 1 -0.85 174 23 1.8 22 4.1 6.1 224 00
2 NA 179 23 NA NA NA NA NA 0.0
3 -1.01 87 23 22 3.0 72 17.0 . 0.7
840204 1 -0.74 114 24 1.9 25 50 8.4 . 11.8
2 -0.93 88 24 22 29 72 16.9 . 228
840604 1 0.73 107 25 20 26 5.6 10.2 . 699
2 -0.98 90 25 23 32 8.8 298 . 58.6
3 NA 30 25 NA NA NA NA NA 643
4 047 35 25 2.0 2.7 59 11.1 . 752
850201 1 NA 117 30 NA NA NA NA NA 00
2 NA 73 -30 NA NA NA NA NA 00
850206 1 043 106 -30 2.1 28 6.5 13.7 . 52
2 NA 63 -30 NA NA NA NA NA 198
8350601 1 NA 122 -30 NA NA NA NA NA 00
2 NA 74 -30 NA NA NA NA NA 0.0
860501 1 0.70 55 22 2.0 26 5.2 9.0 . 00
2 0.70 85 22 1.9 24 46 73 599 0.0
3 -0.70 41 222 2.0 26 5.6 10.1 » 0.0
860603 1 -0.70 86 20 1.8 22 4.0 58 19.5 0.0
2 -0.68 80 20 NA NA NA NA NA 0.0
3 0.68 34 -20 1.9 24 48 77 103.0 0.0
870102 1 041 95 -20 NA NA NA NA NA 404
2 -0.39 46 -20 1.9 24 45 7.1 50.1 66.8
870504 1 -0.61 31 25 22 3.0 73 17.3 . 338
2 0.70 61 25 2.1 29 6.8 15.1 . 54.0
870505 1 0.64 75 21 1.2 14 2.0 24 34 0.0
2 NA 73 21 NA NA NA NA NA 49.0
3 0.49 105 21 16 2.0 34 4.7 11.0 55
4 0.88 106 21 1.9 24 4.7 74 67.8 238
870701 1 NA 43 25 NA NA NA NA NA 60.5
2 -0.58 106 25 19 24 48 7.8 120.7 54.6
880203 1 -1.10 S1 =20 2.2 29 7.1 16.4 . 08
2 0.6l 109 -20 1.6 20 35 48 11.3 0.0
3 -0.61 51 -20 1.8 23 42 6.3 25.6 25
880203 4 0.61 99 -20 1.7 2.1 36 5.0 12.5 0.0
850503 1 -0.50 40 27 22 3.0 75 18.6 . 322
2 0.55 S1 27 1.5 1.8 28 37 6.5 9.7
airport.xls

CrackFrequency
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Test Site Section PVN | Thickness| Minimum Cracks {/150m)* Observed
Temperature| Using Various Coefficient of Thermal Contraction®* Cracks
(mm) (°C) 1.2 1.5 2.0 2.2 2.5 (/150m)
890503 3 -0.50 106 27 20 26 53 9.1 . 14.0
4 0.55 83 -27 14 1.7 2.6 3.3 8.5 15.0
890702 1 045 44 -28 22 3.0 7.6 19.6 . 109
2 045 85 -28 2.1 2.7 6.0 11.6 . 227
900402 1 -0.77 86 -35 33 54 . g hd 37.1
2 NA 126 -35 NA NA NA NA NA 12.9
900802 1 -0.54 55 -35 3.1 49 2757 b he 383
2 NA 67 -35 NA NA NA NA NA 32.1
3 NA 104 -35 NA NA NA NA NA 26.2
900803 1 045 158 -35 23 32 92 34.2 . 26.4
2 NA 108 -35 NA NA NA NA NA 552
Notes: NA means not available, ® denotes a negative prediction, ** bolded values are closed to observed cracking
Test Site Section | PVN | Thickness| Minimum Coefficient Cracks (/150m) Actual
Temperature Cracks
(mm) (°C) (/150m)

Lamont 1 -0.74 120 40 1.6 10.4 12.0
2 -0.74 97 -40 1.6 13.1 179

3 0.17 121 40 1.6 4.7 0.0

4 -1.22 105 40 12 6.8 18.1

5 0.05 104 40 1.6 42 71

6 -0.09 115 40 2.7 4.6 29

7 -0.30 110 40 1.6 3.2 1.0

Hearst AA -0.27 54 -35 1.8 73 06
A -0.27 50 -35 1.8 7.5 0.3

B 042 59 -35 1.8 9.0 0.6

BB 042 100 -35 1.8 6.8 1.6

Sherbrooke A 0.04 120 -35 1.5 2.7 12
B -0.70 120 -35 1.5 4.4 6.8

C 0.12 120 -35 1.5 2.6 49

D -0.72 120 -35 1.5 4.5 1.6

airport.xis

CrackFrequency
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Figure 5.6 shows the comparison between the transverse cracks predicted for the C-LTPP test
sections and the observed cracks. = When the observed cracking on the various test sections is
greater than 70 cracks per 150m it indicates that the cracking prediction for the airport model for
the various thermal coefficients is not very close to the observed. One possible explanation for
this occurrence is that when more than 70 cracks occur, this is outside the range of the data used

to develop the model.

Based on this discrepancy, two ANOVA'’s were run to compare the airport cracking prediction to
the observed cracking as summarized in Tables 5.4, 5.5 and B.6.

Table 5.4 ANOVA Summary for Airport Prediction and Observed Cracking

Comparison” Test Fcarcuratep | Fermmicar | P-value | Degrees of
Freedom
Section 1 To Between” 2.8267 1.5133 2.53E-5 64
Section 65 Sections
Airport Cracking Prediction | Between® 9.3084 3.9909 0.0033 1
AND Observed Cracking | Model and
Observed

Notes: 1) Uses C-LTPP test data.
2) Represents the difference between test sections where the null hypothesis states all
section are equal.
3) Represents the differences in Airport prediction and observed cracking where the
null hypothesis states regardless of how cracking is determined (observed or
predicted), the true values will be equal.

Table 5.4 summarizes the ANOVA when all sections are included where both the airport
prediction can be made and observed values are available. The differences between the airport
model prediction and the observed are shown to be statistically significant. Thus the model does
not appear to predict results close to those observed using typical thermal contraction

coefficients.

When the ANOVA is rerun (Table 5.5) excluding the sections where more than 70 cracks have
been observed, the differences between the model and observed are shown to be not statistically

significant, with a p value of 0.0687 or 6.87% chance that the result will be greater than the F




calculated value.

conservative in predicting cracking. The Type II error was assessed on this result.

Table 5.5 ANOVA for Airport Prediction and Observed Cracking (< 70 Cracks)

106

Consequently, it reinforces the fact that the Airport model appears to be

Comparison" Test Fcarcuiatep | Fermmicar | P-value | Degrees of
Freedom
Section 1 To Between” 43175 1.5400 3.9E-8 59
Section 60 Sections
Airport Cracking Prediction | Between® 3.4385 4.0040 0.0687 1
AND Observed Cracking | Model and
Observed

Notes: 1) Uses C-LTPP test data.
2) Represents the difference between test sections where the null hypothesis states all

section are equal.

3) Represents the differences in Airport prediction and observed cracking where the
null hypothesis states regardless of how cracking is determined (observed or
predicted), the true values will be equal.

The operating curve for the power test based on the ANOVA in Table 5.5 is presented in Figure

5.7. The complete results are in Appendix B, Table B.4. At the 95% rejection rate of the null

hypothesis, the difference between the true values would only be 7.5%. This difference is small

and it reinforces that the Airport Model [Haas 87] is a good model for predicting cracking when

less than 70 cracks occur. However, as pointed out in Table 5.4, when more than 70 cracks occur

it is not a good predictor.
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5.6.2 Thermal Contraction Coefficient Analysis Using C-SHRP Test Sites

The measured thermal coefficients, as provided by Anderson [Anderson 99] for the three C-SHRP
test roads located in Lamont Alberta, Hearst Ontario and Sherbrooke Quebec, were used to
predict cracking at the minimum temperature as shown in Table 5.3. The thermal coefficient
based on the observed cracking was also calculated and an ANOVA, Table B.7 and Table 5.6
compare the two coefficients for C-SHRP test roads. Only those test roads where greater than 1
crack per 150 m was included. The results indicate that the differences between the measured
thermal contraction coefficient and the calculated thermal contraction coefficient based on the
observed cracking are not statistically significant. Additionally, the high p value (.8838) indicates
that there is a strong indication that the measured value is consistent with the value based on the

observed cracking on the various test sections.

Table 5.6 ANOVA for Airport Prediction and Observed Cracking (< 100 Cracks)

Comparison” Test Fcarcuratep | Feriticar | P-value Degrees of
Freedom
Section 1 To Between® 0.8722 3.1789 0.5791 9
Section 10 Sections
Measured o« AND o Based | Between o *’ 2.1393 5.1174 0.1776 1
| on Observed Cracking

Notes: 1) Uses C-SHRP test sections.
2) Represents the difference between test sections where the null hypothesis states all
section are statistically equal.
3) Represents the differences in a measured and « based on observed cracking where the
null hypothesis states regardless of how o is determined (observed or measured), the
values will be the same.

5.7 THREE WAY COMPARISON

Table 5.7 summarizes the cracking predictions for the Hajek model, Canadian Airport model and

the observed cracking on the various test sections. The thermal coefficient calculated based on




Table 5.7 Comparison of Transverse Crack Prediction (Page 1 of 2)

Test Site | Section | Minimum Airport Model Hajek | Actual Thermal®
Temperature| Thermal” | Crack Prediction | Prediction] Cracks || Coefficient
(°C) Coefficient (/150m) (/150m) || (/150m)
810404 1 -30 2.20 12.9 133 143 2.22
2 -30 2.00 5.6 6.8 4.4 1.88
3 -30 1.50 2.5 12.7 1.7 1.04
4 -30 1.50 2.7 12.8 1.9 1.12
820205 1 -15 1.20 1.9 12.8 0.5 0¥
2 -15 1.20 1.7 9.7 0.0 0.00
820502 1 -15 1.20 1.6 10.0 0.0 0.00
2 -15 1.20 1.5 88 0.0 0.00
820605 1 -20 1.20 2.2 9.2 0.0 0.00
2 -20 1.20 2.0 4.7 0.0 0.00
830403 1 -35 2.00 12.3 53.9 71.5 2.17
2 -35 2.20 78.9 32.7 29.0 2.15
3 -35 2.20 26.9 59.9 30.9 221
830801 1 -35 2.20 14.8 60.2 92.6 2.34
2 -35 2.00 14.1 11.9 254 2.08
3 -35 2.00 33.1 95.8 96.6 2.05
4 -35 2.18 17.1 45.8 78.2 2.31
840101 1 23 2.20 6.1 9.8 0.0 0.00
2 223 NA NA 9.5 0.0 NA
3 -23 1.20 2.2 12.7 0.7 0?
840204 1 24 2.20 84 33.9 11.8 2.29
2 -24 2.20 16.9 452 228 2.24
840604 1 25 2.20 10.2 493 69.9 241
2 25 2.20 29.8 26.2 58.6 224
3 .25 NA NA NA 64.3 NA
4 -25 2.20 11.1 546 75.2 2.39
850201 1 =30 NA NA NA 0.0 NA
2 -30 NA NA NA 0.0 NA
850206 1 -30 2.00 6.5 5.5 5.2 1.90
2 -30 NA NA NA 19.8 NA
850601 1 -30 NA NA NA 0.0 NA
2 -30 NA NA NA 0.0 NA
860501 1 222 1.20 2.0 4.1 0.0 0.00
2 22 1.20 1.9 7.2 0.0 0.00
3 -22 1.20 2.0 8.2 0.0 0.00
860603 1 -20 1.20 1.8 11.2 0.0 0.00
2 -20 NA NA 11.4 0.0 0.00
3 -20 1.20 1.9 12.5 0.0 0.00
870102 1 -20 NA NA 13.4 40.4 2.73
2 -20 2.50 50.1 21.9 66.8 2.66
870504 1 =25 2.18 17.3 419 338 227
2 -25 2.20 15.1 70.0 54.0 2.32
870505 1 221 1.23 1.2 9.0 0.0 0.00
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Table 5.7 Comparison of Transverse Crack Prediction (Page 2 of 2)

Test Site | Section | Minimum Airport Model Hajek || Actual | Thermal”
Temperature| Thermal” | Crack Prediction | Prediction] Cracks || Coefficient
(°C) Coefficient (/150m) (/150m) | (/150m)

870505 2 221 NA NA NA 49.0 NA
3 21 2.20 4.7 11.8 55 2.27

4 -21 2.50 67.8 27.1 23.8 2.43

870701 1 25 NA NA NA 60.5 NA
2 -25 2.50 120.7 17.8 54.6 2.47

880203 1 20 1.20 22 13.0 0.8 0¥
2 -20 1.20 1.6 11.7 0.0 0.00

3 -20 2.00 42 13.0 25 1.60

4 -20 1.20 1.7 11.9 0.0 0.00

890503 1 27 2.20 18.6 41.4 322 2.26
2 27 2.50 6.5 14.7 9.7 2.62

3 27 2.20 9.1 17.3 14.0 2.30

4 27 2.50 5.5 17.0 15.0 2.78

890702 1 -28 2.22 19.6 335 10.9 2.10
2 -28 2.20 11.6 40.4 22.7 2.31

900402 1 -35 3.28 54 483 37.1 1.90
2 -35 NA NA NA 12.9 NA

900802 1 -35 1.50 49 60.6 38.3 1.94
2 35 NA NA NA 32.1 NA

3 -35 NA NA NA 26.2 NA

900803 1 35 2.20 34.2 39.8 26.4 2.18
2 -35 NA NA NA 55.2 NA

Lamont 1 -40 1.60 10.4 67.2 12.0 1.63
2 ~40 1.60 13.1 455 17.9 1.65

3 40 1.60 4.7 1.1 0.0 0.10

4 -40 1.20 6.8 92.7 18.1 1.43

5 -40 1.60 42 16.5 7.1 1.85

6 -40 2.70 4.6 1.7 2.9 1.30

7 -40 1.60 3.2 8.3 1.0 0.10

Hearst AA 35 1.80 73 0.0 0.6 0.10
A 35 1.80 15 0.9 0.3 0.10

B 35 1.80 9.0 2.1 0.6 0.10

BB -35 1.80 6.8 2.6 1.6 0.60

Sherbrooke| A 35 1.50 2.7 58 1.2 0.50
B -35 1.50 44 57.8 6.8 1.70

C -35 1.50 26 25.6 4.9 2.00

D 35 1.50 45 32.2 1.6 0.50

Notes: NA means not available
1) Indicates closest cracking prediction to observed using coefficients (1.2, 1.5, 2.0, 2.2, and 2.5)
2) Refers to the thermal coefficient that matches the observed cracking
3) Refers to a negative calculated value which is not possible
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the observed cracking is summarized in the last column. For the C-LTPP numbered sites (test site
810404 through 900803), the thermal coefficients range between 0.1 to 2.78. The 0.1 to .6 range
is based on a very small amount of observed cracking. The majority of the values appear

reasonable based on the literature [ Anderson 99].

Table 5.8 summarizes the differences between the models in terms of the number of transverse
cracks. Three comparisons were made. The Airport model versus the observed cracking, the
Hajek model versus the observed cracking and the Airport and Hajek model companson. The
bolded values represent the smallest difference, or in other words the closest prediction. For
example, for the test site 810404, Section 1, the Airport model and Hajek model showed the
closest comparison with a difference of only 0.4 transverse cracks. The difference between the

Airport model and observed is 1.4 cracks and Hajek and observed showed 1.0 cracks.

The third comparison, the Hajek model and Airport model comparison was included as it indicates
those cases where both these models predicted similar performance while the observed cracking
was different. The average and standard deviations of the differences are also presented at the
bottom of Table 5.8. When all test sections are included in the analysis, the Hajek model and the
observed cracking show the closest average prediction. This is closely followed by the Airport
prediction comparison to the observed cracking.  On average, the Hajek model slightly over
predicted the observed cracking by 4.5 transverse cracks, while the Airport model under predicted

cracking by 8.4 transverse cracks.

Based on the large standard deviation values, the average and standard deviation values were also
calculated for cases where less than 70 cracks occurred. This analysis indicates that the Airport
model and observed values were very close (-0.8 difference) on average with a standard deviation
of 17.8. It also shows that the differences between the Hajek and observed cracking are small,

only 10.1 transverse cracks and for the Airport and Hajek models only 10.9 transverse cracks.

Figure 5.8 summarizes the crack comparison between the two cracking prediction models and the

observed cracking for all sections. This is a summary of the number of times the comparison (i.e.
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)

Test Site | Section Airport Model | Hajek Actual Transverse Cracking Comparison'
Crack Prediction |Prediction| Cracks Airport & Hajek & Airport &
(/150m) (/150m) (/150m) Observed” Observed” Hajek®
810404 1 12.9 133 14.3 -14 -1.0 -0.4
2 5.6 6.8 44 1.2 24 -1.2
3 2.5 12.7 1.7 0.8 11.0 -10.2
4 2.7 12.8 1.9 0.8 10.9 -10.1
820205 1 1.9 12.8 0.5 1.4 123 -10.9
2 1.7 9.7 0.0 1.7 9.7 -8.0
820502 1 16 10.0 0.0 1.6 10.0 -84
2 1.5 8.8 0.0 1.5 8.8 -7.3
820605 I 2.2 92 0.0 2.2 92 -70
2 2.0 4.7 0.0 2.0 4.7 -2.7
830403 1 123 53.9 715 -59.2 -17.6 41.6
2 78.9 32.7 29.0 499 3.7 46.2
3 26.9 59.9 30.9 4.0 290 -33.0
830801 1 14.8 60.2 92.6 -77.8 -32.4 454
2 14.1 11.9 254 -11.3 -13.5 2.2
3 33.1 95.8 96.6 -63.5 0.8 62.7
4 17.1 45.8 78.2 -61.1 -32.4 -28.7
840101 1 6.1 9.8 0.0 6.1 9.8 -3.7
3 2.2 127 0.7 1.5 12.0 -10.5
840204 l 84 339 11.8 -3.4 22.1 2255
2 16.9 45.2 22.8 -5.9 224 -283
840604 1 10.2 493 69.9 -59.7 -20.6 -39.1
2 298 26.2 58.6 -28.8 -324 3.6
4 11.1 54.6 75.2 -64.1 -20.6 435
850206 1 6.5 5.5 5.2 1.3 0.3 1.0
860501 1 2.0 4.1 0.0 2.0 4.1 -2.1
2 1.9 7.2 0.0 1.9 7.2 -5.3
3 2.0 8.2 0.0 2.0 8.2 -6.2
860603 l 1.8 112 0.0 1.8 11.2 94
3 1.9 12.5 0.0 1.9 12.5 -10.6
870102 2 50.1 219 2225 -172.4 -200.6 28.2
870504 1 17.3 419 338 -16.5 8.1 -24.6
2 15.1 70.0 54.0 -38.9 16.0 -54.9
870505 1 12 9.0 0.0 1.2 9.0 -78
3 4.7 11.8 55 -0.8 6.3 -7.1
4 67.8 27.1 23.8 44.0 3.3 40.7
870701 2 120.7 17.8 54.6 66.1 -36.8 102.9
880203 l 2.2 13.0 0.8 1.4 12.2 -10.8
2 1.6 11.7 0.0 1.6 11.7 -10.1
3 42 13.0 2.5 1.7 10.5 -8.8
4 1.7 11.9 0.0 1.7 11.9 -10.2
890503 1 18.6 414 32.2 -13.6 9.2 -22.8
2 6.5 14.7 9.7 -3.2 5.0 -8.2
3 9.1 17.3 14.0 49 3.3 -8.2
4 5.5 17.0 15.0 -9.5 2.0 -11.5
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Test Site Section Airport Model | Hajek Actual Transverse CnckinLCompnrison"
Crack Prediction | Prediction| Cracks Airport & Hajek & Airport &
(/150m) (/150m) | (/150m) Observed” Observed” Hajek”

890702 1 19.6 335 10.9 8.7 226 -13.9
2 11.6 404 22.7 -11.1 17.7 -28.8
900402 1 54 48.3 37.1 -31.7 11.2 -42.9
900802 1 49 60.6 383 -334 22.3 -55.7
900803 1 34.2 39.8 26.4 7.8 134 -5.6
Lamont 1 104 67.2 12.0 -1.6 55.2 -56.8
2 13.1 45.5 17.9 -4.8 276 -324

3 4.7 1.1 0.0 4.7 1.1 36
4 6.8 92.7 18.1 -11.3 74.6 -859

5 42 165 7.1 -2.9 94 -12.3

6 4.6 1.7 29 1.7 -1.2 29

7 3.2 8.3 1.0 2.2 7.3 -5.1

Hearst AA 7.3 0.0 0.6 6.7 -0.6 7.3

A 7.5 0.9 03 72 0.6 6.6

B 9.0 2.1 0.6 84 1.5 6.9

BB 6.8 2.6 1.6 52 1.0 42

Sherbrooke A 2.7 5.8 1.2 1.5 4.6 -3.1
B 44 57.8 6.8 -2.4 51.0 -33.4
C 26 25.6 49 -2.3 20.7 -23.0
D 4.5 32.2 1.6 2.9 306 -27.7
Averags -84 4.5 -12.9

t Standard Deviation 31.9 31.7 27.1
Average® 0.8 10.1 -10.9

Standard Deviation® 17.8 16.9 26.1

Notes: 1) Bolded Value Indicates Smallest Difference

2) Negative Values indicate the observed cracking is higher than Hajek model predicted

3) Negative value indicate the Hajek model predicted more cracking than the Airport model predicted
4} Includes Cases With Less Than 70 Cracks
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Airport model and observed, Hajek model and observed and Airport and Hajek models) is the
best (or the case where the comparison provides the smallest difference). As shown, for 55% of
the test sections, the Canadian Airport and observed showed the smallest difference in cracking,
while for 33% of the sections, the Hajek and observed showed the smallest difference. Based on
this observation combined with the average and standard deviation values in Table 5.8, it appears
that the Hajek model was close to the observed it was very close, particularly in cases where the
amount of observed cracking was very small. However, when the observed cracking increased,

the airport model was better at predicting observed cracking.

Figure 5.9 shows the crack comparisons for sections where less than 70 cracks were observed.
Although it is similar to Figure 5.8, it indicates that in cases where less than 70 cracks were
observed, that the models were predicting well (as observed by the decrease in the percent of
times where the Airport and Hajek model has the closest predictions). Again, despite the small
average difference between the Hajek model and observed cracking, the Airport and observed

model show that for 60% of the sections, it is the best comparison.

Figures 5.10 and 5.11 express the magnitude of the cracking difference for all sections and those
sections where less than 70 cracks were observed. This further emphasizes the fact that when a
small amount of cracking is observed, the airport model is closest. However, as the amount of

cracking observed increases, the Hajek model gives a closer prediction.

5.8 SUMMARY OF MODULE TWO

The analysis indicates that the Hajek model and Canadian Airport model show good correlation to
the observed cracking. However, an update to the models based on the long term performance
information would be desirable. In any case, the resuits provide sufficient confidence for their use

in Module Three to predict performance.
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CHAPTER SIX MODULE THREE : PERFORMANCE
PREDICTION

The objective of this module is to relate the thermal cracking obtained from Module Two to
pavement performance. The chapter describes how low temperature cracking is related to
roughness in terms of the Riding Comfort Index (RCI). Various relationships, which relate RCI
to International Roughness Index (IRI), are examined. As well, measured IRI values on the C-
LTPP sections are compared to the predicted IRI values. The roughness information is then used

to predict performance.

6.1 PAVEMENT DETERIORATION

The purpose of a performance model is to estimate the future deterioration of the various
pavement sections and ultimately determine when the section will need to be rehabilitated [Haas
97]. Traditionally, the Riding Comfort Index (RCI) has been the selected method for
characterizing roughness in Canada. This is based on a subjective measure which describes the
pavement-vehicle-human interaction. Table 6.1 outlines the typical range of RCI values and their

practical significance [MTO 89].

Using the RCI value, the remaining life can be calculated based on the functional classification
(i.e., freeway, principal arterial, etc.) and the pavement factors (i.e. traffic level, subgrade,
environment, etc.). Typical pavement deterioration is depicted in Figure 6.1. The minimum
acceptable level for a pavement section will be determined based on the functional classification.
For example a freeway would generally have a higher minimum acceptable level than a local road.
If the current RCI level is known, then based on the pavement factors, the rate of deterioration

and time of rehabilitation can be determined [Haas 97].
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Table 6.1 Riding Condition Rating [MTO 89]

RCR/RCI Ride Condition Guidelines

8-10 Excellent Very smooth ride.

6-8 Good Smooth ride with just a few bumps or depressions.

4-6 Fair Still comfortable ride with intermittent bumps or
depressions.

2-4 Poor Uncomfortable ride with frequent bumps or depressions.

0-2 Very Poor Uncomfortable ride with constant bumps or depressions
resulting in rattle and hake of rating vehicle. Cannot :
maintain posted speed and must steer constantly to avoid
bumps or depressions. Dangerous at 80km/hr.

Many agencies use their own roughness measures. In an attempt to standardize roughness, the
International Roughness Index (IRI) has been developed [Sayers 86]. It is the measure used for
the C-LTPP sections.

The IRI is a measurement scale which simulates a standardized response type road roughness
measuring system in terms of a quarter car. IRI uses the longitudinal road profile by accumulating
the output from a quarter car model and dividing by the profile length to yield a summary
roughness index with units of slope such as metres per kilometre (mkm). It has become
recognized as a general purpose roughness index that is strongly correlated to most kinds of
vehicle response type measuring devices. The IRI is linearly proportional to roughness and it
describes profile roughness that causes vehicle vibrations. An IRI of 0.0 m/km means the profile
is perfectly flat or smooth. An IRI of 8m/km would be nearly impassible to drive except at
reduced speeds. Figure 6.2 shows the typical IRI ranges based on a World Bank Study [Sayers
86].
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6.2 RELATING LOW TEMPERATURE CRACKING TO ROUGHNESS

The results in Module Two focus on predicting low temperature cracking in a pavement structure.
The intent of Module Three is to determine roughness based on cracking. This is a very difficult
and challenging engineering task, as discussed in Chapter Two, because of all the confounding
factors. In other words, the problem is to isolate the contribution of cracking to roughness
progression or loss of performance. It appears that the only project able to do this involved the
Canadian Airport Study [Haas 87], which developed the model of equation 6.1. The equation

relates the transverse cracking to the RCIL.

RCI = 5.4 + 0.02 TRANCRAK - 11.6 / (TRANCRAK)? 6.1)
where: RCI = Riding Comfort Index (Between 0 and 10)
TRANCRAK = Transverse crack spacing, m

Cracking represents damage to the pavement. This damage is often associated with reduced in-
service life. However, very little data is available which isolates the effect of cracking on
performance. One of the major problems in isolating this effect, is that there are so many other
factors which can influence pavement performance. An example of such factors and their

interaction are given in Figure 6.3 [Haas 99a].

Equation 6.1 is shown in graphical terms in Figure 6.4 [Haas 91]. It clearly indicates that
pavement life is increased with increased crack spacing (i.e. lower frequency of cracking). For
example, five years longer life is obtained if the crack spacing increases from Sm to 20m, where
the S5m spacing corresponds to the normal initial design life of 15 years for these pavements. This

increased life has significant implications with regards to the life cycle cost of the pavement.
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Figure 6.3 Factors and Interactions Which Can Affect Pavement Performance [ Haas 99a]
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It is recognized that having only one such model currently available is certainly a weakness in the
overall integrated model. Nevertheless, it was also considered appropriate to use it in any case,
with a strong recommendation that this should be a priority research item, particularly in view of

the adverse effect of cracking on performance.

6.3 RELATING RCI/RCR TO IRI

Based on the subjective nature of RCI, advances in automated roughness measuring devices and
the fact that IRI is becoming a standard measure for pavement roughness, various relationships
have been developed which relate RCI or RCR to IRI. Based on a review provided in the
Transportation Association of Canada Pavement Design and Management Guide [Haas 97), the
following five equations were used to relate the RCI value obtained using the Canadian Airport

Model to the observed IRI value.

IRI = 5.588 — 0.578 * RCI [Hein 89] (6.2)
RCI = |0 * ¢* 8™ [Paterson 86] (6.3)
RCI = 10 * g%*™ [Al-Omari 84) (6.4)
RCRezusers =9.11 — 1.39 * IRI [Hajek 95] (6.5)
RCRuctusers = 9.37 — 1.71 * IRI [Hajek 95] (6.6)

Where: IRI = International Roughness Index
RCI = Riding Comfort Index
RCR = Riding Comfort Rating

Only equation 6.2 uses RCI as an independent variable to estimate IRI. Thus, it is the only
“valid” one in a statistical sense. However, the others, equations 6.3 to 6.6 were also used, with

full recognition of this caveat.

6.4 DATA USED FOR MODULE THREE

The C-LTPP test sections were used in this module as both the thermal cracking and roughness

data was available. The roughness data was recently validated and examined under a research
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contract carried out by the University of Waterloo for the Transportation Association of Canada
[Haas 99].  For the purpose of this analysis, the roughness values for each of the C-LTPP
sections were compared to the thermal cracking provided. It is important to recognize that
thermal or transverse cracking is one of seven types of cracking data (block, centreline, edge,
meander, midlane, transverse and wheel crack) available in the C-L TPP database. It is assumed in
this work, that the Canadian Airport Model accounts for these other distresses in the roughness

relationship although the only independent variable is the transverse cracking.

It is also notable that the IRI values for the C-LTPP test sections are extremely smooth based on
engineering experience [Haas 99]. In fact, the IRI values tend to range between 1.0 and 2.0 for
most sections at 8 years in service. One reason may be that these are test sections and extra care

was taken during the construction.

6.5 ANALYSIS OF C-LTPP SECTIONS

The analysis procedure for Module Three is outlined in Figure 6.5. The RCI values for the C-
LTPP sections were calculated using observed thermal cracking. IRI’s were then calculated using
equations 6.2 through 6.6 for the various sections. The observed IRI’s for the C-LTPP sections

are then compared to the predicted IRI values using the equations.

Table 6.2 summarizes the RCI and IRI calculations using the aforementioned equations. The
observed IRI values are also included. The sections included in this summary are only those with
less than 100 observed cracks, with RCI values between 0 and 10 and sections where all the IRI
values calculated using the equations were positive. It is apparent that the observed IRI values on

the C-LTPP sections are consistently less than predicted.

Figure 6.6 indicates that the observed cracking is not well correlated to the observed IRI. It
would be expected that as the amount of observed cracking increases, the observed IRI would
increase. However, based on this figure there does not seem to be any relationship between the

observed cracking and observed IRI. The reason is not apparent, other then it is early in the life
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Table 6.2 IRI Comparison

Test Site | Section | Actual |Airport”| IRI® | IRI® | IRI | IRI® | IR Observed
Cracks | Model Age IRI
(/150m) | RCI

810404 1 14.3 554 2.39 326 227 2.57 224 5 1.452
810404 2 4.4 6.10 2.06 2.73 1.90 2.17 1.91 5 1.372
810404 3 1.7 717 1.44 1.84 1.28 1.40 1.29 5 1.335
810404 4 1.9 6.99 1.55 1.98 1.38 1.53 1.39 5 1.174
830403 1 71.5 2.84 3.95 6.95 484 4.51 3.82 8 1.266
830403 2 290 S5.11 2.64 3.7 2.58 2.88 2.4 8 1.497
830403 3 30.9 5.04 2.67 3.78 2.63 293 253 8 1.573
830801 1 92.6 1.04 4.98 12.49 8.69 5.80 4.87 8 0.851
830801 2 254 5.22 2.57 359 2.50 2.80 2.43 8 1.146
830801 3 96.6 0.65 5.21 15.09 10.51 6.09 5.10 8 1.465
830801 4 78.2 2.32 425 8.07 5.62 4.89 4.12 8 0.862

40204 1 11.8 5.62 2.34 3.19 2.22 2.51 2.19 8 1.838
840204 2 22.8 5.30 2.52 3.51 244 2.74 2.38 8 1.798
840604 1 69.9 2.96 3.88 6.73 4.68 4.43 3.7 8 1.584
840604 2 586 3.72 3.44 5.47 3.81 3.88 3.31 8 1.66
840604 3 64.3 3.35 3.65 6.04 4.21 4.14 3.52 8 1.42
840604 4 75.2 2.56 4.1 753 5.24 4.71 3.98 8 2.319
850206 1 52 5.99 2.12 2.83 1.97 2.24 198 5 1.409
8350206 2 19.8 5.39 2.47 3.42 2.38 2.68 2.33 5 1.34
870102 1 40.4 4.67 2.89 4.20 293 3.19 2.75 8 1.59
870102 2 66.8 3.18 375 6.32 4.40 4.26 3.62 8 2.633
870504 1 338 4.94 2.73 3.90 2.71 3.00 2.59 8 1.295
870504 2 540 3.99 3.28 5.08 3.54 3.68 3.15 8 1.134
870505 2 490 4.26 3.13 4.71 3.28 3.49 2.99 8 0.986
870505 3 S.5 5.96 2.14 2.86 1.99 2.27 1.99 8 0.765
870505 4 23.8 5.27 2.54 354 246 2.76 2.40 8 1.356
870701 1 60.5 3.60 3.51 5.65 3.93 3.97 3.38 8 1.485
870701 2 546 3.95 3.30 513 3.57 3.7 3.17 8 1.017
880203 1 08 9.12 0.32 0.51 0.35 -0.01 0.15 8 1.42
880203 3 2.5 6.61 1.76 2.28 1.59 1.80 1.61 8 1.712
890503 1 322 5.00 2.70 3.83 2.67 2.96 2.56 8 1.557
890503 2 9.7 5.69 2.30 3.11 2.17 2.46 2.15 8 1.421
890503 3 14.0 5.55 2.38 325 2.27 2.56 2.23 8 1.171
890503 4 15.0 552 2.40 328 2.29 2.58 2.25 8 1.183
850702 1 10.9 5.65 2.32 3.16 2.20 2.49 2.18 5 1.78
850702 2 227 5.30 2.52 3.50 2.44 2.74 2.38 5 1.558
900402 1 37.1 4.81 2.81 4.05 2.82 3.08 2.67 8 1.148
900402 2 129 5.58 2.36 3.22 2.24 2.54 2.22 8 1.069
900802 1 383 4.76 2.84 4.10 2.86 3.13 2.70 8 0.92
900802 2 32.1 5.00 2.70 3.83 2.67 2.96 2.56 8 1.028
900802 3 26.2 5.20 2.58 3.62 2.52 2.81 2.44 8 0.929
900803 1 26.4 5.19 2.59 3.62 2.52 2.82 2.44 8 1.231
900803 2 55.2 3.92 332 5.17 360 73 3.19 8 1.806

Notes: 1) RCI = 5.444+0.019624 TRANCRAK - 11.62/(TRANCRAK)?2 [Haas 87]
2) IRI = 5.588 - 0.578*RCI [Hein 89)
3) RCI=10*c *°'®™ [pPaterson 86]
4)RCI=10"* ¢ °*"®! [Al-Omari 94]
5) RCR oy users = 9.11 - 1.39 IRI [Hajek 95]
6) RCRuuck wens = 9.37 - 1.71 IRI  [Hajek 95]
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of the sections and the IRI’s all are “clustered” in a fairly narrow range. Figure 6.7 shows that the
calculated RCI using the Canadian Airport Model decreases with increased cracking (as would be
expected) in a form which appears to be sinusoidal. = Based on these initial findings, two
subsequent analyses were performed. Five ANOVA'’s were performed and a cracking grouping

based on the observed cracks were performed.

An ANOVA for the calculated IRI, using equations 6.2 through 6.6, versus the observed IRI
values was performed. The complete summary is found in Appendix C Table C.1 to C.5 while the
summarized results are in Table 6.3. All five of the IRI predictions are shown to be statistically
different as compared to the observed IRI values (Fcarcuraten > Fermicad)-

Table 6.3 ANOVA for IRI Prediction and Observed IRI

Comparison” Test Fcarcuiaten | Fermicar | P-value | Degrees of
Freedom
Hein IRI AND Between®” 98.3751 4.0727 1.4E-12 1
Observed IRI Observed &
Predicted _
Paterson IRI AND Between” 61.9870 4.0727 8.4E-10 1
Observed IRI Observed &
Predicted
Al-Omari IRI AND Between” 39.6384 4.0727 1.4E-7 1
Observed IRI Observed &
Predicted
Hajekearusers IRI AND Between” 95.7969 40727 | 2.1E-12 1
Observed IRI Observed &
‘, Predicted
" HajeKyuerwers IRIAND | Between? 78.4219 4.0727 | 3.7E-11 1
Observed IRI Observed &
Predicted

Notes: 1) Uses C-SHRP test sections.

2) Represents the differences in the predicted IRI and the observed cracking where the
null hypothesis states regardless of how IRI is determined (observed or predicted), the
values will be equal.

Based on the findings, another ANOVA was performed. This ANOVA focused on the situation
where less than 10 cracks were observed. The observed IRI was then compared to the predicted.

Based on the results presented in Table 6.4 and Table C.6, when there were less than 10 cracks
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the IRI predicted using the RCI based on the Canadian Airport Model [Haas 87] was statistically

not different from the observed IRI with the exception of the Paterson equation.

Table 6.4 ANOVA for IRI Prediction and Observed IRI Less Than 10 Cracks

Comgparison" Test Fcarcuratep | Ferimicar | P-value | Degrees of
Freedom
Hein IRI AND Between” 2.6991 5.5915 0.1444 1
Observed IRI Observed &
Predicted
Paterson IRI AND Between? 9.3023 5.5915 0.0186 1
Observed IRI Observed &
Predicted
Al-Omari IRI AND Between® 1.1980 5.5915 .3099 1
Observed IRI Observed &
Predicted
Hajekesrusers IRI AND Between” 2.2790 5.5915 0.1749 1
Observed IRI Observed &
Predicted
HajeKuckusers IRI AND Between” 1.0518 5.5915 0.3392 1
Observed IRI Observed &
Predicted

Notes: 1) Uses C-SHRP test sections.
2) Represents the differences in the predicted IRI and the observed cracking where the

null hypothesis states regardless of how IRI is determined (observed or predicted), the

values will be equal.

The average IRI predicted for the various equations was compared to a grouped observed
cracking. The cracks were categorized as O —10 cracks, 10 — 20 cracks, 20 — 30 cracks, 30 — 40
cracks 40 — 50 cracks and 50 — 100 cracks. Based on Table 6.5, it indicates that the Hajek [Hajek

95] model for truck users shows the closest prediction to the observed.

6.6 SUMMARY OF FINDINGS

The findings indicate that the RCI model of equation 6.1 combined with the various IRI
This lack of
consistency may be related to the very smooth observed C-LTPP test sections. In short, the IRI

predictions are not a good means of estimating IRI based on the C-LTPP sections.

predictions using equations 6.2 through 6.6 appear to consistently predict higher values than
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Observed Measured IRI Equation
Cracking IRIY Hein” Paterson” | Al-Omari® | Hajek Car”® | Hajek Truck®
(Cracks/150m)

0-10 Average 1.36 1.77 2.33 1.63 1.80 1.62

Standard Deviation 0.29 0.53 0.74 0.51 0.66 0.54

10-20 Average 1.53 242 3.32 231 261 2.27

Standard Deviation 0.36 0.03 0.05 0.03 0.03 0.03

20-30 Average 1.29 2.53 3.52 2.45 2.75 2.39

Standard Deviation 0.13 0.08 0.14 0.10 0.10 0.08

30-40 Average 1.34 2.78 4.00 2.78 3.06 2.64

Standard Deviation 0.31 0.06 0.12 0.09 0.08 0.06

40 - 50 Average 1.35 3.07 4.58 3.19 3.41 2.93

Standard Deviation 0.23 0.07 0.16 0.11 0.09 0.07

50 - 100 Average 1.30 4.39 9.43 6.56 5.07 427

Standard Deviation 0.33 0.61 3.15 2.19 0.76 0.62

Notes 1) Bolded Values are the average [RI and closest calculated IRI

2) IRI = 5.588 - 0.578*RCI [Hein 89]

3)RCI = 10 *e “'®* (pPaterson 86}
4)RCI=10* ¢ °** [Al-Omari 94]

5) RCReysusers = 9.11 - 1.39 IRI [Hajek 95]
6) RCRyuek wsars = 9-37 - 1.71 IRI  [Hajek 95]
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observed. In addition, the predicted values are very similar. However, as the number of cracks
increases, the predicted IRI values diverge. The Hein model [Hein 89] and Hajek models [Hajek
95] predict similar results while the Al-Omari [Al-Omari 94] and Paterson [Paterson 86]
equations, result in much higher IRI predictions as the number of cracks increases, or an increased

RCI based on the Canadian Airport Prediction [Haas 87].

Based on these findings, it would be recommended to use the Canadian Airport Model (equation
6.1) as an initial or starting point, with recognition that it is quite conservative. An update of this
model and/or the development of a new model is highly desirable and should be a priority of
future C-LTPP data analysis, particularly as the sections age and deteriorate. As well, there are
undoubtedly factor interactions that should be captured in such an updated model (e.g., low
temperature cracking frequency versus number of freeze-thaw cycles, or versus subgrade soil

type, or versus amount of rainfall, etc.).
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CHAPTER SEVEN MODULE FOUR : LIFE-CYCLE COSTING

The purpose of this chapter is to relate the pavement performance to life-cycle cost. Life-cycle
costing procedures are reviewed and a detailed evaluation of current practices is presented.
Pavement cost data from MTO is examined and the probability distributions associated with
pavement thickness and costs associated with various pavement materials are summarized. A

proposed framework to carry out a life-cycle cost analysis (LCCA) is also presented.

7.1 LIFE-CYCLE COST EVALUATION

Life-cycle cost analysis (LCCA) is a technique that uses economic principles to compare
competing alternative investment strategies [FHWA 98]. It incorporates initial and discounted
future costs over the life cycle of the alternative investments and attempts to identify the best
value or the lowest cost over time. This task should be carried out during the initial design stages

of a project and should only compare the differential cost among the alternatives.

There are various methods that can be used for LCCA. Some of the more common economic
analysis strategies include Net Present Value (NPV), Equivalent Uniform Annual Costs (EUAC),
Rate of Return (ROR), Benefit — Cost (B/C) ratios and Break-Even Analysis. According to the
United States Federal Highway Administration (FHWA) [FHWA 98], the Net Present Value is
the method of choice. The EUAC indicator is also recommended as long as the cost is derived
from the NPV. The rate of return, benefit cost ratio and break even point are generally not
recommended based on the difficulty of quantifying costs and benefits for use in these types of

evaluations.

If the NPV method is selected, the designer will have a choice on whether to use constant dollars
or nominal dollars. Constant dollars are also called real dollars as they reflect a “constant”
purchasing power over time. For example, it is presumed that to purchase hot mix today at
$20/tonne will remain at $20/tonne in the future. Alternatively, nominal dollars reflect

fluctuations in purchasing power as a function of time. Thus, hot mix at $20/tonne today, may be
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$22/tonne in the future. Regardless of the choice, the two types of dollars should not be mixed

and should be consistent throughout an analysis.

The discount rate is one of the variables necessary to calculate NPV. It is used to reduce future
expected expenditures to present day terms and is one of the most controversial variables in the
NPV equation [Tighe 97]). The discount rate (true interest rate) should be selected based on
inflation rate (annual compound rate of increase in the cost of pavement construction, etc.) and
the interest rate associated with the agency borrowing money (market interest rate). The discount
rate should also reflect historical trends over long periods of time. Historically these nominal
discount rates (interest rate minus inflation rate), over an extended period of time has been three
to four percent [Kerr 87]. In Canada, values of up to ten percent have been used but the range of

four to eight percent is more common [TAC 97].

It is recommended that constant dollars and real discount rates should be used. This eliminates
the need to estimate and include premium for both cost and discount rates. Real discount rates
are recommended over nominal discount rates (inflation) as they reflect the true value of money
over time with no inflation premiums and should be used in conjunction with non-inflated dollar
cost estimates [FHWA 98].

The analysis period is the length of time selected for the life cycle cost and it should not extend
beyond the period of reliable forecasts. In general 20 — 30 year analysis periods are selected for

pavements [TAC 97]. The net present value (NPV) is calculated according to equation 7.1.
NPV = 2, Costs/ (1 +i)° (7.1)

where: Costs = Initial Construction, Maintenance and Rehabilitation Costs
i = Discount Rate
n = Year activity occurs
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7.2  COST ESTIMATES

The quantification of costs can be determined based on the availability of previous construction
and maintenance projects [Tighe 97]. The initial construction, major maintenance, rehabilitation,
and salvage value are most frequently included in the life-cycle economic analysis. User delay
costs are very important. However, in the majority of cases, it is not included in the analysis as
public agencies do not consider them as direct costs. The initial construction cost includes the
material costs associated with the pavement design. Only those costs that represent significant
differences between the various alternatives should be included [Paterson 85]. Key considerations
should only be given to those components of the design which are unique to that design
alternative [ERES 98].

Maintenance costs can be categorized as routine maintenance and major maintenance. Routine
maintenance is relatively inexpensive activities such as filling potholes and performing drainage
improvements. These treatments have a service life of one to four years [Haas 97]. Major
maintenance is more substantial and is usually associated with a structure or surface improvement
such as patching or microsurfacing. These treatments have an expected service life of five to ten
years [Haas 97]. It is recommended that only major maintenance be included in the LCCA as

routine activities tend to be consistent across pavement design types.

Rehabilitation cost can be determined based on pavement performance prediction. The initial
pavement design and the maintenance activities will have a large influence on what will be

required in the future and when it will be required.

The salvage value should also be included as it indicates the remaining service life at the end of
the analysis period. It involves a value of reusable materials at the end of the design period. The

portion of the remaining life is often used to calculate the salvage values [Tighe 97].

The user delay cost is an important cost as it indicates the delays associated with the work zone

activities and the implications of these activities. Based on the proposed alternatives, there may
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be considerable differences between traffic delays, accident costs, vehicle operating costs,

discomfort costs and various others [ERES 98].

7.3 INFLUENCE OF LOW TEMPERATURE CRACKING ON LIFE-CYCLE
COSTING

There are tremendous economic benefits to reducing the amount of cracking by either using a
high performance asphalt [Deme 96] and/or timely maintenance to seal cracks [Haas 99a]. The
Ontario Ministry of Transportation has carried out various studies [Chong 89, Joseph 90, Ponniah
95] which assess the influence of crack sealing on pavement performance. Their observations

show if cracks are left untreated, the following occurrs:

1. Severe erosion at the bottom of the asphalt layers occurs due to the pumping action of
water caused by traffic loads.

2. Upheaval of the pavement surface in the winter due to frost action on saturated base and
subgrade layer, followed by depressions at the crack in the summer.

Accelerated loss in riding quality, with associated reduction of pavement life.

)

4. Frequent necessity of cutting a 1 m width out of the pavement and carrying out repairs,
prior to rehabilitation, due to multiple cracking, depression, etc. At the original crack
location.

The Ontario field studies involved 37 test sites. Crack mapping was carried out each year and

performance curves which use Pavement Condition Index (PCI) were constructed for both treated

and untreated (control) portions of each test site. Figure 7.1 is a typical section. It shows an
estimated increase in pavement life of 2 years for the treated section. The range of increase life

was up to S years.

A comprehensive life-cycle cost analysis of the crack sealing was also carried out [Ponniah 95].
In an example of a two-lane 21 km road in Southwestern Ontario, with an initial Average Annual
Daily Traffic (AADT) of 750, annual growth rate of 4% and 18% trucks, and a design 115mm
asphalt concrete on a 350mm of granular layers, the following two alternative strategies over a 30

year life-cycle period were considered:
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Figure 7.1 Example of Extended Pavement Life Due to Crack Treatment (rout and seal)
[Ponniah 95]

I 50 mm overlay at years 11 and 21, with no crack sealing.
Crack rout and sealing at years 4 and 8, S0mm overlay at year 13, crack routing and

o

sealing at years 17 and 21, SO0mm overlay at year 25 and crack routing and sealing at year

29.

Using a discount rate of 5%, the total present worth costs of each alternative was $24,000 per
lane km for alternative one and $17,000 per lane km for alternative two. In essence, the increased

service life due to the rout and seal was more cost effective than not routing and sealing.

Overall, these Ontario studies [Chong 89, Joseph 90, Ponniah 95] indicate that by reducing the
amount of cracking, the service life of a pavement can be extended. In general, this will provide
significant cost savings [Haas 99a]. In short, rout and seal is a major component to a pavement

management system and is an important consideration in the life-cycle cost of a pavement.
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7.4 MODULE FOUR METHODOLOGY

The intent of this module is to examine how life-cycle costing was currently carried out in Canada
and to provide recommendations on how it should be carried out. Despite the fact that LCCA is
recognized as an important tool in properly managing pavements, it is not routinely carried out

[ERES 98].

In Canada, the Ministry of Transportation of Ontario and the Ministry of Transport Quebec are
the only two provincial agencies that seem to have a formal LCCA procedure. The other
provinces do not generally use it as a tool for design as they tend to use standard

(deterministically based) designs.

Two analyses were performed in this module. The first focussed on determining the variation
associated with thickness and the second involved pavement cost variation and how to use this

variation in an analysis.

7.5 THICKNESS VARIATION

A pavement designer will develop a design based on the circumstances (i.e. the in-service
conditions) in which it must perform. Pavement thickness is generally specified based on the
structure requirements and is rounded off to the nearest ten mm (i.e. SOmm, 100mm) for practical
purposes. There is little to no information in the literature about variation associated with lift
thickness and there was no information available on the types of probability distributions
associated with asphalt lift thickness. The distributions are examined in addition to examining the

mean and standard deviation values relative to design.

The C-LTPP test sections are used in this analysis. The design overlay thickness for each test
section was categorized as thin, medium and thick. The sections were categorized based on the

average thickness according to the asphalt cores taken after construction. The thin overlay
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thicknesses were those which fell between 10 mm and 38 mm, medium overlay thicknesses ranged
from 25 mm to 80 mm and the thick overlay thicknesses were those with more than 80 mm
thickness. Table D.1 summarizes the core thicknesses provided for the C-LTPP test sections.
Table 7.1 summarizes the mean and standard deviation for the three pavement overlay
thicknesses. Although most of the averages appear to be close to the designs, the standard

deviation associated with the designs is very high. Figure 7.2 shows the best fit distributions for

the three pavement thicknesses. The lognormal distribution is found to have the best X and be

the closest distribution. The chi-square (X?) is a goodness of fit test for the distribution models,
which is used to indicate the relative degree of validity of the different distributions [Ang 75].

The lower the X2, the better the fit.

For thin overlay pavement thicknesses, the best fit distributions are not commonly used (i.e.

extreme value, weibull, triangular, beta). However, the lognormal is the most common
distribution out of the five. Based on the X? analysis, the lowest X ? are shown with the thick

overlay thicknesses. The lognormal best fit would be the most reasonable choice as it is more
common and appears to be the most reasonable choice as it is more common and seems to be
appropriate. It should be noted that although the thick pavement overlay is showing 100mm, it is
reasonable to presume that this was placed as two medium lifts (i.e. two at SOmm). However, this
breakdown was not available. For the thin overlay thicknesses, the magnitude of the average
value and standard deviation appear to be reasonable. The best fit distributions are not commonly
used distributions with the exception of the lognormal. For the purpose of the analysis, the

lognormal has been selected and depicted on Figure 7.2.

For medium overlay thickness, which is the most common thickness in Ontario and in fact
throughout Canada, the lognormal distribution is also selected as the best fit. The higher X for

this analysis can be explained by the split between the typcial lift thickness of 40 and/or 50mm.
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Table 7.1 Best Fit Distributions For Thickness

Overlay Average Standard Best Fit Distribution
Thickness Thickness Deviation 0
Thin 25.0 mm 6.8 mm 1. Extreme Value (8.59)
2. Beta(9.44)
3. Triangular (10.00)
4. Weibull (11.13)
S. Lognormal (21.0)

Medium 46.0 mm I1.3 mm 1. Gamma (39.4)
Lognormal (51.89)
Extreme Value (55.15)
Beta (53.52)

Logistic (75.00)

w ok wN

Thick 121.0 mm 36.8 mm Extreme Value (3.08)
Lognormal (3.08)
Pareto (3.92)

Normal (5.58)

Gamma (3.912)

w bW =

The lognormal distribution was selected as an overall guide for overlay thickness contrary to the
standard belief which assumes it is best described by a normal distribution. The lognormal
distribution is represented by equation 7.2 [Ang 75]. In addition, the use of a lognormal
distribution would appear to be most appropriate as the values of the random variable with the

lognormal variates are always positive.

F(x) = 1/(@m"7EX)exp[-1/2 (In X - 1)/ E)?] (7.2)
Where: & = (Var (In X))*
A = E (nX)

X = random variable



139

2
2
;
N 3 I
; L J
m =5
'3 AR
: Mm R
0N m
” M
as
8
2
N 2
a £ g
hi
+ !
E 3 g
: - :
s 3 -
[ ?
a 8
S
" =
: o
I 8
[
& 8 §
2 ¥
! lgeggacge & 8
¥ 6o wo . n oo g Louonbou,| m
Kouanbay m 3 .~ - e
w w Louanbauy

Pavement Thickness (mm)

Figure 7.2 Overlay Thickness Distribution Curves Based on C-LTPP Core Thicknesses

Thickness Distribution for Thick Pavement Overisy Thickmess



140

7.6  COST VARIATION

The MTO Project Value System (PVS) provided the unit item prices. The PVS calculates the
item cost by averaging the three lowest contractor tender bids for the particular material item and
contract. All districts in the province were included in the analysis. The prices were the most
current available and covered the period from 1993 to 1997. Only those materials pertinent to the
pavement structure were included in the assessment. Tables D.2 through D.11 summarize the
unit costs provided by PVS for the following items: Granular A, Granular B, HL1 (where HL
refers to Hot Laid Asphalt and the number, 1 refers to the mix design), HL3, HL4, HLS8, Heavv
Duty Binder Course (HDBC), Dense Friction Course (DFC), and Asphalt Removal Partial Depth,
Cold -In-Place Recycled Mix, and Rout and Seal Cracks.

Table 7.2 summarizes the best fit distributions when all the values for all quantity contracts were
included. The best fit distributions, based on the X2 vary between Gamma, Extreme Value,
Pareto, Lognormal and Weibull. Although gamma and lognormal are more common, the others
tend not to be used all that often. The lack of fit (high X?) and the types of distributions can be
explained by the influence of economies of scale on pricing. Because all of the prices are
included and they are not separated by quantity, there is a large amount of variation. For
example, as the quantity of an item increases, the prices tend to decrease and stabilize.
Consequently, the distributions presented in the quantity breakdown analysis are more common
(i.e., approach lognormal or normal). Additionally, the X* decreases, indicating a better fit, and

the standard deviation decreases.

Based on this influence of economies of scale, the analysis was redone with a breakdown in terms
of quantity. The quantity ranges are based on typical capital construction contract quantities.
Table 7.3 summarizes the best fit distributions for the various materials and the associated
parameters. Table D.12 in Appendix D shows the top five best fit distributions according to the
values. The values are much lower when the costs are categorized by quantity. The predominant

best fit distribution is the lognormal distributions. In two cases, the normal
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Material Distribution x Material Distribution b 4
Squared Squared
Granular A Gamma 33.49 HL8 Extreme Value 942
Extreme Value] 49.40 Gamma 16.65
Lognormal 65.00 Weibull 23.89
Logistic 138.96 Logistic 29.32
Weibull 105.36 Lognormal 33.84
Granular B Gamma 17.72 HDBC Extreme Value 19.01
Weibull 19.95 Lognormal 26.33
Lognormal 22.74 Logistic 28.40
Extreme Value] 23.44 Gamma 29.57
Beta 32.79 Beta 39.55
HLI Extreme Value 8.83 DFC Extreme Value 17.89
Pareto 13.75 Gamma 20.42
Weibull 13.75 Logistic 27 61
Gamma 14.33 Beta 27.61
Lognormal 17.52 Lognormal 32.89
HL3 Gamma 28.75 REMOVAL OF ASPHALT Weibull 43.33
Pareto 37.55 PAVEMENT PARTIAL DEPTH Gamma 49.87
Extreme Value] 41.18 Lognormal 52.11
Lognormal 49.46 Pareto 80.67
Weibull 48.94 Exponential 91.51
HiL4 Gamma 36.40
Pareto 4861
Weibull 66.70
Extreme Value] 83.55
Lognormal 103.96
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Material Quantity Distribution |X Squared Parameter
tonnes One Two
Granular A 100 - 1000 Lognormal 2.56 25.33 10.85
1000 - 10000 Lognormal 9.36 14.38 3.46
10000 - 100000 | Lognormal 11.08 10.78 2.39
100000+ Lognormal 4.3 9.21 1.83
Granular B 1000 - 10000 Normal 12.95 8.98 2.49
10000 - 100000| Lognormal 7.14 7.16 1.86
100000+ Logormal 6.8 5.57 1.17
HL1 100 - 1000 Lognormal 1.111 86.91 25.79
1000 - 10000 Lognormal 2.13 58.93 9.86
10000+ Lognormal 0.18 46.48 4.25
HL3 100 - 1000 Lognormal 15.54 70.12 30.05
1000+ Lognormal 4.95 46.81 8.3
HL4 100 - 1000 Lognormal 7.6 109.42 54.56 I
1000 - 10000 | Lognormal 9.83 56.27 1517 ||
10000+ Lognormal 14.58 43.6 6.95 l
HLS 100 - 1000 Exponential 15.6 0.01
1000 - 10000 | Lognormal 2.43 42.32 628 |
10000+ Lognormal 5.55 38.52 4.25
HDBC 100 - 1000 Exponential 8.9 0.01 |
1000 - 10000 Lognormal 3.36 49 44 9.14
10000+ Lognormal 17.38 42.33 3.29 l
DFC 1000 - 10000 Normal 10.88 64.97 9.18
10000+ Lognormal 13 | 58.73 8.83
Removal of Asphalt 100 - 1000 Lognormal 581 | 10.86 5.38
Pavement Partial Depth | 1000 - 10000 Lognormal 2.69 4.11 2.36
10000 - 100000| Lognormal 7.15 1.98 0.98
100000+ Lognormal 7.56 1.18 0.38
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distribution is most suitable while in two other cases, the exponential is most suitable. In these
four cases, the “non lognormal” distributions occur when there are smaller quantities and a

smaller sample size.

As the material quantity increases (i.e. as the size of the construction or maintenance job
increases), the best fit distribution tends to follow the lognormal distribution. Figures 7.3, 7.4 and
7.5 show the observed cost data and the best fit distributions. Some of the maintenance items are
not presented based on limited data for the distribution analysis. The histograms show the
material price and the frequency of the observed price. The lognormal distribution is the best fit

distribution in the majority of cases.

Table 7.4 summarizes the average cost values and standard deviations for the various materials for
the respective quantities. As the quantity increases, the unit cost decreases and generally the
standard deviation decreases. This can be explained by the ability to take advantage of the

economies of scale.

7.7 LIFE-CYCLE COST AND MODIFIED ASPHALTS

The LCCA for pavements constructed with modified asphalt would be carried out in a similar
manner. It is apparent from previous work [Tighe 97], that the initial cost for modified asphalt is
higher as compared to conventional asphalt. The increased initial cost, depending on the design
varies between ten to twenty percent higher with the modified asphalt. However, this higher
initial cost is offset by reduced maintenance and longer pavement service lives in certain
circumstances. This further emphasizes the need for LCCA especially when these products are
proposed. Despite the higher initial cost, over the long term, the modified asphalts are shown in

some cases to have lower net present value when examined over a 30 year period.
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Table 7.4 Summary of Prices Based On Quantity Breakdowns

Material

Quantity

0 - 1000

Average

$27.89

Standard
Deviation

1000 - 10000 $14.40 3.77
10000 - 100000 $10.79 2.50
100000+ $9.22 1.90
Granular B 0 - 1000 $10.29 2.85
1000 - 10000 $8.98 2.49
10000 - 100000 §7.16 1.92
100000+ $5.58 1.33
HL-1 0 - 1000 $97.12 45.16
1000 - 10000 $58.96 10.64
10000+ $46.49 4.49
HL-3 0-100 $140.15 120.31
100 - 500 $74.89 48.04
0 - 1000 $87.70 73.07
1000+ $46.83 8.85
HL4 100 - 500 3$118.31 56.27
100 - 1000 $109.35 53.02
1000 - 10000 $56.50 18.75
10000+ $43.62 7.47
HLS8 100 - 1000 $62.90 17.97
1000 - 5000 $45.17 6.01
5000+ $38.18 4.03
HDBC 0 - 1000 $69.08 15.42
1000 - 5000 $51.14 11.74
5000+ $43.73 6.61
DFC 0- 1000 $85.94 27.25
1000 - 5000 $65.57 9.26
5000+ $59.32 9.35
COLD IN-PLACE RECYCLED MIX 10000+ $4.00 1.07
ROUT AND SEAL 100 - 1000 $7.24 2.82
1000 - 15000 $4.27 4.55
100000+ $1.10 0.18
REMOVAL ASPHALT PARTIAL DEPTH 100 - 1000 $10.82 5.09
1000 - 10000 $4.10 2.25
10000 - 100000 $2.00 1.16

100000+

$1.19

147
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7.8 TOWARD A LIFE-CYCLE COST ANALYSIS PACKAGE

The best fit distributions for thickness and matenal costs have been established. In addition, the
standard deviation of the variables outlined in the model (i.e. PVN, thermal contraction

coefficient, material costs, etc.) have been determined in this research.

It is recommended that a comprehensive probabilistic life-cycle cost package be the next step in
this model development. This would be a major task it itself and beyond the scope of this
research. However, the following discussion is a proposed format for the comprehensive life-

cycle package.

It is suggested that an input sheet, three calculation sheets and a final output be developed which
in essence, would be a computerized version of the integrated model. Figure 7.6 would be a
suggested input sheet for a Monte Carlo simulation where all the required variables for prediction
would be entered in the shaded boxes. Once the variables were entered the program could be run.
A series of calculation sheets would be used to predict cracking and performance. The timing of
maintenance and rehabilitation is then related to the performance of the pavement as a function of
time. If a treatment is required, the associated cost is then automatically calculated. This
procedure is carried out in an iterative manner to establish the probabilistic cost. Once the number
of iterations is complete, the values obtained using a Monte Carlo simulation would be organized
and displayed as shown in Figure 7.7, whereby both the observed and best fit distributions are

displayed.
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LIFE-CYCLE ECONOMIC ANALYSIS

Please Provide the Following Information:

Sample ID

Section Location

Total Length of Job (km)

TO:

FROM:

Performance Grade

Penetration (mm)

Kinematic Viscosity (centistoke)
Absolute Viscosity (poise)

YOUR PVN IS:

Thermal Contraction Coefficient (mm/1000mm/°C)
Stiffness from McLeod's Nomograph

Subgrade (dimensionless 1 - sand, 2 - loam, 3 - clay)
Expected Design Thickness (mm)

Surface Course (mm)

Upper Binder(mm)

Lower Binder (mm)

Base (mm)

Subbase (mm)

Routine Maintenance (dimensionless 1 - regular, 2 - irregular)
Discount Rate (%)

Analysis Period (years)

Number of Monte Carlo Iterations

Figure 7.6 Sample Input Sheet To Probabilistic Life-Cycle Cost Analysis
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SUMMARY SHEET
60
Simulated Output '
o @ Best Fit Distribution |
-
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12§

178

22§

275
Net Present Value ($1000)

INTERVAL | FREQUENCY
$1.000 1000
0 25 1205
25 50 3250
50 75 3247
75 100 30000
100 125 50369
125 150 42143
150 175 43791
175 200 27945
200 225 13884
bo225 250 10467
p 2350 273 74561
275 300 3999
300 325 3894
325 350 991
350 375 0
375 400 0
400 425 0
425 450 0
450 475 0
475 300 0
500 525 -
525 550 -
550 575 -
575 600 -
600 625 -
625 650 -
630 675 -
675 700 -
700 725 -
725 750 -
750 775 -
775 800 -
800 825 -
825 850 -
8350 875 -
875 900 -
900 925 -
925 950 -
950 975 -
975 1000 -

Figure 7.7 Sample Output Sheet To Probabilistic Life-Cycle Cost Analysis
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CHAPTER EIGHT CONCLUSIONS AND
RECOMMENDATIONS

The purpose of this chapter is to summarize the major finding of the research and provide
recommendations on future direction. The thesis establishes a framework for assessing low

temperature cracking based on material properties.

The results presented provide a methodology for predicting performance. Pavement designers
can use PVN as a tool for predicting field performance. The models proposed predict cracking
which is similar to that observed in the field. However an update is recommended to reflect
current as-built and in-service conditions. Roughness trends are predicted and compared to those
observed. Recommendations are proposed to updating roughness prediction based on in-service
conditions. The probability distributions associated with pavement thickness and life-cycle cost
are presented. A life-cycle cost analysis framework is established which proposes the use of the
lognormal distribution for both lift thickness and material cost. Modified asphalts are examined

and PVN appears to have some relevance to Superpave PG methodology.

8.1 OBJECTIVES

The objectives of research which are the basis of the integrated model were as follows:

e Determine if PVN was a fingerprint over time for both conventional and modified asphalts.

e Determine if PVN was repeatable for calculations using absolute viscosity (@ 60°C) and
kinematic viscosity (@ 135°C).

e Relate PVN to Superpave methodology.
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e Determine if PVN was an indicator of low temperature susceptibility.

e Predict thermal cracking using the Hajek and Canadian Airport Model.

e Compare the predictions to the observed cracking on the C-LTPP test sections.

e Predict roughness based on observed thermal cracking on the C-LTPP test sections.

o Compare the predicted roughness with the observed roughness.

e Determine the probability distributions associated with lift thickness.

e Determine probability distributions associated with matenal costs.

e Establish a framework for predicting life-cycle costing and pavement performance for

conventional and modified asphalts.

8.2 MODULE ONE: MATERIAL CHARACTERIZATION

The following conclusions can be drawn from the material characterization module that examined

PVN as a low temperature susceptibility vaniable.

8.2.1 Conventional Asphalt Analysis

. PVN is a “fingerprint” as it remains constant over time.
° PVN is an indicator of low temperature susceptibility.
o PVN is related to the minimum temperature specified in the Superpave design

methodology.
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° PVN within a crude source varies.

° PVN can be calculated with either absolute viscosity (@ 60°C) or kinematic viscosity (@
135°C) and they are equal.

8.2.2 Modified Asphalt Analysis

e PVN did not remain constant with time, although the sample size was limited.

e PVN did relate to the Superpave minimum temperature.

8.3 MODULE TWO: LOW TEMPERATURE CRACKING PREDICTION

The conclusions based on the analysis predicted low temperature cracking using the Canadian

Airport model and the Hajek model for the C-LTPP test sections is presented.

e The Hajek model is good for predicting low temperature cracking based on the C-LTPP and
C-SHREP test sections. It is also easy for designers to determine the variables necessary for

pavement life-cycle performance prediction.

e The Canadian Airport model is a good model for predicting thermal cracking. However, it
does not perform well in cases where a large amount of thermal cracking (more than 100

cracks per 150m) was observed.

e In cases where the thermal coefficient was measured and used to predict observed cracking,

the Canadian Airport Model provided a good prediction.
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e The thermal contraction coefficient and the minimum observed temperature is an important

variable for predicting thermal cracking.

8.4 MODULE THREE: PAVEMENT PERFORMANCE

The Canadian Airport model that relates transverse cracking to RCI was assessed. The RCI was

then related to IRI using the five equations [Hein 89, Paterson 86, Al-Omari 94 and Hajek 95].

e The RCI predicted using the Canadian Airport Model [Haas 87] predicted values which would

be consistent with engineering judgement.

e The observed IRI on the C-LTPP sites was in a very smooth range. This could be related to
new and improved construction methods which improve the initial roughness and ultimately

increase the service life of the pavement.

e When the predicted IRI values based on the equations were compared to the observed
roughness on the C-LTPP sites, the values were not very close. This in part could be due to
the fact the IRI values on the C-LTPP sites are based on “Dipstick” measurements and the

other relationships were based on different measurements.

e When there were less than 10 thermal cracks per 150m, the IRI predictions were close to

observed.



155

8.5 LIFE-CYCLE COST ANALYSIS

Life-cycle cost procedures and probability distributions were examined. The following

conclusions can be drawn from this work.

e Thickness of pavement layers is best described by a lognormal distribution based on the C-
LTPP test sections for thin, medium and thick lift thickness.

e Pavement life-cycle costing which uses material costs should break costs down according to
quantity to account for economies of scale. A lognormal distribution should be selected for

the probabilistic analysis.

e The probabilistic analysis should include thickness and cost distributions to simulate in-service

pavement variation.

e A probabilistic analysis provides better results compared to the current life-cycle costing

analysis procedures used in Canada.

8.6 RECOMMENDATIONS

The following recommendations are presented based on the research carried out in this thesis.

e As pavement technology moves into the next century, there is a concerted movement away
from conventional testing methods and movement towards the SHRP Superpave
methodology. The results presented here indicate that PVN is a good indicator of low

temperature susceptibility. PVN also relates to the Superpave PG minimum service
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temperature and can be easily calculated in a timely manner (i.e. the penetration test and
viscosity tests are relatively simple with good repeatability and require a finite sample size).
PVN can be used by the designer to predict low temperature cracking, pavement performance

and life-cycle cost.

Modified asphalt PVN characterization should be examined more thoroughly. A larger
sample size would be extremely useful. The Superpave interval (the maximum PG
temperature plus the minimum PG temperature) and how it relates to modified asphalts should

be evaluated as it may provide more insight into how the modifications influence performance.

Use the Hajek model for predicting low temperature cracking as a design tool.

Carry out a Bayesian update on the Canadian Airport Model on both the cracking prediction
and RCI model to reflect current values. It appears that changes to construction practices

have changed the RCI range and how it relates to low temperature cracking.

Examine thermal contraction coefficients and how they relate to PVN. Carry out a sensitivity

analysis to examine how variability influences low temperature cracking.

Examine as-built roughness and examine the possibility of updating the values provided by
Sayers [Sayers 86]. It appears the Sayers values are not reflective of the IRI values being

measured on the C-LTPP test sections.

Examine how as-built roughness influences crack progression and long term performance.

Life-cycle costing is paramount to determine the most appropriate design. The Net Present
Value should be employed in a probabilistic manner which incorporates lift thickness and cost
distributions. The lognormal should be used as the best fit distribution for the probabilistic

analysis.
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Develop a comprehensive life-cycle cost package which incorporates PVN, thermal cracking
prediction and life-cycle cost. This package could be established such that the user has a
single input page. Various calculation spreadsheets would be used to determine a probability

distribution associated with the cost of a given pavement design.
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APPENDIX A

MODULE ONE: MATERIAL CHARACTERIZAION



Table A.1 ANOVA A Asphait PVN Caiculations (Page 1 of 2)

ID Section Original PVN RTFO PVN
138°C 60°C 60°C
ST 1 -0.7439 -0.7059 -0.7235
ST 2 -0.1658 0.0256 -0.1043
ST 3 -1.2199 -1.2268 3.8150
ST 4 -0.0863 -0.0137 -0.1725
ST 5 -0.2983 -0.1117 -0.1750
ST 6 -0.2647 -0.3429 2.4862
ST 7 0.2744 -0.1325 2.2224
ST 8 -0.4190 -0.4191 1.9927
ST 9 -0.3694 -0.4728 04779
ST 10 -0.3897 -0.5629 -0.4833
ST i -0.4507 -0.5424 -0.4870
ST 12 -0.4436 -0.5387 -0.3422
ST 13 -0.4348 -0.3261 -0.3399
ST 14 -0.4106 -0.5386 -0.5264
ST 15 -0.4249 -0.4959 -0.1230
ST 16 -0.3551 -0.3882 -0.3252
ST 17 -0.6386 -0.7584 -0.7956
ST 18 -0.5148 -0.5953 -0.7848
ST 19 -0.3668 -0.4667 -0.3553
ST 20 -0.7375 -0.7026 -0.7919
ST 21 -0.5346 -0.2792 -0.2778
ST 22 -1.9184 -1.6616 -1.4466
ST 23 -0.5185 -0.5784 -0.7526
ST 24 -3.7129 -3.0352 -2.8124
ST 25 -0.3351 -0.5773 -0.7498
ST 26 -1.8090 -2.3564 -1.8921
ST 27 -0.2099 -0.2199 -0.2539
ST 28 0.0664 -0.0458 0.2350
ST 29 -0.5482 -2.3036 -2.6297
ST 30 -0.9045 -0.7882 -0.5666
ST 31 -0.8978 -0.7262 -1.1048
ST 32 -0.9255 -0.9452 -0.9440
ST 33 -0.1926 0.0192 -0.2526
ST 34 -1.4308 -0.9844 -1.2297
ST 35 -0.8323 -3.5232 -3.4593
ST 36 -0.7262 -3.6531 -3.6820
ST 37 -0.3779 -2.8517 -1.7986
ST 38 -0.0196 0.0094 0.0419
ST 39 -0.5651 -0.2966 -1.9808
ST 40 -1.1532 -3.4885 -3.1014
ST 41 -0.9656 -4.1236 -4.1842
ST 42 -1.0978 -3.0714 -2.6016
ST 43 -0.5600 -3.3234 -3.3279
ST 44 -0.5344 -2.9932 -2.7470
ST 45 -0.5014 -3.8574 -3.8491
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Table A.1 ANOVA A Asphalt PVN Calculations (Page 2 of 2)
Anova: Two-Factor Without Replication

SUADARY Cournt Sum Average Variance

Row | 3 -2.1733 -0.7243 0.0004
Row 2 3 -0.2345 -0.0815 0.0095
Row 3 3 1.3683 0.4561 8.4616
Row 4 3 2725 -0.0908 0.0063
Row § 3 -0.5850 -0.1950 0.0090
Row 6 3 1.878S 0.6262 2.5961
Row 7 3 1.8156 0.6052 1.966S
Row 8 3 1.1546 0.3849 1.9389
Row 9 3 -1.3201 -0.4400 0.0038
Row 10 3 -1.4360 -0.4787 0.007s
Row 11 3 -1.5201 -0.5067 0.0010
Row 12 3 -1.3246 -0.4315 0.0097
Row 13 3 -1.1009 -0.3670 0.0035
Row 14 3 -1.4756 -0.4919 0.0050
Row 15 3 -1.0438 -0.3479 0.0392
Row 16 3 -1.0685 -0.3562 0.0010
Row 17 3 -2.1926 -0.7309 0.0067
Row 18 ) -1.8949 -0.6316 0.0192
Row 19 k] -1.1889 -0.3963 0.0038
Row 20 3 -2.2321 -0.7440 0.0020
Row 21 3 -1.0915 -0.3638 0.0219
Row 22 3 -5.0267 -1.6756 0.0558
Row 23 3 -1.8496 -0.6165 0.0148
Row 24 3 -9.5605 -3.1868 0.2199
Row 25 3 -1.6623 -0.5541 0.0434
Row 26 3 -6.0576 -2.0192 0.0870
Row 27 3 -0.6837 -0.2279 0.0005
Row 28 3 0.2557 0.0852 0.0200
Row 29 3 -5.4815 -1.8272 1.2533
Row 30 3 -2.2594 -0.7531 0.0295
Row 31 3 -2.7287 -0.9096 0.0360
Row 32 3 -28147 -09382 0.0001
Row 33 3 -0.4259 -0.1420 0.0204
Row 34 3 -3.6446 -1.2149 0.0499
Row 35 3 -7.8148 -2.6049 2.3578
Row 36 3 -8.0613 -2.6871 2.8840
Row 37 3 -5.0282 -1.6761 1.5413
Row 38 3 0.0317 0.0106 0.0009
Row 39 3 -2.8425 -0.9475 0.8188
Row 40 3 -7.7431 -2.5810 1.5664
Row 41 3 -9.2733 -3.0911 3.3893
Row 42 3 -6.7707 -2.2569 1.0629
Row 43 3 -7.2113 -2.4038 2.5496
Row 44 3 -£.2746 -2.0915 1.8337
Row 45 3 -8.2079 -2.7360 3.7449
Column 1 45 -30.2533 -0.6723 0.3911
Column 2 45 -54.9708 -1.2216 1.6556
Column 3 45 ~41.8592 -0.9302 27382
ANOVA

Source of Variation ANy df AS P-value F crit
Rows 139.9448 “ 3.1806 39651 1.9539E-08 15147
Columns 6.7968 2 3.3984 4.2366 0.0175 3.1001
Error 70.5890 88 0.8021
Total 217.3305 134
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Table A.2 ANOVA B Typical Canadian Asphalt PVN Calculations (Page 1 of 2)

ID Section Original PVN RTFO PVN ||
135°C 60°C 60°C !
ST 1 -0.7439 -0.7059 -0.7235
ST 2 -0.1658 0.0256 -0.1043
ST 4 -0.0863 -0.0137 -0.1725
ST 5 -0.2983 -0.1117 -0.1750
ST 9 -0.3694 -0.4728 -0.4779
ST 10 -0.3897 -0.5629 -0.4833
ST 11 -0.4907 -0.5424 -0.4870
ST 12 -0.4436 -0.5387 -0.3422
ST 13 -0.4348 -0.3261 -0.3399
ST 14 -0.4106 -0.5386 -0.5264
ST 15 -0.4249 -0.4959 -0.1230
ST 16 -0.3551 -0.3882 -0.3252
ST 17 -0.6386 -0.7584 -0.7956
ST 18 -0.5148 -0.5953 -0.7848
ST 19 -0.3668 -0.4667 -0.3553
ST 20 -0.7375 -0.7026 -0.7919
ST 21 -0.5346 -0.2792 -0.2778
ST 22 -1.9184 -1.6616 -1.4466
ST 23 -0.5185 -0.5784 -0.7526
ST 24 -3.7129 -3.0352 -2.8124
ST 25 -0.3351 -0.5773 -0.7498
ST 26 -1.8090 -2.3564 -1.8921
ST 27 -0.2099 -0.2199 -0.2539
ST 28 0.0664 -0.0458 0.2350
ST 30 -0.9045 -0.7882 -0.5666
ST 31 -0.8978 -0.7262 -1.1048
ST 32 -0.9255 -0.9452 -0.9440
ST 33 -0.1926 0.0192 -0.2526
ST 38 -0.0196 0.0094 0.0419

169



170

Table A.2 ANOVA B Typical Canadian Asphalt PVN Calculations (Page 2 of 2)
Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Variance

Row 1 3 -2.1733 -0.7244 0.0004
Row 2 3 -0.2445 -0.0815 0.0095
Row 3 3 -02725 -0.0908 0.0063
Row 4 3 -0.5850 -0.1950 0.0090
Row 5 3 -1.3201 -0.4400 0.0038
Row 6 3 -1.4360 -0.4787 0.0075
Row 7 3 -1.5201 -0.5067 0.0010
Row 8 3 -1.3246 -0.4415 0.0097
Row 9 3 -1.1009 -0.3670 0.0035
Row 10 3 -1.4756 -0.4919 0.0050
Row 11 3 -1.0438 -0.3479 0.0392
Row 12 3 -1.0685 -0.3562 0.0010
Row 13 3 -2.1926 -0.7309 0.0067
Row 14 3 -1.8949 -0.6316 0.0192
Row 15 3 -1.1889 -0.3963 0.0038
Row 16 3 -2.2321 -0.7440 0.0020
Row 17 3 -1.0915 -0.3638 0.0219
Row 18 3 -5.0267 -1.6756 0.0558
Row 19 3 -1.8496 -0.6165 0.0148
Row 20 3 -9.5605 -3.1868 0.2199
Row 21 3 -1.6623 -0.5541 0.0434
Row 22 3 -6.0576 -2.0192 0.0870
Row 23 3 -0.6837 -0.2279 0.0005
Row 24 3 0.2557 0.0852 0.0200
Row 25 3 -2.2594 -0.7531 0.0295
Row 26 3 -2.7287 -0.9096 0.0360
Row 27 3 -2.8147 -0.9382 0.0001
Row 28 3 -0.4259 -0.1420 0.0204
Row 29 3 0.0317 0.0106 0.0009
Column | 29 -18.7828 -0.6477 0.5438
Column 2 29 -18.3794 -0.6338 0.4567
Column 3 29 -17.7841 -0.6132 0.3724
ANOVA

Source of Variation ARY df MS F P-value Fcrit
Rows 37.1017 28 1.3251 55.4561 1.6614E-31 1.6775
Columns 0.0174 2 0.0087 0.3643 0.6963 3.1619
Error 1.3381 56 0.0239

Total 38.45721 86




Table A.3 ANOVA C PVN Calculations on Original Asphalt (Page { of 2)

ID Section Original PYN
135°C 60°C

ST ! -0.7439 0.7059
ST 2 0.1658 0.0256
ST 4 -0.0863 0.0137
ST 5 -0.2983 -0.1117
ST 9 0.3694 04728
ST 10 -0.3897 0.5629
ST It 0.4907 -0.5424
ST 12 -0.4436 -0.5387
ST 13 -0.4348 03261
ST 14 -0.4106 -0.5386
ST [$] -0.4249 -0 4959
ST 16 0.3551 -0.3882
ST 17 -0.6386 0.7584
ST 18 -0.5148 -0.5953
ST 19 -0.3668 -0.4667
ST 20 -0.7375 -0.7026
ST 21 -0.5346 -0.2792
ST 2 -1.9184 -1.6616
ST 23 -0.5185 0.5784
ST 24 -3.7129 -3.0352
ST 25 -0.3351 -0.5773
ST 26 -1.8090 -2.3564
ST 27 -0.2099 -0.2199
ST 28 0.0664 -0.0458
ST 30 -0.9045 -0.7882
ST 31 -0.8978 -0.7262
ST 32 -0.9255 -0.9452
ST 33 -0.1926 0.0192
ST 38 -0.0196 0.0094
ST 46 -0.6397 -0.7333
ST 47 -0.6335 0.7526
ST 48 -0.4981 -0.5582
ST 49 -0.4975 -0.4891
ST 50 -0.5335 -0.4845
ST 51 -2.3014 -2.9576
ST 52 0.0007 0.0775
ST 32 -0.3163 -0.0592
ST 53 -0.3129 -0.1936
ST 54 0.4313 -0.2956
ST 55 -0.1772 -0.0367
ST 56 -0.1208 -0.0490
ST 57 -0.3582 -0.2508
ST 58 -0.2031 0.0673
ST 59 -1.4305 -0.9844
ST 60 -0.5651 -0.2966
ST 80 -0.2647 -0.3429
ST 81 -0.2744 -0.1325
ST 82 -0.4190 -0.4191
ST 91 -0.3545 -0.3477
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Table A.3 ANOVA C PVN Calculations on Original Asphalt (Page 2 of 2)
Anova: Two-Factor Without Replication

SUMMARY Court Sum Average Variance
Row | 2 -1.4498 -0.7249 0.0007
Row 2 2 -2.4467 -1.2233 0.0000
Row 3 2 -0.1000 -0.0500 0.0026
Row 4 2 -0.4101 -0.2050 0.0174
Row § 2 -0.6076 -0.3038 0.0031
Row 6 2 -0.4068 -0.2034 0.0101
Row 7 2 0.8381 -0.4190 0.0000
Row 8 2 -1.3730 -0.6865 0.0044
Row 9 2 -1.3861 -0.6930 0.0071
Row 10 2 -1.0563 -0.5281 0.0018
Row 1 2 -0.9866 -0.4933 0.0000
Row 12 2 -1.0180 -0.5090 0.0012
Row 13 2 -0.8421 -0.4211 0.0053
Row 14 2 -0.9527 -0.4763 0.015C
Row 15 2 -1.0351 -0.5165 0.6013
Row 16 2 -0.9823 -0.4912 0.0045
Row 17 2 -0.7610 -0.3805 0.0059
Row 18 2 -5.2590 -2.6295 0.2153
Row 19 2 0.9492 04746 0.0082
Row 20 2 -0.9208 -0.4604 0.0025
Row 21 2 -0.7434 03717 0.0005
Row 22 2 -1.3970 -0.6985 0.0072
Row 23 2 -1.1101 -0.5551 0.0032
Row 24 2 -0.8336 -0.4168 0.0050
Row 2§ 2 -1.4401 -0.7201 0.0006
Row 26 2 -0.8137 -0.4069 0.0326
Row 27 2 -3.5800 -1.7900 0.0330
Row 28 2 0.0782 0.0391 0.0030
Row 29 2 -1.0970 -0.5485 0.0018
Row 30 2 -6.7481 -3.3741 0.2296
Row 31 2 09124 -0.4562 0.0293
Row 32 2 -1.1654 -2.0827 0.1498
Row 33 2 -0.4298 -0.2149 0.0001
Row 34 2 0.0207 0.0103 0.0063
Row 3§ 2 -1.6928 -0.8464 0.0068
Row 36 2 -1.6239 -0.8120 0.0147
Row 37 2 -1.8707 -0.9353 0.0602
Row 38 2 -0.1733 -0.0867 0.0224
Row 39 2 -0.3754 -0.1877 0.0330
Row 40 2 -0.5065 -0.2532 00071
Row 41 2 -0.7021 -0.3511 0.0000
Row 42 2 -0.7269 -0.3635 0.0092
Row 43 2 -0.2139 -0.1070 0.0099
Row 44 2 -0.1698 -0.0849 0.0026
Row 45 2 -0.6091 -0.3045 0.0058
Row 46 2 -0.1358 -0.0679 0.0366
Row 47 2 -2.4149 -1.2075 0.0995
Row 48 2 -0.0102 -0.0051 0.0004
Row 49 2 -0.8617 -0.4309 0.0360
Column 1 49 -30.16793207 -0.615672083 0.428684
Column 2 49  -28.8703351 -0.589190512 0.442947
ANOVA

Source of | ariation s df MS F P-value F crit

Rows 40.7627 48 0.8492 37.8962 6.31E-26 1.6154
Columns 0.0172 1 0.0172 0.7667 0.3856 4.0426
Error 1.0756 48 0.0224

Total 41.85547 97




Table A.4 ANOVA D PVN Calculations on Original and Aged Asphalt @ 60°C (Page 1 of 2)

ID Section Original RTFO
60°C 60°C
S
ST 1 -0.7059 -0.7235
ST 2 0.0256 -0.1043
ST 4 -0.0137 -0.1725
ST 5 -0.1117 -0.1750
ST 9 -0.4728 -0.4779
ST 10 -0.5629 -0.4833
ST 11 -0.5424 -0.4870
ST 12 -0.5387 -0.3422
ST 13 -0.3261 -0.3399
ST 14 -0.5386 -0.5264
ST 15 -0.4959 -0.1230
ST 16 -0.3882 -0.3252
ST 17 -0.7584 -0.7956
ST 18 -0.5953 -0.7848
ST 19 -0.4667 -0.3553
ST 20 -0.7026 -0.7919
ST 21 -0.2792 -0.2778
ST 22 -1.6616 -1.4466
ST 23 -0.5784 -0.7526
ST 24 -3.0352 -2.8124
ST 25 -0.5773 -0.7498
ST 26 -2.3564 -1.8921
ST 27 -0.2199 -0.2539
ST 28 -0.0458 0.2350
ST 30 -0.7882 -0.5666
ST 31 -0.7262 -1.1048
ST 32 -0.9452 -0.9440
ST 33 0.0192 -0.2526
ST 38 0.0094 0.0419
ST 48 -0.5582 -0.5284
ST 49 -0.4891 -0.4371
ST 50 -0.4845 -0.5406
ST 59 -0.9844 -1.2297
ST 61 -3.5232 -3.4593
ST 62 -3.6531 -3.6820
ST 63 -2.8517 -1.7986
ST 64 -0.2966 -1.9808
ST 65 -3.4885 -3.1014
ST 66 -4.1236 -4.1842
ST 67 -3.0714 -2.6016
ST 68 -3.3234 -3.3279
ST 69 -2.9932 -2.7470
ST 70 -3.8574 -3.8491
ST 80 -0.3429 2.4862
ST 81 -0.1325 2.2224
ST 82 -0.4191 1.9927
ST 83 -2.3036 -2.6297
ST 84 -1.2268 3.8150
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Table A.4 ANOVA D PVN Calculations on Original and Aged Asphait @ 60°C (Page 2 of 2)
Anova: Two-Factor Without Replication

SUMMARY Count "Sum Average Vanance
Row 1 2 -1.4294 -0.7147 0.0002
Row 2 2 -0.0787 -0.039¢ 0.0084
Row 3 2 2.5881 1.2941 12.7099
Row 4 2 -0.1861 -0.0931 0.0126
Row 5 2 -0.2867 -0.1433 0.0020
Row 6 2 2.1432 1.0716 4.0019
Row 7 2 2.0899 1.0450 2.7726
Row 8 2 1.5737 0.7868 2.9084
Row 9 2 -0.9507 -0.4754 0.0000
Row 10 2 -1.0462 -0.5231 0.0032
Row 11 2 -1.0294 -0.5147 0.0015
Row 12 2 -0.8810 -0.4405 0.0193
Row 13 2 -0.6660 -0.3330 0.0001
Rcw 14 2 -1.0650 -0.5325 0.0001
Row 15 2 -0.6189 -0.3095 0.0696
Row 16 2 -0.7134 -0.3567 0.0020
Row 17 2 -1.5540 -0.7770 0.0007
Row 18 2 -1.3801 -0.6901 0.0179
Row 19 2 -0.8221 04110 0.0062
Row 20 2 -1.4946 -0.7473 0.0040
Row 21 2 -0.5569 -0.2785 0.0000
Row 22 2 -3.1082 -1.5541 0.0231
Row 23 2 -1.3311 -0.6655 0.0152
Row 24 2 -5.8476 -2.9238 0.0248
Row 25 2 -1.3271 -0.6636 0.0149
Row 26 2 -4.2485 -2.1243 0.1078
Row 27 2 -0.4739 -0.2369 0.0006
Row 28 2 0.1892 0.0946 0.0394
Row 29 2 -4.9332 -2.4666 0.0532
Row 30 2 -1.3549 -0.6774 0.0246
Row 31 2 -1.8310 -0.9155 0.0717
Row 32 2 -1.8892 -0.9446 0.0000
Row 33 2 -0.2333 -0.1167 0.0369
Row 34 2 0.0513 0.0257 0.0005
Row 35 2 -1.0866 -0.5433 0.0004
Row 36 2 -0.9262 -0.4631 0.0014
Row 37 2 -1.0251 -0.5126 0.0016
Row 38 2 -2.2141 -1.1071 0.0301
Row 39 2 -6.9825 -3.4913 0.0020
Row 40 2 -7.3351 -3.6676 0.0004
Row 41 2 -4.6504 -2.3252 0.5545
Row 42 2 -2.2774 -1.1387 1.4183
Row 43 2 -6.5898 -3.2949 0.0749
Row 44 2 -8.3077 -4.1539 0.0018
Row 45 2 -5.6730 -2.8365 0.1104
Row 46 2 -6.6513 -3.3257 0.0000
Row 47 2 -5.7402 -2.8701 0.0303
Row 48 2 -7.7064 -3.8532 0.0000
Column 1 48 -56.5026 -1.1771 1.5802
Column 2 48 -43.3653 -0.9034 2.5745
ANOVA — — —_—
ource of Vanatio SS of MS F " P-value Fcnt
Rows 171.8915 47 3.6573 7.3516 1.15E-10 1.6238
Columns 1.7978 1 1.7978 3.6138 0.0634 4.0471
Error 23.3817 47 0.4975

Total 197.0710 95




Table A.5 ANOVA E PVN Calculations on Original @135°C and Aged Asphalt ‘@ 60°C (Page 1 of 2)

1D Section Original RTFO
135°C 60°C

ST 1 -0.7439 -0.7235
ST 2 -0.1658 -0.1043
ST 4 -0.0863 -0.1725
ST 5 -0.2983 -0.1750
ST 9 -0.3694 04779
ST 10 -0.3897 -0.4833
ST 11 -0.4907 -0.4870
ST 12 -0.4436 -0.3422
ST 13 -0.4348 -0.3398
ST 14 0.41G6 -0.5264
ST 15 -0.4249 -0.1230
ST 16 -0.3551 -0.3252
ST 17 -0.6386 -0.7956
ST 18 -0.5148 -0.7848
ST 19 -0.3668 -0.3553
ST 20 -0.7375 -0.7919
ST 21 -0.5346 0.2778
ST 22 -1.9184 -1.4466
ST 23 -0.5185 -0.7526
ST 24 -3.7128 -2.8124
ST 25 -0.3351 -0.7498
ST 26 -1.8090 -1.8921
ST 27 -0.2099 -0.2539
ST 28 0.0664 0.2350
ST 30 -0.9045 -0.5666
ST 31 -0.8978 -1.1048
ST 32 -0.9255 -0.9440
ST 33 -0.1926 -0.2526
ST 38 -0.0196 0.0419
ST 46 -0.7914 -4.5016
ST 48 -0.4981 -0.5284
ST 49 -0.4975 -0.4371
ST 50 -0.5335 -0.5406
ST 59 -1.4305 -1.2297
ST 71 -0.6105 -0.6093
ST 72 -0.2496 2.3070
ST 73 -0.3470 -0.3829
ST 74 -0.2291 0.1016
ST 75 -0.3060 -0.0967
ST 76 0.4623 0.3543
ST 77 -0.0722 0.6871

ST 78 -0.4362 -0.5511
ST 80 -0.2647 2.4862
ST 81 -0.2744 22224
ST 82 -0.4190 1.9927
ST 83 -0.5482 -2.6297
ST 84 -1.2198 3.8150
ST 85 -0.8323 -3.4593
ST 86 -0.7262 -3.6820
ST 87 -0.3779 -1.7986
ST 88 -0.5651 -1.9808
ST 89 -1.1532 -3.1014
ST 80 -0.9656 -4.1842
ST 92 -1.0978 -2.6016
ST 93 -0.5600 -3.3279
ST 94 -0.5344 -2.7470
ST 895 -0.5014 -3.8491
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Table A-S ANOVA E PVN Calculations on Original @135°C and Aged Asphalt @ 60°C (Page 2 of 2)

Anova: Two-Factor Without Replication

SUMMARY Count Sum Average van
Row 1 2 14674 07337 00002
Row 2 2 02701 0135 00019
Row 3 2 2.5951 12975 12.6749
Row 4 2 -0.2588 0.1294 00037
Row 5 2 0.4733 02367 00076
Row 6 2 22215 11107 37835
Row 7 2 1.9480 08740 3.1169
Row 8 . 2 1.5737 07869 29083
Row 9 2 -0.8473 04236  0.0059
Row 10 2 -0.8731 04365  0.0044
Row 11 2 09776 04888  0.0000
Row 12 2 -0.7858 03929  0.0051
Row 13 2 07748 -0.3874  0.0045
Row 14 2 -0.9370 04685  0.0067
Row 15 2 -0.5478 02735 G.0456
Row 16 2 -0.6803 03402  0.0004
Row 17 2 -1.4342 07171 00123
Row 18 2 -1.2996 06438  0.0364
Row 19 2 07222 03611 0.0001
Row 20 2 -1.5294 0.7647  0.0015
Row 21 2 08123 04062  0.0330
Row 22 2 -3.3651 -1.6825  0.1113
Row 23 2 -12712 0635 00274
Row 24 2 65253 32626 04054
Row 25 2 -1.0849 05425  0.0860
Row 26 2 7012 -1.8506  0.0035
Row 27 2 -0.4638 02319 00010
Row 28 2 03015 01507 00142
Row 29 2 3.1779 15880  2.1662
Row 30 2 -14712 0735  0.0571
Row 31 2 -2.0026 -1.0013 00214
Row 32 2 -1.8695 0.9347  0.0002
Row 33 2 04451 02226 00018
Row 34 2 42916 .2.1458  3.4508
Row 35 2 -4.4082 22041 43684
Row 36 2 .2.1765 -1.0882  1.0083
Row 37 2 0.0223 00112 00019
Row 38 2 .2.5459 12730 1.0022
Row 39 2 42546 21273 18977
Row 40 2 .5.1497 25749 5.17%
Row 41 2 36993 -1.8497  1.1307
Row 42 2 .3.8879 -1.9440 38306
Row 43 2 .3.2814 -1.6407  2.4479
Row 44 2 43505 .2.1753 56034
Row 45 2 -5.2930 26465 68828
Row 46 2 -1.0266 05133 00005
Row 47 2 -0.9346 04673  0.0018
Row 48 2 -1.0741 05371 0.0000
Row 49 2 -2.6602 413301 0.0202
Row 50 2 12198 06099  0.0000
Row 51 2 20574 10287  3.2679
Row 52 2 0.7299 03649  0.0006
Row 53 2 -0.1275 00637  0.0547
Row 5¢ 2 0.4026 02013 00219
Row 55 2 0.8166 04083 00058
Row 56 2 0.6149 0.3074  0.2882
Row 57 2 0.9672 04936  0.0066
Column 1 57 -34.3620 06028 03455
Cotumn 2 57 46.0569 08080 26784
ANOVA
ource of Vanato SS & MS F Pvalve _ Fcrit
Rows 104.5189 56 18664 16124 00383 15579
Columns 1.1987 1 11997 10365 03130 40130
Error 648220 58 1.1575

Total 170.5407 113
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Table A.6 ANOVA F PVYN Calculations Over Time (Page 1 of 1)

177

Asphalt Sample Number Original Asphait | Short Term Aged | After Construction | 7 Years In-Service
1 -1.04 -1.07 -1.13 -1.12
2 -0.70 -0.73 -0.68 -0.60
3 -0.61 -0.60 -0.72 -0.56
4 -0.86 -0.83 -1.03 -0.79
S -1.03 -1.02 -1.16 -1.12
6 -0.45 -0.58 0.47 -0.39
Anova: Two-Factor Without Replication
STLVOLARY Count Sum Average ['ar:ance
Row | 4 -3.3576 -1.0894 0.0018
Row 2 4 -2.7187 -0.6797 0.0029
Row 3 4 -2.4911 -0.6228 0.0047
Row 4 4 -3.5139 -0.8785 0.0109
Row § 4 -4.3287 -1.0822 0.0045
Row 6 4 -1.8944 -0.4736 0.0060
Column 1 6 -4.7001 -0.7833 0.0558
Column 2 6 -4.8305 -0.8051 0.0431
Column 3 6 -5.1917 -0.8653 0.0789
Column 4 6 -4.5822 -0.7637 0.0912
ANOVA
Source of Vanation SS ar MS F P-value Ferui
Rows 1.2874 5 0.2575 67.2410 9.8376SE-10 2.9013
Columns 0.0348 3 00116 3.0336 0.0620 3.2874
Error 0.0574 15 0.0038
Total 1.3797 23




Table A.7 Power Calculations For ANOVA (Page 1 of 4)

178

e e I —
a Sum of Variance | Number of
Squares Freedom | Columns

0.000 2 0.0000 2 | 00239
0.005 2 0.0001 2 0.0239
0.010 2 0.0002 2 0.0239 29 0.2844 |
0.015 2 0.0005 2 0.0239 29 0.4266
0.020 2 0.0008 2 0.0239 29 0.5688
0.025 2 0.0013 2 0.0239 29 0.7110
0.030 2 0.0018 2 0.0239 29 0.8532
0.035 2 0.0025 2 0.0239 29 0.9955
0.040 2 0.0032 2 0.0239 29 1.1377 0.35
0.045 2 0.0041 2 0.0239 29 1.2799 0.44
0.050 2 0.0050 2 0.0239 29 1.4221 0.54
0.055 2 0.0061 2 0.0239 29 1.5643 0.62
0.060 2 0.0072 2 0.0239 29 1.7065 0.73
0.065 2 0.0085 2 0.0239 29 1.8487 0.78
0.070 2 0.0098 2 0.0239 29 1.9909 0.84
0.075 2 0.0113 2 0.0239 29 2.1331 089 |
0.080 2 0.0128 2 0.0239 29 22753 0915 |
0.085 2 0.0145 2 0.0239 29 24175 0.958 1
0.090 2 0.0162 2 0.0239 29 2.5597 0.967
0.095 2 0.0181 2 0.0239 29 2.7020 0.985
0.100 2 0.0200 2 0.0239 29 2.8442 0.989 i

Power Calculations for ANOVA C, Appendix A.3

A=| -1 1 ]
a Sum of K Degrees of | Variance | Number of Phi Tables
Squares Freedom Columns

0.000 2 0.0000 1 0.0224 49 0.0000 ]
0.010 2 0.0002 I 0.0224 49 0.4677
0.020 2 0.0008 1 0.0224 49 0.9354
0.030 2 0.0018 1 0.0224 49 1.4031
0.040 2 0.0032 1 0.0224 49 1.8708
0.045 2 0.0041 1 0.0224 49 2.1047 0.65
0.050 2 0.0050 1 0.0224 49 2.3385 0.71
0.055 2 0.0061 1 0.0224 49 2.5724 0.79
0.060 2 0.0072 1 0.0224 49 2.8062 0.895
0.065 2 0.0085 1 0.0224 49 3.0401 0.937
0.070 2 0.0098 1 0.0224 49 3.2740 0.971
0.075 2 0.0113 1 0.0224 49 3.5078 0.985 1




Table A.7 Power Calculations For ANOVA (Page 2 of 4)

a Sum of K | Degrees of | Variance | Number of
Squares Freedom Columns
0.080 2 0.0128 1 0.0224 49
0.085 2 0.0145 1 0.0224 49 3.9755 jl
0.090 2 0.0162 1 0.0224 49 4.2094
0.095 2 0.0181 1 0.0224 49 4.4432 J
0.100 2 0.0200 1 0.0224 49 4.6771
0.105 2 0.0221 1 0.0224 49 4.9109 '
0.110 2 0.0242 1 0.0224 49 5.1448
0.115 2 0.0265 I 0.0224 49 5.3786
0.120 2 0.0288 1 00224 | 49 5.6125 |
Power Calculations for ANOVA D, Appendix A.4
A=| -4 4 ]
a Sum of K Degrees of | Variance | Number of Phi Tables
Squares Freedom Columns | “
0.000 32 0.0000 1 0.4975 48 0.0000 |
0.010 32 0.0032 1 0.4975 48 0.3929
0.020 32 0.0128 1 0.4975 48 0.7858
0.030 32 0.0288 1 0.4975 48 1.1787
0.040 32 0.0512 1 0.4975 48 1.5716
0.050 32 0.0800 1 0.4975 48 1.9645
0.055 32 0.0972 1 0.4975 48 2.1649 0.63
0.060 32 0.1160 1 0.4975 48 2.3653 0.72
0.065 32 0.1365 1 0.4975 48 2.5656 0.79
0.070 32 0.1586 1 0.4975 48 2.7660 0.87
0.076 32 0.1824 1 0.4975 48 2.9664 0.92
0.081 32- 0.2079 1 0.4975 48 3.1668 0.955
0.086 32 0.2350 1 0.4975 48 3.3672 0.975
0.091 32 0.2638 I 0.4975 48 3.5675 0.987
0.096 32 0.2943 1 0.4975 48 3.7679
0.101 32 0.3264 1 0.4975 48 3.9683
0.106 32 0.3602 1 0.4975 48 4.1687
0.111 32 0.3957 I 0.4975 48 4.3691
0.116 32 0.4328 1 0.4975 48 4.5694
0.121 32 0.4716 1 0.4975 48 4.7698
0.127 32 0.5121 1 0.4975 43 4.9702
Power Calculations for ANOVA E, Appendix A.§
A=| -1 1 ]
I a Sumof | K Degrees of | Variance | Numberof|  Phi Tables
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a Sum of K Degrees of | Variance | Number of
Squares Freedom Columns |
Squares Freedom I Columns T
0.000 2 0.0000 1 1.1575 57 0.0000 }
0.025 2 0.0013 1 1.1575 57 0.1754 i
0.050 2 0.0050 1 1.1575 57 0.3509
0.075 2 0.0113 1 1.1575 57 0.5263
0.100 2 0.0200 1 1.1575 57 0.7017
0.125 2 0.0313 1 1.1575 57 0.8772
0.150 2 0.0450 1 1.1575 57 1.0526 B
0.175 2 0.0613 1 1.1575 57 1.2280 |
0.200 2 0.0800 1 1.1575 57 1.4035
0.225 2 0.1013 1 1.1575 57 1.5789
0.250 2 0.1250 1 1.1575 57 1.7544
0.275 2 0.1513 1 1.1575 57 1.9298
0.300 2 0.1800 1 1.1575 57 2.1052 0.62
0.325 2 0.2113 1 1.1575 57 2.2807 0.715
0.350 2 0.2450 1 1.1575 57 2.4561 0.78
0.375 2 0.2813 1 1.1575 57 2.6315 0.85
0.400 2 0.3200 1 1.1575 57 2.8070 0.89
0.425 2 0.3613 1 1.1575 57 2.9824 0.93
0.450 2 0.4050 l 1.1575 57 3.1578 0.955
0.475 2 0.4513 1 1.1575 57 3.3333 0.975
0.500 2 0.5000 1 1.1575 57 3.5087 0.987
Power Calculations for ANOVA F, Appendix A.6
A=| -3 -1 0 1 3] _
a Sum of K | Degrees of | Variance | Number of Phi Tables |
Squares Freedom Columns
0.000 20 0.0000 3 0.003829 6 0.0000
0.010 20 0.0020 3 0.003829 6 0.8852
0.015 20 0.0045 3 0.003829 6 1.3277 0.32
0.020 20 0.0080 3 0.003829 6 1.7703 0.55
0.021 20 0.0087 3 0.003829 6 1.8411 06 |
0.022 20 0.0093 3 0.003829 6 1.9119 0.64 |
0.022 20 0.0100 3 0.003829 6 1.9827 0.67
0.023 20 0.0108 3 0.003829 6 2.0536 0.69
0.024 20 0.0115 3 0.003829 6 2.1244 0.723
0.025 20 0.0123 3 0.003829 6 2.1952 0.75
0.026 20 0.0131 3 0.003829 6 2.2660 0.79
0.026 20 0.0139 3 0.003829 6 2.3368 0.815
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0.027 20 0.0148 3 0.003829 6 2.4076 0.83

0.028 20 0.0157 3 0.003829 6 2.4784 0.85

0.029 20 0.0166 3 0.003829 6 2.5492 0.865
0.030 20 0.0175 3 0.003829 6 2.6201 0.89

0.030 20 0.0185 3 0.003829 6 2.6909 0.91

0.031 20 0.0195 3 0.003829 6 2.7617 0.92

0.032 20 0.0205 3 0.003829 6 2.8325 0.93

0.033 20 0.0215 3 0.003829 6 2.9033 0.945
0.034 20 0.0226 3 0.003829 6 2.9741 0.954
0.034 20 0.0237 3 0.003829 6 3.0449 0.957
0.035 20 0.0248 3 0.003829 6 3.1157 0.968
0.036 20 0.0259 3 0.003829 6 3.1865 0.975
0.037 20 0.0271 3 0.003829 6 3.2574 0.975
0.038 21 0.0297 3 0.003829 6 3.4104 0.987
0.038 22 0.0324 3 0.003829 6 3.5649 0.99
0.039 23 0.0353 3 0.003829 6 3.7209




Table A.8 ANOVA PG/PVN Compartson (Page 1 of 2)
ANOVA PVN Comparison of PG 58 - 22 and PG 58 - 28

PG 58-22 and PG 58 - 28
Anova: Single Factor
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PGS8-22| PGS8-28
-0.5284 -0.3422
-0.9045 -0.4656
-1.1814 -0.4037
-0.6253 -0.3602
-0.5407 -0.0963
-0.6680 -0.1287
-0.4610 -0.1373
-0.6719 -0.9258
-0.6818 -0.6191
-0.6859 -0.4381
-0.7101 -0.5790
-0.6402 -0.6554
-0.6618 0.4966
-0.6395 -0.5374
-0.7074 -0.7657
-0.8313 -0.7069
-0.7773 03129
-0.5849 -0.7196
-0.6680 -0.7277
-0.6663 -0.3692
-0.6919 -0.7498
-0.6456 -0.5020
-0.5059 -0.7216
-1.2527 -0.6445

- -0.6311

- -0.4118

- -0.5790

- -0.3656

Average -0.7055 -0.5140
{iIStandard Deviation 0.1849 0.2073

ANOVA PVN Comparison of PG 52 - 28 and PG 52 - 34

PG S2-28| PG 52 -34
-0.5766 -0.1923
-0.4362 -0.0563
-0.6860 -0.1208
0.6171 -0.3062
-0.7481 -0.2260
0.4578 -0.4406
-0.3579 -
-0.2572 -
-0.4037 -
Average -0.5045 -0.2237
Standard Deviation 0.1619 0.1367

SUMMARY
Groups Count Sum Average Variance
Column 1 24 -169318 -0.7055 0.0342
Column 2 24 -124051 -0.5169  0.0482
ANOVA
Source of Variation SS df MS F P-value  F crit
Between Groups 0.4269 1 04269 103573 0.0024 4.0517
Within Groups 1.8959 46 0.0412
Total 2.3228 47
PG 52 - 28 and PG 52 - 34
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Column 1 6 -3.5218 -0.5870 0.0152
Column 2 6 -1.3422 02237 0.0187
ANOVA
Source of Variation Ay df MS F P-value Fcrit
Between Groups 0.3959 1 03959 23.3339 0.0007 4.9646
Within Groups 0.1697 10 0.0170
Total 0.5655 11




Table A.8 ANOVA PG/PV'N Comparison (Page 2 of 2)
ANOVA PVN Comparison of PG 64 - 22 and PG 64 - 28

PG 64-22 and PG 64 -28

Anova: Single Factor
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PG64-22| PG64-28
-0.6494 -0.2000
-0.8793 -0.5637
-0.6702 -0.5368
0.6770 -0.3190
-0.7546 0.3024
-0.6417 -0.3024
-0.3245 -
-0.6494 -
-0.4850 -
-0.6770 -
-0.5427 -
Average -0.6319 -0.3707
Standard Deviation 0.1437 0.1456

ANOVA PVN Comparison of PG 46 - 28 and PG 46 - 34

PG 46 -28

PG 46 - 34

-1.6873

-0.1814

-0.3064

0.1868

-0.5260

-0.0144

-0.5087

-0.3099

-0.1702

-0.5021

-0.1777

-0.2031

-0.1857

-0.3208

-0.3362

0.5938

-0.1890

SUMMARY
Groups Count Sum Average Variance
Column 1 6 42721 -0.7120 0.0083
Column 2 6 -22242 -0.3707 0.0212
ANOVA
Source of Variation SS df AS F P-value  Fcru
Between Groups 0.3495 1 03495 23,6774 0.0007 4.9646
Within Groups 0.1476 10 0.0148
Total 0.4971 11
PG 46 - 28 and PG 46 - 34
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Column 1 4 -3.0283 -0.7571 0.3945
Column 2 4 03190 -0.0797  0.0462
ANOVA
Source of Variation SS ar MS F P-value  Fcrit
Between Groups 0.9176 1 09176 4.1640 0.0874 59874
Within Groups 1.3222 6 0.2204
Total 2.2398 7

-0.4167

-0.1329

-0.3889

-0.5063

-0.0451

-0.1986

Average

-0.1841

Standard Deviation

0.2531




Table A.9 ANOVA CRUDE SOURCE/PYN Comperisen (Page | of 4)
ANOVA PVN Comparison with 3 PYN'v/Crude Seurce

3 PVN'VCrude Samples

Asava: Twe-Facter Witheut Replication

184

SUAMAURY Count Sum Awveruge  Variance
Rowl 48 425396 03862 0.4930
Row2 a8 559769 -11662 0876
Row3 48 -706171 -14712 1.3209
Columa 1 3 24896 0899 00010
Column 2 3 -13471 -0 4490 0.1843
Columa 3 3 62874 20958 1.0241
Column 4 3 23833 0 7944 06892
Column S 3 22679 07560 0.0056
Column 6 3 L1913 03971 0.0144
Column 7 3 -28560 08520 oollse
Column 8 3 43809 212 11342
Column 9 3 -1 %421 <0 8149 Q0227
Column 10 3 219 07043 0.0793
Column 11 3 -11.560% -3 8534 06857
Column 12 3 63496  -21499 00128
Column 13 3 70999 23666 09872
Column 14 PR {123} -1 0340 0 7096
Column 15 3 .70601 -2.3533 0877
Column 16 3} 0st7s 0 1958 0 0047
Column 17 3 70566 -23522 00017
Cofumn 18 3 34508 -11502 08798
Column 19 3 74270 -23787 0913t
Column 20 3 51599 -1.7200 12429
Column 21 3 32619 -1 0873 00282
Columa 23 3 Q466 -01489 00495
Column 23 3 -L1069 0 3690 0.0296
Column 24 3 -1ss01 -0 9600 00172
Column 1§ 3 -2ss01 0 9600 ooimn2
Column 16 3 -1.4042 01681 0.1010
Column 27 3 28659 09553 01570
Column 28 3 -08i%s 023729 0 039%
Column 29 3 -27ss 09018 0.002¢
Column 30 3 27058 09018 0.0024
Column 3t 3 304 -1 0081 03291
Column 32 3 27119 -0 9040 00384
Column 33 3 27119 09040 00383
Column 34 3 -172%0 05763 0.0031
Column 35 3 -BI7S -272SS 0.9055
Coluamn 36 3 .2.3605 0 820! 0.0050
Column 37 3 -71184 235728 00196
Column 38 3 0 0849 00233 0 1658
Column 39 3 0 0849 Q0283 01658
Column 40 3 406% -1 3565 11056
Column 41 3 24086 -0 8019 00379
Column 42 3 27423 -0 9141 00148
Column 43 3 2832 -0 8342 0 0003
Column 44 3 4T -1.5930 0.0067
Column 45 3 97528 -32508 0.7496
Column 46 3 -2 8288 0 5429 0.0151
Column 47 3 14838 04878 00287
Column 48 3 22100 Q7367 02091
ANOVA

Somrce of Variation Ny df ALS F P-vaive Fenit
Rows 82170 2 41085 199922 SS3E-08 3.0933
Columnns 106.9026 47 23745 11.0680 13E-22 1.4950
Error 193178 94 0 205S
Total 134 4371 143

CRUDE SOURCE PVN CRUDE SOURCE PVN
A 08313 X 0 1986
A 3603 X 03636
A 0 7980 X 0 5427
B 03707 Y -1 0616
B 0 6643 Y -1 0067
B 09121 Y 08119
C 10703 z 0 1086
4 21234 3 0 SBas
C -3 0937 F 207112
D 03501 AA 09110
D -0 2810 AA 0 5831
D 1752 AA 13718
£ 0 7548 BB -0 0451
E 0 6818 BB 04118
E 08516 BB 03617
£ 33433 cC 08733
£ 3555 cC 08733
F 08325 cC 09588
G 0 7165 DD 08172
G 0 8497 ) 0 5543
G ) 9600 DD 16529
H -1.0481 EE 06779
H 21553 EE -1.0103
H 31775 EE 10237
1 .0 5816 FF -0 6263
i 03315 FF .0 5863
I 6192 FF 05164
J -1 0109 GG -1.7557
] 0 6345 GG 27631
] 03575 GG 36578
K -5 0486 HH -0 8500
K -5 8042 HH 08222
K -1 7073 HH -0 7481
L 22398 11 22154
L 21858 1 24189
L .2.0230 1 24841
M -1 3650 7] 0 5208
X 23829 13 02012
M -3 3520 7] 04368
N Q2738 KK 0 7001
~ 03878 KK .2 5693
~ -1 9301 KK .0 8002
0 13562 LL 09726
0 23957 LL 0 8432
0 .3 2682 [ 0 5898
P 10443 MM 09570
P 08629 M 0 7781
3 14308 MM -1 0073
Q 02022 NN 0 8650
Q 0 2606 NN 0 8340
Q 01246 NN 08335
R 23792 00 -1.5490
R .2 3051 00 -1 6873
R 25722 00 .1 5428
S 03925 PP 23790 |
S -1 0061 PP -3 2629
S .2 1519 [ -3 1108
T T4t Q 03015
T .2 5635 QQ -1 0069
T 5 38°% QQ -1 0205
U .0 5638 RR -0 3064
u -1 7965 RR 05154
U 2.7948 RR 06417
v 09414 SS 02256
v -1 0396 SS 0 877S
v -12709 SS -1.1070
w 0 3782 - -
W 9 1347 - N
W 00603 - =




Table A.9 ANOVA CRUDE SOURCE/PVN Comparisoa (Page 2 of §)
ANOVA PVYN Comparison with 4 PV N's/Crude Souree

" CRUDE SOURCE PVN

A2 -23502
Ad -t 9175
Al -2.0189
A -2.0876
B2 0 6663

< -0 6602
B4 -1.7019
Bs -0 6629

ANOVA PVN Comparison with 6 PVN'wCrude Source

185

CRLDE SOLRCE PVN CRUDE SOURCE PVN
Ab 03386 Ds 0 5094
AS 03603 D6 -3 1502
AS 0 5565 D6 0 1868
A6 2 5983 D6 20052
A6 -0 4254 D6 00963
A6 02063 D6 0 5790
B6 06916 E6 00039
B6 06079 E6 202939
B6 0 1637 E6 03336
B6 3693 E6 00897
Bs 03692 Es 20 4348
86 05938 E6 04136
Cs 05651 F6 0.8390
3 05381 F6 0 8401
Cs 20 2830 F6 06983 |
Co Q325 F6 <0 6599
Cé .0 8538 F6 09297
Cs 03637 F6 77336

ANOVA PVN Comparison with 13 PVN'v/Crude Source

CRUDE SOLRCE PV CRUDE SOCRCE PVN

Als 0 3692 B13 02572
Al3 03811 B13 03023
Als 03811 B3 23024
Al3 0548 813 03190
a3 01763 BI3 2 1883
Al3 204706 Bi3 o014
ALS 04327 ci3 -1.0097
Al3 05260 cn 10257
FYE 5 5438 C13 09226
Al3 21702 ci3 09074
ALl 0 4966 cn 09250
Al3 03362 c13 03935
ALS 05284 ci3 -0 8907
BI3 03510 C13 20 9086
BI3 03193 c13 0 8640
BI3 02686 Ci3 08992
BI3 D152 <D 05258
B13 00209 c13 08793
BI3 T35 <3 053%
B13 03345 . s

4 PYN'y/Crude Samples
Aneva: Twe-Facter Without Replicatica
SUACARY Count  Swm  Average  Farance
Row | 4 8374201 -209355 003414S
Row 2 4 -365139 0922847 0.269783
Column | 2 -3 016489 .| SO824S | 417616
Column 2 2 2577744 -1.283872 0 790406
Column 3 2 -3.720857 -1.860429 0050232
Column 4 2 -2.7505 -137525 1014930
ANOVA
Sowrce of Variation K df ALS F P-value Fery
Rows 274109 1 273109 154545 0029306 1012796
Columns 0.379651 3 012654 0713576 0605913 9276619
Erroc 0.532095 3 01773658
Total 3 652877 7
6 PY'N'wCrude Samples
Asove: Two-Factor Without Replication
SUMMARY Count Sum Average Varnance
Row | 6 -2626391 0437732 0023068
Row2 6 1419612 0236602 0220113
Row3 6 -3 12312 0537187 0035411
Row 4 6 4153272 0692212 1537522
Row § 6 -1 41039 0235065 0051766
Row 6 6 -5690687 0938348 (154168
Column ! 6 -1556736 0255456 0294393
Column 2 6 4661659 07769543 1 $9032
Column 3 6 -1.564288 0260715 0138331
Column 4 6 -1 868827 0311371 0094699
Column § 6 -3110306 0518384 0099689
Column 6 6 -2922432 0387072 0.558379
ANOVA
Source of Varanon S5 df AS F P-value Fere
Rows 4987542 S 0997508 2804506 0033228 2602988
Columns 1218224 5 0243635 068501 0639158 26029588
Error 8892014 25 0355681
Total 1509778 35
13 PYN'v/Crude Samples
Anova: Two-Factor Without Replication
SUAMARY Count Sum Average Varmance
Row ! 13 53081 -0 3083 aols7
Row 2 13 05358 0042 Q4635
Row 3 13 -119870 09221 00022
Column | 3 -183299 06100 01233
Column 2 3 17282 05754 01530
Column 3 3 -1.5723 05241 01322
Column 4 3 -13554 -04is18 0.1607
Column S 3 10805 03602 02490
Column 6 3 -13496%9 04990 0.1452
Column 7 3 -1.6480 -0.5393 00904
Column 8 3 -16917 Q5639 0.1071
Column 9 3 17112 05704 00793
Column 10 3 -13NN7T Qasn 0.1508
Column 11 3  -1.7414 05808 00373
Column 12 3 08729 02910 27491
Column 13 3 14785 043928 0.2131
ANOVA
Source of Vananon 35 df AS F P-valwe Fcru
Rows 5.0901 2 2545 161102 3 66E-0S 3.4028
Columns 1.9856 2 0.1655 10474 04413 21834
Ervor 3.7914 24 0.1580
Towad 10 8671 38




Table A.9 ANOVA CRUDE SOURCE/PVN Comparisen (Page 3 of §)
ANOVA PVN Comparisca with 23 PVN'vCrude Seurce

R
CRUDE SOURCE

23 PYN'y/Crude Semples

Anaova: Two-Factor Without Replication

186

CRUDE SOURCE PVN PVN
A3 TR “BL3 =y o
AT 36770 BD 2.4167
A 37367 B 3.3054
A3 02483 B 26618
A 02483 B3 0.6547
AZ3 27216 B 20 6402
A 0.18%0 BD 2.53713
A3 07481 B3 2 5021
A% 07074 B33 24610
AT 07498 823 038203
A 03277 83 2 3099
A3 0617! 3] 33168
A3 05567 3 20613
A3 06860 c3 03582
a23 07176 &3] 03624
A33 27069 o] 03248
A3 0.7657 3 03129
A% 06554 c EITE)
A2 -0.6680 3 20.1208
FeT) 10185 [=1) 2.1926
A3 35790 <3 20.2086
A 10882 B 01001
A3 07558 [<3) o172
B3 2 5628 [T 200969
B3 20 5885 cn 205018
823 25073 cu 203260
B 25812 3 25020
B23 EET] o] 03362
B 0930 o) 53308
B3 24830 =1 21857
B D338 = 53062
B33 26329 <=3 33163
BL 13527 1) 03129
B 56456 [=1) 32031
B33 56918 . -

SUMMARY Comunt Sum Average Variance
Row 1 23 -109342 04754 0.2607
Row 2 23 -10.0846 <0.438S 0.1765%
Raw 3 23 64956 02824 0.0127
Column | 3 -1.4581 0.4860 00217
Column 2 3 -16968 05656 00155
Column 3 3 -1.6022 05341 0.0364
Column 4 3 -1.1919 03973 00286
Column § 3 10212 03404 00102
Column 6 3 -1.4588 -0 4862 0 0447
Column 7 3 09553 03184 0.0227
Column 8 3 -1.2071 <0 4024 01018
Column 9 3 -1 5328 05109 007T7s
Colurna 10 3 220 07370 [+ el
Column 11 3 -14734 Q4311 0.1163
Column 12 3 -1.4863 04954 00773
Column 13 3 -1.3216 Q4405 00917
Column 14 3 -16048 05348 0.0189
Column 1§ 3 -1.1490 03830 00841
Column 16 3 -1 8707 0.6236 oollé
Column 17 3 ) 3473 -0 1491 0.5306
Column 18 3 -1.61684 05388 0.0157
Column 19 3 -1 3911 -0 3637 00622
Column 20 3 02102 0070! 0.6842
Column 21 3 -1 3563 <0 4521 00173
Column 22 3 1.5955 0.5318 05532
Calumn 23 3 -1 2638 {0 4229 0 0859
ANOVA

Source of Varnation 5 df ALS F P-valwe Fere

Rows 0.4827 2 02513 1.9234 0.1580 32093
Columns 43878 2 01994 1 5504 0.0942 1.7889
Error 55180 4 01254
Total 10 3385 68




Table A.9 ANOVA CRUDE SOURCE/PVN Comparisen (Page 4 ol §)
ANOVA PVN Comparison with 32 PYN'/Crude Seurce

32 PVN'/Crude Semples

Asova: Twe-Factor Withest Replicatioa

[ CRUDESOCRCE | PVN ] CRUDESOURCE |  PVN
A2 -0 5628 B32 03164
A3l -0 5885 B32 04313
AJ2 -0 5073 832 -0.3582
A32 -0 5812 B32 03624
A32 -0 3481 B32 -0 3248
A32 04230 B32 -0.3129
Al2 -0 4840 B32 -0 2823
A2 -0 3381 B32 <0.1208
A2 -0.6329 832 <0.1926
A2 -12527 Bi2 0.2086
A32 0 6456 B32 -0.1001
A32 06919 B32 01772
A32 -0 6630 B32 -0 0965
A32 0 4167 B2 05018
A3 Q2054 B32 -0 2260
A3l £ 3518 832 -0 5020
432 G 3837 812 -J 3361
A32 0 6402 832 03208 .
A3l 05373 832 -0.1857
A32 -0 5021 832 <0 3062
A32 0.4610 832 -0.3163
A3l 08203 832 03129
A2 03099 832 <0.2031
A32 04812 B32 04313
A2 03576 B32 Q112
A32 <0 5407 B32 -0 1208
A32 05113 B32 0 2910
A32 12581 832 04734
A3l 971414 B32 1.0781
A32 1 2980 B32 1 0371
A3l 0 5102 832 -0.4381
A3l 08020 B32 <0 3602

187

SUMMARY Count Sum Average VYaramce
Row | 32 7396 0.2290 03970
Row 2 32 60875 01902 41309
Column ! 2 08792 0439 00304
Column 2 2 -i0198 05099 00123
Column 3 2 03855 04328 00tI!
Column ¢4 2 09436 Q4ns 0.0239
Column § 2 Q79 0384 00076
Column 6 2 07169  QI684 00062
Column 7 2 07663 03832 00203
Column § 2 04589 02298 00236
Column 9 2 9828¢ D127 00965
Column {0 2 14612 0706 0 5450
Column 11 2 07457 0379 01428
Column 12 2 08651 04346 01324
Column 13 2 37849 03825 01631
Column 14 2 Q9185 -g 3552 00036
Column 1S 3 04318 QST 00003
Column 16 2 -1.1638 05819 00128
Column 17 2 03185 01592 0 49509
Column (8 2 09610 04805 0.0510
Column 19 2 07230 035 0068
Column 20 2 03083 04042 00192
Column 21 2 07173 D33%6 0010s
Column 22 2 05073 02537 06421
Column 23 2 05130 02865 Q0087
Column 23 2 09128 04562 00012
Column 2§ 2 05338 02673 00163
Column 26 2 Q6615 03307 00881
Column 27 2 Q273 01086 03242
Column 28 2 07836 03923 1.49591
Column 29 2 18153 Q09097 00567
Columna 30 2 23352 11676 00340
Column 31 2 01081 00540 04844
Column 32 2 04318 02209 0.6753
ANOVA

Source of $anation Ss df MS F P-value Fene

Rows 00231 1 Q0231 01317 07192 41596
Columns 106839 31 033z8 18835 00413 18221
Error 56749 31 0.1831
Total 16 3879 63




Table A.10 Power Calculations for ANOVA, Appendix A.9

A= -1 1 -2 2 0 0]
6 Crude Sources
a Sum of K egrees o| Variance{ umber o] Phi
Squares Freedom Columns
0.000 10 0.0000 5 0.35568 6 0.0000
0.100 10 0.1000 5 0.35568 6 0.5302
0.200 10 0.4000 5 0.35568 6 1.0605 0.22
0.250 10 0.6250 5 0.35568 6 1.3256 0.32
0.270 10 0.7290 S 0.35568 6 1.4316 0.39
0.290 10 0.8410 5 0.35568 6 1.5377 0.44
0.310 10 0.9610 5 0.35568 6 1.6437 0.53
0.330 10 1.0890 5 0.35568 6 1.7498 0.55
0.350 10 1.2250 5 0.35568 6 1.8558 0.62
0.370 10 1.3690 5 0.35568 6 1.9619 0.65
0.390 10 1.5210 5 0.35568 6 2.0679 0.72
0.410 10 1.6810 5 0.35568 6 2.1740 0.76
0.430 10 1.8490 5 0.35568 6 2.2800 | 0.817
0.460 10 2.1160 5 0.35568 6 2.4391 0.87
0.490 10 2.4010 5 0.35568 6 2.5982
0.520 10 2.7040 5 0.35568 6 2.7572
0.550 10 3.0250 5 0.35568 6 2.9163
0.580 10 3.3640 5 0.35568 6 3.0754
0.610 10 3.7210 5 0.35568 6 3.2344
0.640 10 4.0960 5 0.35568 6 3.3935
0.670 10 4.4890 5 0.35568 6 3.5526
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Table A 11 ANOVA CRUDE SOURCE/PG/PVN Cemparisea (Page 1 of 1)

ANOVA PVN Comparison with 3 PVN's/Crude Source

Summary of ANOVA for Crude Source A
Anova: Two-Factor Without Replication

SUMMARY Count Sum Awverage Vanance
Row 1 3 .06855 -0.2285 0.0012
Row 2 3 -20512 06837 0.0043
Row 3 3 -21414  0.7138 0.0019
Row 4 3 20002 -0.6667 0.0088
Column 1 4 22098 -0.5525 0.0640
Column 2 4 21888 05472 0.0402
Column 3 4 24797 06199 0.0618
ANOVA
Source of Vanation SS dr MS F P-value Fent
Rows 04786 3 01595 496921 00001 4757
Columns 00132 2 00066 20489 02098 51432
Error 0.0193 6 00032
Total 0.5110 11
Summary of ANOVA for Crude Source B
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average Vanance
Row | 3 -12287 04096 0.0093
Row 2 3 -1 0431 -0 3480 00191
Row 3 3 16419 05473 00081
Row4 3 2.3989 08330 01652
Column | 4 0.0899 0.0225 0.7330
Column 2 4 0.8981 0.2245 0.2643
Column 3 4 06076 -0.1519 0.3207
ANOVA
Source of Vanation SS df MS F P-value Fent
Rows 3.6797 3 12266 26 8346 0.0007 47571
Columns 0.1289 2 00645 14103 03147 514352
Error 02732 6 00457
Total 40829 11
Summary of ANOVA for Crude Source C
Anova: Two-Factor Without Replication
SUMMARY Count Sum Average Vanance
Row 1 3 05660 01887 0.0002
Row2 3 06193 -0 2064 0.0087
Row 3 3 -1.1061 -0.3687 00010
Row 4 3 -14078 -0 4693 00012
Column 1 4 -11433 02861 0.01s1
Column 2 4 12011 -0.3003 0.0273
Column 3 4 -13538 -0.3385 00172
ANOVA
Source of Varianon SS df MS F P-value Fent
Rows 0.1627 3 0.0542 19.8759 0.0016 47571
Columns 0.0059 2 0.0029 1.0759 0.3987 51432
Enor 0.0164 6 0.0027
Total 0.1850 11

CRUDE SOURCE PG PVN
A 46-34 -0.1890
A 3634 -0 2483
A 36-34 -0.2483
A 52-28 -0.6860
A 52-28 -0.6171
A 52-28 -0.7481
A 58-22 -0.7558
A 58-22 -0.6680
A 58-22 £0.N76
A 58-22 -0.7074
A 58-28 -0.5790
A 58-28 -0.6554
A 58-28 0.7657
A 58-28 -0 7069
38-28 -0 7277
A 58-28 -0.7498
A 58-28 0.7216
A 58-28 -0.5790
A 64-22 -0.7367
A 64-22 -0.6T70
A 64.28 1.0882
A 64-28 1.0185
A 70-28 -0 5567
B 46-33 -0 3099
B 46-34 -0 5021
B 46-33 -0.4167
B 52-28 -0.3576
B 52-28 04812
B 52-28 -0.2054
B 58-18 -0.6329
B 58.22 -0.5407
B 58-22 -0.4610
B 58-22 -0.6402
B 58-22 0.6618
B 58-22 -0.6680
B 58-22 -0.6919
B 58.22 -0 6456
B 58.22 -1.2527
B 58.28 0.5373
B 634.22 0.8020
B 64-22 05113
B 64-28 0.7414
B 64-28 1.2581
B 70-22 1.2980
B 70-22 0.5462
B 70-22 0.6547
B 70-33 0.8203
C 46-34 -0.3099
C 46-34 -0.5021
C 46-34 -0.4167
c 52.28 -0.3576
C 52-28 04812
C 52-28 -0.2054
C 58-22 -0.5407
C 58.22 -0.4610
C 58-22 -0.6402
C 70-22 1.2980
C 70-22 0.5462
C 70-22 0.6547
C 64-22 0.8020
C 64-22 -0.5113
C 64-28 0.7414
[} 64-28 1.2581
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Table A.12 ANOVA For Two Modified PVN Values (Page 1 of 2)

Original Comparison

Anova: Two-Factor Without Replication ID Original
PVN PVN

SUMMARY Count Sum  Average Variance 135 60
Row 1 2 -1.6317 -0.8158 0.0017 STM | -0.7864| -0.8452
Row 2 2 0298 0.1493 0.0183 STM 2 0.0537] 0.2449}
Row 3 2 -0.1982 -0.0991 0.0570 STM 3 0.0369) -0.2351
Row 4 2 04369 02185 0.0315 STM 4 0.3439{ 0.0930]
Row § 2 1.083% 05417 0.0012 STM 5 0.5174] 0.5661
Row 6 2 06646 0.3323 0.0007 STM 6 0.3139] 0.3507
Row 7 2 -0.3906 -0.1953 0.0013 STM 7 -0.2205] -0.1701
Column 1 7 02588 0.0370 0.1910
Column 2 7 0.0044 0.0006 0.2184
ANOVA
Source of Variation SS af MS F P-value F crit
Rows 2.3700 6 03950 27.2475 0.0004 4.2839
Columns 0.0046 1 00046 03191 0.5927 59874
Error 0.0870 6 0.0145
Total 24616 13

PVN Using 135 PVN

Anova: Two-Facter Without Replication ID Original] Aged
[ PVN | PVN

SUMMARY Count Sum Average Variance 13§ 135
Row 1 2 17813 08907 02787 STM § 0.5174 1.2639
Row 2 2 11435 05718  0.1330 STM 6 0.3139] 0.8296
Row 3 2  -0.1380 -0.06%0  0.0459 STM 7 -0.2205] 0.0825
Column 1 3 06108 0.2036  0.1452
Column 2 3 21760 0.7253  0.3571
ANOVA -
Source of Variation SS df MS F P-value  Fcrit
Rows 0.9555 2 04778 194138  0.0480 19.0000
Columns 0.4c83 1 04083 165931  0.0553 18.5128
Error 0.0482 2 0024
Total 1.4131 3
Original @ 135, Aged @ 60 ID Original} Aged
Anova: Two-Factor Without Replication PVN PVT

13§ 60

SUMMARY Caount Sum  Average Vanance STM 1 -0.7864] -0.4432
Row 1 2 .1.2296 06148  0.0589 STM 2 0.0557] 0.7089,
Row 2 2 07626 03813 0.2147 STM § 0.5174] 1.0139
Row 3 2 15312 07856 0.1232 STM 6 0.3139] 0.6171
Row 4 2 09310 04855  0.0480 STM7 -0.2205] -0.0761
Row 5 2 02966 -0.1483  0.0104



Table A.12 ANOVA For Two Modified PVN Values (Page 2 of 2)

Column 1 § -01220 -0.02¢4 0.2583
Cclumn 2 5 1.8206 0.3641 0.3627
ANOVA
Sourze of Vanation SS af MS F P-valye Fent
Rows 2.4080 4 0.6020 31.7417 0.0027 6.3882
Columns 0.3774 1 0.3774 19.8971 0.0112 7.7086
Eror 0.0759 4 0.0180
Total 2.8612 9
Original ‘@ 60 and Aged @ 135
Anova: Two-Factor Without Replication ID Original{ Aged
PVN PVN
SUMMARY Count Sum Average Vanance 60 13§
Row 1 2 18300 09150 0.2435 STM § 0.5661] 1.2639
Row 2 2 11804 05802 0.1147 STM 6 0.3507] 0.8296
Row 3 2 -0.0877 -0.0438 0.0319 STM 7 -0.1701 0.0825
Column 1 3 0.7467 0.2489 0.1433
Column 2 3 2.1760 0.7253 0.3571
ANOVA
Source of Vanation SS df MS F P-value Fecnt
Rows 0.9512 2 0.4756 19.1861 0.0495 19.0000
Columns 0.3405 1 0.3405 13.736S5 0.0657 185128
Error 0.0496 2 0.0248
Total 1.3413 S
Original ‘@ 60 and Aged @ 60 ID Original| Aged
Anova: Two-Factor Without Replication PVN PVN
- 60 60
SUMMARY Count Sum Average Variance STM | -0.8452 1 -0.4432
Row 1 2 -1.2884 -06442  0.0808 STM 2 0.2449 | 0.7089
Row 2 2 09539 04769  0.1076 STM 5 0.5661 | 1.0139
Row 3 2 15799 07900  0.1003 STM 6 0.3507 | 0.6171
Row 4 2 0.9678 0.4839 0.0355 STM 7 -0.1701 | -0.0761
Row 5 2 02462 -0.123% 0.0044
Column 1 H 0.1464 0.0293 0.3106
Column 2 5 1.8206 0.3641 0.3627
ANOVA
Source of Vanation SS dof MS F P-value Fent
Rows 2.6448 4 0.6612 54.7376 0.0010 6.3882
Columns 0.2803 1 0.2803 23.2040 0.0085 7.7088
Error 0.0483 4 0.0121

Total 2974 9
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Table A.13 Four and Three Way ANOVA for Modified PVN (Page 1 of 1) 192

Four Way ANOVA
Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Vanance

Row 1 4 3.3612 0.8403 0.1297

Row 2 4 2.1114 0.5278 0.0587

Row 3 4 -03842 -0.0961 0.0177

Column 1 3 0.6108 0.2036 0.1452

Column 2 3 0.7467 0.2489 0.1433

Column 3 3 2.1760 0.7253 0.3571

Column 4 3 1.5549 0.5183 0.3043

ANOVA

Source of Variation SS af MS F P-vaiue F cnt
Rows 1.8182 2 0.9091 66.7843 7.94E-0S 5.1432
Columns 0.5368 3 0.1789 13.1452 0.0048 37571
Error 0.0817 6 0.0136

Total 2.4367 11

Three Way Analysis (Original @ 135 and 60 and Aged @ 135)
Anova: Two-Factor Without Replication

SUMMARY Count Sum __ Average Vanance
Row 1 3 23474 0.7825 0.1745
Row 2 3 14943 0.4981 0.0828
Row 3 3 -0.3082 -0.1027 0.0264
Column 1 3 0.6108 0.2036 0.1452
Column 2 3 0.7467 0.2489 0.1433
Column 3 3 2.1760 0.7253 0.3571
ANOVA
Source of Vanation SS cof MS ~ P-value Fent
Rows 1.2254 2 06127 37.1884 0.0026 6.9443
Columns 0.5013 2 0.2506 15.2136 0.0135 6.9443
Error 0.0658 4 0.0165
Total - 1.7925 8

Three Way Analysis (Original @ 60 and Aged @ 135 and 60)
Anova: Two-Factor Without Replication

SUMMARY Count Sum Average Vanance
Row 1 3 2.8438 0.9479 0.1250
Row 2 3 1.7975 0.5992 0.0576
Row 3 3 -0.1637 -0.0546 0.0163
Column 1 3 0.7467 0.2489 0.1433
Cclumn 2 3 2.1760 0.7253 0.3571
Column 3 3 1.5549 0.5183 0.3043
ANOVA _ — .
Source of Vanaticn SS af MS F__ P-value F ent
Rows 1.5541 2 0.7770 56.1772 0.0012 6.9443
Columns 0.3425 2 0.1712 12.3790 0.0193 6.9443
Error 0.0553 4 0.0138

Total 1.9519 8
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APPENDIX B

MODULE TWO: LOW TEMPERATURE CRACKING



Table B.1 Material Data C-LTPP Database (Page1 of 5)

C-SHRP ID| Scction | Pavement Layer SpecificGrav Penetration KinViscosity PVN
original Location | Asphalt Cement|{ @25C(mm X 1/10)| @135C(mm2/sec) |
810404 [ overlay Surface 1.0660 95 | 417 -0.2179
810404 2 overlay Surface 1.0660 9% 400 -0.2936
810404 2 overlay [ Ist Intermediate 1.0660 111 369 -0.2218
810404 3 overlay Surface 1.0720 61 627 -0.1239
810404 3 overlay | Ist Intermediate 1.0700 81 318 -0.8002
810404 4 overlay Surface 1.0760 71 560 -0.1158
810404 4 original Surface 1.0470 78 436 -0.3754
810404 4 original | Ist Intermediate 1.0470 78 422 -0.4233
810404 4 original |2nd Intermediate 1.0710 51 780 -0.0170
820205 1 original Surface 1.0090 51 268 -1.4734
820205 ] overlay Surface 1.0250 72 259 -1.2162
820205 2 original Surface 1.0210 50 283 -1.4159
820205 2 overlay Bottom 1.0230 70 267 -1.1986
820205 2 overlay Surface 1.0250 72 289 -1.0576
| 820502 [ N/A | st Intermediate 1.0340 25 877 -0.5637
820502 1 N/A 1st Intermediate 1.0240 28 623 -0.8851
820502 ] original Surface 1.0220 33 336 -1.5258
820502 1 overlay Bottom 1.0260 120 153 -1.5291
820502 1 overlay Surface 1.0180 80 277 -1.0167
820502 2 original Surface 1.0260 32 383 -1.3840
820502 2 overlay Bottom 1.0300 38 345 -1.3801
820502 2 overlay Surface 1.0160 88 305 -0.7761
820605 1 N/A Ist Intermediate 1.0280 28 437 -1.3241
820605 1 N/A Ist Intermediate 1.0340 28 496 -1.1673
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Table B.1 Material Data C-LTPP Database (Page2 of 5)

C-SHRP ID] Section | Pavement Layer SpecificGrav Penctration KinViscosity PVN
original |  Location Asphalt Cement| @25C(mm X 1/10)| @135C(mm2/sec)

820605 | original |  Surface 1.0270 46 249 -1.6569

| 820605 | overlay Surface 1.0190 64 293 -1.1493

w 820605 2 original Surface 1.0280 39 313 -1.4859
820605 2 overlay Surface 1.0190 70 298 -1.0404
830403 3 original Surface 1.1010 21 1170 -0.3722 i
830403 [ overlay Surface 1.0610 61 535 -0.3470 |
830403 2 overlay Bottom 1.0640 74 463 -0.3454 ql
830801 1 overlay Surface 1.0420 117 321 -0.3786
830801 2 overlay Surface 1.0400 108 334 -0.4103

'f 830801 3 overlay Surface 1.0430 88 318 -0.7134
830801 4 overlay Surface 1.0390 124 311 -0.3594

Ik 840101 3 overlay Bottom 1.0340 76 264 -1.1372
840101 3 overlay Bottom 1.0360 92 285 -0.8316
840101 3 overlay Bottom 1.0330 70 304 -1.0117
840101 1 overlay Bottom 1.0450 80 283 -0.9851
840101 1 overlay Bottom 1.0400 98 304 -0.6656 ll
840101 1 overlay Bottom 1.0390 86 276 -0.9495
840101 1 overlay }2nd Intermediate 1.0450 85 370 -0.5241
840101 1 overlay |2nd Intermediate 1.0400 97 270 -0.8581
840101 1 overlay |2nd Intermediate 1.0380 83 307 -0.8272

[ 840101 [ overlay [ Ist Intermediate 1.0380 71 314 -0.9512

|L840101 I overlay | Ist Intermediate 1.0350 65 292 -1.1397
840101 1 overlay | Ist Intermediate 1.0370 68 289 -1.1121
840101 1 overlay Surface 1.0340 75 252 -1.2177 ill

|[ 840101 1 overlay Surface 1.0330 91 283 -0.8537
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Table B.1 Material Data C-LTPP Database (Page3 of 5)

C-SHRP ID| Section | Pavement Layer SpecificGrav Penctration KinViscosity PVN
l_ original Location Asphalt Cement| @25C(mm X 1/10)| @135C(mm2/sec)

840101 1 overlay Surface 1.0330 91 283 -0.8537
840101 1 original Surface 1.0430 44 581 -0.5648
840204 2 overlay Bottom 1.0290 76 326 -0.8289
840204 2 overlay Bottom 1.0280 82 280 -0.9762
840204 2 overlay Bottom 1.0250 64 301 LIy
840204 2 overlay | Ist Intermediate 1.0370 45 391 -1.0718
840204 2 overlay | Ist Intermediate 1.0420 68 446 -0.4904
840204 2 overlay | Ist Intermediate 1.0370 38 488 -0.9298
840204 1 overlay Bottom 1.0290 72 289 -1.0576 |
840204 1 overlay Bottom 1.0290 95 283 -0.8084 |
840204 1 overlay Bottom 1.0310 81 283 -0.9727
840204 1 overlay Surface 1.0450 40 528 -0.7808
840204 1 overlay Surface 1.0440 38 568 -0.7326
840204 1 overlay Surface 1.0460 35 599 -0.7389
840204 1 overlay Surface 1.0460 35 599 -0.7389
840204 1 overlay Surface 1.0460 35 599 -0.7389
840204 1 original Surface 1.0470 26 904 -0.4917
840604 1 overlay Bottom 1.0430 86 360 -0.5523
840604 1 overlay Bottom 1.0430 92 314 -0.6849
840604 1 overlay Bottom 1.0430 72 351 -0.7762
840604 1 overlay Surface 1.0450 34 643 -0.6745
840604 1 overlay Surface 1.0490 30 671 -0.7329
840604 1 overlay Surface 1.0490 30 671 -0.7329
840604 2 overlay Surface 1.0320 74 320 -0.8828
840604 2 overlay Surface 1.0330 74 332 -0.8293
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Table B.1 Material Data C-LTPP Database (Page4 of 5)

C-SHRP ID| Section | Pavement Layer SpecificGrav Penctration KinViscosity PVN ‘
' J original Location Asphalt Cement| @25C(mm X 1/10)| @135C(mm2/sec) l
840604 2 | overlay Surface 1.0330 62 317 -1.0676
840604 4 overlay Bottom 1.0450 43 503 -0.7780 |

840604 4 overlay Bottom 1.0480 38 497 -0.9060 “

840604 4 overlay Bottom 1.0500 33 686 -0.6194
840604 4 original Surface 1.0460 44 626 -0.4656 |
850206 1 overlay 175 230 -0.4327 “
860501 1 overlay Surface 1.0128 165 206 ~0.6978
860501 2 overlay Surface 1.0128 165 206 -0.6978
860501 3 overlay Surface 1.0128 165 206 -0.6978
860603 1 overlay Surface 1.0128 165 206 -0.6978
860603 1 overlay Bottom 1.0128 167 206 -0.6832 |
860603 2 overlay Surface 1.0128 167 206 -0.6832 |i
860603 2 overlay Bottom 1.0128 167 206 -0.6832 |
860603 3 overlay Surface 1.0128 167 206 -0.6832 "
870102 1 overlay Surface 1.0276 81 415 -0.4065
870102 2 overlay | Ist Intermediate 1.0250 79 427 -0.3920
870504 1 overlay Surface 1.0350 33 691 -0.6100
870504 2 overlay Surface 1.0390 28 726 -0.6960
870504 2 overlay Bottom 1.0370 33 707 -0.5807 “
870504 l original Bottom 1.0350 33 691 -0.6100 |
870504 2 original Bottom 1.0390 28 726 -0.6960
870504 2 original {2nd intermeditat 1.0370 33 707 -0.5807

[ 870505 | overlay Surface 1.0343 54 1200 0.6385
870505 3 overlay Surface 1.0307 64 465 -0.4945 |

l[ 870505 3 overlay | Ist Intermediate 1.0284 84 513 -0.0505 J
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Table B.1 Material Data C-LTPP Database (Page5 of 5)

C-SHRP ID} Section | Pavement Layer SpecificGrav Penetration KinViscosity
| original I Location Asphalt Cement| @25C(mm X 1/10)| @135C(mm2/sec)
870505 4 overlay Bottom 1.0314 45 451
870505 4 overlay Bottom 1.0249 71 406 -0.5802 |
870701 2 overlay Bottom 1.0238 65 475 -0.4481 1‘
{| 870701 2 overlay Surface 1.0297 57 477 -0.5775
880203 I original Surface 1.0340 88 341 -0.6090 ||
|t 880203 [ original | Ist Intermediate 1.0450 137 277 -0.4244 |
| 880203 [ original Bottom 1.0420 127 276 -0.5223
| 880203 I overlay Surface 1.0230 83 256 -1.1000
[ 880203 2 original Surface 1.0420 88 341 -0.6090
| 880203 2 original | Ist Intermediate 1.0450 137 277 -0.4244
880203 2 original Bottom 1.0420 127 276 -0.5223 |
880203 3 original Surface 1.0340 88 341 -0.6090
880203 3 original | Ist Intermediate 1.0450 137 277 -0.4244
880203 3 original Bottom 1.0420 127 276 -0.5223
880203 4 original Surface 1.0340 88 341 -0.6090
880203 4 original | Ist Intermediate 1.0450 137 277 -0.4244
880203 4 original Bottom 1.0420 127 276 -0.5223 l‘
890503 1 overlay Surface 99 369 03569 |
il 890503 l overlay Surface 1.0400 25 924 -0.4998
| 890503 2 overlay Surface 1.0400 27 2046 0.5482
“ 890503 3 overlay Surface 1.0400 25 924 -0.4998
890503 4 overlay Surface 1.0400 27 2046 0.5482
| 890702 [ overlay Surface 1.0400 30 843 -0.4469
890702 2 Surface 1.0400 30 843 -0.4469
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Table B.2 Transverse Cracking Prediction Using Hajek Model (Page 1 of 2)

Test Site | Section| Thickness [ Stitfness Minimum Subgrade Cracking Index With Time (\'mrs)”

(mm) (l(g/cmx) Temperature (°C) ! 23| 41 5]6] 7|8 9 10 11 12 13 14 15 16 17 18 19 | 20
810404 [ 61 40 -30 | 04(26147[169190]11.2[1331154]176(119.71219]1240{262128313051326(1347]1369]1390]412
810404 2 103 185 -30 1 340-171000 17134151168 851 100 118713511528 1691 1861203122042371254]27.11}288
810404 3 04 50 -30 | 001141361591 821105§127}150{ 1731196}21.81241}126412871309]332{355]137814001423
810404 4 55 35 -30 1 041251451661 87110.71128)1491 16971 190121.1]123.11252712731293]3147335]355}1376]397
820205 [ 42 45 -15 k] 102110111191 12.8)13.7]14.6]154]163] 172 1811 189]198]207]216]224]2331242]25.1]259268
820205 2 83 25 -15 3 82 | 87192]97110.3110811.4)119]1 1241301 1351401 146]15.1] 156} 1621167172 178] 183
820502 | 104 17 -15 3 7117580 84]88]92196]100] 104 108] 11211161120 124 128]13.2]13.6] 14.0] 144] 148
820502 2 118 17 -15 3 66 169172176179 82)85[88[ 9194197 {100][103[106]109] 113]116]11.9]1221125
820605 | 50 38 -20 k] 38 145153161169]76]|84]92(1100Q107(11.57123]131[139][146]154]162]170] 17.7( 185
820605 2 73 22 -20 3 15120124129133]38]43147|52156(61 |66} 701 75]179]|84 (88193981102
830403 | 100 1500 -35 K} 33.6{36.51394(42.3{45.2(48.1151.0/539] 5691 59862716561 685]714]743]77.3{80.2}|83.1|860] 889
830403 2 113 900 -35 k] 14.4117.0§19.6122.2124.9127.5{30.1132.71 353137914051 4321458 484|510 536] 562|589 61.5]64.1
830403 3 148 1800 -35 3 38.8141.8144.9147.9}150.9153.9|56.9159.91 6301660} 69.0] 72047511 78.1{81.1]84.1]87.11902]932]962
830801 | 185 2000 -35 3 4).8144.9147.9]51.0154.1]157.2}60.2163.3} 664} 695} 7261 7571 788 | 81.81 8491 88.01 91.1]94.2] 97.2}100.3
830801 2 103 400 -35 3 09112]34155176]1981119]14.1) 162]184]1205722712481269]29.1]31.2)3341355]37.7]398
830801 3 126 3000 -35 3 75.9]179.2]82.5]85.8]89.1192.5]95.8199.1] 102.4] 105.7] 109.0{ 112.4] 115 7] 119.0] 122.3] 125.6] 128.9] 132.3] 135.6] 138.9,
830801 4 170 1500 -35 3 28.3]31.2134.1]37.1}40.0]42.9]45.8|48.7] 51.6] 54.5} 574 604]633]662]69.1]72.0] 74.9] 77.8] 80.8| 83.7
840101 | 174 100 -23 | 17]130143157)70]83[98]11.0] 124]13.7]150[164{177]19.1]204]21.7]23.1]244]258) 27.1
840101 2 179 100 .23 [ 15/28[42]55}/68]82195]109] 122]135]149[162]175]189]202]216]229]24.2]256) 269
840101 3 87 100 -23 | 461 60]73187{100]11.3]12.7]14.0{ 154(1671180]194}207]221]234]247]26.1{274]287] 30.1
840204 | 114 800 -24 2 18.6121.2{123.7(26.3]28.8{31.4{33.9]36.5] 39.0]| 41.6] 44.1{ 4671492 | 51 8] 54.3] 569 594!61.9|645]67.0
840204 2 88 1200 -24 2 28.5{31.3]134.1{36.8]39.6[42.4]45.2|48.0] 508 53.5} 56.3{ 59.1]1619|64.7167.5]702]73.0|758] 786( 81.4
840604 | 107 1500 -25 2 31.8134.7137.6]40.5{43.4146.3149.315221 55.1 { 5801 609{638] 667696 725]755] 7184 81.3]84.2{ 87.1
840604 2 90 500 -25 2 12.5114.8117.0119.3121.6]23.9{26.21284) 3071 330|352} 375]398142.1{443]{466]489]51.2]1534]55.7
840604 k] 30 NA -25 2 NA INAINAINA{NAINA{NAINAI NAI NAJNAJNA]NAJNA]NALNAJNATNAJNALNA
840604 4 35 1500 -25 2 37.2140.1143.0]45.9]148.8] 51.7]54.6]57.5) 60.5] 63.4| 663] 692] 721{750{ 77.9] 809] 83.8] 86.7] 896] 92.5
850201 | 117 NA NA NA NA [ NA[NA|NAINAINAINA|NA] NA| NA| NA| NAINA| NA]NA| NA| NA| NA| NA ] NA
850201 2 73 NA NA NA NA [NA|NAINAINA|INAINA|NA] NA| NA|[NA|NA[NA|NAJNAJNA]NA]NA|NA|NA
850206 ! 106 150 -30 ] -401-24|-08/08123]39[55]|71] 86 ]102]11.8]134]149]165]18.1}19.7]21.2]228]244] 260
850206 2 63 150 -30 | -221-06109)25[4.1]57]72]88[104]119]135])151]167]182119.8]21.4]23.0]245]26.1]27.7
850601 | 122 NA NA NA NAINA[NAINAINAINAINA|NA[ NAI NA| NA|NA|NAJNA]NA|NA]INA]INA]NA| NA
850601 2 74 NA NA NA NA INA|[NA|NA|INAINA[NAINA{ NAINA| NA| NA|{NA|NA| NA|[NAINAJ]NA] NA|NA
860501 | 55 50 -22 3 15(-06{04f13022(32041]S51]60)] 6979|8897 [107]116][125[13.5]144]153]163
860501 2 85 50 222 3 15125{34143[53162172181]901100{109{118]1281137{146([ 15611651174 184] 193
860501 3 41 50 -22 k] 26135145154163173}182191{101} 110 119]129]138}148]157]1664176]185]194] 204
860603 1 86 50 -20 2 561661751841941103111.201228 131114171500 159) 1691 178]187]19.71206]21.5{225]234
860603 2 80 50 -20 2 58167]76186195]10511.4[1237133]142]151]161)1701179]189]198]207]21.74226] 236
860603 k) 34 50 -20 2 69 |78]88[97[106/11.6]12.5[13.4] 144]153[162]17.2]181]119.01200]209]219]228]23.7}24.7
870102 ! 95 100 -20 3 67]80]94{107]12.0{134;147]16.1) 174 187[201]214)228]24.1}254]268]28.11295]308] 32.!
870102 2 46 200 -20 3 13.2115.0[16.7{18.5]20.2] 21.9]23.7|25.4] 27.2] 289 ] 306] 324 341|359 376] 394| 41.1] 428] 446 463
870504 1 3l 800 -25 3 29.2131.7/34.3]36 8/39.4|41.9/44.4[47.0] 495 52.1| 54.6] 57.2[ 59 7| 62.3| 64.8] 674]69.9] 725] 750] 77.6
870504 2 61 1700 -25 3 55.0(580]61.0]64.0167.0170.0]73.0{75.9[ 78.9] 81.9| 849 879{ 909 93.9] 96.9] 99.8 | 102.8] 105.8] 108.8) 111.8}
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Table B.2 Transverse Cracking Prediction Using Hajek Model (Page 2 of 2)

Test Site | Section] Thickness ] Stitfness Minimum Subgrade Cracking Index With Time (Years)"
(mm) |(kgrem?®) Temperature (C) p {2 [afalslel 78l ol wluloluolulslw][ sl w
870505 | 75 60 -2] 3 38 48 58 69 79 90 100 11.0 121 131 142 152 163 173 183 194 204 215 225 235
870505 2 73 NA -21 3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
870505 3 105 100 2] 3 51 64 78 91 105118131145 158 171 185 198 212 225 238 252 265 279 292 305
870505 4 106 400 221 R} 164 185 207 228 250 27.1 293 314 336 357 378 400 421 443 464 486 507 529 550 571
870701 ] 43 450 -25 3 166 189 21.1 233 255 27.7 299 32,1 344 366 388 410 432 454 476 498 521 543 565 587
870701 2 106 30 -25 3 80 99 119139159178 198 21.8 238 258 277 297 317 337 356 376 396 416 436 455
880203 l 51 50 -20 2 65 74 83 93 102 111121 130 140 149 158 168 177 186 196 205 214 224 233 243
880203 2 109 S0 -20 2 51 60 69 79 88 98 107 11.7 126 135 144 154 163 172 182 191 200 210 219 229
880203 3 51 50 -20 2 65 74 83 93 102 11.1 121 130 140 149 158 168 177 186 196 205 214 224 233 243
880203 4 99 50 -20 2 53 63 72 81 91 100109119 128 137 147 156 165 175 184 194 203 212 222 231
890503 1 40 800 -27 3 261 286 312 337 363 388 414 439 465 490 515 541 566 592 61.7 643 668 694 719 745
890503 2 51 200 -27 3 43 60 77 95 112130147 164 182 199 217 234 252 269 286 304 321 339 356 314
890503 3 106 300 -27 3 55 74 94 114134153 173 193 213 233 252 272 292 312 331 351 37.0 391 411 430
890503 4 83 270 227 3 55 74 94 113132151 170 189 209 228 247 266 285 304 324 343 362 381 400 419
890702 1 44 800 -28 2 182 208 23.3 259 284 31.0 335 361 386 412 437 462 488 513 539 564 590 615 640 666
890702 2 85 1200 -28 2 237 26.5 293 32.) 348 376 404 432 460 488 515 543 S71 599 627 655 682 710 738 766
900402 1 86 130 -35 3 285 314 342 370 398 427 455 483 512 540 568 597 625 653 682 710 738 766 795 823
900402 2 126 NA -35 3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
900802 | 55 160 -35 3 400 429 459 488 51.8 54.7 57.7 60.6 636 665 695 724 754 783 813 842 872 90.1 931 960
900802 2 67 NA -35 3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
900802 3 104 NA -35 3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
900803 I 158 1200 -35 3 203 231 259 287 315 342 370 398 426 454 482 509 537 565 593 621 649 676 704 732
900803 2 108 NA -35 3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Lamont ! 120 2200 -40 3 51.5 54.7 57.8 60.9 64.1 67.2 703 73.5 766 79.7 829 860 891 923 954 986 101.7 1048 1080 111.1
Lamont 2 97 1200 -40 3 309 33.8 36.7 39.6 426 45.5 484 51.3 542 571 600 629 659 688 717 746 775 804 833 863
Lamont 3 121 300 -40 k} -88 68 -48 29 09 1.1 31 50 70 90 110 130 149 169 189 209 228 248 268 288
Lamont 4 105 3000 -40 3 76.1 794 82.7 86.1 89.4 92.7 96.0 99.3 102.6 1060 1093 1126 1159 1192 1225 1259 1292 1325 1358 139.1
Lamont 5 104 650 -40 3 43 68 92 116141 165189213 238 262 286 310 335 359 383 407 432 456 480 505
Lamont 6 15 300 -40 3 81 -62 -42 .22 .02 1.7 37 57 17 97 116 136 156 176 195 215 235 255 275 294
Lamont 7 110 450 -40 3 228 06 16 39 61 83 105127 149 171 194 216 23R8 260 282 304 326 348 371 393
Hearst AA 54 50 -35 | -49 .39 .30 -20 <11 02 08 17 26 36 45 54 64 73 82 92 100 1.1 120 129
Hearst A 50 60 -35 | 43 33221201 09 19 30 40 51 61 72 82 92 -103 113 124 134 144 155
Hearst B 59 80 -35 1 40 -28 -16 03 09 21 33 45 57 69 81 93 105 117 130 142 154 166 178 190
Hearst BB 100 80 -35 1 34 222 .10 02 14 26 38 S0 62 74 86 99 11 123 135 147 159 170 183 195
Sherbrooke A 120 450 -35 3 31 09 14 36 58 80 102124 146 169 191 213 235 257 279 300 323 346 368 390
Sherbrooke B 120 2000 -35 3 454 485 516 547 578 60.8 639 670 70.1 732 762 793 824 855 886 916 947 978 1009 1040
Sherbrooke  C 120 1000 -35 3 149 18 20 23 26 28 31 34 363 39 416 443 47 497 523 55 517 604 631 657
Sherbrooke D 120 1200 -35 3 210 24 27 29 32 35 38 41 434 4610 489 517
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Tabie B.3 ANOVA Comparisen of Hajok Prediction versus Actusl Cracking 201

Table B3 ANOVA Cemparisen of Hajek Prediction versus Actual Cracking
Using C-LTPP Sites and C-SHRRP Siles
Anova Two-Factor Without Rephcation

SUMMARY Count Sum __Aversge vanence
2 as 138 oS
2 112 5e 29
2 144 12 ®s
2 147 Ta [ 2]
2 133 [ 4 %e
2 87 Y] a0
2 100 50 00
2 [ . »7
2 02 a8 @3
2 ks 24 10
2 1254 27 1549
2 817 00 [ 7]
2 00 454 4205
2 1528 788 5249
2 373 107 [IR]
2 1926 "2 03
2 12¢ 0 €20 S48
2 se 49 480
2 95 a8 as
2 *e €7 728
H 457 29 a2
2 a0 40 2509
2 1192 96 2122
2 (Y] €24 5249
2 1298 “s 2122
2 187 54 Y]
2 270 138 e I
2 41 21 ..
2 72 36 %9
2 02 4.1 N
2 12 58 @7
2 e 57 o
2 128 (%] ™1
2 1124 5.2 W87
2 Waa 122 201202
2 %7 e e
Row 37 2 1240 620 1200
Row 38 2 90 as 405
Row 39 2 173 (%} m"e
Row 40 2 S089 b-1] Sa4
Row &3 2 ”n2 LR} 5378
Row 42 2 724 82 €771
Raw 43 2 138 69 Te4
Row 44 2 17 59 s
Row 45 2 158 78 51
Row 48 2 "9 €0 08
Row 47 2 736 %0 €23
Row 48 2 Y 122 125
Row 49 2 3 157 54
Row 50 2 320 160 20
Row 51 2 “a 22 2854
Row 52 2 61 ns 156 6
Row 53 2 Y} @7 627
Row 54 2 989 WS 486
Row 55 2 62 31 L]
Rew 56 2 792 %6 15ns
Row §7 2 6 7 09
Rew 58 2 te 0e cs
Raw 59 2 108 sse 27826
Rew 60 2 ne e 4“2
Row €1 2 <8 23 0.7
Row 62 2 93 a7 26
Row 63 2 X ] 03 0.2
Row 64 2 1.2 as 0.2
Row 65 2 27 14 1.1
Row 65 2 a2 21 oS
Row 67 2 70 35 106
Row 68 2 “e 323 13008
Row 69 2 s 153 2142
Row 70 2 ne 168 4882
Cotsm 1 70 17327 48 5001
Corm 2 70 15509 22 13008
ANOVA
Source of Varaon . SS - "3 4 Pvshm __ Fot
Rows §7300.21 69 126538 2362 0.0002 1.4900
Consmns 226.08 1 20.08 0.6407 0.5080 isTee
Error 3698242 [ ] 535.08

Total 124507.71 139




Table B.4 Power Calculations for Cracking Models (Page 1 of 1)

Power Calculations for Hajek Model and Observed Cracking

a Sum of K Degrees of | Variance | Number of Phi Tables
Squares Freedom Columns
0.018 100000 32.4000 1 535.69 69 1.4445 0.52
0.020 100000 40.0000 1 535.69 69 1.6050 0.62
0.022 100000 48.4000 1 535.69 69 1.7655 0.7
0.024 100000 57.6000 1 535.69 69 1.9260 0.77
0.026 100000 67.6000 1 535.69 69 2.0865 0.81
0.028 100000 78.4000 1 535.69 69 2.2470 0.88
0.030 100000 90.0000 1 535.69 69 2.4075 0.91
0.032 100000 102.4000 1 535.69 69 2.5680 0.94
0.034 100000 115.6000 1 535.69 69 2.7285 0.958
0.036 100000 129.6000 I 535.69 69 2.8891 0.982
0.038 100000 144.4000 1 535.69 69 3.0496 0.99
0.040 100000 160.0000 1 535.69 69 3.2101 0.99
0.042 100000 176.4000 1 535.69 69 3.3706 0.99
0.044 100000 193.6000 1 535.69 69 3.5311
0.046 100000 211.6000 1 535.69 69 3.6916
0.048 100000 230.4000 1 535.69 69 3.8521
0.050 100000 250.0000 1 535.69 69 4.0126
0.052 100000 270.4000 1 535.69 69 4.1731
Power Calculations for Airport Model and Observed Cracking
a Sum of K Degrees of | Variance | Number of Phi Tables
Squares Freedom Columns

0.000 5000 0.0000 1 118.19 59 0.0000
0.030 5000 4.5000 | 118.19 59 1.0598
0.035 5000 6.1250 1 118.19 59 1.2364 0.36
0.040 5000 8.0000 1 118.19 59 1.4131 0.51
0.045 5000 10.1250 1 118.19 59 1.5897 0.58
0.050 5000 12.5000 1 118.19 59 1.7663 0.64
0.055 5000 15.1250 1 118.19 59 1.9430 0.77
0.060 5000 18.0000 I 118.19 59 2.1196 0.83
0.065 5000 21.1250 1 118.19 59 2.2962 0.86
0.070 5000 24.5000 1 118.19 59 2.4729 0.91
0.075 5000 28.1250 1 118.19 59 2.6495 0.95
0.080 5000 32.0000 1 118.19 59 2.8262 0.98
0.085 5000 36.1250 1 118.19 59 3.0028 0.989
0.090 5000 40.5000 1 118.19 59 3.1794 0.99
0.095 5000 45.1250 1 118.19 59 3.3561
0.100 5000 50.0000 1 118.19 59 3.5327
0.105 5000 55.1250 1 118.19 59 3.7093
0.110 5000 60.5000 1 118.19 59 3.8860
0.115 5000 66.1250 1 118.19 59 4.0626
0.120 5000 72.0000 1 118.19 59 4.2392
0.125 5000 78.1250 1 118.19 59 4.4159
0.130 5000 84.5000 1 118.19 59 4.5925
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Table B.5 Airport Transverse Cracking Prediciton (Page 1 of 1)

Test Site]| Section PVN | Thickness| Minimum Cracking Index Cracks (/150m)
Tempersture| Using Various Coefficient of Thermal Contraction | Using Various Coefficient of Thermal Contraction
(mm) (°C) 1.2 1.5 2.0 22 2.8 1.2 1.8 2.0 22 2.8
810304 | 02179 61 -30 "7 53.7 237 11.7 43 21 2.3 6.3 129 237
2 -0.2936 103 -30 748 56.8 268 4.8 -3.2 20 26 56 10.2 465
3 -0.1239 %4 -30 8.7 60.7 30.7 8.7 0.7 19 2.5 4.9 1.0 210.1
4 -0.1158 55 -30 740 56.0 26.0 14.0 4.0 20 27 58 10.7 <372
820205 1 -1.2162 42 -15 771 59.1 29.1 17.1 0.9 19 25 52 88 -164.8
2 -1.0576 85 -15 871 69.1 39.1 27.1 9.1 1.7 22 3s 5 16.5
820502 1 -1.0167 104 -15 910 730 430 31.0 13.0 1.6 21 35 43 11.8
2 0.7761 118 -15 100.0 820 520 40.0 220 1.5 1.8 29 37 68
820605 1 -1.1493 50 =20 675 495 19.5 75 -10.5 22 3.0 7.7 199 -14.3
2 -1.0404 3 -20 73.7 8.7 25.7 13.7 -43 20 27 58 109 -35.1
830403 1 -0.3470 100 -35 60.2 22 122 02 -i7.8 2.5 3.6 123 7895 -84
2 03454 113 -35 619 439 139 1.9 -16.1 24 34 108 789 93
3 0372 148 -38 65.6 476 176 5.6 -12.4 23 32 35 269 -12.1
830801 1 -0 3786 185 -38 70.1 521 2 10.1 -79 21 29 68 148 -19.0
2 04103 103 -38 8.7 40.7 10.7 -1.3 -19.3 2 37 131 -1132 -78
3 07133 126 -35 525 335 45 -7.5 -25.5 29 43 331 -20.1 -59
. . 3 -0 35894 170 -35 88 08 208 8.8 9.2 22 5.0 72 17.1 -163
81010t ] -0.8537 174 -23 847 66.7 36.7 24.7 6.7 18 22 4.1 6.1 224
2 NA 179 -23 NA NA NA NA NA NA NA NA NA NA
3 -1.0117 87 -23 688 50.8 208 83 92 22 30 7.2 17.0 -163
840204 t -0.7389 114 -24 779 599 299 179 0.1 19 25 5.0 84 -27273
2 -0.9298 88 -24 689 509 209 8.9 9.1 22 29 72 16.9 -16.5
840604 1 07329 107 =25 747 6.7 26.7 14.7 -33 2 26 5.6 10.2 456
2 -09828 90 -25 650 47.0 170 50 -13.0 23 32 88 298 -11.6
3 NA 50 -25 NA NA NA NA NA NA NA NA NA NA
4 -0 4656 35 =25 735 55.5 258 135 <45 2.0 27 59 11 -33.4
850201 ! NA 117 -30 NA NA NA NA NA NA NA NA NA NA
2 NA 73 -30 NA NA NA NA NA NA NA NA NA NA
850206 1 -0 4327 106 -30 710 53.0 230 11.0 -70 21 28 6.5 13.7 214
2 NA 63 -30 NA NA NA NA NA NA NA NA NA NA
850601 1 NA 122 -30 NA NA NA NA NA NA NA NA NA NA
2 NA 74 -30 NA NA NA NA NA NA NA NA NA NA
860501 ! -0.6978 55 -22 76.7 58.7 28.7 16.7 -1.3 20 26 52 9.0 -112.4
2 -0.6978 8s -22 805 625 325 205 25 19 24 4.6 73 599
3 -0.6978 41 -2 749 56.9 269 149 <3.1 20 26 56 101 -48.0
860603 ! -0.6578 86 -20 857 61.7 377 257 1.7 1.8 22 4.0 58 19.5
2 -0 6832 80 -20 NA NA NA NA NA NA NA NA NA NA
3 -0.6832 34 -20 95 61.5 3L 19.5 15 19 24 48 7.7 105.0
§70102 I -0 1065 95 -20 NA NA NA NA NA NA NA NA NA NA
2 -0 3920 46 -20 81.0 63.0 350 210 30 19 2.4 45 7.1 50.1
870504 I 06100 31 -25 68.7 50.7 20.7 8.7 <93 22 30 73 17.3 -16.1
2 -0.6960 61 -25 699 519 219 9.9 -8.1 2.1 29 6.8 15.1 -18.6
§70505 1 0.6385 75 <21 1218 103.8 738 61.8 438 1.2 1.4 20 24 34
2 NA 73 =21 NA NA NA NA NA NA NA NA NA NA
K} -0.4945 105 =21 91.7 3.7 43.7 31.7 13.7 1.6 20 3.4 4.7 11.0
4 08812 106 =21 802 622 322 202 22 19 24 4.7 74 678
870701 1 NA 43 -25 NA NA NA NA NA Na NA NA NA NA
2 -05778 106 -25 9.2 61.2 312 19.2 12 L9 24 48 78 120.7
880205 1 -1 1000 St -20 691t 511 21.1 9.1 -89 22 29 71 16.4 -16.9
2 -0 6090 109 -20 913 733 433 313 133 16 20 35 48 113
3 -0 6090 51 -20 83.9 659 359 239 59 18 23 42 63 256
4 0.6090 9 -20 90.0 720 420 30.0 120 1.7 2.1 36 5.0 128
890503 i -0.4998 40 =27 68.1 50.1 20.1 3.1 -9.9 22 3.0 75 18.6 -15.1
2 0.5482 51 =27 100.9 329 529 409 29 1.5 1.8 23 3.7 65
3 04998 106 =27 76.5 58.5 285 16.5 -1.5 20 2.6 53 9.1 -1023
4 0.5482 83 =27 105.0 87.0 57.0 45.0 270 14 1.7 26 33 55
890702 I 0.4469 4 -28 67.7 49.7 19.7 7.7 -103 22 3.0 76 19.6 -14.5
2 -0.4469 85 -28 2.9 549 249 129 <51 2.1 27 6.0 11.6 -29.5
900402 1 -0.7683 86 -35 45.8 278 -2.2 -14.2 <322 33 54 -66.8 -10.5 -4.7
2 NA 126 -35 NA NA NA NA NA NA NA NA NA NA
900802 1 -0.5432 55 -35 485 305 0s -11.5 <295 3.1 49 275.7 -13.1 -5.1
2 NA 67 -35 NA NA NA NA NA NA NA NA NA NA
3 NA 103 -35 NA NA NA NA NA NA NA NA NA NA
900803 ! -0 4545 158 -35 644 46.4 16.4 44 -13.6 2.3 32 9.2 342 -11.0
2 NA 108 -35 NA NA NA NA NA NA NA NA NA NA

Notes: NA means not available
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Table B.6 ANOVA Comparisen of Alrpert Model and Observed Cracking (Page 1 of 2)

Anova Two-Factor Without Replicanon

SUMMARY Count Sum __ Avenage Vanance

Row i 2 272 136 10
Row 2 2 100 50 0.7
Row 3 2 37 19 g0
Row 4 2 39 20 00
Row S 2 24 1.2 1.0
Row 6 2 1.7 [+X] 15
Row 7 2 16 [+X ] 1.4
Row 8 2 1.5 0.7 1.1
Row 9 2 22 tl 2s
Row 10 2 20 10 21
2 38 419 17523
2 398 139 1656
2 578 289 80
2 1074 537 30264
2 395 198 638
2 129.7 649 20161
2 953 477 18666
2 18 09 16
N 28 1S 11
2 22 HH 39
2 397 198 176
2 80.1 400 17822
2 884 442 415.1
2 363 432 20543
2 "z 59 o8
2 20 10 19
2 19 09 17
2 20 to 20
2 18 09 LS
2 19 09 18
2 1169 8.4 1386
2 st 256 1360
2 691 346 7563
2 12 06 0.7
2 10.2 S.1 03
2 312 156 1341
2 1753 877 21846
2 30 15 1o
2 16 o8 13
2 48 24 co
2 17 09 14
2 508 254 925
2 162 81 si
2 231 116 120
2 205 103 451
2 185 93 sS4
2 343 172 616
2 425 213 5024
2 432 216 5578
2 606 303 304
2 224 12 13
2 310 iss 1s
2 47 24 1o
2 249 12s 638
2 13 7 42
2 17 09 281
2 42 21 24
2 79 40 224
2 7 39 259
2 96 48 353
2 84 42 135
2 39 20 L
2 12 56 29
2 75 38 26
2 61 a1 42
Column | 6S 6653 103 2808
Column 2 65 12159 18.7 663.7
ANOVA
ource of Vanatio SS df MS F P-value Font
Rows 446548 64 697.7 28267 2S53E-05 15133
Columns 22677 1 22977 93084 00033 39909
Efror 157975 64 2468

Total 62750.03 129




Table B.6 ANOVA Comparisen of Airpert Medel and Observed Cracking (Page 2 of 1)

ANOVA Less Than 70 Cracks
Anova Two-Factor Without Replication

SUMMARY Count Sum _ Average Vanance

Rew 1 2 272 136 1.0
Row 2 2 100 50 07
Row 3 2 33 19 00
Row ¢ 2 39 20 00
Row § 2 24 12 1o
Row 6 2 17 09 15
Row 7 2 16 08 14
Row B 2 1.5 0.7 | 8
Row 9 2 22 11 2s
Row 10 2 20 10 21
Row I 2 98 199 1656
Row 12 2 78 289 80
Row 13 2 39S 198 638
Row 14 2 18 09 16
Row 15 2 29 15 11
Row 1o 2 202 101 s
Row I7 2 k-l 198 176
w8 M 831 <30 17822
19 2 884 332 4151
Row 20 2 1"z 59 o8
Row 21 2 20 10 19
Row 22 2 19 09 | ¥
Row 23 2 20 10 20
Row 24 2 18 09 15
Rew 25 2 19 09 18
Row 26 2 1169 58.4 1386
Row 27 2 51t 256 1360
Row 28 2 631 346 7563
Row 29 2 12 06 0.7
Row 30 2 10.2 S1 03
Row 31 2 312 156 1341
Row 32 2 1753 877 21846
Row 33 2 30 15 10
Row 34 2 16 o8 13
Row 3§ 2 48 24 00
Row 3o 2 7 c9 14
Row 37 2 508 254 9n2.s
Row 38 2 162 81 s.1
Row 39 2 231 its 120
Row 40 2 205 103 451
Row 41 2 185 93 54
Row 42 2 343 72 616
Row <43 2 25 213 $02.4
Row 44 2 432 6 5578
Row 45 2 606 303 04
Row do 2 24 112 13
Row 47 2 3to 155 Irs
Row 48 2 47 24 110
Row 4 2 219 128 638
Row 50 2 13 5.7 42
Row §1 2 1.7 Q9 ;1
Row $2 2 42 21 24
Row 53 2 79 40 224
Row 54 2 78 39 259
Row 55 2 96 48 353
Row 56 2 84 42 135
Row §7 2 39 20 1!
Row S8 2 11.2 56 29
Row 59 2 75 g 26
Row 60 2 61 31 42
Column 1 60 580.9 97 2942
Column 2 60 801 8 134 3342
ANOVA
ource of Vanato SS df MS F P-value Fent
Rows 30106 2 59 5103 43175 239E-08 15400
Columns 406 4 1 4064 34385 00687 4.0040
Error 69730 59 182

Total 37485 58 119
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Table B.7 ANOVA For C-SHRP Test Sections (Page 1 of 1)
Thermal Contraction Coefficients ANOVA
Anova: Two-Factor Without Replication

SUMMARY Count Sum  Average Variance
Row 1 2 3.23 1.62 0.00
Row 2 2 3.25 1.63 0.00
Row 3 2 2.63 1.32 0.03
Row 4 2 3.45 1.73 0.03
Row 5 2 4.00 2.00 0.98
Row 6 2 2.40 1.20 0.72
Row 7 2 2.00 1.00 0.50
Row 8 2 3.20 1.60 0.02
Row 9 2 3.50 1.75 0.13
Row 10 2 2.00 1.00 0.50
Column 1 10 16.50 1.65 0.16
Column 2 10 13.16 1.32 0.33
ANOVA
Source of Variation SS df MS F P-value  F crit
Rows 2.05 9 02274 08722 05791 3.1789
Columns 0.56 1 05578 21393 0.1776 5.1174
Error 2.35 9 0.2607

Total 495 19
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APPENDIX C

MODULE THREE: PERFORMANCE PREDICTION



Table C.1 Comparison of IRI Prediction Using Hein Equation (Page 1 of 1)

Anova: Two-Factor Without Replication

IRI
IRI
0.8973 | 1.6575
1.0263 | 1.4202
1.7650 | 1.3350
1.8157 | 1.1742
1.9879 | 1.7119
2.1855 | 1.3724
2.2336 | 0.7645
2.2437 | 1.4094
2.3824 | 1.42]12
24170 | 1.7804
2.4547 | 1.0688
2.4459 | 1.8380
24845 | 1.1715
2.4878 | 1.4523
2.5092 | 1.1829
26497 | 1.3404
2.7024 | 1.3563
2.7300 | 1.5585
2.7541 | 1.7981
2.8204 | 1.1464
2.8371 | 0.9288
2.8541 | 1.2313
2.9534 | 1.4971
3.0271 1.5735
3.0640 | 1.0284
3.0669 |} 1.5566
3.1377 | 1.2946
3.1468 | 1.1477
3.3460 | 0.9203
3.7422 | 0.9856
4.2804 | 1.1342
4.4153 | 1.8064
4.4796 | 1.0174
4.7307 | 1.6597
49517 | 1.4847
5.2058 | 1.4204

SUMMARY Count Sum  Average lariance
Row 1 2 2.55 1.28 0.29
Row 2 2 245 1.22 0.08
Row 3 2 3.10 1.55 0.09
Row 4 2 2,99 1.49 0.21
Row § 2 3.70 1.85 0.04
Row 6 2 3.56 1.78 0.33
Row 7 2 3.00 1.50 1.08
Row 8 2 3.65 1.83 0.35
Row 9 2 3.80 1.90 0.46
Row 10 2 4.20 2.10 0.20
Row I} 2 3.30 1.75 0.93
Row 12 2 4.28 2.14 0.18
Row 13 2 3.66 1.83 0.86
Row 14 2 3.94 1.97 0.54
Row I3 2 3.69 1.85 0.88
Row 16 2 3.99 2.00 0.86
Row 17 2 4.06 2.03 0.91
Row 18 2 4.29 2.14 0.69
Row 19 2 4.55 2.28 0.46
Row 20 2 3.97 1.98 1.40
Row 21 2 3.77 1.88 1.82
Row 22 2 4.09 2.04 1.32
Row 23 2 4.45 223 1.06
Row 24 2 4.60 2.30 1.06
Row 25 2 4.09 2.05 2.07
Row 26 2 4.62 231 1.14
Row 27 2 4.43 2.22 1.70
Row 28 2 4.29 2.15 2.00
Row 29 2 4.27 2.13 294
Row 30 2 4.73 2.36 3.80
Row 31 2 5.41 2.71 495
Row 32 2 6.22 311 3.40
Row 33 2 5.50 2.75 5.99
Row 34 2 6.39 3.20 4.72
Row 35§ 2 6.44 3.22 6.01
Row 36 2 6.63 3.31 7.16
Column 1 36 104.21 2.89 0.98
Column 2 36 48.65 1.35 0.08
ANOVA

Source of Variation SS df MS F P-value  Fcrit

Rows 18.10 35 0.52 0.9482 0.5620 1.7571
Columns 42.88 1 42.88 78.6327 1.8E-10 4.1213
Error 19.09 35 0.55
Total 80.07 71
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Table C.2 Comparison of IRI Prediciton Using Paterson Equation (Page 1 of 1)

Anova: Two-Factor Without Replication

IRI
IRI
1.1537 ) 1.6575
1.3078 | 1.4202
2.2838 | 1.3350
2.3576 | 1.1742
26157 | 1.7119
2.9275 | 1.3724
3.0063 | 0.76453
5.0229 | 1.4094
3.2569 | 14212
3.3169 | 1.7804
3.5478 | 1.0688
3.5674 | 1.8380
3.4358 | 1.1715
3.4416 | 1.4523
54798 | 1.1829
3.7380 | 1.3404
3.8580 | 1.3563
3.8911 1.5585
3.9378 | 1.7981
4.0687 | 1.1464
4.1021 | 0.9288
4.13635 | 1.2313
4.3407 | 1.4971
44974 | 1.5735
4.5777 | 1.0284
4.3840 | 1.5366
4.7414 | 1.2946
4.7619 | 1.1477
5.2323 | 0.9203
6.3065 | 0.9856
82110 | 1.1342
8.8129 | 1.8064
9.1241 1.0174
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SUMMARY Count Sum  Average Variance
Row 1 2 2.81 1.41 0.13
Row 2 2 2.73 1.36 0.01
Row 3 2 3.62 1.81 04s
Row 4 2 3.55 1.77 0.70
Row 5 2 433 2.16 041
Row 6 2 4.30 2.15 121
Row 7 2 3.77 1.89 2.51
Row 8 2 443 2.22 1.30
Row 9 2 468 234 1.68
Row 10 2 5.10 2.55 1.18
Row 11 2 442 221 2.60
Row 12 2 521 2.60 1.17
Row I3 2 461 2.30 2.56
Row 14 2 4.89 245 1.98
Row 15 2 4.66 2.33 2.64
Row 16 2 5.08 2.54 2.87
Row 17 2 5.19 2.60 3.08
Row 18 2 5.45 272 2.72
Row 19 2 574 2.87 2.29
Row 20 2 522 261 427
Row 21 2 5.03 2352 5.03
Row 22 2 537 2.68 4.22
Row 23 2 5.84 2.92 4.04
Row 24 2 6.07 3.04 4.27
Row 25 2 561 2.80 6.30
Row 26 2 6.14 3.07 4.58
Row 27 2 6.04 3.02 5.94
Row 28 2 591 295 6.53
Row 29 2 6.15 3.08 9.30
Row 30 2 729 3.65 14.16
Row 31 2 9.35 4.67 25.04
Row 32 2 10.62 531 24.55
Row 33 2 10.14 5.07 32.86
Column 1 33 13522 4.10 327
Column 2 33 44 .08 134 0.08
ANOVA

Source of Variation SS df MS F P-value  Fcrit
Rows 50.61 32 1.58 0.8923 0.6254 1.8045
Columns 125.86 1 12586 71.0034 1.3E-09 4.1491
Error 56.72 32 1.77
Total 233.20 65




Table C.3 Comparison of IRI Prediction Using Al-Omari Equation (Page 1 of 1)

Anova: Two-Factor Without Replication

IRI
IRI
0.8032 | 1.6575
0.9104 | 1.4202
1.5899 | 1.3350
1.6412 | 1.1742
1.8210 | 1.7119
2.0380 | 1.3724
2.0928 | 0.7645
2.1044 | 1.4094
22673 | 1.4212
2.3091 1.7804
2.3306 | 1.0688
2.3442 | 1.8380
2.3918 | 1.1715
2.3959 | 1.4523
2.4225 | 1.1829
2.6022 | 1.3404
2.6719 | 1.3563
2.7088 | 1.5585
2.7413 | 1.7981
2.8325 | 1.1464
2.8557 | 0.9288
2.8795 | 1.2313
3.0218 | 1.4971
3.1309 | 1.5735
3.1868 | 1.0284
3.1912 | 1.5566
3.3007 | 1.2946
3.3150 | 1.1477
3.6425 | 0.9203
4.3903 | 0.9856
5.7161 1.1342
6.1351 1.8064
6.3518 | 1.0174
7.3399 | 1.6597
8.4867 | 1.4847

SUMMARY Count Sum  Average Variance
Row 1 2 2.46 1.23 0.36
Row 2 2 233 1.17 0.13
Row 3 2 292 1.46 0.03
Row 4 2 2.82 141 0.11
Row § 2 3.53 1.77 0.01
Row 6 2 341 1.71 0.22
Row 7 2 2.86 143 0.88
Row 8 2 3.51 1.76 0.24
Row 9 2 3.69 1.84 0.36
Row 10 2 4.09 2.04 0.14
Row 11 2 3.40 1.70 0.80
Row 12 2 4.18 2.09 0.13
Row 13 2 3.56 1.78 0.74
Row 14 2 3.85 1.92 0.45
Row 15 2 3.6l 1.80 0.77
Row 16 2 3.94 1.97 0.80
Row 17 2 4.03 2.01 0.87
Row 18 2 427 2.13 0.66
Row 19 2 4.54 227 0.44
Row 20 2 398 1.99 1.42
Row 21 2 3.78 1.89 1.86
Row 22 2 4.11 2.06 1.36
Row 23 2 4.52 2.26 1.16
Row 24 2 4.70 235 1.21
Row 25 2 422 2.11 233
Row 26 2 4.75 2.37 1.34
Row 27 2 4.60 2.30 2.01
Row 28 2 4.46 2.23 2.35
Row 29 2 4.56 2.28 3.71
Row 30 2 5.38 2.69 5.80
Row 31 2 6.85 343 10.50
Row 32 2 7.94 3.97 9.37
Row 33 2 7.37 3.68 14.23
Row 34 2 9.00 4.50 16.13
Row 35 2 9.97 4.99 24.51
Column 1 35 10996 3.14 293
Column 2 35 47.23 135 0.08
ANOVA
Source of Variation SS df MS F P-value  Fcrit
Rows 51.24 34 1.51 1.0011 04987 1.7721
Columns 56.23 1 56.23 37.3477 6.2E-07 4.1300
Error 51.19 34 1.51
Total 158.66 69
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Table C.4 Comparison of IRI Prediction Using Hajek Road User Equation (Page 1 of 1)

Anova: Two-Factor Without Replication

IRI
IRI
0.7156 | 1.6575
0.8761 1.4202
1.7955 | 1.3350
1.8587 | 1.1742
2.0730 | 1.7119
23189 | 1.3724
2.3788 | 0.7645
2.3914 | 1.4094
2.5640 | 1.4212
2.6071 1.7804
2.6291] 1.0688
2.6430 | 1.8380
2.6911 1.1715
2.6952 | 1.4523
27218 | 1.1829
2.8967 | 1.3404
29624 | 1.3563
2.9967 | 1.5585
3.0266 | 1.7981
3.1092 | 1.1464
3.1300 | 0.9288
3.1511 1.2313
3.2747 | 14971
3.3664 | 1.5735
34124 | 1.0284
34160 | 1.5566
3.5041 1.2946
3.5154 | 1.1477
3.7634 { 0.9203
4.2565 | 0.9856
4.9264 | 1.1342
5.0944 | 1.8064
5.1743 1.0174
5.4869 | 1.6597
5.7620 | 1.4847
6.0782 | 1.4204

SUMMARY Count Sum  Average Variance
Row 1 2 237 1.19 044
Row 2 2 2.30 1.15 0.15
Row 3 2 3.13 1.57 0.11
Row 4 2 3.03 1.52 0.23
Row 5 2 3.78 1.89 0.07
Row 6 2 3.69 1.85 0.45
Row 7 2 3.14 1.57 1.30
Row 8 2 3.80 1.90 0.48
Row 9 2 3.99 1.99 0.65
Row 10 2 4.39 2.19 0.34
Row 11 2 3.70 1.85 1.22
Row 12 2 4.48 224 0.32
Row 13 2 3.86 1.93 1.15
Row 14 2 4.15 2.07 0.77
Row 15 2 3.90 1.95 1.18
Row 16 2 4.24 212 1.21
Row 17 2 432 2.16 1.29
Row 18 2 4.56 2.28 1.03
Row 19 2 4.82 241 0.75
Row 20 2 4.26 2.13 1.93
Row 21 2 4.06 2.03 2.42
Row 22 2 4.38 2.19 1.84
Row 23 2 4.77 2.39 1.58
Row 24 2 4.94 247 1.61
Row 25 2 4.44 222 2.84
Row 26 2 4.97 249 1.73
Row 27 2 4.80 2.40 2.44
Row 28 2 4.66 2.33 2.80
Row 29 2 4.68 2.34 4.04
Row 30 2 5.24 2.62 5.35
Row 31 2 6.06 3.03 7.19
Row 32 2 6.90 3.45 5.41
Row 33 2 6.19 3.10 8.64
Row 34 2 7.15 3.57 7.32
Row 35 2 7.25 3.62 9.15
Row 36 2 7.50 3.75 10.85
Column 1 36 115.26 3.20 1.53
Column 2 36 48.65 1.35 0.08
ANOVA
Source of Variation ANY df MS F P-value  F crit
Rows 27.44 35 0.78 09571 05512 1.7571
Columns 61.64 1 61.64 75.2418 3.1E-10 4.1213
Error 28.67 35 0.82
Total 117.75 71

211



Table C.5 Comparison of IRI Prediction Using Hajek Truck User Equation (Page 1 of 1)

Anova: Two-Factor Without Replication

IRI
IRI
0.75337 | 1.6575
0.8642 | 1.4202
1.6116 | 1.3350
1.6629 | 1.1742
1.8371 | 1.7119
2.0370 | 1.3724
2.0857 | 0.7645
2.0959 | 1.4094
2.2362 | 1.4212
2.2712 § 1.7804
2.2891 1.0688
2.3005 | i.8580
2.3395 | 11715
2.3428 | 1.4523
2.3645 | 1.1829
2.5067 | 1.3404
2.5600 | 1.3563
2.5880 | 1.5383
2.61253 1.7981
2.6794 | 1.1464
2.6963 | 0.9288
2.7135 | 1.2313
2.8139 | 1.4971
2.8885 | 1.5735
2.9259 | 1.0284
29288 | 1.5566
5.0004 | 1.2946
3.0096 | 1.1477
3.2112 | 0.9205
3.6120 | 0.9856
4.1565 | 1.1342
4.2931 1.8064
4.5581 1.0174
4.612] 1.6597
+4.8538 | 1.4847
3.0928 | 1.4204

SUMMARY Count Sum  Average Variance
Row 1 2 2.39 1.20 043
Row 2 2 2.28 1.14 0.15
Row 3 2 2.95 1.47 0.04
Row 4 2 2.84 1.42 0.12
Row § 2 3.55 1.77 0.01
Row 6 2 341 1.70 0.22
Row 7 2 2.85 1.43 0.87
Row 8 2 3.51 1.75 0.24
Row 9 2 3.66 1.83 0.33
Row 10 2 4.05 2.03 0.12
Row 11 2 3.36 1.68 0.74
Row |2 2 4.14 2.07 0.11
Row 13 2 3.51 1.76 0.68
Row 14 2 3.80 1.90 0.40
Row 15 2 3.55 1.77 0.70
Row 16 2 3.85 1.92 0.68
Row 17 2 3.92 1.96 0.72
Row 18 2 4.15 2.07 0.53
Row 19 2 441 221 033
Row 20 2 3.83 191 1.18
Row 21 2 3.63 1.81 1.56
Row 22 2 3.94 1.97 1.10
Row 23 2 431 2.16 0.87
Row 24 2 4.46 2.23 0.86
Row 25 2 395 1.98 1.80
Row 26 2 4.49 2.24 0.94
Row 27 2 4.30 2.15 1.45
Row 28 2 4.16 2.08 1.73
Row 29 2 4.13 2.07 2.62
Row 30 2 4.60 2.30 3.45
Row 31 2 5.29 2.65 4.57
Row 32 2 6.10 3.05 3.09
Row 33 2 538 2.69 5.58
Row 34 2 6.27 3.14 4.36
Row 35 2 632 3.16 562
Row 36 2 6.51 3.26 6.74
Column 1 36 99.17 2.75 1.01
Column 2 36 48.65 1.35 0.08
ANOVA -

Source of Variation SS df MS F P-value Foent
Rows 18.50 35 053 09487 0.5614 1.7571
Columns 3545 1 3545 636251 22E-09 4.1213
Error 19.50 35 0.56
Total 73.45 71
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Table C.6 ANOVA For IRI Predicted Versus Observed IRI With Less Than 10 Cracks (Page 1 of 1)

Hein Paterson
Anova: Two-Factor Without Replication Anova: Two-Facter Without Replication
SUMMARY Count Sum Average Variance SUSMARY Count Sum Average Variance
Row 1 2 255 1.28 0.29 Row t 2 231 141 0.13
Row 2 2 245 1.22 0.08 Row 2 2 273 1.36 Q.01
Row 3 2 3.10 1.55 0.09 Row 3 2 362 1.81 045
Row 4 2 2.99 1.49 0.21 Row 4 2 3.53 1L.77 0.70
Row § 2 370 1.85 0.04 Row § 2 433 2.16 0.41
Row 6 2 3.56 1.78 033 Row 6 2 4.30 .18 1.21
Row 7 2 3.00 1.50 1.08 Row 7 2 an 1.89 2.5
Row 8 2 3.65 1.83 0.3s Row & 2 443 222 1.30
Column 1 8 14.16 L7 028 Column 1 8 18.68 233 0.5¢
Column 2 8 10.85 1.36 0.09 Column 2 [ ] 10.85 1.36 0.09
ANOVA ANOVA
Source of Yanation S5 df AS F P-valwe Fcrit Source of Variation S5 df MS F P-value Fcrit
Rows 0.31 7  0.11S§ 045584 08338 37871 Rows 1.53 7 02189 035313 0.788¢ 3.7871
Columns 068 I 06837 26951 0.1433 55918 Columns 3.83 1 3832 9.3023 0.0186 S59is
Exor 1.78 7 02557 Error 2.88 7 04119
Total 327 15 Total 8.25 15
Al-Omari Hajek carusers
Anova: Two-Factor Without Replication Anovs: Two-Factor Without Replication
SUMMARY Count Sum Average Variance SUMALARY Count Sum Average Varance
Row i 2 2.46 1.23 0.36 Row 1 2 237 1.19 04
Row 2 2 233 117 0.i3 Row 2 2 230 1.18 0.15
Row 3 2 292 1.46 0.03 Row 3 2 313 1.57 Q1
Row 4 2 2.82 1.41 0.1 Row 4 2 3.03 1.52 023
Row § 2 3.53 1.77 0.01 Row § 2 378 1.89 0.07
Row 6 2 341 .71 0.22 Row 6 2 3.69 1.88 0.4s
Row 7 2 2.86 1.43 088 Row 7 2 314 1.57 1.30
Row 8 2 3.51 1.76 0.24 Row 8 2 3.80 1.90 0.48
Column | 8 13.00 1.63 0.26 Column 1 8 14.41 1.80 0.44
Column 2 8 10.85 1.36 0.09 Column 2 8 1035 1.36 0.09
ANOVA ANOVA
Source of :'anation SS df AMS F P-vqglue Fcrit Source of varation 55 df A%AY F P-value Fcru
Rows 0.76 7 0.1080 04456 0.8459 3.7871 Rows £.23 7 01761 0.5060 0.8056 3.7871
Columns 029 1 0.2905 1.1980 0.3099 S5.591S Columns 0.79 1 0.7933 22790 0.[739 5591S
Ertor 1.50 7 02424 Error 243 7 0.3481
Total 274 _15 Total 4.46 15

Hajek truck users
Anova: Two-Factor Without Replication

SUADL4RY Count Sum Average Varance
Row 1 2 2.39 1.20 043
Row 2 2 2.28 L4 0.1
Row 3 2 295 1.47 0.04
Row 4 2 284 1.42 0.12
Row § 2 355 1.77 oot
Row 6 2 341 1.70 0.22
Row 7 2 2.85 1.43 0.87
Rew 8 2 3.51 1.7 0.24
Column 1 8 1295 1.62 0.29
Column 2 8 108S 1.36 0.09
ANOVA
Source of Vanation 5S df MS F P-value Fcnr
Rows 0383 7 01180 04578 08378 37871
Columns 027 1 02712 10518 03392 S.591S
Error 1.80 7 02578

Total 290 15
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APPENDIX D

MODULE FOUR: LIFE-CYCLE COSTING



Table D.1 Thickness Values Based On C-LTPP Sites (Page 1 of 1)

C-SHRP ID| Thickness | Thickness| Thickness| Thickness; Thick C-SHRP 10| Thickness| Thickness| Thickness Thlclunul Thlctq
Mean(mm) | Min(mm) | Max(mm) | of Tests | StdDev Mean{mm)i Min(mm) | Max(mm) | of Tests | StdDev
860603 33 19 45 4 13.00 840101 50 42 60 4 9.20
840604 33 25 40 4 7.64 890503 51 50 52 4 1.16
840101 34 33 36 4 1.53 850201 51 46 56 3 7.00
860603 34 26 42 4 8.00 880203 51 51 52 4 0.58
870504 34 33 35 4 0.82 880203 51 46 56 4 5.03
830403 35 33 36 4 1.70 830403 52 50 54 4 2.10
840604 35 21 42 5 9.60 900402 53 51 56 4 2.60
830403 35 30 45 4 8.40 820502 54 53 54 7
820205 36 32 42 7 4.46 810404 55 51 62 4 5.90
830403 36 36 36 4 0.00 810404 55 51 58 4 5.30
840204 36 35 36 4 0.58 860501 55 50 61 4 5.00
850601 36 22 45 4 13.00 840604 57 52 63 4 5.69
900402 36 35 37 4 1.00 840101 57 45 80 4 19.60
890702 37 40 35 4 2.36 840101 59 48 67 4 10.00
850206 37 35 42 4 3.30 810404 61 60 63 4 1.70
900402 37 36 38 4 1.00 870505 63 45 85 5 18.50
500802 37 34 40 4 3.00 810404 63 53 69 4 9.00
840604 37 34 39 4 2.89 870701 64 51 76 3 17.68
870505 38 35 40 3 3.54 870505 68 65 70 3 3.54
870505 38 35 40 3 3.54 820502 68 67 68 7
870505 38 35 40 3 3.54 840604 70 57 80 4 11.80
850201 38 33 43 3 7.00 890503 70 65 76 4 5.51
850601 38 30 48 4 9.00 820605 73 71 74 7 1.33
810404 39 36 42 4 3.10 860501 85 75 90 4 9.00
890503 40 34 45 4 5.51 890503 91 86 95 4 4.58
810404 40 40 41 4 0.60 880203 99 91 104 4 3.50
850601 40 38 40 4 1.00 830801 103 920 120 4 15.00
850601 40 39 41 3 1.40 880203 109 105 112 4 2.90
870505 40 40 40 3 0.00 830801 126 115 138 4 12.00
830403 40 40 41 4 0.60 830801 170 165 180 4 9.00
860501 41 36 47 4 5.00 830801 185 180 180 4 5.00
820205 42 38 44 7 2.34 890503 12 8 16 4
840101 42 35 50 4 7.55 900803 13 13 14 4 0.60
850601 42 34 54 4 11.00 890503 15 14 15 4
860603 42 34 48 4 7.30 900803 18 17 19 4 1.20
870701 43 39 48 5 4.04 900803 19 15 26 4 6.40
830403 43 41 45 4 2.00 850206 20 15 25 4 4.10
850206 43 40 45 4 2.20 900802 22 13 27 4 7.80
860603 44 42 50 4 5.70 900803 22 22 23 4 0.60
870505 44 35 65 5 14.40 900803 23 22 23 4 0.60
840101 45 40 51 4 5.69 840204 23 20 25 4 2.89
850206 45 45 46 4 0.50 830403 24 22 26 3 2.80
900802 45 35 54 4 9.60 850206 24 18 27 4 4.20
840101 46 45 48 4 1.53 850201 25 40 13 4 0.60
870102 46 44 49 7 1.94 900803 27 27 28 4 0.60
830403 47 42 53 4 5.70 870504 27 25 29 4 1.70
820205 47 46 48 7 0.82 900802 28 22 32 4 5.10
860603 47 44 52 4 4.30 900802 28 24 31 4 3.60
850201 48 33 60 4 14.00 840101 28 23 33 4 5.00
870102 48 45 50 4 2.88 850201 28 21 35 3 10.00
890702 48 45 51 4 900802 28 24 33 4 4.60
830403 49 48 50 4 1.00 840604 30 25 34 3 6.36
840101 49 33 60 4 10.00 900802 30 29 31 4 1.20
890702 49 43 59 4 7.12 840101 30 28 32 4 2.00
900402 49 48 50 4 0.60 870504 31 30 33 4 0.82
820502 50 50 50 7 0.00 870505 33 30 35 3 3.54
820502 50 50 50 7 0.00 840204 33 32 36 4 2.30
820605 50 40 58 7 6.90




Table D.2 Prices Granular A (Page 1 of 3)

e ———————————r e .y ————
CONTRACT #| DISTRICT# vﬁ QUANTITY| AVERAGE | CONTRACT #| DISTRICTS] YEAR | QUANTITY [AVERAG!
PRICE PRICE
95-67 1 95 1 40.79 93.35 2 93 20450 | 10.16
97211 19 97 a1 83.38 96-17 s 96 20521 95
3467 5 94 @ 21.88 96-16 9 96 21510_| 1367
9394 5 93 76 34.69 5414 5 54 21538 11.94
94-36 5 94 96 29.86 9326 9 93 21681 11.54
95206 18 %5 701 36.83 $3.36 8 93 21819 2.1
5346 3 93 147 229 9705 1 97 21846 | 16.16
95-56 5 3 150 54 5413 2 54 21952 8.99
95.55 6 95 172 3631 96-59 9 96 22082 9.17
96-226 19 % 194 33.72 9749 6 57 22246 9.76
9717 6 97 202 19.33 9339 G 93 22441 10.03
93.81 9 93 211 19.48 97-13 6 57 22544 9.87
96-208 15 %6 244 33.08 9607 9 56 22758 9.25
97-15 5 97 248 29.69 94-79 6 54 23091 192
93-90 9 93 301 226 96-27 1 3 23165 1549
97215 1a 97 317 14.7 54.10 2 54 23625 7.4
96-62 5 % 332 27.48 9342 9 93 23660 70.75
9438 5 54 344 23.94 9352 5 93 23706 112
97-210 18 97 349 41.89 97-11 6 97 23778 10.64
§3-104 5 53 a21 2148 96-33 11 56 73844 10.76
94-15 5 94 a5 9.98 54-224 18 54 34801 13.26
97-16 6 97 230 19.85 G444 2 94 24982 962
53307 2 93 487 21.88 9728 6 97 25301 10.12
9434 G 54 512 32.72 94-39 6 94 25325 16.03
5308 2 93 589 21.69 93-78 11 93 25441 11.64
56-241 17 % 590 755 54-01 1 34 25671 17.86
96-73 2 % €02 9.51 9638 _ 6 %6 25956 6.96
93-107 G 93 676 3% §3-700 19 93 26038 14.47
9654 5 9% 745 16.25 96-31 5 56 26111 9.47
56-78 5 % 748 14.87 94-213 9 54 26270 145
9731 6 97 766 14.18 96-57 6 3 26386 39
95-62 5 95 823 21.84 94.35 1 54 26443 17.95
9334 3 93 7050 14.81 9456 11 94 26473 12.47
55-66 5 55 1124 13.12 95.10 9 %5 26561 9.52
9368 7 93 7126 235 54-504 13 94 26784 13.06
94215 19 54 1187 17.71 57-201 17 57 27208 8.57
93232 1 93 1225 19.39 93-33 0 93 27727 12.97
96224 19 3 1228 33.14 97-34 10 97 27796 12.13
97-46 9 7 1241 8.96 96-06 11 96 28471 8.12
93.81 2 53 1254 15.06 97-32 10 97 28654 8.63
9321 2 93 1280 17.77 56-63 2 3 28806 7.69
53-104 G 53 1313 21.48 93-212 14 93 28821 8.07
5447 9 54 1401 15.74 96-34 5 % 28839 9.47
94-202 13 54 1539 21.46 5531 2 3 29034 8.74
97-51 6 97 1615 13.82 54-24 5 94 29176 10.56
95-70 5 %5 1629 1313 93-214 17 33 29658 9.79
93-102 5 53 1714 13.73 5344 5 93 29684 72.12
96-43 8 % 1721 15.76 93.15 5 93 29725 10.94
9374 3 93 1729 11.91 96-77 2 9% 29929 7.03
97-04 S 57 1743 74.29 97-39 5 97 30773 10.34
96-01 5 % 1743 22.65 96-228 19 %6 31004 13.11
93-53 7 83 1833 16.19 96-42 10 96 31361 92
95-220 11 95 1834 14.62 97.225 14 97 31542 12
94-68 2 54 1849 11.77_] 83210 17 93 31579 | 10.72 |
93.83 5 53 1899 12.49 97-209 19 97 32030 11.67
94-51 17 94 1900 19.04 5649 1 % 32443 9.12
93-101 7 93 1912 1527 95-16 8 95 32549 12.55
94-69 5 54 1583 27.15 93-213 13 93 32719 82
9603 5 % 1996 11.96 93-18 5 93 32785 10.45
87223 17 57 2159 19.17 93-79 G 93 32880 11.48
9605 6 % 2326 11.99 57-50 3 97 33306 13.19
94-59 5 54 2326 20.85 95-65 11 95 33503 10.96
56-21 9 %6 2411 15.28 97-206 18 97 33841 967
97-29 6 97 2441 15.84 93-23 3 93 34284 12.79 ]
55510 77 o5 2447 16.42 56-59 9 3 34667 947
9568 1 55 2449 18.44 9744 1 97 34960 12.55
5546 5 55 2535 13.45 93-105 0 93 35085 1133
97.08 5 97 2614 11.07 97-205 18 o7 35358 10.39
§4-60 10 54 2667 17.99 94-21 s 94 35367 13.24
96-50 6 % 2803 15.74 95210 19 95 35754 6.29
53.97 6 93 2812 159 9740 9 97 36249 9.61
57-200 14 97 2824 11.43 94.75 9 94 36461 9.66
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CONTRACT ¥ DISTRICTS | YEAR] QUANTITY] AVERAGE | CONTRACT §] DISTRICTS] YEAR ]| QUANTITY |AVERAGH
E— m P vy
9416 5 94 ] 2863 13.53 93.56 G 93 36834 .96
§3-50 ] 53 | 2868 13.35 96222 17 % 37289 9.18
5369 ) 93 | 2919 10.63 9325 3 93| 37476 | 1116
93.05 2 93 | 3109 15.24 9319 5 93 38182 896
97-27 3 97 | 3109 13.74 96-39 7 3 38639 | 10.73
95-42 3 55 3134 14.42 96-240 1 96 38983 8.7
96-506 17 %6 | 3157 1723 94216 19 o4 39415 | 13.67
96-75 5 9 | 3188 15.28 9429 10 54 4i252_| 1063
9563 6 95 | 3267 14.02 93-222 17 % 41539 | 1294
9322 5 §3 | 3281 11.81 9517 s 95 41675 105
97-14 5 97 | 3331 12.04 9343 ] 5] 41706 132
96-80 G 56 | 3407 19.18 96-220 79 3 41823_| 1151
97-506 11 97 1 3413 12.63 9462 0 94 2239 _| 12
96-211 T4 %6 | 3458 15.22 96-218 18 % 42709 | 10.69
95-27 10 95 | 3524 11,41 9304 1 53 42949 | 1681
9331 0 93 | 3586 8.94 9458 1 54 %3077 | 1596
§3-37 3 53 | 3939 10.86 9617 8 % 43233 55
57-507 7 57 | 3971 15.03 95313 18 35 43378 7034
96-205 19 86 4011 15.4 96-209 18 96 434;'3 7.81
93-68 G 93 | 4039 14.26 93233 70 53 9725 8.88
93-32 8 93 4143 14.42 96-231 18 96 43945 9.99
56-22 3 379 12.96 9317 3 %3 44686 7.35
96.72 1 o€ 4644 14.97 95212 1 3 25113 | 1126
53218 4 93 | 4687 11.32 94-08 3 ) 45463_| 1059 |
9364 ] 93 | 4688 114 97-30 6 97 45888 | 10.72
93-75 ) 93 | 4927 10.58 9461 G 54 46553 5.43
56-56 G 96 | 4938 14.39 9331 0 93 47094 8.94
9304 7 93 | 4956 17.09 9666 G % 47293 8.79
95-13 G 95 | 4978 13.03 56-48 3 3 47457 7.94
54-350 17 54 | 5005 14.16 93-200 17 93 27468 846
56-505 17 56 | 5020 17.88 94-27 10 54 8272 5.8
9367 3 53 | 5088 133 96.238 14 % <8300 .13
9425 3 54 | 5294 71.07 9466 C 54 48502 | 1131
5471 2 54 | 5323 12.03 5415 5 54 49675 9.98
93401 6 93 | 5387 13.55 9386 G 53 51335 | 12.14
96-11 5 %6 | 5418 12.65 9307 3 93 51608 8.46
56239 19 %6 | 5501 13.12 93-206 20 93 52180 7.31
54-18 5 54 | 5573 11.51 9345 G 93 2534 | 10.84
9328 ) 93 | 5617 15.34 5406 2 54 52800 8.7
93-305 1 33 | 5642 16.56 96-206 19 % 53035_| 1099
53-108 3 53 | 5688 13.41 96-29 G 3 53346 | 1006
9529 2 95 | 5787 12.12 97-07 11 97 53555 7.86
53-204 17 93 | 6016 10.24 94234 19 54 54683 .86
95506 4 95 | 6042 1.7 96236 19 % 55654 9.07
95-23 3 95 | 6052 21.05 96219 19 % 56160 847
9561 5 95 | 6079 1283 54-22 9 % S6581_| o84
95501 8 95 | 6094 19.75 §3-09 3 93 57055 5.65
9536 3 95 | 6291 13.7 93.59 7 53 57128 9.13
9747 1 97 | 6368 17.68 9612 3 9 | 57607 | 11.26
9711 5 97 | 6399 10.64 94-227 14 54 58102 | 11.21
97-38 8 97 | 6669 10.13 95-02 11 55 58692 | 11.01
5403 1 54 | 6677 4.1 5409 5 %4 58956 8.39
96-59 0 96 | 6766 917 239 19 % 58985 | 13.12
36-235 1 96 | 6954 13.36 93231 17 93 59537 99
96-17 ) 9 | 6960 95 95215 7 95 59961 7.64
96-70 G 96 | 6999 9.67 9548 0 3 59991 11.15
97-12 2 97 | 7220 13.17 9360 3 93 60151 8.35
$6-36 5 %6 | 7350 14.15 93203 17 %3 63139 9.96
93-88 3 93 | 7401 12.58 208 19 54 65209 3.42
93-24 G 93 | 7580 13.31 96-225 14 % 66883 8.65
9547 G 55 | 7584 1741 97-213 17 97 67686 | 1051
95-09 2 85 | 7934 10.29 219 17 95 69150 | 10.54
5393 G 53 | 7975 13.7 96-30 9 96 70865 | 10.03
54-02 1 54 | 8009 18.65 9455 G 54 72062 ] 1034
$6-239 9 9% | 8156 1312 93.106 a4 93 73082 10.25
94-31 8 %4 | 8163 1559 95-32 9 3 7344 9.76 ]
3658 G 96 | 8468 1257 97-19_ 0 97 7380 7.48
96-69 3 9 | 8640 1.72 9450 9 ] 79225 9.52
9316 5 93 | 9074 847 9362 9 93 30159 9.14
96-67 5 % | 9119 13.11 96212 11 % 80642 | 1065 |
36-40 6 % | 9205 14.14 93-76 ] 93 80644 | 11.99
96207 19 %6 | 9280 17.57 95-38 s % 80762 9.03
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CONTRACT ¥ | DISTRICTA| YEAR] GUANTITY] AVERAGE | CONTRACT #| DISTRICTA] YEAR | GUANTITY [AVERAGH
PRICE iz
85-14 2 %5 1. 935 | 932 94-19 1 94 80849 9.6
93-30 5 53 | 9632 10.61 96-230 19 %6 81845 9.51
94-220 11 54 | 9691 12.28 9302 1 ] 231 10.07
5363 5 53_| 9865 1148 93-202 18 (5] 82882 816
54401 2 94 | o815 9.8 96-229 18 % 83000 10.14
§7-03 2 57 | 9924 1156 | 9338 8 93 83520 8.96
§3-03 1 53_| 10062 1477 93219 19 3] 2 1447
94213 19 54 | 10126 145 94-11 2 %4 83725 7.36
96-507 17 9 | 1017 1622 94-50 9 o4 83935 952
8417 2 S4_| 10213 1237 9348 2 3 84933 785
97-217 17 S7 | 10463 113 93-227 19 $3 85070 876
86-35 11 9 | 10570 1167 95-203 17 95 85606 75
9355 5 93_| 10685 1169 93-72 s 5] 85708 1224
86-25 9 9 | 10814 11.47 96-200 17 9% 36014 9.49
53-41 3 93 | 10822 1262 97-204 11 97 86628 8.86
9665 2 56 | 11199 8.45 93-209 19 53 86757 883
96-237 18 9 | 11200 12.47 93.95 4 53 86758 9.94
93-352 14 93 11224 17.77 95-03 10 95 87995 9.77
93-58 11 93 | 11394 15.87 93-207 20 93 88321 1332
93-14 3 93 | 11489 507 94-04 2 94 88452 7.32
§5-209 19 95 [ 12 916 95217 19 95 88867 52
97-41 10 57 | 11934 1348 97-220 19 97 90860 857
94-400 8 94 | 12453 12 96-32 2 9 52206 868
§3-400 1 53 | 12553 15.36 94219 11 94 93036 12.67
56-213 18 9 | 12627 1748 96-02 3 9 93625 | 11.23
97-42 2 97 12819 1232 95-208 19 95 95348 724
96-47 2 96_| 12994 875 94-80 6 94 97380 10.15
87-218 14 57 | 13018 1218 94-218 19 54 97810 1183
§7-02 2 87 | 13138 862 94-78 0 94 $8137 5.16
94-82 3 94 | 13326 1123 97-214 14 97 99580 823
93-11 2 93 | 13961 10.79 93.221 14 93 100093 | 946
53100 6 93 | 131 114 96-38 6 9% 100654 | 696
56-215 18 9% | 138713 13.08 95-201 19 95 109238 | 831
94-450 17 94 | 14252 16.01 94.53 3 54 110982 | 1145
$3-20 5 93 | 14526 69 97-01 11 97 111125 102
54-28 ] 94 | 1475 11.34 $3-01 1 93 114151 | 1126
53-98 6 93 | 1es87 1426 94-12 2 54 119756 7.98
96-18 5 96_| 15006 752 | 95214 17 95 119867 | 845
85-229 11 95 | 15008 1369 94-212 19 ) 121050 | 10.67
5426 ] S4_| 15044 11.04 9366 5 93 121676 7.25
§3-29 9 93_| 15052 9.92 §7-203 17 97 122552 875
§7-33 6 97 | 151% 12.05 96-203 14 9% 123087 | 12.32
54222 19 94 | 15153 853 93.51 3 53 124369 | 659
93215 20 93 | 15339 1322 93-205 19 93 125123 915
9310 3 53 | 15587 9543 95-24 2 95 127215 | 1001
94-207 14 94 | 5710 | 1121 96-69 2 9% 127830 6.98
96-13 8 96 | 15770 56 96-08 1 % 128717 7.96
8637 2 96 | 16658 7.62 54-217 17 54 131983 761
93-06 2 93 | 16830 9.95 93-223 19 53 136004 | 1002
9515 ) 95 | 17010 1321 96-214 19 % 141103 7.08
94-57 6 94 | 17223 12,87 94-203 14 94 149792 804
96-28 5 9 | 17276 8.75 93-201 11 93 156640 855
97-21 2 97 | 1743% 521 93.225 18 93 158382 738
9614 2 96 | 17528 824 9327 10 93 159384 859
9641 1 9% | 17683 1713 _§ 9371 4 93 163434 | 10.69
93-350 17 53 | 17818 12.76 96-20 6 9% 172564 7.15
5539 6 g5 | 18039 12.48 9638 6 3 172750 | 696
§7-202 17 57 | 18797 | 908 9407 2 54 175759 | 821
94-76 1 94 | 19042 17.63 9432 1 9 178854 8.03
93-450 14 53 | 19068 (XK 94-05 2 94 195222 784
96-204 14 9 | 19096 11.08 94-221 17 54 202710 | 1152
93211 20 53 | 19109 10.63 95-34 6 95 223900 | 1432
95-202 11 $5_| 19167 12.86 93-85 4 93 226477 | 10.08
$313 3 S3_| 19788 1027 93-89 ] 53 231105 | 10.78
97-52 6 S7_| 20236 103 5484 4 54 233027 _| 1023
57-43 1 97_| 20240 16.71 _5483 6 54 351639 | 1274
9745 1 97_| 20366 17.56 9545 3 95 491795 | 1142
94-30 2 54 | 20404 12.79
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CONTRACT #| DISTRICT# | YEAR|QUANTITY|AVERAGE| CONTRACT #| DISTRICT# YEAR | QUANTITY | AVERAGE
PRICE — PRICE
94-15 5 94 238 9.42 94-50 9 94 20672 5.74
93-08 2 93 268 16.2 93-24 6 93 20938 8.12
93-41 3 93 308 9.5 94-401 2 94 20960 6.5
93-10 3 93 449 8.11 94-82 6 94 21218 8.38
93-352 14 93 496 10.91 96-37 2 96 21613 5.86
93-98 6 93 701 13.55 93-35 2 93 22302 7.12
96-73 2 96 759 7.54 9343 4 93 22714 10.24
96-239 19 96 823 8.81 93-66 9 93 23195 5.2
96-28 5 96 924 8.55 93-93 6 93 23201 10.04
94-67 6 94 1404 16.47 93400 1 93 23292 10.91
93-21 2 93 1480 10.92 93-17 5 93 23997 5.39
93-53 7 93 1535 9.48 94-220 11 94 24221 7.79
93-34 3 93 1547 11.18 94-213 19 94 24229 8.95
94-51 17 94 1703 11.93 93-210 17 93 25180 6.93
94-68 2 94 1706 9.13 94-29 10 94 25754 6.41
97-38 8 97 1778 8.83 95-506 14 95 26322 6.24
97-209 19 97 1800 7.84 94-450 17 94 26642 9.22
93-03 1 93 1803 15.23 93-100 6 93 26732 8.66
95-23 1 95 1945 16.24 97-21 2 97 27123 6.54
96-43 8 96 1980 14.43 96-35 11 96 27337 6.52
95-14 2 95 1985 7.56 93-27 10 93 28034 7.02
96-239 19 96 2088 8.81 93-233 10 93 28066 4.72
96-47 2 96 2140 7.63 96-203 14 96 28340 7.85
95-66 5 85 2158 9.57 9444 2 94 29337 7.55
97-217 17 97 2253 6.69 94-222 19 94 29512 5.73
94-22 9 94 2393 8.9 93-11 2 93 30059 5.85
93-45 6 93 2488 12.85 97-34 10 97 30811 6.43
97-51 6 97 2689 9.17 97-52 6 97 31164 7.26
97-40 9 97 2843 7.56 97-28 6 97 31735 7.72
93-39 6 93 3012 9.34 96-18 9 96 32423 4.2
93-98 6 93 3094 13.21 93-221 14 93 32550 7.22
95-10 9 g5 3094 8.59 94-76 1 94 33603 12.72
93-91 2 93 3178 9.93 96-38 6 96 33930 5.27
96-231 18 96 3195 6.97 93-204 17 93 34313 5.12
93-36 8 93 3531 9.38 96-06 11 96 34894 5.54
93-83 5 93 3603 9.92 93-209 19 93 35162 6.82
97-200 14 97 3754 6.15 94-27 10 94 36168 6.53
93-22 5 93 3794 8.41 96-204 14 96 36985 7.49
93-97 6 93 3849 11.39 93-213 13 93 37289 5.15
93-108 9 93 3907 12.89 93-86 6 93 38191 8.96
97-223 17 97 4039 14 96-206 19 96 38294 6.83
96-12 6 96 4104 12.03 93-450 14 93 38989 4.45
97-14 5 97 4132 8.24 93-23 6 93 39823 10.04
95-501 18 95 4674 11.056 95-02 11 95 42042 6.7
94-31 8 94 4802 11.27 96-57 6 96 43488 6.67
94-18 5 94 4839 8.11 97-07 11 97 44377 4.38
93-33 10 93 4930 9.58 94-13 2 94 44920 5.92
93-20 5 93 5027 543 96-219 19 96 45652 4.67
94-08 2 94 5058 9.95 95-48 8 95 46074 8.89
95-29 2 95 5330 9.71 95-217 19 95 46750 5.26
95-220 11 95 5479 9.12 96-222 17 96 47463 6.46
96-17 8 96 5528 8.4 93-59 7 93 49296 5.6
93-64 4 93 5558 7.75 93-52 6 93 49456 8.67
96-215 18 96 5559 8.43 97-11 6 97 49523 8.07
93-05 2 93 5605 8.71 97-45 1 97 51860 11.95
97-220 19 97 5625 5.65 94-30 2 94 51943 9.71
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CONTRACT #] DISTRICT# |YEAR| QUANTITY]AVERAGE] CONTRACT #] DISTRICTA | YEAR | QUANTITY | AVERAGE
PRICE PRICE
96-27 1 9 | 5652 11.07 96-17 8 96 52700 84
93-18 5 83 | 5738 6.93 94-218 19 94 52933 6.28
96-22 6 9% | 5775 8.76 96-49 11 9% | 53384 4.63
93-211 20 83 | 5903 6.47 94-224 18 94 53768 6.9
95-201 19 S5 | 6004 573 84-212 19 54 54711 59
9337 3 93 | 6063 7.99 93-223 19 93| 55418 576
95-210 19 85 | 6108 467 §3-206 20 83 57424 4.02
9331 ] 93 | 6483 6.22 96-59 ) 96 | 57473 4.98
96-17 8 96 | 6571 84 97-01 11 87 58189 6.05
9355 5 83 | 6767 9.59 93-25 8 93 61406 8.97
95212 11 95 | 671% 7.73 96-240 1 %6 63860 563
54-14 5 54 | ea76 811 97-204 11 87 65359 6.29
96-41 1 9 | 6900 1112 93-56 6 93 66095 6.78
96-229 18 96 | 7011 7.41 96-29 6 6 66139 7.71
97-206 18 97 | 7130 7.62 95-38 8 g5 68109 6.56
94-16 5 54 | 7298 8.3 95-31 2 85 69450 6.13
93-14 3 93 | 7403 5.97 94-207 14 %4 69460 548
96-67 ) 96 | 7547 6.16 9461 6 94 69911 7.78
94-26 9 84 | 7548 6.56 94-09 5 84 72765 5.71
97-50 6 97 | 7803 8.42 96-238 14 96 75199 5.01
93-222 17 93 [ 7831 7.79 96-220 19 % 75473 7.07
93-88 6 93 | 7855 8.56 94-208 19 94 76576 4.88
93-700 13 93 | 80%4 8.36 94-219 17 %4 79468 7.74
9375 9 93 | 8295 6.96 94-234 19 94 81604 517
93-30 5 93 | 8600 7.59 93-38 8 93 82410 564
97-225 14 97 | 8919 853 93-202 18 83 83267 57
9611 5 9% | 9125 6.67 9348 2 93 84493 6.26
94-213 19 94 | 9302 8.95 94-80 6 %4 86525 717
97-202 17 97 | 9363 4.86 94-78 8 %4 88553 7.97
96-59 9 96 | 9483 4.98 93-203 17 93 91892 466
96-213 19 96 | 9562 9.89 93-227 19 93 92885 5.7
96-211 14 96 | 9597 10.16 9344 6 93 94482 9.15
94-56 11 94 | 9965 6.65 93-02 11 93 95704 5.16
95-13 6 95 | 10835 8.84 93-01 11 93 100853 6.07
95-17 8 95 | 10835 871 96-236 19 96 101262 527
94-03 1 94 | 10842 11.21 95-203 17 95 103102 4.76
95-32 g 95 | 10847 8.89 95-215 17 95 103904 425
97-13 6 97 | 10992 7.63 97-19 ) 97 105920 444
97-12 2 97 | 11526 9.65 95-208 19 95 115666 4.47
94-17 2 84 | 11609 9.26 83212 14 93 118113 5.31
94-19 11 84 | 11671 76 9307 3 93 119911 6.09
9367 6 93 | 11676 9.53 97-214 14 97 120561 5
94-75 () %4 | 11710 6.58 94-203 14 94 126440 471
94-36 6 94 | 11918 10.97 96-32 2 9% 129708 59
9561 6 95 | 12014 7.88 93-72 6 93 131420 9.29
96-225 14 % | 12240 6.34 97-32 10 97 133351 458
9747 1 97 | 12400 12.77 94-06 2 54 133763 6.42
93401 6 93 | 12673 919 96-38 6 % 136415 5.27
9342 9 83 | 12860 8.62 93-225 18 93 136956 4.09
97-201 17 97 | 13340 48 93-15 5 93 137701 6.3
97-33 6 97 | 13%2 951 94-66 6 54 137747 9.06
93-207 20 93 | 13414 8.48 96-209 18 %6 138526 4.39
93-218 14 93 | 13433 7.05 93-09 3 93 144270 461
97-11 6 97 | 13448 8.07 93-231 17 83 154280 424
97-205 18 97 | 13466 7.16 94-04 2 94 156896 6.16
93-16 5 93 | 13487 5.56 95-03 10 g5 158314 6.02




Table D.3 Prices Granular B (Page 3 of 3) - 221

[CONTRACT #] DISTRICT# |YEAR qumrmr CONTRACT #| DISTRICT# | YEAR | QUANTITY | AVERAGE
— PRICE
93-29 9 93 | 13578 6.05 96-02 6 96 169227 7.26
93-102 6 93 | 13646 | 1162 9360 3 93 169763 543
94-36 6 54 | 14252 5.76 93-51 3 CE) 176159 4.86
96-07 9 9 | 14633 551 94-217 17 94 195229 44
g6-214 19 9 | 14933 4.95 93-205 _ 19 93 196526 6.74
%642 10 9 | 15703 6.53 94-227 14 54 199639 6.72
95-09 2 95 | 15836 .44 93-201 11 93 201347 488
93-215 20 93_|__16415 6 9407 _ 2 94 213718 5959
94-28 9 94 | 16516 8.83 95-24 2 95 | 233543 49
94-35 1 94 | 16553 | 12.67 96-59 9 56 238101 498
97-08 5 97_|__16675 7.35 94-12 2 94 240619 484
94.55 6 94 | 18301 6.01 96-20 6 96 243716 556
97-02 2 97 | 18302 7.15 96-38 6 96 261401 527
96-77 2 96 | 18565 489 96-09 2 % 321264 5.58
53214 17 93_|_ 188390 5.13 95-214 17 S5 408706 484
5363 5 93 | 16909 6.97 95-34 6 g5 423215 9.57
96-218 18 96 | 19394 5.79 34-05 2 94 525099 454
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“CONTRACT # |DISTRICT#| YEAR|QUANTITY| AVERAGE JCONTRACT #| DISTRICT#|YEAR|QUANTITY
PRICE
93-08 5 93 14 150.93 95-24 2 95 | 4733
g93.08 2 93 32 214.72 97-05_ 1 57 | 4985
97-14 5 97 192 838 I 94-17 2 94 5226 |
94-70 ) 54 206 212.48 I 93-11 2 93 5376
9637 2 %6 241 67.67 96-41 1 96 | 6096
93-107 5 93 285 7629 R 93-307 2 53 6235
95-23 1 35 287 | 10346 __§__ 9517 8 95 | 6401
93-74 8 93 322 8638 | 9731 6 87 | 6493
93-34 3 93 356 82.97 93-15 5 93 6528
93.94 6 93 386 82.57 96-09 2 96 7675
9468 2 54 | 470 88.8 9515 ) 35 8316
§7-17 6 97 _|__ar7 80.95 9749 6 57 8331
9657 5 %6 a79 63.41 96-70 G %6 8393
95-34 6 95 486 64.14 94-78 8 94 8536
676 ) 6 514 g2.38 9388 4 93 8751
9472 2 94 556 100.99 93-73 ) a3 9014
93-68 1 o3 646 112.58 97-50 6 97 9411
94-79 6 94 757 69.12 94-12 2 94 | 11747
96-36 5 96 868 61.27 94-35 1 94 | 13256
93-83 5 93 980 57 41 93-60 3 93 | 13709
95-39 G 95 11073 67.99 93-18 5 93 | 14109
93-37 3 93 1129 63.94 9381 ) 93 | 14316
97-08 5 97 | 1148 59.29 97-20 10 97 | 15111
55.14 2 g5 11193 €0.18 97-32 ~10 97 | 15432
97-12 2 97 | 1220 97.67 94-75 ) 94 | 15931
94-16 S 94 1278 53.53 94-14 5 94 16260
9561 6 S5 1634 58.75 94-09 5 94 | 17612
93-63 5 93 1685 64.15 94-24 5 54 | 18348
93-44 5] 93 1748 53.14 95-27 10 95 18906
93-55 5 93 1911 63.67 96-31 5 96 | 25151
9747 1 97 1924 58.77 93-108 9 93 | 25582
94-400 8 94 2194 63.99 93-29 9 93 28386
93-306 2 93 2610 67.5 93-30 S g3 36575
9476 1 54 | 3377 68.42 96-16 9 36 | 45895
85.31 2 95 | 4055 59.5
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CONTRACGT # | DISTRICT#| YEAR] QUANTITY | AVERAGE|CONTRACT #] DISTRICT#| YEAR| QUANTTY | AVERAGE
- PRICE — PRICE
97-27 6 97 4 446.46 94-25 9 94 926 49.12
94-67 6 94 [] 126.47 93-218 14 93 956 100.45
97-26 6 97 11 245.37 97-223 17 97 988 98.13
94-36 6 94 48 71.9 93-76 4 g3 991 47.31 |
93-46 3 93 54 104.78 95-31 2 95 1083 44.73
94-39 6 94 62 82.67 94-38 6 24 1097 56.34
96-02 6 96 64 48.86 97-11 6 97 1119 41.51
93-97 6 93 71 86.17 93-21 2 93 1123 546 |
96-80 6 96 89 53.1 94-79 6 94 1129 59.77
94-48 8 94 91 214.11 93-86 6 93 1185 50.23
96-12 6 96 100 61.75 g4-61 6 94 1304 4973
§3-90 9 93 104 85.38 93-401 6 93 1324 43.17
93-98 6 93 105 108.87 96-38 6 96 1326 38.93
93.83 5 93 106 73.43 96-54 6 c6 1374 40.24
93-100 8 33 110 44.53 §3-43 4 g3 1498 50.51
97-51 6 97 112 49.27 64-55 6 94 1624 54 54
97-11 6 97 116 41.51 §3-56 6 93 1691 | 52.69
53-44 5 93 121 40.53 97-02 2 97 1877 40.56
93-24 6 93 126 73.52 §3-23 6 93 1941 484 |
86-75 5 96 154 143.48 94-62 9 94 2043 4288 1|
93-45 6 93 160 4961 94-22 ] 94 2438 43.26 l
94-80 6 94 206 59.4 94-83 6 94 2461 54.49
93-50 4 93 209 61.75 §7-217 17 97 2473 67.19
94-201 17 94 212 151.02 94-50 9 94 2660 40.67
93-85 4 93 344 56.37 93-66 9 93 2902 32.36
93-52 6 93 346 5933 95-45 6 a5 2937 47.83
96-37 2 86 368 50.56 94-82 6 94 3040 4472
95-34 6 95 392 50.4 93-05 2 93 3810 52.91
84-53 6 94 415 57.21 93-89 4 93 4736 49 33
€3-102 6 a3 419 49.77 93-64 4 93 5761 43.85
84-202 14 94 445 255.08 97-502 17 97 5967 55.16
83-71 4 93 486 54.71 96-48 2 g6 7853 42 .45
93-69 4 93 495 50.46 95-32 9 95 8077 4027
92-70 4 93 498 69.3 93-20 5 93 8183 36.44
93-72 6 93 504 56.56 96-502 17 g6 8947 75.87
94-47 9 94 537 84.16 96-47 2 96 9530 37.36
56-38 6 96 570 38.93 93-10 3 83 10001 38.64
86-211 14 96 584 113.23 93-106 4 93 10611 4515
94-66 6 94 620 46.54 93-48 2 93 11985 38.68
86-01 6 96 777 56.67 93-38 8 93 12742 4408
93-99 4 93 817 £3.99 94-08 2 94 15056 4479
86-29 6 g6 841 58.94 97-40 9 97 19786 35.22
94-50 9 94 869 40.67
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CONTRACT #] DISTRICT#| YEAR| QUANTITY]  AVERAGE ] CONTRACT #] DISTRICT#| YEAR| QUANTITY | AVERAGE|
PRICE PRICE
9567 1 95 s 384,07 9417 2 94 | 6709 | 5651
54-15 5 94 124 354 93-11 F 93 | 6970 4488
54-233 18 54 125 19823 96-59 9 %6 7336 41.47
§4-210 15 54 138 138.44_ 93-55 5 93 | 1417 5532
97-211 19 S7 141 219.75 95-501 18 95 7453 76.25
§3-20 5 93 158 60.58 93-305 1 93 | 7750 4312
97-223 17 97 161 108 63 93.62 9 93 8002 28
93.75 ] 93 163 100.62 96-33 i1 9 | 8049 43.09
93-229 13 93 183 16221 93-400 1 93 8311 47.69
§3-101 7 93 | 203 110.82 93-14 3 93 | 8319 4027
§6-350 19 96 230 168 81 93.215 20 93 8339 6384 |
93-233 10 53 267 106.26 §7-19 9 37 | 8569 37.49
$5-206 18 95 299 12439 5427 10 34_| 8652 50.64
97-210 19 97 299 181.72 (="} 2 4 8780 4127
87-215 14 57 341 1732 $3-78 11 93 | 89% 42.06
96-226 19 96 349 121.1 96-16 9 96 8963 48.61
96-241 17 96 358 102.2 96-206 19 9 | 9234 €897
93-228 19 93 361 24166 93-38 ] 93 5237 38,59
€3-63 1 3 377 8165 93212 14 93 938z 5717
9555 5 95 392 91.81 54-401 2 94 | 9602 4534
§3-34 3 93 397 €517 9744 1 97 | 9812 48.17
94-13 2 94 410 6378 94-30 p 94 | 10218 44.45
56-73 2 9 413 56.71 9412 : 94 | 10456 | 3955
94-68 2 ) a7 61.39 93.10 : 93 | 10582 36.82
93-205 19 53 433 63.87 96-49 11 9 | 10624 40.86
34215 19 94 510 10123 96-77 2 96 | 10888 3631
5363 5 93 617 _ 59.65 93-58 K] 93 | 11131 61.15
96-208 18 96 660 86.56 94-208 19 94 | 11579 64.99
5460 10 54 737 96.67 95-10 9 95 | 12672 38.49
53-91 2 93 779 62,01 96-32 2 96 | 13255 3536
96-23 8 96 793 75.64 $6-215 18 96 | 13263 599
97-212 19 7 80 11397 96-25 S 96 | 13289 44.45
93-224 18 §3 848 153,08 §7-21 2 97 | 13392 4656
96-224 19 36 905 99.45 5705 1 97 | 13433 a7
93-83 5 93 978 4899 93.352 14 93 | 14309 649
93-41 3 93 930 50.55 96-28 5 96 | 14535 3563
9568 1 95 1035 53.35 9302 11 53 | 14609 | 47.84
93-31 9 93 1100 40.89 95-85 11 95 14662 44.91
8337 3 53 1226 4535 93-231 17 93 | 15031 4381
56-34 5 96 1295 5127 $3-202 18 53 | 15139 5502
96-78 ) e 1334 57.23 97-504 17 97 | 15860 4851
$6-59 g 96 1338 4147 9642 10 96 | 15862 5015
97-217 17 97 1381 66.41 95-24 2 95 16145 41.6
$6-37 2 56 1455 43.74 94-14 5 94_| 16594 40.71
5-29 2 95 1452 62.17 §3-27 10 93 | 16884 39.13
93-53 7 53 1495 66 9348 2 S3 | 17273 3682
9304 1 53 1622 59.27 $5-03 10 95 | 17297 4126
94-04 2 54 1680 4971 56-09 2 9 | 17510 37.28
95-506 14 95 1695 7929 9359 7 g3 | 17511 4036
95-218 18 5 1759 179.33 95-210 19 95 | 17745 44,46
$6-72 1 56 1767 70.24 9435 1 54 | 17818 4538
94-228 18 54 1809 8397 93-25 8 93 | 17963 4253
95-23 1 S5 2012 72.78 93-700 19 93 | 17998 618
54-01 1 54 2035 6142 96-200 7 96 | 18052 3871
9451 17 54 2049 8105 95-219 17 95 | 18176 4246
54-58 1 54 2081 67.16 94-217 17 94 | 18245 4148
94-28 ] 94 2131 62.93 93.57 9 93 | 18474 38.76
§3-204 17 53 2155 66.33 94-213 19 94 | 19196 5724
93-22 5 93 2160 52.66 9317 5 93 | 19995 3478
57-08 5 57 2454 5288 93-06 2 93 | 20012 3992
53-66 9 53 2473 32.69 96-233 19 9 | 21094 4812
§3-35 2 53 2516 4408 94-213 19 94 | 21916 5724
93-04 1 53 2526 S8 8: 96-203 14 56 | 22597 459
85212 11 S5 2588 58.62 94-216 19 84 | 23212 4329
94-71 2 54 2634 56.04 9707 1 97 | 23460 442
§7-12 2 7 2652 8667 93-09 3 93 | 323508 40.38
95-215 17 S5 2690 4155 93-13 3 93 | 23131 35.01
96-41 1 9% 2700 46.33 94-19 11 94 | 24682 4425
§7-02 2 o7 2737 38.55 S4-234 19 94 | 24969 55.62
97-14 5 57 2807 5048 93214 17 93 25274 3726
95-509 17 5 2823 89.56 93-01_ 11 X 25431 4347
94-16 5 94 2872 49.23 93-33 10 9 28568 4059
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Table D.6 Prices HL+4 (Page 2 of 2)

e ————— Gr————— Y. Ty ————n
CONTRACT #| DISTRICT#| YEAR| QUANTITY]  AVERAGE | CONTRACT #| DISTRICTS| YEAR| QUANTITY | AVERAGE,
e e — ——— ]
93-15 5 9 3125 50.9 93-207 20 93 | 28570 44,64
96-18 9 9% 3231 a97 97-204 11 97 1 2011 4114
§6-213 13 96 | 3249 €5.42 219 11 94 | 30370 4877
9743 1 37 | 3399 “4 96-230 19 %6 | 30922 G
9747 1 37 | 311 472 9342 9 93 | 31924 | 3796 |
33213 13 93 3443 5862 96-212 11 9 | 31972 | 38.39
96-209 18 96 3469 6494 97-01 11 97 | 327133 4113
95-14 2 9% 3476 42.07 95-209 19 95 | 326% 40.05
9403 1 54 3557 51.49 94-10 2 94 | 34018 3355
§3-506 17 CE] 3722 8595 97-218 14 97 | 34601 49
9607 9 9 3920 _ 36.08 97-214 14 97 ] 35685 “52
5476 1 94 w72 57.75 231 18 96 | 35940 .79
94-508 17 54 3982 67.43 221 14 93 | 36114 422
56-27 1 % 4020 4787 97-225 14 97 54.26
94207 14 94 | 4254 7126 $4-29 10 S4 | 39729 | 3878
9509 2 95 4366 582 96-39 17 9 | 39778 4216
S6-67 9 96 | 4400 “n $3-200 17 93 | 40644 50.88
§3-31 9 93 4497 40.89 94-15 s 94 | 42375 354
93-16 5 53 4559 _50.3 93-219 18 93_| 43393 60.46
95-510 17 95 4763 608 9538 8 9% | 51 3968
9328 g 93 @93 50.03 96-240 11 96 | 46943 3731
9531 2 95 | 491e 4033 9319 5 93 | 514712 3394
96-06 11 96 | 5102 453 9411 p 94 | 52816 403
94-26 5 94 5430 4707 203 7 95 | sarer 3763
54-18 5 94 5467 59.98 93-210 17 93_| 55314 45.45
5421 8 54 5518 4586 95-214 17 95 | Seea7 40.96
94-450 17 94 5520 87.01 93-201 11 93 | 62624 42.13
9745 1 97 | ss37 666 9407 2 94 | 67244 345
54400 3 94 | 5810 5338 93-203 17 93 | 75001 38.83
§7-507 17 97 6027 52.73 94203 14 94 | 80558 | 4064
54222 19 S4 | 6280 56.16 54-05 2 94 | 82381 39.16
{__93-450 14 93 6629 74.83
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Table D.7 Prices HL8 (Page 1 of 1)

CONTRACT #[DISTRICT# AVERAGE DISTRICT#
96-62 6 96 32 97-27 6
93-97 6 93 121 81.74 97-31 6 97 6459 36.82
96-53 6 96 127 67.1 93-44 6 93 | 6986 38.14
96-66 6 96 140 52.62 93-50 4 93 7210 39.01
93-98 6 93 176 105.16 96-70 6 96 8063 37.22_|
97-17 6 97 279 70.39 97-46 9 97 8747 32.74
93-69 4 93 290 45.24 96-38 6 96 9838 32.81
93-70 4 93 453 58.63 1 94-53 6 94 10216 41.86
93-102 6 93 473 48.99 93-71 4 93 10577 2218 |
95-46 6 95 650 52.85 96-48 2 96 10693 39.88
93-74 8 93 651 67.04 93-79 6 93 11524 37.33
93-24 6 93 672 64.99 94-62 9 94 12060 41.07
94-34 6 94 696 89.74 96-20 6 96 12110 32.26
0466 6 94 754 44.95 96-38 6 a6 12606 32 81
93-56 6 93 769 4901 93-45 6 93 12740 39.68
95-13 6 g5 811 45.03 94-61 6 94 12754 37.92
96-54 6 96 1184 38.54 93-85 4 93 13256 42.72
94-38 6 94 1281 5055 |  94-80 6 94 13547 43.32
96-36 6 96 1345 48.7 | 94-22 ) 94 16043 39.76
97-11 6 97 1494 3537 f§ 9749 6 97 16436 383 |}
86-57 6 96 1602 4324 | 9323 6 93 16450 40.4
94-25 9 94 1648 47.7 [ 95-06 2 95 16481 32.89
94-82 6 94 1709 39.76 94-83 6 94 17399 44 47
93-105 4 93 1893 49.77 95.34 6 95 18378 41.96
93-76 4 93 2232 43.44 96-12 6 96 18842 33.52
93-100 6 93 2367 37.73 97-30 6 97 19300 34.21
§7-26 6 97 2745 40.95 94-84 4 94 23129 4517
96-80 6 96 2799 59.3 94-50 9 94 24698 34.43
94-55 6 94 2937 50.14 95-45 6 g5 29916 41.78
95.39 6 95 2979 45.51 93-51 3 93 30431 33.51
93-401 6 93 3094 40.16 93-72 6 93 30860 38.31
94-57 3 94 3341 4393 93-07 3 93 40883 40.85
94-79 6 94 3668 51.66 94-50 ) 94 40887 34.43
93-43 4 93 4314 46.57 93-66 ) 93 43736 29.81
96-38 6 96 5663 32.81 93-89 4 93 47101 42 84
96-02 6 96 5743 38.76 94-06 2 94 52074 39.32
93-86 6 93 5752 40.19




Table D.8 Prices Heavy Duty Binder Course (Page 1 of 1) 227

CONTRACT #|DISTRICT# YEAR|QUANTITY] AVERAGE JCONTRACT 8| DISTRICTS| YEAR]QU. AVERAG
PRICE PRICE
93-53 7 33 125 8654 1 93107 5 g3 14246 57.15
§7-15 3 57 148 89,85 57-33 5 7 14406 41.55
54-400 8 54 188 87.74 5652 5 % 14531 46.68
94-55 3 94 195 50 45 9752 3 87 14940 37.56
g5-42 3 95 211 70.39 54-01 94 15172 57.53
5653 3 96 215 64.26 56-59 < 3 15202 3924
§3-76 2 53 345 52.58 9666 3 96 15318 a1
§3-100 3 93 493 43.61 53-89 Y g3 15534 4476
S3-54 3 93 522 68.63 97-11 3 57 15977 38.7€
§7-200 14 a7 B5¢ 79.54 96-07 g 96 16230 33.81
96-22 3 % 95€ 56.27 97-30 3 a7 16366 38.23
6 5 1012 51.12 97-13 6 97 16770 21
g % 1100 58.68 97-51 5 S7 17410 .67
6 g5 1138 595 9557 ] o5 | 17649 | 4012
5 57 1272 5461 94-227_ 14 54 19055 63 .43
6 35 1626 5051 96-59 ) 56 15399 24
4 () 1742 43 44 96-56 € 9% 19619 39.29
2 % 2131 49.72 94-80 € 94 15735 | 3983
s 6 2200 4007 9619 3 96 19859 3363
[ =X 2251 48 67 G7-45 1 a7 20077 7102
S S7 2350 53.05 9385 a 53 20176 42.86
3 53 2566 4408 96-69 3 96 | 20577 41.08
6 94 2582 S0 82 96-27 1 56 20810 3412
6 96 2728 34.39 9640 6 36 | 21037 39.11
5 93 2738 51.59 $3-50 2 g3 |__21196 405
5 97 3185 a1.97 93.62 S 53 21694 39.97
2 54 3458 56.8 5456 1 34 | 22445 42.09
6 %6 3534 36.62 9638 6 %6 |__23138 34.39
3 [ 3611 60.99 9502 1 G5 |__23626 4753
2 g7 3748 5114 57-38 8 37 23908 3616
3 93 3500 4873 5215 17 95 | 24028 4085
3 34 3907 67.73 96-29 3 96 | 24854 43.49
3 a3 3964 3617 9541 3 95 | 24872 48.04
3 93 3028 43.79 94-79 3 g4 | 24341 54.68
6 93 3159 47.32 96-14 2 96 | 25320 37.57
8 96 4274 546 96-65 2 % 262 37.07
3 93 4460 49.68 96-12 6 9 | 27424 37.65
[ a7 4644 41.16 93-79 [ 93 27696 40 84
a 53 2646 479 9506 2 %5 |_27807 37.33
5 34 2822 4568 94-83 3 54 28080 48 36
P S7 5011 52.18 G3-56 3 53 |__28170 a4 06
S =3 5115 49 61 §7-43 1 57 28579 5379
8 37 5227 4126 _ 5656 3 %6 |__28870 386
3 53 5371 60.83 96-80 6 9% 29161 38 55
6 95 5370 46.48 96-17 E 96 | 29386 40.07
2 S7 5566 58.29 84-50 3 94 29585 38.34
S S3 6538 37.16 54-66 6 94 30015 39.47
6 %6 6641 4313 93-04 1 93 30307 54.67
3 g4 6658 344 54-58 1 94 30549 42.47
1 96 6667 395 93.28 ) o3 31147 4426
S g4 6973 48.24 57-19 g a7 31477 36.47
8 55 7396 549 95-45 6 g5 32468 34.69
9 97 7746 3593 96-20 6 %6 34278 3487
8 56 7900 40.07 §3-31 ) g3 34786 37.56
6 95 8456 4907 96-38 3 56 | 35189 34.39
6 33 B737 41.54 G4-27 10 34 35249 3475
13 93 8827 56.62 97-29 : 7 38081 42.96
3 g3 9952 44.37 96-02 3 [ 38480 21.66
5 97 0319 42.92 93-72 5 X 38775 a3 81
6 93 0558 42.95 94-221 17 34 39168 a1.47
2 54 0610 48 64 $4-39 [ 34 40188 46.57
4 a3 10777 42 97-44 1 97 41500 49.44
6 93 106845 48.73 94-50 g 34 43096 38.34
7 93 11074 45.54 93-32 8 53 | 46029 38.01
a 34 11769 46.53 97-203 17 57 55581 40.92
9 54 12364 46.47 94-06 2 94 | 58458 43 .3
8 54 12470 a7.16 9663 2 96 | 61137 39,1
17 97 12636 39.84 54-07 2 94 | 65247 39.56
2 93 12682 46.13 8351 3 93 75537 3811
3 94 12747 41.23 9405 2 G4 77163 40.78
17 93 13121 50.1 G3-07 3 93 79622 46.97
3 % 13576 40.25 534 6 55 81081 50.05
3 93 13690 39.44 96-16 9 96 105911 35.07
3 9% 13793 40.16




Table D.9 Prices Dense Friction Course (Page 1 of 1)

TCONTRACT #]|DISTRICTW| YEAR| QUANTITY| AVERAGE] CONTRACT #] DISTRICT# | YEAR| QUANTITY | AVERAGE]

PRICE | PRICE |
84-55 6 94 88 80.53 94-39 6 54 7997 78.6
94-400 8 84 105 102.96 94-44 2 94 | 10957 73.44
9653 6 9 178 64.82 9461 6 84 | 11239 58.29
93-401 6 93 195 5517 94-50 9 o4 11276 49.35
95-36 3 95 318_ 78.37 93-41 3 83 | 11522 73.66
94-73 9 94 367 1554 93-69 4 93 | 11580 65.9
93-53 7 93 406 106.99 93-71 4 83 | 11619 67.65
94-47 9 o4 476 83.71 97-27 6 97 11841 61.19
93-76 3 53 489 81.65 94-80 6 94 | 12019 57.6
34-85 3 84 511 125.05 54-84 < 94 | 12501 64.65
97-16 6 97 678 61.7 97-52 6 97 | 12649 49.97
97-15 6 97 715 85.7 97-33 3 97 | 13080 52.01
56-02 6 % 809 56.57 94-82 6 S4 | 13559 60.25
94-69 6 94 844 83.22 96-66 3 96 | 13938 | 5295
9513 6 95 995 67.22 96-65 2 96 | 14172 53.13
94-34 6 94 1028 8439 9627 3 96 | 14736 56.57
95-62 5 55 1037 67.49 96-29 3 %6 | 14754 51.89
95-41 6 95 1073 67.97 96-69 6 96 | 14861 53.77
93-67 6 93 1134 66.77 93-62 S 53 | 14907 4854
94-62 ] 54 1224 66.09 9401 1 84 | 15445 72.23
§3-100 6 93 1293 63.71 $7-03 2 S7 | 15501 | 77.18
96-37 2 9% 1389 68.32 96-38 6 96 | 15587 48.71
94-57 6 34 1432 74.98 94-66 6 94 | 15610 56.78
93.104 3 93 1487 69.79 96-03 6 96 | 15964 56.33
33-88 6 93 1533 67.2 84-58 7 94 | 16227 60.61
93-44 6 93 1629 63.3 97-45 i 97 | 16797 83.93
§3-107 6 93 1646 78.91 95-42 G 95 | 16809 57.11
93-69 a 93 1761 72.63 9506 2 95 | 17601 56.47
96-21 5] 96 1911 68.58 94-52 9 94 | 17736 49.35
96.22 5 96 1944 5515 96-56 6 96 | 18208 5515
94-79 6 94 1984 74.27 §3-56 6 93 | 18339 63.11
96-38 3 %6 2025 48.71 93-50 4 93 | 19372 67.6
97-30 6 97 2101 53.98 57-19 9 97 | 19540 42.71
57-42 2 97 2140 76.02 84-83 6 94 | 19882 67.74
93-97 6 93 2216 69.62 93-31 9 93 | 19908 48.22
96-12 3 9 2345 51.86 96-20 6 96 | 15925 54.74
96-80 6 % 2561 68.31 97-51 6 97 | 20221 51.62
93-43 a 93 3045 71.29 97-21 2 87 | 20254 66.84
93-104 6 93 3064 69.79 96-38 6 96 | 20314 48.71
96-57 6 96 32089 59.76 96-40 6 96 | 20432 56.75
93-105 7] 93 3261 71.81 93-85 ] 93 | 20739 65.53
93-23 G 93 3438 68.34 96-54 6 96 | 21451 56.42
93-86 6 93 3526 64.68 97-43 1 97 | 24421 65.67
97-04 6 57 3776 49.71 93-72 G 93 | 24930 60.49
93-66 S 93 3890 49.75 93-04 1 93 | 25049 92.29
95-34 6 95 4061 66.64 93-79 G 93 | 29654 56.18
94-30 2 94 4091 84.83 84-27 10 84 | 31457 50.82
96-13 8 96 3151 64.11 96-19 G 96 | 31467 47.43
97-26 3 97 4193 59.65 93-07 3 93 | 32193 66.96
93-77 3 93 4454 _| 7087 96-58 3 96 | 33732 47.93
56-05 3 9 4633 47.82 96-63 2 96 | 34674 52.54
54-22 [ 94 4871 58.09 93-28 9 93 | 35389 51.02
93-24 3 93 4913 56.52 95-45 6 95 | 35648 56.13
95-70 6 95 5425 56.12 97-44 1 97 | 37229 65.07
93-52 3 93 5646 64.48 5406 _ 2 54 | 38117 61.13
93-45 3 93 6643 62.6 94-07 2 94 | 39902 60.5
94-53 6 84 6943 | 6734 93-51 3 93 | 41938 57.59
96-14 2 9% 7003 55 .85 54-05 2 94 | 47278 61.62
95.16 8 95 7139 67.02 96-11 5 9 | 48137 49.91
97-11 3 97 7158 51.06 94-21 8 94 | 49924 48.89
97-13 3 97 7423 51.98 97-29 6 97 | 65341 58.24
93-35 2 93 7818 71.92
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Table D.10 Prices Asphalt Removal Partial Depth (Page 1 of 2)

229

CONTRACT #] DISTRICT#| “DISTRICT# | YEAR| QUANTITY|AVERAG
PRICE
96-43 8 4 93 14674 173
95-66 5 6 33 14685 354
95-67 1 4 93 15474 2.88
94-25 ) 6 97 15611 0.98
96-62 6 6 93 15651 459
§7-16 6 4 93 16103 1.75
94-72 2 6 96 16807 1.53
93-91 2 6 93 17333 2.38
93-101 7 2 93 20250 4.49
§7-211 19 2 93 20636 3.29
95-23 1 6 96 21282 1.25
93-04 1 93 293 15.65 9545 6 95 22365 2.89
93-09 3 93 307 10.05 97-04 6 97 22882 117
83-53 7 93 334 14.74 93-04 1 93 23257 6.09
94-11 2 94 398 13.93 97-11 6 97 23346 1.45
94-62 9 94 430 13.77 94-58 1 94 23596 7.02
93-200 17 93 515 10.23 9642 10 96 24386 1.76
97-11 6 97 527 354 9348 2 93 24677 172
95-47 6 95 541 10.18 94-29 10 94 25057 162
93-66 g 93 560 8.46 9341 3 93 26203 281 |
96-37 2 96 571 4.32 96-27 1 96 26297 2.79
97-17 6 97 574 7.33 93-52 6 93 28410 1.78
85-62 6 95 635 6.53 94-17 2 94 28863 111
95-506 14 95 688 11.18 94-84 4 94 29024 1.03
94-73 9 94 712 10.73 9669 6 96 29455 2.04
96-30 ) 96 712 6.34 94-66 6 94 33864 167
94-34 6 94 759 5.89 97-39 9 97 34064 1.43
94-76 1 94 318 542 96-05 6 96 36130 0.98
97-12 2 97 849 7 94-79 6 94 38669 1.79
93-78 11 93 882 829 93-77 6 93 40501 2.89
93-203 17 93 901 6.48 93-85 4 93 42487 19
94-50 9 94 913 4.76 94-80 6 94 43908 2.47
96-67 ) 96 929 7.08 96-80 6 96 44301 184
93-83 5 93 1157 724 93-107 6 93 45111 2.03
94-32 11 94 1178 477 95-34 6 g5 50324 1.89
94-85 6 94 1184 6.64 9342 9 93 50469 1.32
95-13 6 95 1251 423 93-35 2 93 52146 132
93401 6 93 1268 523 9444 2 94 52285 2.39
93-352 14 93 1278 9.09 93.72 6 93 54041 1.75
97-225 14 97 1450 817 93-33 10 93 54600 1.38
94-60 10 94 1507 7.08 96-12 6 96 56791 11
g7-13 6 97 1519 3.12 97-30 6 97 57898 172 |
93-68 1 93 1672 6.49 97-31 6 97 61465 11
94-30 2 94 1749 6.41 97-20 10 97 63854 1.38
93-400 1 93 1754 4.89 9373 9 93 64437 1.28
94-69 6 94 1772 12.25 93-31 9 93 64932 1.06
93-34 3 93 1794 5.15 96-51 6 96 65102 1.26
9641 1 96 1902 4.02 94-21 8 94 | 72335 2.2
93-11 2 93 1912 417 95-27 10 95 78141 0.88
93-214 17 93 1917 427 96-29 6 96 82602 0.91
96-53 6 96 2026 4.09 96-25 9 96 88133 1.36
95-14 2 95 2046 277 97-33 6 97 88358 0.79
93-105 4 93 2092 6.58 97-21 2 97 89068 1.37
95-61 6 95 2365 287 9746 9 97 89776 1.06




Table D.10 Prices Asphalt Removal Partial Depth (Page 2 of 2) 230

CONTRACT #|DISTRICT#| YEAR “DISTRICT# |YEAR]| QUANTITY|AVERAG
PRICE
g4.47 9 94 6 96 | 95457 1.61
93-59 7 93 ) 2 97 95839 1L_l
9362 9 93 3535 417 | 97-32 10 97 99244 0.79
96-22 6 96 3746 297 | 9475 9 94 | 105093 111 |
96-21 9 96 3950 493 F 93-81 9 93 108891 121}
93-104 6 93 4016 3 97-52 6 97 111500 1
95-31 2 95 4171 339 | 9482 6 94 114927 1.39
95-36 6 95 5087 4.6 96-66 6 96 | 115672 14
94-22 ) 94 5173 333 97-45 1 97 117589 183 |
93-14 3 93 5433 1.98 93-30 5 93 119603 o8}
95-02 11 95 5453 4.08 96-56 6 96 120868 0.99
93-10 3 93 5874 2.66 96-02 6 96 123984 1.14
9337 3 93 5910 28 96-52 6 96 124786 162
93-05 2 93 6410 229 97-40 9 97 130553 | 102
93-24 6 93 7029 1.99 95-38 8 95 132307 071 |
94-04 2 o4 7530 182 95-57 9 95 134566 0.84
97-47 1 97 7552 3.78 96-03 6 96 137017 0.74
94-01 1 94 7759 4.38 97-41 10 97 137458 1.02
94-38 6 94 7823 282 93-79 6 93 152992 1.28
93-88 6 93 8097 2.16 96-205 19 96 165144 1.31
93-55 5 93 8105 4.79 96-233 19 96 166361 147
95-09 2 95 8300 164 96-40 6 96 171240 0.96
94-18 5 94 8330 253 96-54 6 96 174104 1
94-57 6 94 8340 363 93-108 9 93 177013 1.22
97-28 6 97 8437 1.84 97-51 6 97 177656 057
93-104 6 93 8534 3.16 96-16 9 9% 187734 0.77
93-100 6 93 8859 1.85 96-17 8 96 194983 1.15
§7-02 2 97 8014 1.29 96-71 6 96 196761 1.37
96-38 6 96 9299 1.29 93-29 9 93 | 214603 1.03
94-16 5 94 9319 2.03 94-39 6 94 | 215548 2.73
93-18 5 93 9490 0.99 94-27 10 94 223605 1.01
9743 1 97 10479 2.47 95-41 6 95 230295 2.38
97-44 1 97 11023 3.29 97-38 8 97 | 235946 0.9
96-17 8 96 11229 1.19 96-58 6 96 | 288418 1.06
95-24 2 95 12581 223 93-28 9 93 | 305029 14
97-27 6 97 13058 284 93-32 8 93 | 311269 1.16
97-42 2 97 13407 237 86-11 5 96 | 320724 0.76
95-70 6 95 13616 1.94 96-50 6 96 | 333110 15
9648 2 96 14604 18 | 97-29 6 97 473693 0.98




Table D.11 Prices Miscellaneous Maintenance Items (Page 1 of 1)

COLD IN-PLACE RECYCLED MIX M2

CONTRACT #| DISTRICT#| YEAR |QUANTITY AVERAGE
PRICE
94-02 1 94 27687 4.55
97-206 18 97 256874 2.9
96-239 19 96 117391 3.33
97-209 19 97 173435 5.22

ROUT AND SEAL CRACKS IN ASPHALT PAVEMENT M

CONTRACT #| DISTRICT# AVERAGE
PRICE
96-38 6 127
94-69 6 94 137
9640 6 96 150
93-104 6 93 205
93-79 6 93 370
94-34 6 94 502
93-104 6 93 732
94-79 6 94 1150
93-56 6 93 14880
93-3561 18 93 107000
93-507 17 93 213200
96-501 17 96 236875
95-504 17 95 250420
97-501 17 97 312000
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Table D.12 Summary of Distributions For Material Costs (Page 1 of 3)
Material Quantity Distribution |x Squared Parameter
(tonnes) One Two Three
Granular A 100 - 1000 |Extreme Valuej 2.56 20.57 8.18
Lognormal 2.56 2533 10.85
Logistic 3 24.55 5.77
Normal 3 25.25 103
Gamma 2.56 4.04 5 4.24
1000 - 10000 Gamma 6.05 7.67 1.95 3.46
Extreme Value 7.59 12.78 2.74
Lognormal 9.36 14.38 3.46
Logistic 17.07 14.01 1.97
Normal 17.95 14.4 3.77
10000 - 100000 | Lognormal 11.08 10.78 2.39
Extreme Value 11.22 9.67 1.9
Gamma 13.38 6.18 1.36 34
Weibull 16.56 6.44 4.89 1.8
Beta 26.64 13.2 34.25 38.78
100000+ Lognormal 43 9.21 1.83
Weibull 343 6.3 3.25 1.57
Beta 3.86 15.68 33.53 2893
Extreme Value} 6.03 8.34 1.47
Triangular 5.16 6.29 15.64 6.96
Granular B 1000 - 10000 Wcigull 6.9 4.09 5.52 2.05
Beta 8.28 9.19 24.87 33.27
Extreme Value 12.68 7.85 1.99
Normal 12.95 8.98 2.49
Logistic 13.23 8.77 1.36
10000 - 100000 {Extreme Value 2.71 6.29 1.48
Gamma 5.33 3.68 1.09 3.2
Weibull 5.74 3.79 3.79 1.82
Lognormal 7.14 7.16 1.86
Triangular 11.98 3.7 13.46 5.54
100000+ Extreme Value] 3.2 5.03 0.84
Weibull 4 4.03 1.64 1.17
Gamma 52 4.07 1.11 1.36
Lognormal 6.8 5.57 1.17
Pareto 7.2 4.06 34
HL1 100 - 1000 Logistic 0.667 82.88 16.29
Lognormal 1.111 86.91 25.79
Extreme Value 244 75.67 17.76
Pareto 4.22 56.17 2.54
Normal 6.44 87.59 34.63
1000 - 10000 Lognormal 2.13 58.93 9.86
- Extreme Value 3.44 54.34 8.22
Logistic 3.88 58.18 5.56
Gamma 3 32.81 3.88 6.74
Normal 5.63 58.96 10.64
10000+ Extreme Valu 0.18 44 .48 34
Logistic 0.17 46.17 2.49
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Material Quantity Distribution | Squared Parameter
. (tonnes) One Two Three
HL! 10000+ Lognormal 0.18 46.48 4.25
Normal 1.11 46.49 449
Pareto 3 40.29 7.2
HL3 100 - 1000 Weibull 6.03 38.53 29.07 0.8
Extreme Valuej 12.51 58.92 2024
Pareto 12.51 38.39 1.93
Gamma 13.38 3892 39.55 0.82
Lognormal 15.54 70.12 30.05
1000+ Lognormal 4.95 46.81 83
Normal 495 46.83 8.85
Logistic 5.37 46.04 4.82
Beta 5.37 19.13 4347 153.26
Gamma 7.05 28.96 4.12 433
HL4 100 - 1000 Triangular 48 22.04 60.98 277.18
Gamma 5.2 3044 37.37 2.11
Extreme Valu 6.8 85.65 38.89
Lognormal 7.6 109.42 54.56
Normal 9.6 109.35 53.02
1000 - 10000 Gamma 6.87 31.55 10.3 2.42
Extreme Value 9.02 4943 . 11.34
Lognormal 9.83 56.27 15.17
Weibull 13.34 31.82 26.84 1.33
Logistic 23.04 54.25 8.86
10000+ Gamma 10.56 33.08 5.37 1.96
Extreme Value 13.24 40.39 5.23
Lognormal 14.58 43.6 6.95
Weibull 1431 33.05 11.64 1.44
Logistic 23.71 42.66 4.08
HLS 100- 1000 | Exponential 15.6 0.01
Extreme Value 2.8 55.17 1235
Pareto 1.6 43.39 3.1
Logistic 1.2 60.96 10.14
Gamma 1.6 4494 33.68 0.53
1000 - 10000 }|Extreme Value 1.57 3932 5.31
Logistic 243 41.97 3.71
Lognormal 243 42.32 6.28
Normal 243 42.33 6.49
Gamma 1.57 28.49 3.14 441
10000+ Triangular 1.83 26.95 46.64 41.96
Weibull 3.07 22.19 1791 442
Lognormal 5.55 38.52 425
Gamma 555 14.14 0.74 32.84
Extreme Valuej 7.6 40.48 3.41
HDBC 100 - 1000 Exponential 8.9 0.01
Extreme Valu 1.27 76.36 13.03
Pareto 3.45 41.75 2.08
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Material Quantity Distribution |x Squared Parameter
(tonnes) One Two Three
HDBC 100 - 1000 Logistic 0.18 69.21 9.05
Gamma 0.18 0 3.28 21.09
1000 - 10000 |Extreme Value 2.21 45.28 7.15
Lognormal 3.36 49.44 9.14
Logistic 4.13 48.55 5.14
Gamma 3.74 3198 5.18 338
Weibull 5.66 32.77 18.71 1.65
10000+ Gamma 4.71 328 3.48 2.96
Extreme ValueJ 6.87 40.44 44
Weibull 11.45 332 11.04 161
Lognormal 14.69 43.07 5.8
Logistic 17.38 42.33 3.29
DFC 1000 - 10000 |Extreme Value; 6 69.47 8.69
Triangular 6.7 43.68 88.81 67.02
Normal 10.88 64.97 9.18
Logistic 1125 65.19 53
: Beta 10.13 20.1 14.15 110.7
10000+ Extreme Value] 6.33 54.61 7.05
Gamma 6.33 39.93 4.39 4.29
Lognormal 13 58.73 - 8.83
Normal 1533 58.75 9.37
Weibull 15.33 40.05 21.12 2.1
Removal of Asphalt 100- 1000 |{Extreme Value 5.81 8.55 3.88
Pavement Partial Depth| Lognormal 5.81 10.86 538
Normal 6.71 10.82 5.09
Beta 5.35 3.42 13.64 54.01
Weibull 5.35 2.42 9.42 1.7
1000 - 10000 Lognormal 2.69 4.11 2.36
Gamma 4.77 0.78 1.52 2.18
3 Extreme Valucﬁ 7.54 3.12 1.6
Beta 6.85 2.6 13.09 24.75
Weibull 6.85 0.74 3.73 1.52
10000 - 100000 |Extreme Value| 6.85 1.56 0.68
Lognormal 7.15 1.98 0.98
Gamma 12.08 0.77 0.95 1.3
Weibull 13.61 0.77 1.27 1.07
Logistic 20.08 1.82 0.57
100000+ Extreme Value| 4.89 1.01 0.29
Gamma 5.78 0.48 0.22 3.26
Lognormal 7.56 1.18 0.38
Beta 8.44 5.78 21.1 5.51
Weibull 8.89 049 0.78 1.67
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