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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-L TPP 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. 
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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-L TPP 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 ofwhich 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 [RT AC 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 stiffiless [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 (fumerior 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 [AI 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 stiflhess 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 panicular, 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 material 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 I 00 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. 

l .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 modem 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 propenies, 

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 from 

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-L TPP 

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 cements1
. 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. 

1 It is common to use the term binder or bitumen for asphalt cement particularly in the U.K.. 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. l 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 Poet 54]. The test is usually performed at 25°C to 

approximate the average in service pavement temperature. A needle with l 00g 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 13 5°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 Eo. The second stage is denoted as 

the creep portion which becomes linear, resulting in a constant slope ( Ecr) 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 (&rcc:m.-cm1, 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 Tl, the viscosity is very high resulting in low 

creep rates (ecr ) and high stress (a). The stiflhess modulus is then defined by: 

S(t) = (2. I) 

e(t) 

where S(t) = time dependent modulus of stiflhess 
t = loading time 
O'o = applied uniaxial stress 
e(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 (o). G* is a 

measure of the asphalt cement resistance to deformation while c5 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 < a < 90 ° 

Applied 
Shear 
Stress,------=---------

Resulting 
Shear 

time 

Strain.,....----~-------
time 

G*= 
'tmu 

'Ymu 

5=time lag 

Figure 2.1/ Time Delays Between Applied Stress/ Strain [SHRP 95] 

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: 

I . 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 stifthess 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 

wanning (late spring) [Haas 8 7]. 

The most critical factors influencing low temperature cracking have been identified as follows 

[Haas 87]: 

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

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

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

4) Pavement Design (subgrade type, asphalt thickness) 

5) Pavement Age (increase in stifthess with age) 

6) Other Factors such as ductility ofbinder, 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 (Pl) 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: 

where: 

PVN = - l. 5 [ L - log X] 
[L-M] 

X 
L 
M 
p 

= viscosity at 13 5°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 

(2.2) 
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Most paving asphalts have a PVN between - I and I. 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 50] 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)] - IO 

where: B = [2.9031 - log(Pen25)]/(TR•B - 77) 
Pen 25 = the penetration at 25°C 
T R+B = the ring and ball softening point temperature, °C 

(2.3) 

(2.4) 

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

developed the following revised PI calculation: 

PI = (20 - 500A)/( I + 50A) 

where A = (log Pen at Tr - log Pen at T2)/(Tr - T2) 
T 1 , T 2 = temperatures in °C. 

(2.5) 

(2.6) 

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]: 

VTS = log log( viscosity at T 2)- log log{ viscosity at Ti) 

log Tr - log T2 

(2.7) 
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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 stiflbess 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 stiffhess without direct laboratory measurements 

(using routine index test data and transforming it into stiffhess 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 stiflbess 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, T FR, as follows [Seddick 95]: 

I) Values of stiffhess 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, To, 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 stiflhess. In turn, thermally induced stress, crT, for a 

certain cooling time (T), can be estimated. The fracture temperature T FR 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, T FR, 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 stiflhess 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 a. The point of intersection of average strain and thermally induced strains should 

represent the point of fracture (T FR) [Seddick 9 5]. 

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 T FR relating to different test methods [Seddick 95]. Overall, results suggest that cracking 

frequency of asphalt pavements in most cases is related to low temperature stiflhess of the mix as 

reflected by the T FR· In a study of twenty-two airport pavements [Haas 87] it was shown that 

sections with low cracking had low T FR except for one section. Low crack frequencies are 

generally associated with mixtures of lower stiflhess at low temperature regardless of other 

factors such as freezing index and subgrade type. In addition, sections with higher T FR 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 stiflhess for the asphalt mix for the design temperature 
conditions. 

3. Predict cracking temperature by using the estimated or measured stiflhess 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 I 980'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 stiffitess 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= ft asphalt concrete layer thickness, (2.8) 
minimum design temperature, stifthess modulus increase 
between 0°C and -l 7°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: stifthess of original asphalt cement, in kg/cm2
, 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 = ft S, t, a, m, d) (2.9) 

where I = cracking index (transverse cracks per 500/ft) 
S = Stiffness of original asphalt cement, kg/cm2 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 I-sand 2-loam 3-clay) 

Limits: Modulus of stiffitess 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 stifthess is then estimated by calculating the winter design temperature, the PI or 

PVN, and the Ring and Ball Temperature TR+B at the base temperature [Hajek 71, Haas 73]. 

2.4.5 Superpave Low Temperature Models 

The non load related material characterization SUP ERP A VE 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. 

where 

= 

AC = the increment of crack extension 
AK1 = 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)) 
Log A = 4.389 - 2.52 * log(E * O'm • n) 
E = relaxation modulus of the mixture (kPa) 
Om = mixture tensile strength (kPa) 

(2.10) 

(2.11) 
(2.12) 

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 
k 
Om 

= 
= 
= 

4.389 - 2.52 • log (k* Om * n ) 
field calibration set to 10,000 
mixture tensile strength (kPa) 

(2.13) 
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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 k1 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 

tiK.1 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 a with temperature is ignored, which contrasts with known test results that show 

it is not constant at low temperatures. 

3. 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 nun and 70 nun, 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 a. 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]. 



34 

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: 

I . 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. 

3. Improved fatigue resistance. 

4. Improved asphalt aggregate bonding to reduce stripping or moisture susceptibility. 

5. Minimize tender mix problems during construction. 

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. 

IO. Improve overall performance. 

11 . Reduce life cycle costs 
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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 ofmicrocracks 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 I 970'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 IDGHW A Y 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 (OTT). 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]. R TFO 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

sefVlce. Table 2.1 provides a summary of the SHR.P 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*/sino 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*sin& [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] 

EQlJIPMENT PURPOSE 

Rolling Thin Film Oven (RTFO) Simulate binder aging (harde~g)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 Panmeten for Sinden [SHRP 9Sa] 

EQUIPMENT PERFORMANCE PARAMETER 

Rolling Thin Film Oven (R.TFO) Resistanc~ to aging (durability) during 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 (R. V) 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, o ( 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 (OTT) also 

evaluates low temperature susceptibility by determining the tensile strain at failure, them value in 

the BBR test has been determined to be the controlling factor. If the creep stiffhess 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 stiffitess (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 be Ute 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 [Nahas 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 

perfonnance 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: 

l\:fodule 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. 

2. Verify Hajek cracking model. 

3. Explore feasibility of updating the Hajek model. 

4. Verify Canadian Airport cracking model. 

5. Compare Hajek and Canadian Airport cracking models. 



Module One 
Materials, Site/Design 

Information 

Module Two 
Prediction of Cracking 

Module Three 
Prediction of Performance 

(RCI/IRI vs Age) 

Module Four 
Life-Cycle Costing 
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Maintenance 
Schedule 

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 

3. Establish framework for life-cycle economic analysis. 

3.2 DA TA 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-L TPP) database through a Graduate Research Grant. The Canadian Strategic 

Highway Research Program (C-SHRP) initiated this C-L TPP 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-L TPP 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 Qf 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. ANOV A 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 [Scheffe 59]. 

A. '-l'OVA 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 ANOV A 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. 

where: TSS 
SSA 
SSE 

= Total sum of squares 
= Sum of squares due to assignable causes 
= Sum of squares due to random causes 

(3. l) 
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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 CHo) 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 Ho 

and Ha can be summarized as follows: 

where: fL, 
Ha 
n 

l.11 = l.12 = •·· = l..ln 

lli -:t= llj 

= Null Hypothesis 
= Alternative Hypothesis 
= Number of samples 

ll I, l.12 l..ln, l..li , l..lj = Mean values for given experiment 

(3.2) 

(3.3) 

The Fcaicuia1ed in the ANOVA is compared to the tabulated value of F, or FcriticaI given by the 

degrees of freedom between and within the experiment at the pre-selected significance level (ex). 

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 F c.a1cub1ed > F critical, the R, 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 F calcuI.atcd < F critical, 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 It, 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 Ho. For instance, if the p = 0.06, then at a.= 0.10 (90% confidence level), 

the Ho would be rejected, and there is a 6% probability the conclusion is wrong. However, at a. = 

0.05 (95% confidence level), the Ho would not be rejected (Type II error). The p value in this 

case indicates how consistent the data is with the Ho. Thus if a large p value is obtained, it 

indicates great consistency with the Ho and conversely a small p value in this situation would 

indicate inconsistency with Ho [Christensen 96). 

Type II error or '3, is the probability of incorrectly rejecting It, 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 (I - f3), or the probability of 

correctly rejecting Ho when Ho 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 [Scheffe 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 Ho is true, the power of a test equals a.. If a 

very small a. 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, Scheffe 59]. 
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3.4 PROBABILflY 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. 

L.og-normcl 

0 

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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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 variations 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. 
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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-L TPP, 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 

2. To assess the uncertainty associated with PVN calculations. 

3. If PVN remains constant with time, for both short term and long term aging. 

4. How the PVN relates to the Superpave PG specifications. 

5. 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 

PV?\'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: 

where: 

PVN = -1.5 [ L - log X] 
[L-M] 

X 
L 
M 
p 

= viscosity at 13 5°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 

(4.1) 

Initially 45 asphalt cement samples3 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 viscosity 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: 

fio: PVNAsptialt I= PVNAspha1t2= ... = PVNAspmllN 

H, : PVNAsph.all i * PVNAlpullj 

(4.2) 

(4.3) 

3 A database of detailed material properties, not included herein, bas been kept on file in the writer's office at the 
UniYersity of Waterloo. 
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PVN PVN PVN 
Original Penetration 

Original Viscosity (@135°C) 
Original Penetration 

Original Viscosity (@60°C) 
Aged Penetration 

Aged Viscosity (@60°C) 

ANOVA A 

PVN PVN PVN 
Original Penetration 

Original Viscosity (@135°C) 
Original Penetration 

Original Viscosity (@60°C) 
Aged Penetration 

Aged Viscosity (@60°C) 

ANOVA B 

PVN 
Original Penetration 

Original Viscosity (@135°C) 

PVN 
Original Penetration 

Original Viscosity (@60°C) 

ANOVA C 

PVN 
Original Penetration 

Original Viscosity (@60°C) 

ANOVA D 

PVN 
Original Penetration 

Original Viscosity (@135°C) 

ANOVA E 

PVN 
Aged Penetration 

Aged Viscosity (@60°C) 

PVN 
Aged Penetration 

Aged Viscosity (@60°C) 

Figure 4.1 Summary of Data Needs For ANOV A 
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Where: fL, = Null Hypothesis 
Ha = Alternative Hypothesis 
N = number of samples (N = 45) 
PVNAsptu11 1, PVN,up1u11 i , PVNAsphalti = Calculated PVN values 

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

fL,: PVN,\sphalt l = PVNAsphaltz= PVNAsphaltn 

Ha : PVNAsphalt j ~ PVNAsphaltj 

Where: IL, 
Ha 
n 

= Null Hypothesis 
= Alternative Hypothesis 

(4.4) 

(4.5) 

PVN Asphalt l 
= number of asphalt cement samples (n = 3) 
= PVN(original penetration, original viscosity@l35°C) 
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PVNAsplalt 2 

PVNAsptalt 3 

= PVN( original penetration, original viscosity @60°C) 
= PVN(aged penetration, aged viscosity@60°C) 

Complete ANOVA results are presented in Appendix A. I and are summarized in Table 4.1 

Table 4.1 PVN Calculation Method Comparison Using All Asphalts (ANOVA A) 
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Comparison Test F CALCULATD> FCRITICAL P-value Degrees or 
Freedom 

PVNAsphalt I To Between1> 3.9650 1.5147 l.9539E-8 44 

PVNA=halt 45 
Asphalt 

PVNAsphalt I Within2> 4.2366 3.1001 0.0175 2 

PVNAsphalt2 Asphalt 

PVNA<:nhalt 3 
1, 2,3 

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 (FcALCULATED > FCRmcAL)- 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 

I 
I 
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Figure 4.3 Comparison of Three PVN Values Calculated Using Original and Aged Asphalt Cements 
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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 

(ANOVAB) 

Comparison Test FcALCTL.ATED FcRrr1c.AL P-value Degrees of 
Freedom 

PVNAsphalt I To Between1
> 55.4561 1.6775 I.6614E-31 28 

PVNAsnhalt 29 
Asphalt 

PVNAsphalt 1 Within2
> Asphalt 0.3643 3.1619 0.6963 2 

PVNAsphalt2 
1, 2,3 

PVNAsohalt 3 

Notes: I) 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 ANOV A B analysis where the three calculated 

P\11\1' values were compared. The first null hypothesis was rejected as the FcALcL1.ATED > FcRITIC,\L 

(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 ANOV A for within variation associated with the three values of PVN calculation results in 

the acceptance of the null hypothesis as the FcALcL1.ATED < FCRITicAL (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. 

I 
! 
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Figure 4.4 summarizes the PVN calculations using the three PVN values for the typical Canadian 

asphalts. Further to the ANOV A, 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 ANOV A A for within group variation, three additional 

~NOVA's were carried out, ANOVA C, ANOVA D and ANOVA E. Data from the Canadian 

asphalts analysis, ANOV A B plus additional points for asphalt samples where only two PVN 

values were available were included in the subsequent analysis. 

ANOV A C compares the PVN calculated ~n 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 F CALCL'LATED FcRJTICAL P-value Degrees of 
Freedom 

PVNAsphalt I To Between1
> 37.8962 1.6 I 54 6.3 lE-26 48 

P VN Asohalt 4 9 
Asphalt 

PVN@I35C Within2
> 0.7667 4.0426 0.3856 I 

PVNc@60C Asphalt 

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

Comparison Test FcALCULATED FCRITICAL P-value Degrees of 
Freedom 

PVNAsphalt I To Betweenl) 7.3516 1.6238 l. ISE-10 47 

PVNAsnhalt48 Asphalt 

PVN0nginal Within2> 3.6138 4.0471 0.0634 I 

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

Comparison Test FcALU"LATED FCRITICAL P-value Degrees of 
Freedom 

PVNAsphalt 1 To Between!) 1.6124 1.5579 0.0383 56 

PVNAsnhalt 57 
Asphalt 

PVN0ngina1 
WithinZ) 1.0365 4.013 0.3130 I 

PVNAeed 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 ANOV A A and B. With regard to the within 

asphalt test, in these three cases the null hypothesis is accepted, as the FcALCL1.ATED < FcRITicAL­

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 between 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 variation 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 IS PVN 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 construction and seven years in-service. Analysis 

of the data as pan 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 

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

The Al"\J'OVA indicates that between asphalts, the calculated PVN values are statistically 

significant. With regard to the within asphalt analysis, the FcALcm.ATED < FCRITicAL, 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 (ANOV A F) 

Comparison 1> Test FCALCULATE FCRITICAL P-value Degrees of 
D Freedom 

PVNAsphalt 1 To Between2
> 67.241 2.901 9.84E-10 5 

PVNAsnhalt 6 
Asphalt 

PVN0n8w1 & PVNAgcd & Between 3.034 3.287 0.0620 3 
PVNconstruction & PVN1n- Points In 

sc:n.;cc Time3> 

Notes: I) 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 ANOV A 
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() Time2> Independent3> 

ANOVA A Yes No4
> No4

> 

A.i~OVA B Yes Yes Yes 

A1'-IOVA C Yes NA5) Yes 

ANOVA D Yes Yes Yes 

ANOVA E Yes Yes Yes 

ANOVA F Yes Yes NA5) 

Notes I) Null Hypothesis rejected meaning statistical significance between different asphalts. 
2) ANO VA 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 ANOV A results where the 

Fc.-\LCL1.ATED < FCRITicAL at the 95% confidence level. However, there is Type II error (13) 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 ANOV A states the true PVN values are equal, there is a risk 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 Ho when the Ho is false [Mason 89]. Power depends on the sample size and 

the degree of difference between the hypothesized and true populations [Scheffe 59]. If the fL, is 

true, the maximum power of a test equals a. 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]. 

\\'here:µ ij 

ai 

f3j 

Eij 

a 

= 

= mean row value 
=ax [ row averages matrix] i.e .. 01 x [ l O -1] 

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

= iid N (µ, er) 
= percent difference in the true populations 

(4.6) 

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 Ho is rejected by the total number of simulations. 

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

provided in Scheffe and described in equation 4. 7 [Scheffe 59]. 



cp 

Where:cp 
U1 

U2 

O'R 

cr2 
<Xi 

<Xm 

a 

= value required for Pearson and Hartley Table [Scheffe 59] 
= rows degree of freedom 
= column degree of freedom 
= standard deviation of rows 
= variance entire sample 
= mean for the ith row under the alternative hypothesis Ha 
= a [ row average matrix] 
= percent difference in the true populations 
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(4.7) 

The degrees of freedom (u1 and u2) are used to select the appropriate Pearson and Hartley table 

[Scheffe 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 cp Pearson and 

DifTerence in Iterations Rejecting Ho Hartley Table 

True Values (Monte Carlo) [Scheffe 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 

\Vhen the degree of difference in true values is zero, the probability of rejecting the null 

hypothesis is 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 fL, was then determined using the Pearson and Hartley 

tables in Scheffe [Scheffe 59]. The limitations of these calculations were that the tables provided 

values for degrees of freedom of rows (u1) between one and six and degrees of freedom for 

columns (u2) between six and sixty. 

Operating curves were constructed as shown in Figure 4.9 through 4.13 for ANOVA B, 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 ANOV A 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 ANOV A B, C, and D, the results are 

also very good as they are all under IO %. 

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 

ANOV A F. Although, there are more samples with ANOV A E, the ANOV A F has four 

performance points, including a long term performance point. 
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Figure 4.9 Operating Curve for ANOVA B 
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Figure 4.10 Operating Curve for ANOVA C 
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Table 4.9 PVN Power Summary for ANOVA's 

ANOVA % Dift'erence U1 U2 Purpose of ANOVA Test 

@95% 

B 7.9% 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% I 56 PVN over time 

/F 3.3% 3 5 PVN over time 
I 

4.6 PVN AND SUPERPA VE 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-L TPP 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 I °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 asphalts 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 FcALCULATE FCRJTJCAL P-value Degrees of 
D Freedom 

Between2
' 12.184 4.279 0.002 1 

PVNPG 58 - 22 AND Grade 
PVNPG 58. 28 

Between2
' 20.928 6.608 0.006 I 

PVNPG 52 - 28 AND Grade 
PVNPGSZ-34 

Between2
> 51.287 6.608 0.0008 I 

PVNPG 64 - 22 AND Grade 
PVNPG 64 - 28 

Between2
' 5.636 10.128 0.098 I 

PVNPG46-28 AND Grade 
PVNPG46-34 

Notes: I) 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. FCRITicAL < FcALct.l.ATED) 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 Grades1> Within PG Asphalt Grades2> 

PG58-22AND Yes Yes 
PG 58-28 

PG 52-28 AND Yes Yes ' 
PG 52-34 i 

PG64-22 AND Yes Yes 
PG 64-28 

PG46-28 AND No3> Yes 
PG46-34 

Notes: I) 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 

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 ANO VA 

Comparison 1> Test F CALCULATED FcRIT1cAL P-value Degrees of 
Freedom 

Between2
> 11.0680 1.4950 l.3E-22 47 

3 PVN/ Source 
Crude Sources Within3

> 19.9922 3.0932 5.83E-8 2 
Source 

Between2
> 15.4545 10.1280 0.0293 1 

4PVN/ Source 
Crude Sources Within3

> 0.7136 9.2799 0.6059 3 
Source 

Between2
> 2.8045 2.6030 0.0382 5 

6PVN/ Source 
Crude Sources Within3

> 0.6850 2.6030 0.6391 5 
Source 

Between2
> 16.1103 3.4028 3.66E-5 2 

14 PVN I Source 
Crude Sources Within3

> 1.0474 2.1834 0.4413 12 
Source 

Between2
> 1.9244 3.2093 0.1580 2 

23 PVN / Source 
Crude Sources Within3

> 1.5904 1.7889 0.0942 22 
Source 

Between2
> 0.1317 4.1596 0.7192 l 

32 PVN I Source 
Crude Sources Within3> 1.8835 1.8221 0.0414 31 

Source 
Notes: l) 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 
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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 ANOV A of six crude source samples. As shown in 

Tab I e 4 .12, the within source analysis indicates that the true PVN values are equal as the null 

hypothesis is accepted (FcALCULATED < FCRITicAL)- The power, shown in Figure 4.15 (Appendix 

Table A. I 0) 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 Ho, 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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sample has the PG asphalt grade and the PVN on the original asphalt. The ANOV A results are 

presented in Tables 4. 13 and A.11. 

Table 4.13 ANOVA Summary for Superpave PG and PVN Crude Source Comparison 

Comparison1> Test FcALCULATE FCRITICAL P-value Degrees of 
D Freedom 

Between2> 49.6921 4.7571 l.0E-4 3 
Crude Source A Grade 

Within-'> 2.0489 5.1432 0.2098 2 
Grade 

Between2> 26.8346 4.7571 7.0E-4 3 
Crude Source B Grade 

Within31 1.4103 5. 1432 0.3147 2 
Grade 

Between2> 19.8759 4.7571 l.6E-3 3 
Crude Source C Grade 

Within3> 1.0759 5. 1432 0.3987 2 
Grade 

Notes: I) 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 

PG46-34 -0.2285 0.0340 3 
PG52-28 -0.6837 0.0655 3 

A PG58-22 -0.7122 0.0361 4 
PG 58-28 -0.6856 0.0734 8 
PG64-22 -0.7068 0.0423 2 
PG64-28 1.0533 0.0493 2 
PG46-34 -0.4096 0.0963 3 
PG 52-28 -0.3480 0.1381 3 

B PG 58-22 -0.6952 0.2381 8 
PG64-22 0.1454 0.9286 2 
PG64-28 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 ... 

.J 

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. 

I 
! 
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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 multiple 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 @ 

I35°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 ANOV A 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 
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Table 4.15 PVN for Selected Modified Asphalt Cements 

ID PVN ID PVN 

STM 1 -0.7864 STM 17 0.8020 

STM2 0.0537 STM 18 1.088 

STM3 0.0369 STM 19 0.7414 

STM4 0.3439 STM20 1.2581 

STM5 .5174 STM21 1.0185 

STM6 0.3139 STM22 1 .0371 

! STM7 -.2205 STM23 1.0781 

STM8 -0.7532 STM24 .5462 

STM9 -.2483 STM25 .3646 

STM 10 -.2483 STM26 .6547 

STM 11 -.1752 STM27 1.2980 

STM 12 -.5528 STM28 -.5567 

STM 13 -.7070 STM29 .8203 

STM 14 -.3694 STM30 2.1883 

STM 15 -.7196 STM31 -.4348 

STM 16 -.5018 STM32 .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 

STM2 0.0537 0.2449 NA 0.7089 

STM3 0.0369 -0.2351 NA NA 

STM4 0.3439 0.0930 NA NA 

STMS 0.5174 0.5661 1.2639 1.0139 

STM6 0.3139 0.3507 0.8296 0.6171 

STM7 -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 FCRITicAL P-value Degrees of 
Freedom 

/ Original PVN13SoC Between1> 0.3191 5.9874 0.5927 1 
Methods 

AND PVN6ooe WithinZ) 27.2475 4.2839 0.0004 6 
Methods 

Original PVNmoe Between•> 16.5931 18.5128 0.0553 1 

AND Aged PVN 13soe 
Methods 
Within2> 19.4138 19.0000 0.0490 2 
Methods 

Original PVNmoe Between1> 19.8971 7.7086 0.0112 1 
Methods 

A.i,1D Aged PVN6ooe 
Within2> 31.7417 6.6882 0.0027 4 
Methods 

Original PVN6ooe Between1> 13.7365 18.5128 0.0657 1 

Ai'ID Aged PVN moe 
Methods 
W• hi 2) 19.1861 19.000 0.0495 2 It n 

I Methods 
! Original PVN6ooe Between1> 23.2040 7.7086 0.0085 1 

Ai'ID Aged PVN6ooe 
Methods 
Within2> 54.7376 6.3882 0.0010 4 
Methods 

Notes: I) 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 1> Test FCALcULATED FCRITicAL P-value Degrees of 
Freedom 

Four Way Between'> 13.1452 4.7571 0.0048 3 

Comparison 
Methods 
WitrunZ) 66.7843 5. 1432 7.94E-05 2 
Methods 

Three Way Between1> 15.2136 6.9443 0.0135 2 

Comparison Original 
Methods 

PVN 13soe , Original 
Within2

> 37. 1884 6.9443 0.0026 2 
PVN6ooe Ai~TI Aged Methods 

PVN6ooe 

Three Way Between1
> 12.3790 6.9443 0.0193 2 

Comparison Original 
Methods 

PVN6ooe , Aged 
Withinz> 56.1772 6.9443 0.0012 2 

PVN6ooe AND Aged Methods 

PVNmoe 

Notes: I) 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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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 l\IAG~ITUDE OF PVN AND HOW IT L~FLUENCES CRACKING 

Differences in PVN and how they influence cracking are important. Figure 5. I 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: 

I) 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 result. 
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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. Stiflhess 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, T FR, for a particular 

asphalt cement can be estimated. In effect, the design approach based on estimated T FR 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. l in Appendix Band 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 (R2 = 0.82) predicts cracking as: 

log CI= 30.3974 + 0.6026*S*log(d) - 12.4958*m + l .3388log(S) - 2. l 316*d -

0.874*t*log(S) + 6.7977* log(S) (5.1) 

where:CI = 
S= 

a= 
m= 
d= 
t= 

Cracking Index 
Stiffitess of original asphalt cement in kg/cm2*lff1 as determined by McLeod's 
method for loading time 20,000 seconds and for winter design temperature 
Age of the pavement, for the time of prediction 
Winter design temperature in (°C x -10-1) 
Subgrade type (dimensionless code I-sand 2-loam 3-clay) 
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 stifthess 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 stifthess can then be determined 

by using Figure 5.3 and a standard loading time of20,000 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 stiffhess 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 Airpon 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 variables to 

cracking. The best-fit model ( R2 = 0.70) and the model used herein is defined as: 

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

where:TRANCRAK 
MINTEMP 
PVN 
COEFFX 
ACTHICK 

= Transverse crack average spacing in metres 
= Minimum temperature recorded on site in °C 
= Penetration Viscosity Number 
= Coefficient of thermal contraction in mm/ I 000mm/'C 
= 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-L TPP SITES 

Cracking frequency was estimated for those sections where the five independent variables as 

outlined in equation 5. I were available. The stiffitess 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-L TPP 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 8.2 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 ANOV A 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 (FcALCULATED 0.4407 < FCRfllcAL 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 Crackine Index 
Last Evaluation Predicted Observed 

(vears) (/lSOm) (/150m) 

C-LTPP 810404 l 7 13.3 14.3 
2 7 6.8 4.4 
3 7 12.7 1.7 
4 7 12.8 1.9 

820205 1 4 12.8 0.5 
2 4 9.7 0.0 

820502 1 8 10.0 0.0 
2 8 8.8 0.0 

820605 l 8 9.2 0.0 
2 8 4.7 0.0 

830403 l 8 53.9 71.5 
2 8 32.7 29.0 
3 8 59.9 30.9 

830801 l 7 60.2 92.6 
2 7 11.9 25.4 
3 7 95.8 96.6 
4 7 45.8 78.2 

840101 1 7 9.8 0.0 
2 7 9.5 0.0 
3 7 12.7 0.7 

840204 1 7 33.9 11.8 
2 7 45.2 22.8 

840604 1 7 49.3 69.9 
2 7 26.2 58.6 
3 7 NA 64.3 
4 7 54.6 75.2 

850201 l 7 NA 0.0 
2 7 NA 0.0 

850206 l 7 5.5 5.2 
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 8.2 0.0 

860603 l 7 11.2 0.0 
2 7 11.4 0.0 
3 7 12.5 0.0 

870102 1 6 13.4 40.4 
2 6 21.9 66.8 

870504 I 6 41.9 33.8 
2 6 70.0 54.0 
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Data Test Site Section Ace Crackin2 Indu 
Last Evaluation Predicted Observed 

(years) (/150m) (/150m) 

C-LTPP 870505 1 6 9.0 0.0 
2 6 NA 49.0 
3 6 11.8 5.5 
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 2.5 
4 8 11.9 0.0 

890503 I 7 41.4 32.2 
2 7 14.7 9.7 
3 7 17.3 14.0 
4 7 17.0 15.0 

890702 1 7 33.5 10.9 
2 7 40.4 22.7 

900402 1 8 48.3 37.1 
2 8 NA 12.9 

900802 1 8 60.6 38.3 
2 8 NA 32.1 
3 8 NA 26.2 

900803 1 8 39.8 26.4 
2 8 NA 55.2 

C-SHRP Lamont 1 6 67.2 12.0 
2 6 45.5 17.9 
3 6 l.l 0.0 
4 6 92.7 18. l 
5 6 16.5 7. I 
6 6 1.7 2.9 
7 6 8.3 1.0 

Hearst AA 6 0.0 0.6 
A 6 0.9 0.3 
B 6 2.1 0.6 

BB 6 2.6 1.6 
Sherbrooke A 5 5.8 l.2 

B 5 57.8 6.8 
C 5 25.6 4.9 
D 5 32.2 1.6 
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Table 5.2 ANOV A Summary for Hajek Prediction and Observed Cracking 

Comparison1
> Test F CALCULATED FCRITICAL P-value Degrees of 

Freedom 
Section 1 To Between2> 2.3621 1.4900 0.0002 69 
Section 70 Sections 

Hajek Cracking Prediction Between 3> 0.4407 3.9798 0.5096 l 
AND Observed Cracking Model and 

Observed 
Notes: I) Uses C-LTPP and C-SHR.P 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 ANOV A 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 5.4. 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-L TPP sections were calculated using five thermal contraction 

coefficients considered to be in a reasonable range based on the literature (1.2 x IO~, 1.5 x IO~, 

2.0 x IO~, 2.2 x IO~, and 2.5 x IO~). 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 Coefficient Analysis Using C-LTPP Data 

Figure 5.5 shows the influence of the thermal contraction coefficient on the transverse crack 

spacing for the C-L TPP 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.5. 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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Table 5.3 Transverse Cracking P~ctions (Page 1 of 2) 

Test Site Section PVN Thickness Minimum Cncb (/l!Om)• 
Tanpenture U1in• Various Coeflident of Thermal Conh'action•• 

810404 

820205 

820502 

820605 

830403 

830801 

840101 

840204 

840604 

850201 

850206 

850601 

860501 

860603 

870102 

870504 

870505 

870701 

880203 

880203 
890503 

airport.xis 
CrackFrequency 

I 
2 
3 
4 
1 
2 
1 
2 
1 
2 
1 
2 
3 
I 
2 
3 
4 
1 
2 
3 
1 
2 
1 
2 
3 
4 
1 
2 
I 
2 
1 
2 
1 
2 
3 
I 
2 
3 
1 
2 
I 
2 
I 
2 
3 
4 
1 
2 
1 
2 
3 
4 

2 

-0.22 
-0.29 
-0.12 
-0.12 
-1.22 
-1.06 
-1.02 
-0.78 
-1.15 
-1.04 
-0.35 
-0.35 
-0.37 
-0.38 
-0.41 
-0.71 
-0.36 
-0.85 
NA 

-1.01 
-0.74 
-0.93 
-0.73 
-0.98 
NA 

-0.47 
NA 
NA 

-0.43 
NA 
NA 
NA 

-0.70 
-0.70 
-0.70 
-0.70 
-0.68 
-0.68 
-0.41 
-0.39 
-0.61 
-0.70 
0.64 
NA 

-0.49 
-0.88 
NA 

-0.58 
-I.IO 
-0.61 
-0.61 
-0.61 
-0.SO 
0.55 

{nn) 

61 
103 
94 
55 
42 
83 
104 
118 
50 
73 
100 
113 
148 
185 
103 
126 
170 
174 
179 
87 
114 
88 
107 
90 
30 
35 
117 
73 
106 
63 
122 
74 
55 
85 
41 
86 
80 
34 
95 
46 
31 
61 
75 
73 
!OS 
106 
43 
106 
SI 
109 
51 
99 
40 
51 

(•C) 

-30 
-30 
-30 
-30 
-IS 
-IS 
-15 
-IS 
-20 
-20 
-35 
-35 
-35 
-35 
-35 
-35 
-35 
-23 
-23 
-23 
-24 
-24 
-25 
-25 
-25 
-25 
-30 
-30 
-30 
-30 
-30 
-30 
-22 
-22 
-22 
-20 
-20 
-20 
-20 
-20 
-25 
-25 
-21 
-21 
-21 
-21 
-25 
-25 
-20 
-20 
-20 
-20 
-27 
-27 

1.2 
2.1 
2.0 
1.9 
2.0 
1.9 
1.7 
1.6 
1.5 
2.2 
2.0 
2.5 
2.4 .., ~ __ ., 
2.1 
2.6 
2.9 
2.2 
1.8 
NA 
2.2 
1.9 
2.2 
2.0 
2.3 
NA 
2.0 
NA 
NA 
2.1 
NA 
NA 
NA 
2.0 
1.9 
2.0 
1.8 
NA 
1.9 
NA 
1.9 
2.2 
2.1 
1.2 
NA 
1.6 
1.9 
NA 
1.9 
2.2 
1.6 
1.8 
1.7 
2.2 
l.S 

1.5 
2.8 
2.6 
2.5 
2.7 
2.5 
2.2 
2.1 
1.8 
3.0 
2.7 
3.6 
3.4 
3.2 
2.9 
3.7 
4.3 
3.0 
22 
NA 
3.0 
2.5 
2.9 
2.6 
32 
NA 
2.7 
NA 
NA 
2.8 
NA 
NA 
NA 
2.6 
2.4 
2.6 
2.2 
NA 
2.4 
NA 
2.4 
3.0 
2.9 
1.4 
NA 
2.0 
2.4 
NA 
2.4 
2.9 
2.0 
2.J 
2.1 
3.0 
1.8 

2.0 
6.3 
5.6 
4.9 
S.8 
5.2 
3.8 
3.5 
2.9 
7.7 
5.8 
12.J 
10.8 
8.5 
6.8 
14.1 
33.1 
7.2 
4.1 
NA 
7.2 
5.0 
7.2 
5.6 
8.8 
NA 
5.9 
NA 
NA 
6.5 
NA 
NA 
NA 
5.2 
4.6 
5.6 
4.0 
NA 
4.8 
NA 
4.5 
7.3 
6.8 
2.0 
NA 
3.4 
4.7 
NA 
4.8 
7.1 
3.5 
4.2 
3.6 
7.5 
2.8 

2.2 
12.9 
10.2 
8.0 
10.7 
8.8 
5.5 
4.8 
3.7 
19.9 
10.9 

789.5 
78.9 
26.9 
1-1.8 
• 
• 

17.1 
6.1 
NA 
17.0 
8.4 
16.9 
10.2 
29.8 
NA 
11.1 
NA 
NA 
13.7 
NA 
NA 
NA 
9.0 
7.3 
JO.I 
S.8 
NA 
7.7 
NA 
7.1 
17.J 
15.1 
2.4 
NA 
4.7 
7.4 
NA 
7.8 
16.4 
4.8 
6.3 
5.0 
18.6 
3.7 

2.5 
• 
• 

210.1 
• 
• 

16.5 
11.5 
6.8 
• 
• 
• 
• 
• 
• 
• 
• 
• 

22.4 
NA 
• 
• 
• 
• 
• 

NA 
• 

NA 
NA 
• 

NA 
NA 
NA 
• 

59.9 
• 

19.5 
NA 

103.0 
NA 
50.1 
• 
• 

3.4 
NA 
11.0 
67.8 
NA 

120.7 
• 

11.3 
25.6 
12.5 
• 

103 

Obsen·ed 
Cncb 
(/l!Om) 

14.3 
4.4 
1.7 
1.9 
0.5 
0.0 
0.0 
0.0 
0.0 
0.0 

71.5 
29.0 
30.9 
92.6 
25.4 
96.6 
78.2 
0.0 
0.0 
0.7 
11.8 
22.8 
69.9 
58.6 
64.3 
75.2 
0.0 
0.0 
5.2 
19.8 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

40.4 
66.8 
33.8 
54.0 
0.0 

49.0 
5.5 

23.8 
60.5 
54.6 
0.8 
0.0 
2.5 
0.0 
322 
9.7 



Table 5.J Transvene Cracking Predictions (Page 2 of 2) 

Test Site Section PVN Thickness Minimum Cncks (/150m)* 
Tempenhlre Usin2 Various Coefracient of Thermal Contnction• • 

(mm) c•c> 1.2 I.S 2.0 2..2 

890503 3 -0.50 106 -27 2.0 2.6 5.3 9.1 
4 0.55 83 -27 1.4 1.7 2.6 33 

890702 1 -0.45 44 -28 22 3.0 7.6 19.6 
2 -0.45 85 -28 2.1 2.7 6.0 11.6 

900402 I -0.77 86 -35 3.3 S.4 • • 
2 NA 126 -35 NA NA NA NA 

900802 I -0.54 55 -35 3.1 4.9 275.7 • 
2 NA 67 -35 NA NA NA NA 
3 NA 104 -35 NA NA NA NA 

900803 I -0.45 158 -35 2.3 32 92 34.2 
2 NA 108 -35 NA NA NA NA 

Notes: NA means not available, • denotes a negative prcd1ctJon, •• boldcd values arc closed to observed cracking 

Test Site 

Lamont 

Hearst 

Sherbrooke 

airport.xis 
Crackfrequency 

Section 

I 
2 
3 
4 
5 
6 
7 

AA 
A 
B 

BB 
A 
B 
C 
D 

PVN 

-0.74 
-0.74 
-0.17 
-122 
0.05 
-0.09 
-0.30 
-027 
-0.27 
-0.42 
-0.42 
0.04 
-0.70 
0.12 
-0.72 

Thickness Minimum Coefrldent Cracks (/150m) 
Temperahlre 

(mm) c•c> 
120 -40 1.6 10.4 
97 -40 1.6 13.1 
121 -40 1.6 4.7 
105 -40 12 6.8 
104 -40 1.6 4.2 
ll5 -40 2.7 -4.6 
ll0 -40 1.6 3.2 
54 -35 1.8 7.3 
50 -35 1.8 7.5 
59 -35 1.8 9.0 
100 -35 1.8 6.8 
120 -35 1.5 2.7 
120 -35 1.5 4.4 
120 -35 1.5 2.6 
120 -35 1.5 4.S 

2.s 
• 

s.s 
• 
• 
• 

NA 
• 

NA 
NA 
• 

NA 

104 

Observed 
Cracks 
(/150m) 

14.0 
15.0 
10.9 
22.7 
37.1 
12.9 
38.3 
32.1 
26.2 
26.4 
55.2 

Acrual 
Crack§ 
(/lSOm) 

12.0 
17.9 
0.0 
18.1 
7.1 
2.9 
1.0 
0.6 
0.3 
0.6 
1.6 
12 
6.8 
4.9 
1.6 
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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 FcALCL'LATED FCRITICAL P--value Degrees of 
Freedom 

Section I To Between2
> 2.8267 1.5133 2.53E-5 64 

Section 65 Sections 
Airport Cracking Prediction Between3

> 9.3084 3.9909 0.0033 I 
ANTI Observed Cracking Model and 

Observed 
Notes: I) 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 ANOV A 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 
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calculated value. Consequently, it reinforces the fact that the Airport model appears to be 

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

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

Comparison•> Test FCALCULATED FcRJT1cAL P-value Degrees of 
Freedom 

Section I To Between2> 4.3175 1.5400 3.9E-8 59 
Section 60 Sections 

Airport Cracking Prediction Between3
> 3.4385 4.0040 0.0687 I 

AND Observed Cracking Model and 
Observed 

Notes: I) Uses C-L TPP 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 8.4. 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 1> Test F CALCL"LATED FCRJTICAL P-value Degrees of 
Freedom 

Section 1 To Between2
> 0.8722 3.1789 0.5791 9 

Section IO Sections 
! '.\.1easured Q'. AND Q'. Based Between Q'. 

3 
> 2.1393 5.1174 0.1776 1 

I 
I on Observed Crackin~ 

Notes: l} 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 Q'. measured and Q'. based on observed cracking where the 

null hypothesis states regardless of how Q'. is determined ( observed or measured}, the 
values will be the same. 

5.7 THREEWAYCOMPARISON 

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 
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Test Site Section Minimum Airoort Model Hajek Actual Tbermar> 

Temperature Tberma11> Crack Prediction Prediction Cracks Coefficient 
(OC) Coefficient (/JSOm) (/JSOm) (/150m) 

810404 1 -30 2.20 12.9 13.3 14.3 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 -IS 1.20 1.9 12.8 0.5 03) 

2 -lS 1.20 1.7 9.7 0.0 0.00 
820502 1 -IS 1.20 1.6 10.0 0.0 0.00 

2 -15 l.20 1.5 8.8 0.0 0.00 
820605 I -20 l.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 2.21 

830801 1 -35 2.20 14.8 60.2 92.6 2.34 
2 -35 2.00 14.1 11.9 25.4 2.08 
3 -35 2.00 33.l 95.8 96.6 2.05 
4 -35 2.18 17.l 45.8 78.2 2.31 

840101 1 -23 2.20 6.1 9.8 0.0 0.00 
2 -23 NA NA 9.5 0.0 NA 
3 -23 1.20 2.2 12.7 0.7 03) 

840204 1 -24 2.20 8.4 33.9 11.8 2.29 
2 -24 2.20 16.9 45.2 22.8 2.24 

840604 1 -25 2.20 10.2 49.3 69.9 2.41 
2 -25 2.20 29.8 26.2 58.6 2.24 
3 -25 NA NA NA 64.3 NA 
4 -25 2.20 I I.I 54.6 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.S 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 -22 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 I -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.S 0.0 0.00 

870102 1 -20 NA NA 13.4 40.4 2.73 
2 -20 2.S0 50.l 21.9 66.8 2.66 

870504 I -25 2.18 17.3 41.9 33.8 2.27 
2 -25 2.20 15.1 70.0 54.0 2.32 

870505 I -21 1.23 1.2 9.0 0.0 0.00 
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Test Site Section Minimum Airport Model Hajek Actual nerma12> 

Temperatuft Tberma11> Crack Prediction Pftdiction Cracks Coefficient 
( oc) Coefficient (/150m) (/150m) (/150m) 

870505 2 -21 NA NA NA 49.0 NA 
3 -21 2.20 4.7 11.8 s.s 2.27 
4 -21 2.50 67.8 27.l 23.8 2.43 

870701 l -25 NA NA NA 60.S NA 
2 -25 2.50 120.7 17.8 54.6 2.47 

880203 l -20 1.20 2.2 13.0 0.8 03) 

2 -20 1.20 1.6 11.7 0.0 0.00 
3 -20 2.00 4.2 13.0 2.S l.60 
4 -20 l.2O l.7 l l.9 0.0 0.00 

890503 l -27 2.20 18.6 41.4 32.2 2.26 
2 -27 2.50 6.S 1-i.1 9.7 2.62 
3 -27 2.20 9.1 17.3 14.0 2.30 
4 -27 2.50 S.S 17.0 15.0 2.78 

890702 I -28 2.22 19.6 33.S 10.9 2.10 
2 -28 2.20 l l.6 40.4 22.7 2.31 

900402 l -35 3.28 S.4 48.3 37.l l.9O 
2 -35 NA NA NA 12.9 NA 

900802 l -35 l.SO 4.9 60.6 38.3 l.94 
2 -35 NA NA NA 32.l NA 
3 -35 NA NA NA 26.2 NA 

900803 1 -35 2.20 34.2 39.8 26.4 2.18 
2 -3S NA NA NA 55.2 NA 

Lamont 1 -40 l.6O 10.4 67.2 12.0 l.63 
2 -40 l.60 13.1 45.S 17.9 l.65 
3 -40 l.60 4.7 l.l 0.0 0.10 
4 -40 l.2O 6.8 92.7 18.l l.43 
5 -40 l.6O 4.2 16.5 7.1 l.85 
6 -40 2.70 -4.6 1.7 2.9 l.3O 
7 -40 l.6O 3.2 8.3 l.O 0.10 

Hearst AA -3S l.80 7.3 0.0 0.6 0.10 
A -35 l.8O 7.5 0.9 0.3 0.10 
B -35 l.8O 9.0 2.1 0.6 0.10 

BB -3S l.8O 6.8 2.6 1.6 0.60 
Sherbrooke A -35 l.SO 2.7 5.8 1.2 0.50 

B -35 I.SO 4.4 57.8 6.8 l.7O 
C -35 l.5O 2.6 25.6 4.9 2.00 
D -35 I.SO 4.5 32.2 1.6 0.50 

Notes: NA means not available 
l) Indicates closest cracking prediction to observed using coefficients (l.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 comparison. 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 Transvene Crackin2 Comoarison1
> 

Crack Prediction Prediction Cracks Airport & Hajek& Airport & 

(/150m) (/150m) (/150m) Observed2> Ob1erved2> Hajek3> 

810404 I 12.9 13.3 14.3 -1.4 -1.0 -0 . .a 
2 5.6 6.8 4.4 1.2 2.4 -1.2 
3 2.5 12.7 1.7 0.8 I 1.0 -10.2 
4 2.7 12.8 1.9 0.8 10.9 -IO.I 

820205 I 1.9 12.8 0.5 1.4 12.3 -10.9 
2 1.7 9.7 0.0 1.7 9.7 -8.0 

820502 I 1.6 10.0 0.0 1.6 10.0 -8.4 
2 l.5 8.8 0.0 1.5 8.8 -7.3 

820605 1 2.2 9.2 0.0 2.2 9.2 -7 0 
2 2.0 4.7 0.0 2.0 4.7 -2.7 

830403 I 12.3 53.9 71.5 -59.2 -17.6 -41.6 
2 78.9 32.7 29.0 49.9 3.7 46.2 
3 26.9 59.9 30.9 -4.0 29.0 -33.0 

830801 I 14.8 60.2 92.6 -77.8 -32.4 -45.4 
2 14. l 11.9 25.4 -1 l.3 -13.5 2.2 
3 33. l 95.8 96.6 -63.5 -0.8 -62.7 
4 I 7.1 45.8 78.2 -61.l -32.4 -28.7 

840101 I 6.1 9.8 0.0 6.1 9.8 -3.7 

3 2.2 12.7 0.7 1.5 12.0 -10.5 
840204 1 8.4 33.9 11.8 -3.4 22.l -25.5 

2 16.9 45.2 22.8 -5.9 22.4 -28.3 
840604 l 10.2 49.3 69.9 -59.7 -20.6 -39.1 

2 29.8 26.2 58.6 -28.8 -32.4 3.6 
4 I I.I 54.6 75.2 -64.l -20.6 -43.5 

850206 I 6.5 5.5 5.2 l.3 0.3 1.0 
860501 I 2.0 4.1 0.0 2.0 4.1 -2. l 

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 I 1.8 11.2 0.0 1.8 11.2 -9.4 
3 1.9 12.5 0.0 1.9 12.5 -IO 6 

870102 2 50.1 21.9 222.5 -172.4 -200.6 28.2 
870504 I 17.3 41.9 33.8 -16.5 8.1 -24.6 

2 15. l 70.0 54.0 -38.9 16.0 -54.9 
870505 I 1.2 9.0 0.0 1.2 9.0 -7.8 

3 4.7 11.8 5.5 -0.8 6.3 -7.I 
4 67.8 27.1 23.8 44.0 3.3 40.7 

870701 2 120.7 17.8 54.6 66.l -36.8 102.9 
880203 I 2.2 13.0 0.8 1.4 12.2 -10.8 

2 1.6 11.7 0.0 1.6 11.7 -IO.I 
3 4.2 13.0 2.5 1.7 10.5 -8.8 

4 1.7 11.9 0.0 1.7 11.9 -10.2 
890503 I 18.6 41.4 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 -4.9 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 AccuaJ Trann·ene Crackinl! Comparh,on1> 
Crack Prediction Prediction Cracks Airport & Hajek& Airport & 

(/150m) (/150m) (/150m) Obsened2> Observed2> Hajek3> 

890702 I 19.6 33.5 10.9 8.7 22.6 -13.9 
2 11.6 40.4 22.7 -11.1 17.7 -28.8 

900402 I 5.4 48.3 37.1 -31.7 11.2 -42.9 
900802 I 4.9 60.6 38.3 -33.4 22.3 -55.7 
900803 I 34.2 39.8 26.4 7.8 13.4 -5.6 
Lamont I 10.4 67.2 12.0 -1.6 55.2 -56.8 

2 13.1 45.5 17.9 -4.8 27.6 -32.4 
3 4.7 I.I 0.0 4.7 1.1 3.6 
4 6.8 92.7 18.I -11.3 74.6 -85 9 
5 4.2 16.5 7. I -2.9 9.4 -12.3 
6 -4.6 1.7 2.9 1.7 -1.2 2.9 
7 3.2 8.3 1.0 2.2 7.3 -5. I 

Hearst AA 7.3 0.0 0.6 6.7 -0.6 7.3 
A 7.5 0.9 0.3 7.2 0.6 6.6 
B 9.0 2.1 0.6 8.4 1.5 6.9 

BB 6.8 2.6 1.6 5.2 1.0 4.2 
Sherbrooke A 2.7 5.8 1.2 1.5 4.6 -3.1 

B 4.4 57.8 6.8 -2.4 51.0 -53.4 
C 2.6 25.6 4.9 -2.3 20.7 -23.0 
D 4.5 32.2 1.6 2.9 30.6 -27.7 

I Annage I -8.4 I 4.5 

I 
-12.9 

I I Standard Deviation: 31.9 31.7 27.I 
A,·erage•> -0.8 IO.I -10.9 

Standard Deviation•> 17.8 16.9 26.I 
Notes: I) Bolded Value Indicates Smallest Difference 

2) NegatiYe Values indicate the observed cracking is higher than Hajek model predicted 
3) NcgatiYe Ya!ue 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. IO and 5. I I 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 results provide sufficient confidence for their use 

in Module Three to predict performance. 
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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 (IR.I), 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 vanous 

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- IO 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-L TPP 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 (m/km). 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 IR.I 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 RCI. 

RCI = 5.4 + 0.02 TRANCRAK- 11.6 / (TRANCRAK)2 

where: RCI = Riding Comfort Index (Between O and 10) 

TRA.NCRAK = Transverse crack spacing, m 

(6. 1) 

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 5m 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 

RCI = IO * e-0.isoo 

RCI = IO * e-0·2600 

RCRaruscn = 9.11 - 1.39 * IRI 

RCRtruci..-usen = 9.37 - l.71 * IRI 

Where: IRI = International Roughness Index 

RCI = Riding Comfort Index 

RCR = Riding Comfort Rating 

[Hein 89] 

[Paterson 86] 

[Al-Omari 84] 

[Hajek 95] 

[Hajek 95] 

(6.2) 

(6.3) 

(6.4) 

(6.5) 

(6.6) 

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-L TPP 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-L TPP SECTIONS 

The analysis procedure for Module Three is outlined in Figure 6.5. The RCI values for the C­

L TPP 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 \\ ith 

less than I 00 observed cracks, with RCI values between O and IO and sections where all the IRI 

values calculated using the equations were positive. It is apparent that the observed IR.I values on 

the C-L TPP 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 



Observed Transverse Cracking 

Calculate RCI Using 
Canadian Airport Model 

Calculate IRI Using 
Hein, Paterson, Al-Omari 

and Hajek Models 

Compare Predicted IRI To 
Observed IRI 

Figure 6.5 Analysis Procedure Module Three 
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Table 6.2 IRI Comparison 125 

Test Site Section Actual Airportl> IRIZ) mf> JIU'> IRIS> JIU'> Obsen·ed 
Cracks Model Age IRI 

(/150m) RCI 
810404 I 14.3 5.54 2.39 3.26 2.27 2.57 2.2" 5 1 ."52 

810404 2 4.4 6.10 2.06 2.73 1.90 2.17 1.91 5 1.3n 

810404 3 1.7 7.17 1."" 1.8C 1.28 uo 1.29 5 1.335 

810404 4 1.9 6.99 1.55 1.98 1.38 1.53 1.39 5 1.17" 

830403 I 71.5 2.8C 3.95 6.95 ... 8C ... 51 3.82 8 1.266 

830403 2 29.0 5.11 2.6" 3.71 2.58 2.88 2 ... 9 8 1 ... 97 

830403 3 30.9 5.0.- 2.67 3.78 2.63 2.93 2.53 8 1.573 

830801 I 92.6 1.0.- ... 98 12."9 8.69 5.80 ... 87 8 0.851 

830801 2 25.4 5.22 2.57 3.59 2.50 2.80 2."3 8 1.1"6 

830801 3 96.6 0.65 5.21 15.09 10.51 6.09 5.10 8 1."65 

830801 4 78.2 2.32 4.25 8.07 5.62 4.89 4.12 8 0.862 
840204 I 11.8 5.62 2.34 3.19 2.22 2.51 2.19 8 1.838 

8402W 2 22.8 5.30 2.52 3.51 2."" 2.74 2.38 8 1.798 

840604 I 69.9 2.96 3.88 6.73 4.68 ... "3 3.75 8 1.584 
840604 2 58.6 3.n 3."" 5 ... 7 3.81 3.88 3.31 8 1.66 
840604 3 64.3 3.35 3.65 6.0.- ... 21 "-1" 3.52 8 1 ... 2 
840604 4 75.2 2.56 ... 11 7.53 5.2 .. ... 71 3.98 8 2.319 
850206 I 5.2 5.99 2.12 2.83 1.97 2.2 .. 1.98 5 1."°9 
850206 2 19.8 5.39 2 ... 7 3 ... 2 2.38 2.68 2.33 5 1.34 
870102 I 40.4 4.67 2.89 4.20 2.93 3.19 2.75 8 1.59 
870102 2 66.8 3.18 3.75 6.32 4 . .-0 ... 26 3.62 8 2.633 
870504 I 33.8 4.94 2.73 3.90 2.71 3.00 2.59 8 1.295 
870504 2 54.0 3.99 3.28 5.08 3.5" 3.68 3.15 8 1.134 
870505 2 49.0 4.26 3.13 ... 71 3.28 3.49 2.99 8 0.986 
870505 3 5.5 5.96 2.1 .. 2.86 1.99 2.27 1.99 8 0.765 
870505 4 23.8 5.27 2.54 3.5" 2."6 2.76 2.40 8 1.356 
870701 I 60.5 3.60 3.51 5.65 3.93 3.97 3.38 8 1.485 
870701 2 54.6 3.95 3.30 5.13 3.57 3.71 3.17 8 1.017 
880203 I 0.8 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 I 32.2 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."6 2.15 8 1.421 
890503 3 14.0 5.55 2.38 3.25 2.27 2.56 2.23 8 1.171 
890503 4 15.0 5.52 2.40 3.28 2.29 2.58 2.25 8 1.183 
890702 I 10.9 5.65 2.32 3.16 2.20 2.49 2.18 5 1.78 
890702 2 22.7 5.30 2.52 3.50 2."" 2.74 2.38 5 1.558 
900-402 I 37.1 4.81 2.81 4.05 2.82 3.09 2.67 8 1.148 
900402 2 12.9 5.58 2.36 3.22 2.2 .. 2.54 2.22 8 1.069 
900802 I 38.3 4.76 2.8C 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."" 8 0.929 
900803 I 26.4 5.19 2.59 3.62 2.52 2.82 2.44 8 1.231 
900803 2 55.2 3.92 3.32 5.17 3.60 3.73 3.19 8 1.806 

Notes: I) RCI = 5.444+-0.0I 9624TRANCRAK - I I .62/(TRANCRAK)2 [Haas 87) 
2) IRI = 5.588 - 0.578*RCI [Hein 89] 
3) RCI = IO •c --0 ISIRl [Paterson 86] 

4) RCI = 10 • C --0:?6IRl [AI-Omari 94] 

5) RCRa,. users = 9.11 - 1.39 IRI [Hajek 95) 

6) RCRuucicuscn = 9.37 - 1.71 IRI [Hajek 95) 
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of the sections and the IR.I's all are .. clustered" in a fairly narrow range. Figure 6. 7 shows that the 

calculated RCI using the Canadian Airpon 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 ANOV A 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. l 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 (FcALCLLATED > FcRITicAL)-

Table 6.3 ANOV A for IRI Prediction and Observed IRI 

Comparison1> Test F CALct..,LATED FCRITICAL P-value Degrees of 
Freedom 

Hein IRI AND Between2
> 98.3751 4.0727 I.4E-12 l 

Observed IRI Observed& 
Predicted 

Paterson IRI AND Between2
> 61.9870 4.0727 8.4E-10 l 

Observed IRI Observed& 
Predicted 

Al-Omari IRI AND Between2
> 39.6384 4.0727 l .4E-7 l 

Observed IRI Observed & 
Predicted 

Haje~rusers IRI AND Between2
> 95.7969 4.0727 2.lE-12 l 

Observed IRI Observed & 
Predicted 

Hajeku-uckusers IRI AND Between2
> 78.4219 4.0727 3.7E-l l 1 

Observed IRI Observed & 
Predicted 

Notes: l) 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 IR.I is determined (observed or predicted), the 
values will be equal. 

Based on the findings, another ANOV A was performed. This ANOV A 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 

I 
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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 Obsened IRI Less Than 10 Cracks 

Comparison•> Test FCALCULATED FCRITIO..L P-value Degrees of 
Freedom 

Hein IRI AND Between2
> 2.6991 5.5915 0.1444 I 

Observed IRI Observed & 
Predicted 

Paterson IRI AND Between2> 9.3023 5.5915 0.0186 I 
Observed IRI Observed & 

Predicted 
Al-Omari IRI AND Between2> 1.1980 5.5915 .3099 I 

Observed IRI Observed & 
Predicted 

Hajekarusc:rs IRI AND Between2> 2.2790 5.5915 0.1749 I 
Observed IRI Observed & 

Predicted 
Hajektruc1cuscrs IRI AND Between2> 1.0518 5.5915 0.3392 I 

Observed IRI Observed & 
Predicted 

Notes: I) 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 0 -10 cracks, IO - 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 vanous IRI 

predictions are not a good means of estimating IRI based on the C-L TPP sections. This lack of 

consistency may be related to the very smooth observed C-L TPP test sections. In short, the IRI 

predictions using equations 6.2 through 6.6 appear to consistently predict higher values than 



Table 6.5 Summary ofIRI Comparison 129 

Obsen'ed Measured IRI Eauation 

Cracking IRII) HeinZ> PatenonJ> AI-Omari41 Hajek Car5> Hajek Truck'> 

(Cracks/150m l 
0 - IO Averaize 1.36 1.n 2.33 l.63 l.80 1.62 

Standard Deviation 0.29 0.53 0.74 0.51 0.66 0.54 
I0-20 Average 1.53 2.42 3.32 2.31 2.61 2.27 

Standard Deviation 0.36 0.03 0.05 0.03 0.03 0.03 
20 - 30 Avera2e 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 Avera2e 1.35 3.07 4.58 3.19 3.41 2.93 

Standard De\"iation 0.23 0.07 0.16 0.11 0.09 0.07 
50 - 100 Avera2e 1.30 4.39 9.43 6.56 5.07 4.27 

Standard Deviation 0.33 0.61 3.15 2.19 0.76 0.62 
:\ott!s ! J Balded Values arc the average IRI and closest calculated IR.I 

2) IR.I= 5.588 - o.578•RcI (Hein 89) 
3) RCI = 10 •e --0 

181
Rl [Paterson 86) 

4) RCI = 10 • e --0
26

:Rl [Al-Omari 94) 

5) RCRcaruscrs = 9.11 - 1.39 IRI [Hajek 95) 

6) RC~= = 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 AI-Omari [AI-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 [FHW A 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 (FHW A) [FHW A 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 l\TPV. 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 [FHW A 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 = ~ Costs I (I + it (7. I) 

\vhere: 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. 

3. 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 5 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 I 15mm 

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) 

(Ponniab 95) 

I . 50 mm overlay at years 11 and 21, with no crack sealing. 

2. Crack rout and sealing at years 4 and 8, 50mm overlay at year 13, crack routing and 

sealing at years 17 and 21, 50mm 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. 50mm, 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-L TPP 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. l 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 2 and be 

the closest distribution. The chi-square (X 2
) 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 7 5]. 

The lower the X 
2

, 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 2 analysis, the lowest X 2 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 I 00mm, it is 

reasonable to presume that this was placed as two medium lifts (i.e. two at 50mm). 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 distributio_ns 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 2 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 (xl) 

Thin 25.0mm 6.8mm I. Extreme Value (8.59) 

2. Beta (9.44) 

3. Triangular (10.00) 

4. Weibull (11. 13) 

5. Lognormal (21.0) 

\1edium 46.0 mm 11.3 mm I. Gamma (39.4) 

2. Lognormal (51.89) 

3. Extreme Value (55.15) 

4. Beta (53 .52) 

5. Logistic (75.00) 

Thick 121.0 mm 36.8 mm I. Extreme Value (3. 08) 

2. Lognormal (3.08) 

3. Pareto (3.92) 

4. Normal (5.58) 

5. Gamma (3.912) 

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) = 

Where:~ = 
A. = 
X = 

1 / ( (2n)112 ~X) exp[ -1/2 ((In X - A) I ~)2] 

(Var (In X))°5 
E (In X) 
random variable 

(7.2) 
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7.6 COSTVARIATION 

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. AJI 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, HLI (where HL 

refers to Hot Laid Asphalt and the number, 1 refers to the mix design), 1-Il..3, 1-Il..4, I-ll...8, Heavy 

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 X 2 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 2
) 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 2 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 X 
Squared Sauared 

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 Lomonnal 33.84 

GranularB Gamma 17.72 HDBC Extreme Value 19.01 
Weibull 19.95 Lognonnal 26.33 

Lognonnal 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 2761 
Gamma 14.33 Beta 27.61 

Lo1monnal 17.52 Loanonnal 32.89 
HU Gamma 28.75 REMOVAL OF ASPHALT Weibull 43.33 

Pareto 37.55 PAVEMENT PARTIAL DEPTH Gamma 49.87 
Extreme Value 41.18 Lognonnal 52.11 

Lognonnal 49.46 Pareto 80.67 
Weibull 48.94 Exponential 91.51 

HL4 Gamma 36.40 
Pareto 48.61 

Weibull 66.70 
Extreme Value 83.55 

Lo2t1onnal 103.96 
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Material Quantity Distribution x Squared Parameter 
(tonnes) One Two 

Granular A 100 - 1000 Lo~onnal 2.56 25.33 10.85 
1000 - 10000 Lotimormal 9.36 14.38 3.46 

10000 - 100000 Lotimormal 11.08 10.78 2.39 
l000Oo+ Lo~ormal 4.3 9.21 1.83 

Granular B 1000 - 10000 Normal 12.9S 8.98 2.49 
10000 - 100000 Lo~ormal 7.14 7.16 1.86 

l000Oo+ Lo~ormal 6.8 5.57 1.17 

HLl 100 - 1000 LOtimOnnal I.Ill 86.91 25.79 
1000 - 10000 Lo1mormal 2. 13 58.93 9.86 

10000+ Lognormal 0.18 46.48 4.25 

HI..3 100 - 1000 Lognormal 15.54 70.12 30.05 
1000+ Lognormal 4.9S 46.81 8.3 

HI..4 100 - 1000 Lognormal 7.6 109.42 54.56 
1000 - 10000 Lognormal 9.83 56.27 15. 17 

10000+ Lognormal 14.58 43.6 6.95 
HI..8 100 - 1000 Exoonential 1S.6 0.01 

1000 - 10000 Lotimormal 2.43 42.32 6.28 
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 

l000o+ Lotimormal 17.38 42.33 3.29 
DFC 1000 - 10000 Normal 10.88 64.97 9.18 

10000+ Lognormal 13 58.73 8.83 
Removal of Asphalt 100 - 1000 Lo211ormal 5.81 10.86 5.38 

Pavement Partial Depth 1000 - 10000 Lognormal 2.69 4.11 2.36 
10000 - I 00000 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 147 

Material Quantity Average Standard 
Deviation 

Granular A 0- 1000 $27.89 14.23 
1000 - 10000 $14.40 3.77 

l 0000 - 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 $118.31 56.27 

100 - 1000 $109.35 53.02 
1000 - 10000 $56.50 18.75 

10000+ $43.62 7.47 
HL8 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+ $I.IO 0.18 

REMOVAL ASPHALT PARTIAL DEPTH 100 - 1000 $10.82 5.09 
1000 - 10000 $4.10 2.25 

10000 - I 00000 $2.00 I. 16 
100000+ $1.19 0.43 
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7.8 TOW ARD A LIFE-CYCLE COST ANALYSIS PACKAGE 

The best fit distributions for thickness and material 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. 



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) 

YOURPVNIS: 
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Thermal Contraction Coefficient (mm/I 000mml'C) 
Stiffness from McLeod's Nomograph 
Subgrade (dimensionless I - 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 I - 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 



INTERVAL 
$1.000 

0 25 
25 50 
50 75 
75 100 
100 125 
125 150 
150 175 
175 200 
200 225 
225 250 
250 275 
275 300 
300 325 
325 350 

I 350 375 
375 400 
400 425 
425 450 
450 475 

I 475 500 
:i 500 525 

525 550 
550 575 
575 600 
600 625 

I 625 I 650 

I' 
650 675 
675 700 
700 725 
725 750 
750 775 
775 800 
800 825 

! 825 850 I 
I 850 875 I 

875 900 
900 925 
925 950 
950 975 
975 1000 

FREQUENCY 
1000 
1205 
3250 
3247 

30000 
50369 
42143 
43791 
27945 
13884 
10467 
74561 
3999 
3894 
991 
0 
0 
0 
0 
0 
0 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
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Figure 7. 7 Sample Output Sheet To Probabilistic Life-Cycle Cost Analysis 
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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 

\vhich 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 

Iognormal 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: 

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

• Determine if PVN was repeatable for calculations using absolute viscosity (@ 60°C) and 

kinematic viscosity(@ 135°C). 

• Relate PVN to Superpave methodology. 
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• Determine if PVN was an indicator oflow temperature susceptibility. 

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

• Compare the predictions to the observed cracking on the C-L TPP test sections. 

• Predict roughness based on observed thermal cracking on the C-L TPP test sections. 

• Compare the predicted roughness with the observed roughness. 

• Determine the probability distributions associated with lift thickness. 

• Determine probability distributions associated with material costs. 

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

conventional and modified asphalts. 

8.2 l\fODULE ONE: MATERIAL CHARACTERIZATION 

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

PVN as a low temperature susceptibility variable. 

8.2.1 Conventional Asphalt Analysis 

• PVN is a "fingerprint" as it remains constant over time. 

• PVN is an indicator of low temperature susceptibility. 

• PVN is related to the minimum tempe~ature 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(@ 

13 5°C) and they are equal. 

8.2.2 Modified Asphalt Analysis 

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

• 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-L TPP test sections is presented. 

• The Hajek model is good for predicting low temperature cracking based on the C-L TPP and 

C-SHRP test sections. It is also easy for designers to determine the variables necessary for 

pavement life-cycle performance prediction. 

• 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 I 00 

cracks per 150m) was observed. 

• 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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• 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, AI-Omari 94 and Hajek 95]. 

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

be consistent with engineering judgement. 

• The observed IRI on the C-L TPP 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. 

• When the predicted IRI values based on the equations were compared to the observed 

roughness on the C-L TPP sites, the values were not very close. This in part could be due to 

the fact the IRI values on the C-L TPP sites are based on "Dipstick" measurements and the 

other relationships were based on different measurements. 

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

observed. 
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8.5 LIFE-CYCLE COST ANALYSIS 

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

conclusions can be drawn from this work. 

• Thickness of pavement layers is best described by a lognormal distribution based on the C­

L TPP test sections for thin, medium and thick lift thickness. 

• 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. 

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

pavement variation. 

• 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. 

• As pavement technology moves into the next century, there is a concerted movement away 

from conventional testing methods and movement towards the SHR.P 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-L TPP 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 
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Table A.I ASO\"A A Asphalt P\"S Calculations (Page I of2) 

ID Section Original PVN RTFOPVN 
IJS-e we we 

ST I -0.7439 -0.7059 -O.T'..35 
ST 2 -0.1658 0.0256 -0.1043 
ST 3 -1.2199 -1.2268 3.81SO 
ST 4 -0.0863 -0.0137 -0.172S 
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 -0.4n9 

I ST 10 -0 3897 .IJ.56~9 -0A833 
ST ll -OA907 -0.5-U~ -OA870 
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 IS -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 -0.2n8 
ST 22 -1.9184 -1.6616 -1.4466 
ST .,. 

-~ -0.SI 85 -0.5784 -0.7526 
ST 24 -3.7129 -3.0352 -2.8124 
ST 25 -0.3351 -0.snJ -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 :;o -0.9045 -0.7882 -0.5666 
ST 31 -0.8978 -0.7262 -1.1048 
ST . ., 

~- -0.92SS -0.9452 -0.9440 
ST 33 -0.1926 0.0192 -0.2526 
ST 34 -1.4305 -0.9844 -1.2297 
ST 35 -0.8323 -3.5232 -3.4593 
ST 36 -0.7262 -3.6531 -3.6820 
ST 37 -0.3n9 -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.I AXOVA A Asphalt PVN Calculations (Pace 2 of2) 
Ano,-:i: T"o-Factor Without Replication 

SWl\l-lRY Cowu s,,,,, A•·ierugie Varian« 

Row I 3 ·2. 1733 ..0.7244 0.0004 
Row2 3 ..0.2445 ..0.0815 0.0095 

Row3 3 1.3683 0.4561 8.4616 
Row4 3 .0.2725 ..0.0908 0.0063 
Rows 3 ..().5850 ..0.1950 0.0090 
Row6 3 I.8785 0.6262 2.5961 
Row7 3 1.8156 0.6052 1.9665 
Row8 3 1.1546 0.3849 1.9389 
Row9 3 -1.3201 ..0.4400 0.0038 
Row 10 3 -1.4360 ..0.4787 0.0075 

Ro" 11 3 -1.5201 ..0.5067 0.0010 
Row 12 3 -1.3246 ..0.-UIS 0.0097 

R°'' I} -1.1009 .0.36i0 0.0035 
Row 14 3 -1.4756 ..0.4919 0.0050 
Row 15 3 -1.0-'38 .0.3479 0.0392 

Ro" 16 3 -I.0685 .0.3562 0.0010 
Rowl7 3 -2.1926 ..0.7309 0.0067 
Row IS 3 -1.8949 .0.6316 0.0192 
Row 19 3 -1.1889 ..0.3963 0.0038 
RO\, 20 3 -2.2321 -0.7440 0.0020 
Row21 3 -1.0915 -0.3638 0.0219 
Row 22 3 -S.0267 -1.6756 0.0558 
Row23 3 -I.8496 -0.6165 0.0148 
Row24 3 -9.5605 -3.1868 0.2199 
Row25 3 -I.6623 ..0.5541 0.0434 
Row26 3 -6.0516 -2.0192 0.0870 
Row27 3 ..0.6837 -0.2279 0.0005 
Row28 3 0.2551 0.0852 0.0200 
Row29 3 -S.4815 -1.8272 1.2533 
Row30 3 -2.2594 -0.7531 0.0295 
Row3I 3 -2.7287 -0.9096 0.0360 
RO\\ 32 3 -2.8147 -0.9382 0.0001 
RO\\ 33 3 -0.4259 -0.1420 0.0204 
Row3-I 3 -3.6446 -1.2149 0.0499 
Row35 3 -7.81-18 -2.6049 2.3578 
Row 36 3 -8.0613 -2.6871 2.8840 
Row37 3 -S.0282 -1.6761 1.5413 
Row 38 3 0.0317 0.0106 0.0009 
RO\, 39 3 -2.8425 -0.9475 0.8188 
Row -10 3 -7.7431 -2.5810 1.5664 
Ro" -II 3 -9.2733 -3.0911 3.3893 
Row-12 3 -6.TT07 -2.2569 1.0629 
Row43 3 -7.2113 -2.4038 2.5496 
Row-I-I 3 -6.2746 -2.0915 1.8337 
Row-IS 3 -8.2079 -2.7360 3.7449 

Column I -IS -30.2533 -0.6723 0.391 I 
Column 2 -IS -54.9708 -1.2216 1.6556 
Column 3 45 -41.8592 -0.9302 2.7382 

ANOVA 

Sauret: of i ar1u110n ss df MS F P-valw Fait 

Rows 139.9448 44 3.1806 3.9651 l.9539E-08 1.5147 
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 ANOV A 8 Typical Canadian Asphalt PVN Calculations (Page I ofl) 

ID Section Original PVN RTFOPVN 
llS"C 60•c 60•c 

ST I -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 IO -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 



170 

Table A.2 ANOV A B Typical Canadian Asphalt PVN Calculations (Page 2 ofl) 

Anova: Two-Factor Without Replication 

S(_,'.\f.\l-lRY Count Sum A,·erage Variance 

Row I 3 -2.1733 -0.7244 0.0004 

Row2 3 -0.244S -0.081S 0.009S 

Row3 3 -0.272S -0.0908 0.0063 

Row4 3 -0.58S0 -0.19S0 0.0090 

Row5 3 -1.3201 -0.4400 0.0038 

Row6 3 -1.4360 -0.4787 0.007S 

Row7 3 -I.S201 -0.5067 0.0010 

Row8 3 -1.3246 -0.4415 0.0097 
RO\\ 9 3 -1.1009 -0.3670 0.0035 

Row 10 3 -1.47S6 -0.4919 0.0050 

Row II 3 -1.0438 -0.3479 0.0392 

Row 12 3 -1.068S -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 -1.091S -0.3638 0.0219 
Row 18 3 -S.0267 -1.6756 0.0S58 
Row 19 3 -1.8496 -0.6165 0.0148 
Row20 3 -9.560S -3.1868 0.2199 
Row21 3 -1.6623 -0.5S41 0.0434 
Row22 3 -6.0576 -2.0192 0.0870 
Row23 3 -0.6837 -0.2279 0.0005 
Row24 3 0.2557 0.0852 0.0200 
Row25 3 -2.2S94 -0.7S3 I 0.0295 
Row26 3 -2.7287 -0.9096 0.0360 
Row27 3 -2.8147 -0.9382 0.0001 
Row28 3 -0.4259 -0.1420 0.0204 
Row 29 3 0.0317 0.0106 0.0009 

Column I 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 

ANO\'A 

Source of Variation ss df MS F P-,•alue Fcrit 
Rows 37.1017 28 1.3251 5S.4561 1.6614E-31 1.677S 
Columns 0.0174 2 0.0087 0.3643 0.6963 3.1619 
Error 1.3381 56 0.0239 

Total 38.45721 86 
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Table A.3 A!\'O\"A C PVS Calculations on Oricinal Asphalt (Pace I or2) 

ID Src:tion OriciaalPVN 
us-c 60"C 

ST I -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 -0.4728 
ST 10 -0.3897 -0.5629 

ST 11 -0.4907 -0.5424 

ST 12 -0.4436 -0.5387 

ST 13 -0.4348 -0.3261 
q 14 -0.4106 -0.~386 

~r 1; -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 22 -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.-1891 
ST 50 -0.5335 -0.-1845 
ST SI -2.3014 -2.9576 
ST 52 0.0007 0.0775 
ST 52 -0.3163 -0.0592 
ST 53 -0.3129 -0.1936 
ST 5-1 -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 S9 -1.4305 -0.984-1 

ST 60 -0.5651 -0.2966 

ST 80 -0.2647 -0.3429 

ST 81 -0.27-14 -0.1325 

ST 82 -0.4190 -0.4191 
ST 91 -0.3545 -0.3-177 
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Table . .\J ASOVA C P\-S Calculations on Oricinal Asphall {Pace 2 oil) 

Anova: T"o-Fac1or Wilhoul Rcplicalion 

SC\f.\URY Cuiuu Su11, ,freruic,, Variance 

Row I 2 -1.4498 -0.7249 0.0007 

Row2 2 -2.4467 -1.2234 0.0000 

Row3 2 -0.1000 -0.0500 0.0026 

Row4 2 -0.4101 -0.2050 0.0174 

Row 5 2 -0.6076 -0.3038 0.0031 

Row6 2 -0.4068 -0.2034 0.0101 

Row7 2 -0.8381 -0.4190 0.0000 

Row8 2 -1.3730 -0.6865 0.0044 

Row9 2 -1.3861 -0.6930 0.0071 

Row 10 2 -1.0563 -0.5281 0.0018 

Ro" I I 2 -0.9866 -0.4933 0.0000 
Row 12 2 -1.0180 --0.5090 0.0012 

Ro" 13 2 -0.8421 -0.4211 0.0053 

Ro" I~ 2 -0.952; -0.4763 0.0150 

Ro" 15 2 -1.0331 -0.5165 0.0013 

Ro" 16 2 -0.9823 -0.4912 0.0045 

Ro" Ii 2 -0.7610 -0.3805 0.0059 

Ro" 18 2 -5.2590 -2.6295 0.2153 

Ro" 19 2 -0.9492 -0.4746 0.0082 

Ro" 20 2 -0.9208 -0.4604 0.0025 

Ro" 21 2 -0.7434 -0.3717 0.0005 

Row 22 2 -1.3970 -0.6985 0.0072 
Row 23 2 -1.1101 -0.5551 0.0032 
Row24 2 -0.8336 -0.4168 0.0050 
Row25 2 -1.4401 -0.7201 0.0006 
Row26 2 -0.8137 -0.4069 0.0326 
Row 27 2 -3.5800 -1.7900 0.0330 
Row28 2 0.0782 0.0391 0.0030 

Ro" 29 2 -1.0970 -0.5485 0.0018 
Ro" 30 2 -6.7481 -3.3741 0.2296 
Row3I 2 -0.9124 -0.4562 0.0293 
Row32 2 -4.1654 -2.0827 0.1498 
Row 33 2 -0.4298 -0.2149 0.0001 

Ro" 3~ 2 0.0207 0.0103 0.0063 
Row 35 2 -1.6928 -0.8464 0.0068 
Ro" 36 2 -1.6239 -0.8120 0.0147 
Row 37 2 -1.8707 -0.9353 0.0002 

Ro" 38 2 -0.1733 -0.0867 0.0224 

Ro" 39 2 -0.3754 -0.1877 0.0330 

R°'' 40 2 -0.5065 -0.2532 00071 

R°'' 41 2 -0. 7021 -0.351 I 0.0000 

R°'' 42 2 -0.7269 -0.3635 0.0092 

R°'' 43 2 -0.2139 -0.1070 0.0099 

Ro" 44 2 -0.1698 -0.0849 0.0026 

Ro" 45 2 -0.6091 -0.3045 0.0058 
Row46 2 -0.1358 -0.0679 0.0366 
Row47 2 -2.4149 -1.2075 0.0995 
Row48 2 -0.0102 -0.0051 0.0004 
Row49 2 -0.8617 -0.4309 0.0360 

Column I 49 -30.16793207 -0.6156 72083 0.428684 
Column 2 49 -28.870335 I -0.589I90512 0.442947 

ANOVA 

Sourc<' of I ariation ss df MS F P-,·alw Fcrit 

Rows 40.7627 48 0.8492 37.8%2 6.31E-26 1.6154 

Columns 0.0172 0.0172 0.7667 0.3856 4.0426 

Error 1.0756 48 0.0224 

Tot:il 41.85547 97 
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Table A.4 A~O\"A D P\"S Calculations on Original and Aged Asphalt@60°C {Page I or2) 

ID Section Original RTFO 
60•c 60•c 

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 -0.4n9 
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 -0.2n8 
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 A:'liOVA D P\.:'li" Calculations on Ori&inal and A&cd Asphalt@ 60•c (Pace 2 oU) 
Anova: Two-Factor Without Replication 

SUMMARY Count Sum Average Variance 
Row 1 2 -1.4294 -0.7147 0.0002 
Row2 2 -0.0787 -0.0394 0.00&4 
Row3 2 2.5881 1.2941 12.7099 
Row4 2 -0.1861 -0.0931 0.0126 
Rows 2 -0.2867 -0.1433 0.0020 
Row6 2 2.1432 1.0716 4.0019 
Row7 2 2.0899 1.0450 2.TT26 
Row8 2 1.5737 0.7868 2.9084 
Row9 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 
Rew 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 -0.4110 0.0062 
Row20 2 -1.4946 -0.7473 0.0040 
Row21 2 -0.5569 -0.2785 0.0000 
Row22 2 -3.1082 -1.5541 0.0231 
Row23 2 -1.3311 -0.6655 0.0152 
Row24 2 -5.8476 -2.9238 0.0248 
Row25 2 -1.3271 -0.6636 0.0149 
Row26 2 -4.2485 -2.1243 0.1078 
Row27 2 -0.4739 -0.2369 0.0006 
Row28 2 0.1892 0.0946 0.0394 
Row29 2 -4.9332 -2.4666 0.0532 
Row30 2 -1.3549 -0.6774 0.0246 
Row31 2 -1.8310 -0.9155 0.0717 
Row32 2 -1.8892 -0.9446 0.0000 
Row 33 2 -0.2333 -0.1167 0.0369 
Row34 2 0.0513 0.0257 0.0005 
Row35 2 -1.0866 -0.5433 0.0004 
Row36 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 
Row40 2 -7.3351 -3.6676 0.0004 
Row41 2 -4.6504 -2.3252 0.5545 
Row42 2 -2.2TT4 -1.1387 1.4183 
Row43 2 -6.5898 -3.2949 0.0749 
Row44 2 -8.3077 -4.1539 0.0018 
Row45 2 -5.6730 -2.8365 0.1104 
Row46 2 -6.6513 -3.3257 0.0000 
Row47 2 -5.7402 -2.8701 0.0303 
Row48 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 Variatio ss df MS F P-value F crit 
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 
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Table A.5 A='-0\".-\ E P\"='- Calculalions on Oricinal ~IJS°C and A&al Aspbal1 ~ 60"C(Paae I orl) 

ID Section Oriainal RTFO 
IJS°C 60"C 

ST 1 -0.7439 -0.7235 
ST 2 -0.1658 -0.1°'3 
ST 4 -0.0863 -0.1725 
ST 5 -0.2983 -0.1750 
ST 9 -0.3694 -0.4n9 
ST 10 -0.3897 -0.4833 
ST 11 -0.4907 -0.4870 
ST 12 -0.4436 -0.3422 
ST 13 -0.4348 -0.3399 

I' ST 14 -0.4106 -05264 
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 -0.2na 
ST 22 ·1.9184 -1.4466 
ST 23 -0.5185 -0.7526 
ST 24 -3.7129 -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 -0.526' 
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 n -0 0722 0.6871 
ST 78 -0.4362 -0.5511 
ST 80 -0.2647 2..4862 
ST 81 -0.2744 2.2224 
ST 82 -0.4190 1.9927 
ST 83 -0.5482 -2.6297 
ST 84 -1.2199 3.8150 
ST 85 -0.8323 -3.4593 
ST 86 -0.7262 -3.6820 
ST 87 -0.3ns -1.7986 
ST 88 -0.5651 -1.9808 
ST 89 -1.1532 -3.1014 
ST 90 -0.9656 ◄.1842 

ST 92 -1.0978 -2.6016 
ST 93 -0.5600 -3.3279 
ST 94 -0.5344 -2.7470 
ST 95 -0.5014 -3.8491 
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Table A.5 A:-.OVA E P\"S Calculations on Oricinal @ll~C and Aced Asphalt~ 60°C (Pace 1 ofll 
Anova: Two--Fador \\lll'lout Replication 

SUMMARY Count Sum A~ Vananc. 
Row1 2 -1.4674 -0.7337 0.0002 
Row2 2 -0.2701 -0.1350 0.0019 
Row3 2 2.5951 1.2975 12.6749 
Row4 2 -0.2588 -0.1294 0.0037 
Row5 2 -0.4733 -0.2367 0.0076 
Row6 2 2.2215 1.1107 3.7835 
Row7 2 1.9480 0.9740 3.1169 
Rowe 2 1.5737 0.7869 2.9083 
Row9 2 -0.8473 -0.4236 0.0059 
Row 10 2 -0.8731 -0.4365 0.004' 
Rowll 2 -0.9n6 -0.4888 0.0000 
Row 12 2 -0.7858 -0.3929 0.0051 
Row13 2 -0.n48 -0.3874 0.0045 
Row14 2 -0.9370 -0.4685 0.0067 
Rav. 15 2 -0.5-C78 -0.2739 00456 
Row16 2 -0.6803 -0.3402 0.0004 
Row17 2 -1.4342 -0.7171 0.0123 
Row 18 2 -12996 -0.6498 0.0364 
Row19 2 -0.7222 -0.3611 0.0001 
Rcw20 2 -1.5294 -0.7647 0.0015 
Row21 2 -0.8123 -0.4062 0.0330 
Row22 2 -3.3651 -1.6825 0.1113 
Row23 2 -1.2712 -0.6356 0.0274 
Row24 2 -6.5253 -32626 0.4054 
Row25 2 -1.0849 -0.5425 0.0860 
Row26 2 -3.7012 -1.8506 0.0035 
Row27 2 -0.4638 -02319 0.0010 
Row28 2 0.3015 0.1507 0.0142 
Row29 2 -3.1n9 -1.5890 2.1662 
Row30 2 -1 .4712 -0.7356 0.0571 
Row31 2 -2.0026 -1.0013 0.0214 
Row32 2 -1.8695 -0.9347 0.0002 
Row33 2 -0.4451 -02226 0.0018 
Row34 2 -C.2916 -2.1458 3.4508 
Row35 2 -C.4082 -22041 4.3684 
Row36 2 -2.1765 -1.0882 1.0093 
Row37 2 0.0223 0.0112 0.0019 
Row38 2 -2.5-C59 -12730 1.0022 
Rcw39 2 -C.2546 -2.1273 1.89n 
Row40 2 -5.1497 -2.5749 5.1796 
Row41 2 -36993 -1.8497 1.1307 
Row42 2 -3.8879 -1.9440 3.8306 
Row43 2 -3.2814 -1.6407 2.4479 
Row44 2 -C.3505 -2.1753 5.6034 
Ro-.v 45 2 -5.2930 -2.6465 6.8828 
Row46 2 -1.0266 -0 5133 00005 
Row47 2 -0.9346 -0.4673 0.0018 
Row48 2 -1 .0741 -0.5371 0.0000 
Row49 2 -2.6602 -1.3301 0.0202 
Row SO 2 -1 .2198 -0.6099 0.0000 
Row51 2 2.0574 1.0287 3.2679 
Row52 2 -0.7299 -0.3649 0.0006 
Row53 2 -0.1275 -0.0637 0.0547 
Row54 2 -0.4026 -0.2013 0.0219 
Row55 2 0.8166 0.4083 0.0058 
Row56 2 0.6149 0.3074 02882 
Row57 2 -0.9872 -0.4936 0.0066 

Column 1 57 -34.3620 -0.6028 0.3455 
Column 2 57 "'6.0569 -0.8080 2.6784 

ANOVA 
ource of Variatio ss di 111S F P-value Fcttt 

Rows 104.5189 56 1.8664 1.6124 0.0383 1.5579 
Columns 1.1997 1 1.1997 1.0365 0.3130 4.0130 
Error 64.8220 56 1.1575 

Total 170.5407 113 
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Table A.6 A1"OVA F P\~ Calculations Over Tbne(Pace I ofl) 

Asphalt Sample !liumber Oriplal Asphalt ShortTennAced After Construction 7 Yan ln-Sen1ce 

l -1.04 -1.07 -1.13 -l.12 
2 -0.70 -0.73 -0.68 -0.60 
3 -0.61 -0.60 -0.72 -0.S6 
4 -0.86 -0.83 -1.03 -0.79 
s -1.03 -1.02 -1.16 -1.12 
6 -0.4S -0.S8 -0.47 -0.39 

.-\nova: Two-Factor Without Replic.tion 

s:_-_'.:..'.!.-,Ri" Count Sum ,.;vera,?e !arn.mce 

ku\\ l 4 -US76 -1.0894 0.0018 
Row2 4 -2.7187 --0.6797 0.0029 
Row3 4 -2.4911 --0.6228 0.0047 
Row4 4 -3.S139 --0.878S 0.0109 
Row5 4 -4.3287 -1.0822 0.004S 
Row6 4 -1.8944 --0.4736 0.0060 

Column I 6 -4.7001 -0.7833 0.0558 
Column 2 6 -4.830S -0.8051 0.0431 
Column 3 6 -S.1917 -0.8653 0.0789 
Column 4 6 -4.5822 -0.7637 0.0912 

A>-:OVA 

Source o[ Varzal/on ss 1[_ .'v/S F P-value Fcrzt 
Rows 1.2874 s 0.2S1S 67.2410 9.8376SE-10 2.9013 
Columns 0.0348 3 0.0116 3.0336 0.0620 3.2874 
Error 0.0S74 IS 0.0038 

Total 1.3797 23 
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Power Calculations for ANOV A B, Appendix A.2 

a Sum of K Degrees of Variance Number of Phi Tables 
Squares Freedom Columns 

0.000 2 0.0000 2 0.0239 29 0.0000 
0.005 2 0.0001 2 0.0239 29 0.1422 
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 l.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 0.89 
0.080 2 0.0128 2 0.0239 29 2.2753 0.915 
0.085 2 0.0145 2 0.0239 29 2.4175 0.958 
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 

Power Calculations for ANOV A 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 I 0.0224 49 0.0000 
0.010 2 0.0002 I 0.0224 49 0.4677 
0.020 2 0.0008 I 0.0224 49 0.9354 
0.030 2 0.0018 I 0.0224 49 1.4031 
0.040 2 0.0032 I 0.0224 49 1.8708 
0.045 2 0.0041 I 0.0224 49 2.1047 0.65 
0.050 2 0.0050 I 0.0224 49 2.3385 0.71 
0.055 2 0.0061 I 0.0224 49 2.5724 0.79 
0.060 2 0.0072 I 0.0224 49 2.8062 0.895 
0.065 2 0.0085 I 0.0224 49 3.0401 0.937 
0.070 2 0.0098 I 0.0224 49 3.2740 0.971 
0.075 2 0.0113 1 0.0224 49 3.5078 0.985 
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a Sum of K Degrees of Variance Number of Phi Tables 
Squares Freedom Columns 

0.080 2 0.0128 l 0.0224 49 3.7417 0.99 
0.085 2 0.0145 1 0.0224 49 3.9755 
0.090 2 0.0162 1 0.0224 49 4.2094 
0.095 2 0.0181 1 0.0224 49 4.4432 
0.100 2 0.0200 l 0.0224 49 4.6771 
0.105 2 0.0221 l 0.0224 49 4.9109 
0.110 2 0.0242 l 0.0224 49 5.1448 
0.115 2 0.0265 1 0.0224 49 5.3786 
0.120 2 0.0288 l 0.0224 49 5.6125 

Power Calculations for A.."'iOVA 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 l 0.4975 48 0.0000 
0.010 32 0.0032 l 0.4975 48 0.3929 
0.020 ... .., .,_ 0.0128 1 0.4975 48 0.7858 
0.030 32 0.0288 l 0.4975 48 I. 1787 
0.040 ... .., .,_ 0.0512 I 0.4975 48 1.5716 
0.050 32 0.0800 l 0.4975 48 1.9645 
0.055 32 0.0972 1 0.4975 48 2.1649 0.63 
0.060 32 0.1160 l 0.4975 48 2.3653 0.72 
0.065 ... .., .,_ 0.1365 1 0.4975 48 2.5656 0.79 
0.070 32 0.1586 l 0.4975 48 2.7660 0.87 
0.076 ... .., .,_ 0.1824 1 0.4975 48 2.9664 0.92 
0.081 32 - 0.2079 l 0.4975 48 3.1668 0.955 
0.086 ... .., .,_ 0.2350 l 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 l 0.4975 48 3.7679 
0. 101 32 0.3264 1 0.4975 48 3.9683 
0.(06 32 0.3602 1 0.4975 48 4.1687 
0.111 32 0.3957 1 0.4975 48 4.3691 
0.116 32 0.4328 I 0.4975 48 4.5694 
0. 121 32 0.4716 I 0.4975 48 4.7698 
0.127 32 0.5121 I 0.4975 48 4.9702 

Power Calculations for ANOV A E, Appendix A.5 
A= [ -1 1 ) 

!I a I Sum of I K I Degrees of I Variance I Number of I Phi Tables ~ 
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a Sum of K Degrees of Variance Number of Phi Tables 
Squares Freedom Columns 

Squares Freedom Columns 

0.000 2 0.0000 I 1.1575 57 0.0000 
0.025 2 0.0013 I 1.1575 57 0.1754 
0.050 2 0.0050 I 1.1575 57 0.3509 
0.075 2 0.0113 l 1.1575 51 0.5263 
0.100 2 0.0200 l 1.1575 57 0.7017 
0.125 2 0.0313 I 1 .1575 57 0.8772 
0.150 2 0.0450 l 1. 1575 57 1.0526 
0.175 2 0.0613 I 1.1575 57 1.2280 
0.200 2 0.0800 1 1.1575 57 1.4035 
0.225 2 0.1013 I I. 1575 57 1.5789 
0.250 2 0.1250 I 1.1575 57 1.7544 
0.275 2 0.)513 I 1.1575 57 1.9298 
0.300 2 0.1800 I 1.1575 57 2.1052 0.62 
0.325 2 0.2113 I 1.1575 57 2.2807 0.715 
0.350 2 0.2450 l 1.1575 57 2.4561 0.78 
0.375 2 0.2813 l 1.1575 57 2.6315 0.85 
0.400 2 0.3200 l l.1575 57 2.8070 0.89 
0.425 2 0.3613 l I. 1575 57 2.9824 0.93 
0.450 2 0.4050 l 1.1575 57 3.1578 0.955 
0.475 2 0.4513 l l.] 575 57 3.3333 0.975 
0.500 2 0.5000 l l.1575 57 3.5087 0.987 

Power CaJculations for .AJ.~OVA F, Appendix A.6 
A= [ -3 -1 0 1 3 I 

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 0.6 
0.022 20 0.0093 3 0.003829 6 1.9119 0.64 
0.022 20 0.0100 3 0.003829 6 I .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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a Sum or K Degrees or Variance Number of Phi Tables 
Squares Freedom Columns 

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 .. 0.003829 6 3.0449 0.957 .J 

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 A.'liOVA PG/PVN' CompariM,n(Pace I ofJ) 
A."\OVA P\':\ Comparison of PG 58- 22 and PG 58- 28 

PG58-22 PGY-2I 

-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 -0.3129 
-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 

IIAn:raee -0.7055 -0.5140 
!!Standard De,iation 0.1849 0.2073 

A'.\"O\"..\ P\':\ Comparison or PG 52 -21 and PG 52 -34 

IPG52-28 PG52-34 

-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 -

IIAnraee -0.5045 -0.2237 
IIStJlndard De,iation 0.1619 0.1367 

PG 58-22 and PGY-2I 
Anova: Sincle Factor 

SUMMARY 
Groups Counl Sum 

Column I 
Column2 

ANOVA 
Source oLVariation 
Between Groups 
Within Groups 

Total 

PG 52-28and PG 52-34 
Anova: Sincle Factor 

SUMMARY 

24 -16.9318 
24 -12.4051 

ss ~ 
0.4269 
1.8959 46 

2.3228 47 

Groues Count Sum 
Column 1 6 -3.5218 
Column2 6 -1.3422 

ANOVA 
Source of Variation ss df 

Between Groups 0.3959 
Within Groups 0.1697 10 

Total 0.5655 11 

Average 
-0.7055 
-0.5169 

MS 
0.4269 
0.0412 

Avera~e 
-0.5870 
-0.2237 

MS 
0.3959 
0.0170 

Variance 
0.0342 
0.0482 

F 
10.3573 

Variance 
0.0152 
0.0187 

F 
23.3339 
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P-value Fcril 
0.0024 4.0517 

P-value Fcril 
0.0007 4.9646 



Table A.8 .-\..'\'O\'A PG/PY:0- Comparison (Pace 2 orl) 
A:--O\'A P\'"'.\' ComparisonofPG64-22aad PG64-21 

PG64-22 PG64-21 

-0.6494 -0.2000 
-0.8793 -0 . .5637 

-0.6702 -0 . .5368 
-0.6n0 -0.3190 
-0.7546 -0.3024 
-0.6417 -0.3024 
-0.324.5 -
-0.6494 -
-0.4850 -
-0.6no -
-0 . .5427 -

ll.-\\'era2e -0.6319 -0.3707 
!!Standard De,iation 0.1437 0.14.56 

,\.. 'iO\.A P\ ~ Comparison of PG 46 - 21 and PG 46 - 34 

PG46-28 PG46-J◄ 

-1.6873 -0.1814 
-0.3064 0.1868 
-0.5260 -0.0144 
-0.5087 -0.3099 

- -0.1702 

- -0.5021 

- .o.11n 
- -0.2031 

- -0.1857 

- -0.3208 

- -0.3362 

- 0.5938 

- -0.1890 

- -0.4167 

- -0.1329 

- -0.3889 

- -0.5063 

- -0.04.51 

- -0.1986 

1l,hera2e -0.7571 -0.1841 
IIStandard De,iation 0.6281 0.2531 

PG64-22 and PG64-21 
Anon: Sinde Factor 

SUMMARY 
Groue_s Corm1 

Column I 6 
Column2 6 

ANOVA 
Soun::e oLVarialiot1 ss 
Between Groups 0.3495 
Within Groups 0.1476 

Total 0.4971 

PG46-21 ■ntl PG46-34 
Ano,·a: Single Factor 

SUMMARY 
Groue_s 

Column 1 
Column2 

ANOVA 
Soun::e o[Variation 
Between Groups 
Within Groups 

Total 

Count 

ss 

4 

4 

0.9176 
1.3222 

2.2398 

s.,,,, 
-4.2721 
-2.2242 

df 

10 

11 

Sum 
-3.0283 
-0.3190 

d[ 

6 

7 
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Averar_e Variance 
-0.7120 0.0083 
-0.3707 0.0212 

.\IS F P-va/u~ Fcru 
0.3495 23.6774 0.0007 4.9646 
0.0148 

Average Variance 
-0.7571 0.3945 
-0.0797 0.0462 

MS F P-va/ue Fcril 
0.9176 4.1640 0.0874 5.9874 
0.2204 
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Tab~ A.9 A.'1;0VA CRliDE SOURC£/P\.':'f c-11111,_. (Pace I el 4) 

A.'\;OVA P\':'I Comparison witll J P~IIC,.. SNne 

CRL'DE SOLltCE P\"S Clll.1lE SOLltCE PVS 

A -01313 X -0 1916 
A -OS60J X -0 36S6 

A -0 7910 X -0 5.,:7 

B -0 3707 y -1 0616 
B I -O~l y .J 0067 

B -091ll y -01119 

C -I 070J z -0 1016 
C -21:J-I z -05144 
C .J 0937 z -0 711l 

D -0 3501 AA -0 9110 
D -0 :Sl0 AA -0 5131 

D I •I 75"" 41 AA -11711 

E I -0 7~5 BB -0 0451 
E -0 6111 BB I -0 4111 
E I -08316 BB -0 1617 
F : -: ;.:,;; : cc : --0 !714 

F I -<l ;555 cc -0 17ll 

F ~ s.;:.s cc -09511 
G -0 1"6; DD -0117? 
G -0 5"97 00 -0 5541 

G -09600 00 -1.6529 
H -1 04&1 EE --06779 

H -2 1553 EE •I 0101 

H .:; 1775 EE -10:37 
1 -0 5116 FF I -0 626) 
I I -0 j.q; FF -0 516) 

I I ..:> 619: FF -0 SIM 
I -1 0!09 GG -I 7557 

I I -0 t>-US I GG -: 7631 
I I ..Q .:~;5 I GG .J 6571 
K i .; 0416 HH -01900 
K .; 1042 HH I -0122: 
K I -' 7073 HH -01 .. 11 

L I -!.:391 II -2.:1s.a 
L I -2 11~8 II -2 .. 119 
L -:o:.ao I II -: ....... 
~I I -1 3650 JJ 0J!05 
~I I -: ;a:? JJ 0 :01: 
M I -> :;s:o I JJ -0 4361 
-.; I ..Q ::-.:~ I KK -0 7001 
s I -0 S87S KK •2.5691 
-.; I -1 9-'0I KK I -01002 
0 I -1 396Z LL -0 9726 

0 -: ;957 LL -0a..;: 

0 I .; :61: LL -0 5191 
p I -1~1 !-0,1 -0 9570 
p I -0 86:9 M:1-1 -0 7711 
p I -1 4101 !-0,I -10073 
Q -0 :o:: NS -0 1650 
Q I ..:>:606 :-.-s -01340 
Q I -0 I 2"6 l'o"S -01335 

R I -: ;79: I 00 .JS .. 90 

R I -: JOSI 00 -1 6173 

R I ·= _;;,-. I 00 •I 5421 
s I -0 :9:S pp -2.J79J 

s -I 0061 pp .J :629 

s -2 1519 pp -& 1105 
T -1 4771 QQ -OIOIS 

T -2 5615 QQ -1 0069 
T .; JI'" QQ -1 0205 

u -0 5611 IUl -0 3064 

L' •I 7965 IUl -0 SIS. 

u -:.79-&S IUl -06"117 
V I -09-114 ss ~l:56 

V •I 0496 55 -01775 

V •I l709 55 -1.1070 

w -0 Jil? . . 
w -0 Ila? . . 
w I 006ol . . 
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J PY:'l"IIC,.. Sa ..... 

Aaent: T-F-W-ICIIMt .,_.lin 

SU,.._fARY COIUII s- A"Cl'U1fr Vi:anc:RCI' 

!tow 1 41 _..2Sl96 -0116:? 0.4930 
ltowl 41 -ss 9769 -1.1662 01716 

Rowl 41 -70 6171 .J 4712 13209 

ColUllllll -24196 --01:99 00010 

Colullla2 -U471 -0.W90 0.114) 

ColUIIUl l -62174 -20951 1.0%41 
Colllllla4 -Ulll -079-&4 06192 

ColUIIUI S .. :.:679 -01560 0OOS6 
Colllllln6 -1.1913 -01971 0.01.W 
Column 7 -2.5560 --0 as:o 00114 
Columal -6 3109 -! 1:10 I 13.&? 

Column9 -l ~.i:1 -0 !l~'l 00::1 

Column JO -211:.9 --0 70,IJ 00791 
Column II -11 5601 .; as; .. 06197 
Column ll -64496 -: J,&99 001::6 
Column 13 -7 0999 -2 3666 0917: 
Column 14 .; 1021 -I 0l~0 0 7096 
ColUfflft IS -70601 .. :.JSJ.a 0.1774 
Column 16 -0 Sl74 -0 1951 00047 

Column 17 -10566 -2-35?2 00017 

Column II -HS05 •I 1502 01791 
Column 19 -1.4210 -2 4757 091JI 
Column 20 -5-1599 -1.7:00 I 2429 
Colwnn21 _J .J :619 -t 0S71 oo:s: 
Column!: J -0"466 -0 1~19 0 C-f95 

Columall ·I 1069 -0 3690 0.0:96 
Colllfflft24 -:sao1 -0 9600 oorn 
Column :S J -21101 -0 9600 00172 
Colum11:6 -14042 -0 4611 0.1010 
Column 27 -21659 -0 95S3 0 1S70 
Column:& -01116 -027:9 00J9S 
Column29 -2.7055 -0 9011 0.00:~ 
Column30 ·2- ,oss -0.9011 o.oo:.a 
Column JI -l o:.u •I 0011 0 3291 
Column 12 J -2.7119 -0 9040 00;14 
Column JJ J -2. 7119 -0 9040 00314 
C:>lumn 34 J -17:W -0 S763 00031 
Column JS J -11765 -:r_ss 0905S 
Colr.,mn ;6 •2.."601 .o s:01 0.0050 
Col......, 37 -7 111, .z.;r-1 00196 
Coharnn JI o oa..9 oo:u 0 l6SI 
Column 39 ooa..9 002U 0 1651 
Collaffln40 ... 0696 -I ;S6S I 1056 
Cohunn4I -2 4056 -0 1019 00379 
Column42 -2.7424 -0 9141 001,s 
eo, ....... ,, -!Sl:S -0 I-W2 00003 
Column44 -& 7791 -1.5910 00061 
eo,...,.,.,s -9 75:S -J~0I 07496 
Column46 ·2 l:SI -0 9429 0.0151 
Column47 -14635 -0 4171 00217 
Co1Uffln41 -:.:100 -0 7367 Ol091 

ANOVA 

So-,«~Y~ ss "' MS F 
, ___ 

Fent 
Rows 1.2170 2 4 101S 19.9922 S.13E-OI 3.0933 
Colllffllll 106.9026 47 2.:1.as I 1.0610 UE-ll 1.49S0 

Enar 193175 94 0:055 

T-i IJ4 4371 14) 



Table A.9 A:SO\'A CRUD£ SOCRCEIPV:-. CaaparilN (P'ap 2 or 4) 
A:'iOVA pv:,; Comparisoa ,.;, • .a P\'S's/Crvdc S-ru 

CRt:DE SOt:RCE pv:-; 

,\4 •2 lS02 

A.& •I 9175 
A4 -:.0119 
A4 •:!.0576 
S.& -0 6663 
84 -06602 
8" -1.7019 

84 -066:9 

A."iO\'A PV:S Compari>0a •itb 6 P\-,;'s/Cradc So■n:e 

CRLDE SOt:RCE I p\-:,; CRL"DE SOl;RCE PVN 

Ao --OJ;86 D6 --0 509.& 
A6 I --0 "603 06 .3 1502 

A6 -OS%9 06 0 1165 
A6 --OHS! 06 -OOOS2 
A6 -04:S4 06 -00963 
A6 -0 :063 06 -0 5790 
86 06916 E6 00039 

86 06079 E6 -0:929 
86 0 16"7 E6 -0 33:6 
86 --0:693 E6 00197 

86 -0 369: E6 -00.&I 

86 0 S9JS E6 -0 4"36 

C6 I -0 S65 I F6 -0.5390 
C6 -0 SZ61 F6 -0 5"01 

C6 -0 :sso F6 -06913 
C6 I -0 .;:,5.; F6 -0 oS99 

C6 --0 35.&8 F6 -0 9297 
C:, -0 5637 F6 -1 7::36 

A:'iO\'A P\;li Comparison •ilb 13 P\;\i's/Crvdc So■n:c 

CRt:DE SOt:RCE P\':S CRt.:DE SOt.:RCE PYN 

Af 3 I -0 .:09:, Bil .o:sn 
.-\13 -0 3811 Bil -0 JO::.& 
All -0 3811 Bil -010:, 

All .o :9-&a Bil -0 3190 
AIJ -0 1764 813 : 1183 
All -0 4706 813 -0 01.U 
All -043::?7 CIJ -1.0097 
All -0 5:60 CIJ -1 0257 
All -0 5.&.&8 CIJ -0 92~6 

All -0 170:: CIJ -0 9074 

All -0 4966 Cll -0~..S0 

All -04362 Cll -0 8935 

AIJ .o s::S.& CIJ -01907 

SIJ -0 3510 CIJ -0 9016 

813 -0 3193 Cll -016'0 

813 -0 Z616 Cll -05992 
813 -0 1532 Cll -0.9~1 

813 00::09 Cll -0.1793 
Sil -0 1329 CIJ -0.9356 

Sil -0 3;:45 . . 
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'P''V:ll's/C,..S..plc9 
Aa..,11: T•►Facter W-idta■I "-P&calia■ 

SO.a.URT c-, s- ,c,.,,vgr l-'11Wlla 

Row I -l -I 37.&::0I .:_09355 0 03.&l.&5 

llow2 ' -J 69139 -0.922147 0 ::69713 

Colllfflll I 2 -J 016'19 -1 501:,s I .&17616 
Colllfflll2 : -2-5777" -1.25117: 0 790406 
Colum113 ;: •l.7:01S7 -1.l604:9 0050".J: 
Colum11, : -2. 1SOS •I 3752-S 1014931 

A.'IOVA 

So,,,uo/Vanation ss ,If MS F p . .,,Jw Fart 
Rows 2. 74109 I 2 7.&109 is .as.as 0029306 10 12796 
CollllllllS 0379691 3 0 l:li564 0 713576 0 605913 9 276619 
EtToc 0.53:095 J 0 ITT365 
Total J 65:STT 7 

6 P"-:"i'lliCrudc Sampla 

""""•' T••FactorWima■c lbplialia■ 

SL:\./UARY Co,,,., s- A•ltl"a~ Yananr:r 
Rawl 6 -!6:?6391 -0 .&JTT32 0 023061 
llow: 6 I .&1961: 0 236602 0 2:0113 
RowJ 6 .3_::.312 -0 537117 0 035.&ll 
Row.& 6 -I 153272 -069::1: 1.5375:: 
Rows 6 ·I .a 1039 -0 235065 0 051766 
Row6 6 -5 690617 --0 941.&.&8 0 IS.&168 

Column I 6 •I 556736 -0 lS9"S6 0 29.&393 
Column: 6 ..& 661659 --0 7769"3 I 59032 
Column) 6 -156.&::S5 -0 260715 0138331 
Column.& 6 -116!827 --0311471 009.&699 
Columns 6 -3 110306 -0 51138.& 00996&9 
Column6 6 .:_9~,43: --0 4&7on 0.~58"79 

A.._OVA 

Sou,a of Vananon ss df MS F P-va/w Fcrrt 
Rows .c 9575.&2 5 0 997SOS : 80.&506 o o3s::s :: 60:918 
Colwnns l lll::!4 s 0 :?.&3645 0 61501 0 63915.& 260:918 
Error I 59201.& :s 0 3S5681 
Tow IS 09TTS 3S 

13 P\'S"s/Crvdc Saapla 
A■-•: T••FIIClor "•l•o•l Replicalio• 

SLUM.ART C°""' Sum ,c,.,,.,i:<' Val"tQnCC' 

Rowl 13 -5 3081 -0 4083 00157 
Row:: 13 -0 535& -00.&1: 0 "635 
Rawl 13 ·11 9870 -092:1 00022 

Column I 3 -I S:!99 -0 6100 0 1:33 • 
Column2 ·I r.62 -0 515.& 0 1530 
Coh,mn3 3 -1 5723 -0 5241 OI::l 
Column.& 3 -I 3S5.& -0 ~SIS 0.1607 
Column S 3 •I 010S -0 3602 02.&90 
Column6 3 •I -'969 -04990 o 1.cs2 
Column? 3 -16480 -O.S493 0 090.& 
Column I 3 -1.6917 -0 S639 0.1071 
Column9 l ·I 711: -0 570.& 0079) 
Column 10 3 •I 3717 -0 . .asn 0.1.SOS 
Colum11 11 l •l.7.&I.& -o saos 0097) 
Colum11 12 l 017:9 0:910 2-7-l91 
Column 13 l ·l.•715 -0 .&9:S 0.2131 

A.'IOVA 
So,,,w af v..,,..,,,,., ss ti[ .us F P-IIGlw Fart 

Rows S 0901 2 2-S.&SO 16 1102 l 66E-OS J.40ll 
Columns 1.9156 1: 0 1655 I 047.C 0.4.&ll 2.1134 
£nor J.791.& :, 0.1580 
Toca! 101671 JI 



l 
I' 

Table A.9 A."IOVA CRL"DE SOL"RCE/PVN C-parilN (P■• l ■( 4) 
A:-OVA pv:,,r Comparisoa •i .. 2l PY:'li'IICndaS..ra 

CRliOE SOt.:RCE P\,;11 CRUDE S01.:RCE PVN 

A2J -0 ,,.,., 823 -Oooau 

All -0 6770 823 -0."67 

All -0 7367 823 -0.205' 

All -0 24113 823 -0 6611 

A23 -0 l4SJ 823 0.65'7 

A23 -0n16 8:J -06402 

A23 -0 1890 Bll -0Sl7l 

A2J -0 7481 Bll -0 S021 

A2J -0.7074 823 -0.4610 

All -0 74911 Bll 01120] 

A:J -0 7:77 Bll -0 3099 

A:J -0 6171 C23 -0316' 

A23 -0 S567 Cll -<>..ell] 

A23 -0 6860 CJ -0.3512 

A2J -0 7176 C23 -03624 

:-'.:.J I -~ 70c9 C-..3 -0 3::,411 

:\2.3 -0.7657 C23 -03129 

A1J -0 6SS.C C23 -02123 

An -0 6680 Cll ~J.1201 
,\2.J 10185 C23 -0.1926 

A1J -0 5790 en -0.2016 

All 1 ass: en -0 10(11 

All -0 7558 CJ -0 1772 

Bll -0 5628 CJ -00969 

Bll -0 5885 C..3 -0 SOIi 

Bll -0 5073 C23 -0~60 

Bll -0 5112 C23 -0.SO-..O 

Bll -0 '4111 Cl -03362 
Bll -0-i::.&0 C23 -0 3201 

B::J -0 48-40 C23 -0 11157 
B:J -0.3381 C23 -03062 

B23 -06329 C23 -0 3163 

B:?.J ·12527 C23 -0 3129 

B::J -0 6-IS6 Cll -0:031 
B::J -06919 . . 
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ll l'VN'I/Cn4e S-.... 
Aa■,,■: T••F-r Wldloac lteplla-

SUM\«RT c- s.,,,. Awr,v,rr v-.. 
Rowl 2J -10 9]4:: -0 475' 0.:607 

!low% 2] -10.0146 -0.4315 0.1769 

llowl 2] ~.4956 .-om, 0.0127 

Column I l -1.,s11 -0.4160 00217 

Column2 3 -1.6961 -0.S6S6 OOISS 

Columnl 3 -1.60"'..2 -0.SJ•I 0.036' 

Column, ] -1.1919 -03973 a 0"'..36 

Columns 3 -1 0212 -0.J.&O.( 00102 

Column6 ] -1.4515 -04162 OOU7 

Colwnn 7 3 -0 9SS3 -03184 0 0"'..27 

Column I 3 -12071 -0 .C024 0 IOIS 
Column 9 ., 53:S -0 5109 oon, 
Coh,r:-. ., 10 3 ·l.1111 -OiJ10 0 :;:i; 

Colwnn II 3 -1 47]4 -04911 0.116] 

Column 12 3 •1.4863 -0 495-& oom 
Column IJ 3 -U:?16 -0 '-'OS 00917 
Column 1, 3 ·160W -05341 00119 

Column IS 3 ·I 1490 -0 3130 001-'I 
Column 16 3 •I 1707 -0 6236 00116 

Colwnn 17 3 -0 .U73 -01,91 0.5306 

Column II J -1.616-4 -0 53111 0.0357 

Column 19 3 •I 3911 -0 '637 006:2 
Colwnn20 3 0 ::10:: 00701 0.61-': 
Cohann:I 3 -I JS63 -0 ,521 0017] 

Column :l J I.S9SS O.SJII 0 SSll 
Column2l J •I 26111 -0 4229 00859 

A.-.ovA 

Sou= of Vana11on ss ,Jf MS F P-va/w Fart 
~ 0,121 2 02413 1.9:u 0.1510 J 2093 
Columns 43171 ::: 0 199.c I S9<U 0.09.c2 I 71119 
Error S SIIO "' a i:.s.c 
Tow 10 311S 61 



Tabl~ A.9 A.'iO\'A CRL'l>E SOL"RCEIPVN c-...,;- (P ... ,er 4) 
A.'1;0VA P'll'S Comparilo• •idl 32 p,.-:,,~11Cnde S..rce 

CRliDE SOl:RCE PVN CRUDE SOUllCE PVN 

AJ~ -0 56:S 832 -0 3164 

AJ: -0 SS8S BJ: -0 ,313 

AJ2 -0 5073 83:? -0.351l 

AJ: -0 581: 832 -0 362' 
A3: -0 +&II BJ: -0 3241 

AJ2 -0 ,2.;o 832 -0.31:%9 

AJ:: -0 .is.;o an -0:123 

AJ2 -0 3311 832 -0.1201 

AJ2 -0 63:%9 832 -01926. 

AJZ •I 2527 832 -02016 
AJ2 -0 6'56 832 -0.1001 

A3: -0 6919 BJ:? -01772 

AJ2 -0 6680 832 -00969 

Al: -0 .l(67 832 -0 SOIi 

AJ:? -o :os.i BJ: -0:.:60 

"'1: -C ~6: 8 BJ: ! -0 so:o 
... 1• ! G ~5..;; BJ: -0 336! 
A31 -0 6-102 832 -03:01. 
,\J: -0 5j7J 832 -01157 
.-u: -0 5021 an -0 3062 

AJ2 -<'l "610 832 -03163 

AJ: o s:01 832 -03129 

A32 -0 ]099 832 -0.2031 

AJ2 -O .isr2 832 -0.4313 

All -0 3576 an -0 1772 

AJ2 -0 S.;Q7 832 -0 1:01 

AJ: -0 SI 13 an o ::9.io 

AJ! 1 :ssr Bl! -0 ,i73, 

AJ2 0 7-ll4 832 I 0711 
.... J: I :980 BJ: I 0371 
AJ2 0 S-'o2 BJ: -0.,JII 
,U' 0 so:o BJ:? -03602 
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J2 PV:"'IIC,.de S.a,-
A■ow■: Tw•F-WidlNI lbplialioa 

SU.\~Y c,,.,,,, s- ;f1,~rgp Vii"""'" 
ltow I 32 -73:96 -0 ::.."90 03970 
Raw: 32 ~0175 -0 1902 0 1309 

Column I 2 -01792 -04396 0030& 
Column:? 2 •1.0191 -0 5099 0012, 

Cohm-..,3 2 -0.1655 -04321 0.0111 
Column, 2 -0.9'36 -0 ,111 0.0239 
Columns 2 -0 7729 -0316' 0.0076 
Column6 2 -0 7369 -0.3614 00062 
Column 7 2 -0 7663 -03132 0.0lOl 
Column I 2 -O.-l519 -0 :295 00236 
Column9 l -0125-& -0 ,121 00969 
Column 10 2 _, '612 -0 TJ06 os,so 
Column II 2 -0.7457 -0 37:9 0 1411 
Column 12 2 -0 8691 -0 -l]"6 0 13:.i 
Colwnn 13 :: •1 76-'9 -o 11:s 0 1631 
Colunn 1-l :: -0 9185 -o .i59:: 00036 
Column 15 :: -0 .i31, -0 2157 0000: 
Column 16 2 -11631 -0 5819 001::S 
Colwnn 17 2 0 3115 0 1592 0,909 

Column II 2 -0.9610 -0 ,sos 00510 
Column 19 2 -07230 -0 3615 00611 
ColumnlO 2 -010113 -0 -'042 00192 
Column:! 2 -0 777] -<'l38S6 00105 
Column22 2 0507-& 0 :537 06'21 
Colwnn :J : -0 5130 -0 :S6S 00057 
Column :.s : -0 91::S -04562 00012 
Column :5 2 -0 Sl-'S ..Q :67.& 00163 
Column:li 2 -06615 -0 3307 00111 
Column ::7 2 -0 :1;3 -0 1086 03:.a: 
Column ::s 2 0 71"6 03923 l.-l991 
Column 29 l 11194 09097 00567 
Column30 2 23352 I 1676 00340 
Column JI : 01011 o 0s.;o 

0 """' 
Column 32 2 04"18 0 .. '"'09 06753 

ANOVA 
Sou= of I arr,111on ss df ,l,(S F P-,ulw Fent 

R0"'S 00:.i1 oo:.ir 0 1317 07192 4 1596 
Columns 106819 JI 03+&1 I SUS 0041.l 11~1 
Error S67"9 l 1 0.1831 
Toul 16 ]879 63 
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Table A.10 Power Calculations for ANOV A, Appendix A.9 
A= [ -1 1 -2 2 0 0 ) 

6 Crude Sources 

a Sum of K egrees o Variance umbero Phi Tables 
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 5 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 0.91 
0.520 10 2.7040 5 0.35568 6 2.7572 0.93 
0.550 10 3.0250 5 0.35568 6 2.9163 0.955 
0.580 10 3.3640 5 0.35568 6 3.0754 0.972 
0.610 10 3.7210 5 0.35568 6 3.2344 0.982 
0.640 10 4.0960 5 0.35568 6 3.3935 0.989 
0.670 10 4.4890 5 0.35568 6 3.5526 



Table A.II A.~OVA CRUDESOURCEIPGIPVNC ........ (P■-el•rl) 
A.~OVA P\'X Comp■riMa with 3 J>Th~IIC ..... Soma 

CRL"DE SOCRCE PC PVN Swsuury or ANOVA rorenade S■ura A 
Ancmi: Two-Factor Without Replicatioa 

A 46-34 -0 1890 

A 46-34 -0 2483 SUM.\,tARY Cm,nt s .. ,,. 
A 46-34 -0 2483 Row! 3 -0 6855 

A 52-28 -06860 Row2 3 -20512 
A 52-28 -0.6171 Row3 3 -2.1414 

A 52-28 -0.7481 Row4 3 -2.0002 
A 58-22 -0.7551 
A 58-22 -0.6610 Column I 4 -2.2098 
A 58-22 -0.7176 Column2 4 -2.1111 
A 58-22 -0.7074 Column3 4 -2.4797 

A 58-28 -0.5190 

A 58-28 -06554 A.~OVA 

A 58-28 -0.7657 Sm,rc, o[.Vanalion ss ~ 
A 58-28 -0 7069 Rm>-s 04786 3 
.-\ ~s-:s .onn Coli,rnns 0013:: 2 
A 58-28 -0.7491 Emir 0.0193 6 
A 58-28 -0.n16 Total 0.5110 II 
A 58-28 -0.5790 
A 64-22 -0.7367 Su111maryor A.~OVA rorc,,. Seurtt a 
A 64-22 -06770 Aneva: Two-Factor \\1thout Replica«-
A 64-28 1.0882 

A 64-28 1.0185 SUMMARY Coi,nt Sa,m 

A 70-28 -0 5567 Row l 3 -I 2287 
B 46-34 -0 3099 Row2 3 -1 0441 
8 46-34 -0 5021 Row3 3 -16419 
8 46-34 -0 4167 Row4 3 2.4989 
B 52-28 -0.3576 
B 52-28 -0 4812 Column I 4 00899 
B 52-28 -0.2054 Column2 4 -0 8981 
B 58-18 -0.6329 Column3 4 -0.6076 

B 58-22 -0.5407 
B 58-22 -0.4610 

B 58-22 -0.6402 A.~OVA 
B 58-22 -0.6618 SoMrt:1 o[.Vanatzon ss ~ 
B 58-22 -0.6680 Rm>-. 3.6797 3 
B 58-22 -06919 Columns 0 1289 2 
B 58-22 -06456 Emir 02742 6 
B 58-22 -1.2527 Tow 40829 II 
B 58-28 -0.5373 
B 64-22 0.8020 Summary or A.~OVA rar Crude Sauret C 
B 64-22 -0 5113 Anaft: Two-Factor Without Rq,lic■Uaa 
B 64-28 0.7414 

B 64-28 12581 ST.JMM..fRY Count Sum 
B 70-22 1.2980 Rawl 3 -0 5660 
B 70-22 05462 Row2 3 -06193 
B 70-22 06547 Rawl 3 -11061 
B 70-34 0.8203 Row4 3 -1 4078 
C 46-34 -0 3099 
C 46-34 -05021 Column I 4 -11443 
C 46-34 -0.4167 Column2 4 -1 2011 
C 52-28 -03576 Column3 4 -13538 

C 52-28 -04812 
C 52-28 -0.2054 

C 58-22 -0.5407 A.'li'OVA 

C 58-22 -0.4610 Sourt:1 o[_Vanatzon ss ~ 
C 58-22 -0.6402 R= 0.1627 3 
C 70-22 1.2980 Columns 0.0059 2 
C 70-22 0.5462 Emir 00164 6 
C 70-22 0.6547 Total 0.1850 II 
C 64-22 0.8020 

C 64-22 -0.5113 

C 64-28 0.7414 

C 64-28 1.2581 

189 

Awras_c Vananc1 

-0.2285 0.0012 
-06837 0.0043 
-0.7138 0.0019 
-06667 0.0088 

-0.5525 0.0640 
.o54n 0.0402 
-0.6199 0.0618 

MS F P-va/uc Fc:rrt 

0 1595 49 6921 00001 4 7571 
00066 2 ().;89 01098 5 (432 
00032 

Awras_c Vanance 
-04096 0.0093 
-03480 00191 
-0 5473 00081 
08330 01652 

00225 0 7330 
-0 2245 0.2643 
-0 1519 0.3207 

.\.fS F P-va/a,c F c:rrt 

I 2266 26 8346 00007 4 7571 
00645 14103 03147 5 1432 
00457 

A11~ra1e Vanance 
-0 1887 00002 
-0 2064 00087 
-0.3687 00010 
-0 4693 00012 

-0 2861 0.0151 
-03003 0.0274 
-0.3385 001n 

MS F P-valuc Fc:rrt 
00542 19.8759 00016 47571 
00029 1 0759 03987 5 1432 
0.0027 



Table A.12 AJ.~OV A For Two Modified PVN Values (Pace 1 ofl) 

Original Comparison 
Anova: Two-Factor Without Replication 

SUJ.fJ,fARY Count Sum 
Row I 2 -1.6317 
Row2 2 0.2986 
Row3 2 -0.1982 
Row4 2 0.4369 
RowS 2 1.0834 
Row6 2 0.6646 
Row7 2 -0.3906 

Column I 7 0.2588 
Column 2 7 0.0044 

A;,;OVA 
Source of Variation ss df 
Rows 2.3700 6 
Columns 0.0046 I 
Error 0.0870 6 

Total 2.4616 13 

P\'N l 1sing 135 PVN 
Anova: Two-Fac:or Witnout Replication 

SUMMARY 

Row 1 

Row2 

Row 3 

Column 1 

Column 2 

ANOVA 
Source of l'ariation 
Rows 

Columns 

Error 

Total 

Count 

2 

2 

2 

3 

3 

ss 
0.9555 

0.4083 

0.0492 

1.4131 

Original@ 135, Aged @ 60 

Sum 

1.7813 

1.1435 

-0.1380 

0.6108 

2.1760 

df 
2 
1 

2 

3 

Anova: Two-Factcr Without Replication 

SUMMARY Count Sum 

Row 1 2 -1.2296 

Row2 2 0.7625 

Row3 2 1.5312 

Row4 2 0.9310 

Rows 2 -0.2955 

Average Variance 

-0.8158 0.0017 
0.1493 0.0183 

-0.0991 0.0370 
0.2185 0.0315 
0.5417 0.0012 
0.3323 0.0007 

-0.1953 0.0013 

0.0370 0.1910 
0.0006 0.2184 

;1,1s F P-va/ue 
0.39S0 27.2475 0.0004 
0.0046 0.3191 0.5921 
0.0145 

Aventge v,n,nce 

0.8907 0.2787 

0.5718 0.1330 

-0.0690 0.0459 

0.2036 0.1452 

0.7253 0.3571 

MS F P-value 
0.4TT8 19.4138 0.0490 

0.4083 16.5931 0.0553 

0.0246 

All9tage v,,;,m:e 

-0.6148 0.0589 

0.3813 0.2147 

0.7656 0.1232 

0.4555 0.0450 

-0.1 .. 83 0.0104 
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ID Ori1inal 
PVN PVN 
135 60 

STM l -0.7864 -0.8452 
STM2 0.0537 0.2449 
STM 3 0.0369 -0.2351 
STM4 0.3439 0.0930 
STM 5 0.5174 0.5661 
STM6 0.3139 0.3507 
STM 7 -0.2205 -0.1701 

Fcrit 
4.2839 
5.9874 

ID Original Aged 
PVN PVN 
135 135 

STM 5 0.5174 1.2639 
STM6 0.3139 0.8296 
STM 7 -0.2205 0.0825 

Fcrit 
19.0000 

18.5128 

ID Original Aged 
PVN PVN 
135 60 

STM I -0.7864 -0.4432 
STM 2 0.0537 0.7089 
STM 5 0.5174 1.0139 
STM 6 0.3139 0.6171 
STM7 -0.2205 .().0761 



Table A.12 ANOVA For Two Modified PVN Values (Page 2 of2) 
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Column 1 5 ..(1.1220 -0.0244 0.2583 

Cclumn2 5 1.8206 0.3641 0.3627 

ANOVA 

Sourr::e of Vanation ss df MS F P-vatue Fent 

Rows 2.4080 4 0.8020 31.7417 0.0027 8.3882 

Columns 0.3774 0.3774 19.8971 0.0112 7.7086 

Error 0.0759 4 0.0190 

Total 2.8612 9 

Original @ 60 and Aged @ 135 
Anova: Two-Factor WithoU1 Replication ID Original Aged 

PV~ PV~ 

S:.JMMARY Count Sum A11erage vanance 60 IJ5 
Row 1 2 1.8300 0.9150 0.2435 STM 5 0.5661 1.2639 
Row2 2 1.1804 0.5902 0.1147 STM 6 0.3507 0.8296 
Row3 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 2.1780 0.7253 0.3571 

ANOVA 

Sourr::e of Variation ss df MS F P-vatue Fent 

Rows 0.9512 2 0.4758 19.1881 0.0495 19.0000 

Columns 0.3405 1 0.3405 13.7385 0.0657 18.5128 

Error 0.0498 2 0.0248 

Total 1.3413 5 

Original @ 60 and Aged @ 60 ID Original Aged 
Anova: Two-Factor Without Replication PVN PVN 

60 60 
SUMMARY Count Sum A11erage Variance STM 1 -0.8452 -0.4432 

Row 1 2 -1.2884 -0.8442 0.0808 STM 2 0.2449 0.7089 
Row2 2 0.9539 0.4769 0.1078 STM 5 0.5661 1.0139 
Row3 2 1.5799 0.7900 0.1003 STM6 0.3507 0.6171 
Row4 2 0.9678 0.4839 0.0355 STM 7 -0.1701 -0.0761 
Rows 2 -0.2462 -0.1231 0.0044 

Column 1 5 0.1464 0.0293 0.3106 

Column 2 5 1.8206 0.3641 0.3627 

ANOVA 

Source of Variation ss df MS F P-vatue Fait 

Rows 2.6448 4 0.6612 54.7378 0.0010 6.3882 

Columns 0.2803 1 0.2803 23.2040 0.0085 7.70M 

Error 0.0483 4 0.0121 

Total 2.9734 9 



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 Ave!!ie Variance 
Row 1 4 3.3612 0.8403 0.1297 
Row2 4 2.1114 0.5278 0.0587 
Rcw3 4 -0.3842 -0.0961 0.01n 

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 
Column4 3 1.5549 0.5183 0.3043 

ANOVA 
Source of VanatJon ss df MS F P-value Fcrit 
Rows 1.8182 2 0.9091 66.7843 7.94E-05 5.1432 
Columns 0.5368 3 0.1789 13.1452 0.0048 4.7571 
Error 0.0817 6 0.0136 

Total 2.4367 11 

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

SUMMARY Count Sum Avera2e Variance 
Row1 3 2.3474 0.7825 0.1745 
Row2 3 1.4943 0.4981 0.0828 
Row3 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 df MS F P-value Fent 
Rows 1.2254 2 0.6127 37.1884 0.0026 6.9443 
Columns 0.5013 2 0.2506 15.2136 0.0135 6.9443 
Error 0.0659 4 0.0165 

Total 1.7925 8 

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

SUMMARY Count Sum Avera2e Variance 
Row 1 3 2.8438 0.9479 0.1250 
Row2 3 1.7975 0.5992 0.0576 
Row3 3 -0.1637 -0.0546 0.0163 

Column 1 3 0.7467 0.2489 0.1433 
Column 2 3 2.1760 0.7253 0.3571 
Column 3 3 1.5549 0.5183 0.3043 

ANOVA 
Source of Variation ss df MS F P-value Fctit 
Rows 1.5541 2 o.n10 56.1TT2 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 



193 

APPENDIXB 

MODULE TWO: LOW TEMPERA TIJRE CRACKING 



Table B.1 Material Data C-L TPP Database (Page1 of 5) 

C-SHRP ID Section Pavement Layer S1>ecificG rav 
original Location Asphalt Cement 

810404 1 overlay Surface 1.0660 
810404 2 overlay Surface 1.0660 
810404 2 overlay I st lntennediate 1.0660 
810404 3 overlay Surface 1.0720 
810404 3 overlay I st Intermediate 1.0700 
810404 4 overlay Surface 1.0760 
810404 4 original Surface 1.0470 
810404 4 original I st I ntennediate 1.0470 
810404 4 original 2nd Intennediatc l.07IO 
820205 I original Surface 1.0090 
820205 I overlay Surface 1.0250 
820205 2 original Surface 1.02 IO 
820205 2 overlay Bottom 1.0230 
820205 2 overlay Surface 1.0250 
820502 I NIA I st Intermediate 1.0340 
820502 I NIA I st Intermediate 1.0240 
820502 I original Surface 1.0220 
820502 I overlay Bottom 1.0260 
820502 I overlay Surface 1.0180 
820502 2 original Surface 1.0260 
820502 2 overlay Bottom 1.0300 
820502 2 overlay Surface 1.0160 
820605 I NIA I st Intermediate 1.0280 
820605 1 NIA 1st Intermediate 1.0340 

Penetration Kin Viscosity 
@25C(mm X 1110) @135C(mm21scc) 

95 417 
94 400 
111 369 
61 627 
81 318 
71 560 
78 436 
78 422 
51 780 
51 268 
72 259 
50 283 
70 267 
72 289 
25 877 
28 623 
33 336 
120 153 
80 277 
32 383 
38 345 
88 305 
28 437 
28 496 

PVN 

-0.2179 
-0.2936 
-0.22 I 8 
-0.1239 
-0.8002 
-0.1158 
-0.3754 
-0.4233 
-0.0170 
-1.4734 
-1.2162 
-1.4159 
-1.1986 
-1.0576 
-0.5637 
-0.8851 
-1.5258 
-1.5291 
-1.0167 
-1.3840 
-1.3801 
-0.7761 
-1.3241 
-1.1673 -'° ~ 



Table 8.1 Material Data C-L TPP Database (Page2 of 5) 

C-SHRP ID Section Pavement Layer SpccificGrav 
original Location Asphalt Cement 

820605 I original Surface 1.0270 
820605 1 overlay Surface 1.0190 
820605 2 original Surface 1.0280 
820605 2 overlay Surface 1.0190 
830403 3 original Surface 1.1010 
830403 I overlay Surface 1.0610 
830403 2 overlay Bottom 1.0640 
830801 1 overlay Surface 1.0420 
830801 2 overlay Surface 1 .0400 
830801 3 overlay Surface 1.0430 
830801 4 overlay Surface 1.0390 
840101 3 overlay Bottom 1.0340 
840101 3 overlay Bottom 1.0360 
840101 3 overlay Bottom 1.0330 
84010) I overlay Bottom 1.0450 
840101 1 overlay Bottom 1.0400 
840101 I overlay Bottom 1.0390 
840101 I overlay 2nd Intermediate 1.0450 
840101 I overlay 2nd Intermediate 1.0400 
840101 I overlay 2nd Intermediate 1.0380 
840101 1 overlay I st Intermediate 1.0380 
840101 I overlay I st Intermediate 1.0350 
840101 1 overlay 1st Intermediate 1.0370 
840101 I overlay Surface 1.0340 
840101 I overlay Surface 1.0330 

Penetration Kin Viscosity 
@25C(mm X 1/IO) @135C(mm2/sec) 

46 249 
64 293 
39 313 
70 298 
21 1170 
61 535 
74 463 
117 321 
108 334 
88 318 
124 311 
76 264 
92 285 
70 304 
80 283 
98 304 
86 276 
85 370 
97 270 
83 307 
71 314 
65 292 
68 289 
75 252 
91 283 

PVN 

-1 .6569 
-1.1493 
-1.4859 
-1.0404 
-0.3722 
-0.3470 
-0.3454 
-0.3786 
-0.4103 
-0.7134 
-0.3594 
-1.1372 
-0.8316 
-1.0117 
-0.9851 
-0.6656 
-0.9495 
-0.5241 
-0.8581 
-0.8272 
-0.9512 
-1.1397 
-1.1121 
-1.2177 
-0.8537 -'° VI 



Table B.1 Material Data C-L TPP Database (Page3 of 5) 

C-SHRP ID Section Pavement Layer SpecificGrav Penetration Kin Viscosity PVN 
original Location Asphalt Cement @25C(mm X 1/10) @135C(mm2/scc) 

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 -1.1111 
840204 2 overlay 1st Intennediate 1.0370 45 391 -1.0718 
840204 2 overlay I st lntennediate 1.0420 68 446 -0.4904 
840204 2 overlay I st Intennediate 1.0370 38 488 -0.9298 
840204 I overlay Bottom 1.0290 72 289 -1.0576 
840204 I overlay Bottom 1.0290 95 283 -0.8084 
840204 1 overlay Bottom 1.0310 81 283 -0.9727 
840204 I overlay Surface 1.0450 40 528 -0.7808 
840204 I overlay Surface 1.0440 38 568 -0.7326 
840204 I overlay Surface 1.0460 35 599 -0.7389 
840204 I overlay Surface 1.0460 35 599 -0.7389 
840204 I overlay Surface 1.0460 35 599 -0.7389 
840204 1 original Surface 1.0470 26 904 -0.4917 
840604 I overlay Bottom 1.0430 86 360 -0.5523 
840604 I overlay Bottom 1.0430 92 314 -0.6849 
840604 I overlay Bottom 1.0430 72 351 -0.7762 
840604 I overlay Surface 1.0450 34 643 -0.6745 
840604 I 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 -~ 



Table B.1 Material Data C-L TPP Database (Page4 of 5) 

C-SHRP ID Section Pavement Layer SpccificGrav Penetration Kin Viscosity PVN 
original Location Asphalt Cement @25C(mm X 1/IO) @135C(mm2/sec) 

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 I overlay Surface 1.0128 165 206 -0.6978 
860603 I overlay Bottom 1.0128 167 206 • -0.6832 
860603 2 overlay Surface 1.0128 167 206 -0.6832 
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 1st 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 I 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 I overlay Surface 1.0343 54 1200 0.6385 
870505 3 overlay Surface 1.0307 64 465 -0.4945 
870505 3 overlay I st lntem1ediate 1.0284 84 513 -0.0505 -\0 

" 



Table B.1 Material Data C-L TPP Database (Page5 of 5) 

C-SHRP ID Section Pavement Layer SpccificGrav Penetration Kin Viscosity PVN 
original Location Asphalt Cement @25C(mm X 1/10) @135C(mm2/sec) 

870505 4 overlay Bottom 1.0314 45 451 -0.8812 
870505 4 overlay Bottom 1.0249 71 406 -0.5802 
870701 2 overlay Bottom l .0238 65 475 -0.4481 
870701 2 overlay Surface 1.0297 57 477 -0.5775 
880203 l original Surface l .0340 88 341 -0.6090 
880203 1 original I st Intermediate 1.0450 137 277 -0.4244 
880203 I original Bottom 1.0420 127 276 -0.5223 
880203 I overlay Surface 1.0230 83 256 -1.l000 
880203 2 original Surface 1.0420 88 341 -0.6090 
880203 2 original I st Intermediate 1.0450 137 277 -0.4244 
880203 2 original Bottom l.0420 127 276 -0.5223 
880203 3 original Surface 1.0340 88 341 -0.6090 
880203 3 original I st Intermediate 1.0450 137 277 -0.4244 
880203 3 original Bottom l.0420 127 276 -0.5223 
880203 4 original Surface 1.0340 88 341 -0.6090 
880203 4 original I st lntem1ediate 1.0450 137 277 -0.4244 
880203 4 original Bottom 1.0420 127 276 -0.5223 
890503 l overlay Surface 99 369 -0.3569 
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 I overlay Surface 1.0400 30 843 -0.4469 
890702 2 Surface 1.0400 30 843 -0.4469 

-IO 
00 



Table D.2 Transverse Cracking Prediction Using llajek Model (P11gc I of 2) 

Tt!I Silt Section Thickness Stiffness Minimum S11bgr11dc Cracking lndu With Thnc (\rar~) 11 

(mm) (kg/cm2 Trmpcraturr (0C) I 2 J 4 5 6 7 II 9 IO II 12 IJ 14 15 16 17 18 19 20 

810404 I 61 40 -30 I 04 26 47 6.9 9.0 112 133 15 4 17 6 19.7 21.9 24.0 26 :! 211 3 30.5 32.6 34.7 36.9 .19 0 412 
810404 2 103 18.5 -30 I -3.4 -1.7 00 1.7 3.4 5.1 6.8 85 10 I 11.8 13.5 15.2 ll>IJ 18.6 20.3 22.0 23.7 25.4 27 I 28.8 
810404 3 94 50 -30 I -09 I 4 36 59 11.2 105 12.7 IS 0 17.3 196 21.11 24 I 2(, ·• 211.7 30.9 33.2 35.5 37.11 400 423 
810404 4 55 35 -30 I 0.4 2 S 45 6.6 11.7 10.7 12.11 14.9 16 9 19.0 21.1 211 25 2 27.J 29.J 31.4 33.S 35.5 37.6 39.7 
820205 I 42 45 -15 3 10.2 I I.I 11.9 12.8 13.7 14.6 15.4 163 17 2 Ill.I 111.9 19.11 20 7 21.6 22.4 23.3 24.2 25.1 25.9 2(1.8 
820205 2 83 25 -IS 3 82 117 92 9.7 10.3 l0.8 11.4 11.'l 12 4 110 13.5 14.0 14 1, 15.1 15.6 16.2 16.7 17.2 17.8 111.3 
820502 I 104 17 -15 3 71 7.5 8.0 8.4 8.8 9.2 9.6 100 10.4 10.8 11.2 11.6 12 O 12.4 12.8 13.2 13.6 14.0 14.4 14.8 
820502 2 118 17 -15 3 6.6 6.9 7.2 7.6 7.9 8.2 8.5 8.11 9.1 9.4 9.7 l00 IO J 10.6 10.9 11.3 11.6 11.9 122 12.S 
820605 I so 38 -20 3 3.8 4.5 SJ 6.1 6.9 7.6 8.4 9.2 100 10.7 11.S 12.3 13 I 13.9 14.6 15.4 16.2 17.0 17.7 18.5 
820605 2 73 22 -20 3 1.5 2.0 2.4 2.9 3.3 3.8 4.3 4.7 5.2 5.6 6.1 6.6 70 7.5 7,9 8.4 8.8 9.3 9.8 I0.2 
830403 I 100 1500 .35 3 33.6 36.5 39.4 42.J 45.2 48.1 51.0 S3.9 56.9 59.8 62.7 65.6 611 5 71.4 74.3 77.3 80.2 83.I 86.0 88,9 
830403 2 113 900 .35 3 14.4 17.0 19.6 22.2 24.9 27.5 JO.I 32.7 35.J 37.9 40.5 43.2 45 8 48.4 51.0 53.6 S6.2 S8.9 61.S 64.1 
830403 3 148 1800 .35 3 3118 41.11 44.9 47.9 50.9 53.9 56.9 59.9 63.0 66.0 69.0 72.0 75.1 78.1 81.1 84.1 87.1 90.2 93.2 96.2 
830801 I 185 2000 .35 3 41.8 44.9 47.9 S1.0 54.1 57.2 60.2 63.3 66.4 69.5 72.6 75.7 78 H 81.8 84.9 88.0 91.1 94.2 97.2 100.l 
830801 2 103 400 .35 3 -0.9 1.2 3.4 5.5 7.6 9.8 11.9 14.1 16.2 18.4 20.S 22.7 248 26.9 29.I 31.2 33.4 35.5 37.7 39.8 
830801 3 126 3000 .35 3 7S.9 79.2 82.S 85.8 89.I 92.S 95.8 99.I 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 1S00 .35 3 28.3 31.2 34.1 37.1 40.0 42.9 45.8 48.7 51.6 54.5 57.4 60.4 6]3 66.2 69.I 72,0 74.9 77.8 80.8 83.7 
840101 I 174 100 -23 I 1.7 3.0 4.3 5.7 7.0 8.3 9,8 11.0 12.4 13.7 15.0 16.4 17 7 19.I 20,4 21.7 23.I 24.4 25.8 27.1 
840101 2 179 100 -23 I 1.5 2,8 4.2 ss 6.8 8.2 9.S 10.9 12.2 13.5 14.9 16.2 17 5 18.9 20.2 21.6 22.9 24.2 2S.6 26.9 
840101 3 87 100 -23 I 4.6 6.0 7.3 8.7 10.0 11.3 12.7 14.0 15.4 16.7 18.0 19.4 20 7 22.1 23.4 24.7 26.1 27.4 28.7 30.1 
840204 I 114 800 -24 2 18.6 21.2 23.7 26.3 28.8 31.4 33.9 36.5 39.0 41.6 44.1 46.7 49 2 S1.8 54.3 56.9 59.4 61.9 64.5 67.0 
840204 2 811 1200 -24 2 28.5 31.3 34.1 36.8 39,6 42.4 45.2 4C.O SO.II 53.S 56.3 59.1 61 'l 64.7 67.5 70.2 73.0 75.8 78.6 81.4 
840604 I 107 1500 -25 2 31.8 34.7 37.6 40.5 43.4 46.3 49.3 52.2 55.1 58.0 60.9 63.8 66.7 69.6 72.5 7S.S 78.4 81.3 84.2 87.1 
840604 2 90 500 -25 2 12.5 14.8 17.0 19.3 21.6 23.9 26.2 28.4 30.7 310 35.2 37.5 3'>.H 42.1 44,3 46.6 48.9 51.2 53.4 55.7 
840604 3 30 NA -25 2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
840604 4 35 1500 -2S 2 37.2 40.I 410 45.9 48.8 51.7 54.6 51.5 60.5 63.4 66.3 69.2 72 I 75.0 77.9 80,9 83.8 86.7 896 92.5 
8S0201 I 117 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
850201 2 73 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
850206 I 106 150 -30 I -4.0 -2.4 -0.8 0.8 2.3 3.9 5.5 7.1 8.6 10.2 11.8 13.4 14.9 16.S 18.1 19.7 21.2 22.8 24.4 26.0 
850206 2 63 ISO -30 I -2.2 -06 09 2.S 4.1 5.7 7.2 8.11 10.4 11.9 13.S IS. I 16 7 18.2 19.8 21.4 23.0 24.5 26.I 27.7 
850601 I 122 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
850601 2 74 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
860501 I 55 so -22 3 .1.5 -06 0.4 1.3 2.2 3.2 4.1 5.1 6.0 6.9 7.9 8.11 9.7 10.7 11.6 12.S 13.S 14.4 15.3 16.3 
860501 2 85 50 -22 3 1.5 2.5 l4 4.3 5.3 6.2 7,2 8.1 9.0 10.0 10.9 11.8 12 H 13.7 14.6 15.6 16.5 17.4 18.4 19.3 
860501 3 41 so -22 3 2.6 3.5 4.5 5.4 6.3 7.3 8,2 9.1 10.1 11.0 11.9 12.9 13K 14.8 15.7 16.6 17.6 18.5 19.4 20.4 
860603 I 86 so -20 2 5.6 6.6 7,5 8.4 9.4 10.J 11.2 12.2 13.1 14.1 15.0 15.9 1(1 I) 17.8 18.7 19.7 20.6 21.S 22.5 23.4 
860603 2 80 so -20 2 5.8 6.7 7,6 8.6 9.5 10.5 11.4 12.3 13.3 14.2 IS.I 16.I 170 17.9 18.9 19.8 20.7 21.7 22.6 23.6 
860603 3 34 50 -20 2 6.9 7.8 8.8 9.7 I0.6 11.6 12.5 13.4 14.4 15.3 16.2 17.2 IK I 19.0 20.0 20.9 21.9 22.8 23.7 24.7 
870102 I 95 100 -20 3 6.7 8.0 9.4 10.7 120 134 14.7 16.I 17.4 18.7 20.1 21.4 22 K 24.1 25.4 26.8 28.1 29.5 30.8 32.1 
870102 2 46 200 -20 3 112 15.0 16.7 IU 20.2 21.9 23.7 25.4 27.2 28.9 30.6 32.4 3·1 I 35.9 37.6 39.4 41.1 42.8 44,6 46.3 
870504 I 31 800 -25 3 29.2 31.7 34.3 36.8 39.4 41.9 44,4 47.0 49.5 52.1 54.6 57.2 5117 62.3 64.8 67.4 69.9 72.5 75.0 77.6 
870504 2 61 1700 -25 3 55.0 58.0 61.0 64.0 67.0 70.0 73.0 75.9 78.9 111.9 84.9 117.9 90 ') 93.9 96.9 99.11 102.11 105.11 108.8 111.8 -IO 

IO 



Table D.2 Transverse Cracking Prediction Using llajek Model (Page 2 of 2) 

Trst Sitt I Srclionl Thlckn111 Stllfne11 Minimum Suh,:rnilr Cracldn,: lniln With Timr (\'r:irs)11 

(mm) (k,:/cmJ Trmprr1turr (0 C) I 2 J 4 s 6 7 II 9 IO II 12 IJ 14 IS 16 17 Ill 19 20 

870505 I 75 60 -21 3 18 48 58 69 79 9.0 JOO 11.0 12.1 Ill 14 2 15 2 I(, .l 173 183 19.4 20.4 21.S 22.5 215 
87050S 2 73 NA -21 3 NA NA NA NA NA NA NA NA NA NA NA NA N,\ NA NA NA NA NA NA NA 
870505 3 105 100 -21 3 5.1 6.4 7.11 9.1 I05 Ill! Ill 14.5 15.8 17.1 18.S 19 8 21 2 22.S 218 2S.2 26.S 27.9 29 2 30.S 
117050S 4 106 400 -21 3 164 18.S 20.7 22.11 250 27.1 293 314 33.6 35.7 37.8 400 42 I «.3 %4 ~~ m7 il~ "~ ITI 
870701 I 43 450 -25 3 16.6 111.9 21.1 23.3 25.S 27.7 29.9 32.1 34.4 36.6 38.8 41.0 4.12 45.4 47.6 49.8 52.1 54.3 56.5 58. 7 
870701 2 106 30 -25 3 8.0 9.9 11.9 ll9 15.9 17.8 19.8 21.8 23.8 25.8 27.7 29.7 317 33.7 35.6 37.6 39.6 41.6 43.6 45.S 
880203 I SI so -20 2 6.5 7.4 SJ 93 10.2 I I.I 12.1 llO 14.0 14.9 15.8 16 8 177 18.6 19.6 20.5 21.4 22.4 23.J 243 
880203 2 109 so -20 2 5.1 6.0 6.9 7 9 8.8 9.8 10.7 11.7 12.6 13.5' 14.4 15.4 l<d 17.2 18.2 19.1 20.0 21.0 21.9 22.9 
880203 3 51 50 -20 2 6.5 7.4 SJ 9.3 10.2 II.I 12.1 13.0 14.0 14.9 15.8 16.8 17.7 18.6 19.6 20.5 21.4 22.4 23.3 243 
880203 4 99 50 -20 2 SJ 63 7.2 8.1 9.1 10.0 10.9 11.9 12.8 13.7 14.7 156 16.5 17.5 18.4 19.4 20.3 21.2 22.2 23.1 
890503 I 40 800 -27 3 26. I 28.6 312 33.7 36.3 388 41.4 43.9 46.5 49.0 51.S 54.1 56 6 59.2 61.7 64.3 66.8 69.4 71.9 74.5 
890503 2 51 200 -27 3 4.3 6.0 7.7 9.5 11.2 llO 14 7 16.4 18.2 19.9 21.7 214 25.2 26.9 28.6 30.4 32.1 319 35.6 37.4 
890503 3 106 300 -27 3 S.S 7.4 9.4 11.4 13.4 15.3 17.3 19.3 213 213 25.2 27.2 292 31.2 33.1 35.1 37.1 39.1 41.1 43.0 
890503 4 83 270 -27 3 5.5 7.4 9.4 11.3 112 15.117.018.9 20.9 22.8 24.7 26.6 28.S 30.4 32.4 34,3 36.2 38.1 40.0 41.9 
890702 I 44 800 -28 2 18.2 20.8 213 25.9 28.4 310 33.5 36.1 38.6 41.2 43.7 46 2 411 R Sl.3 Sl.9 56.4 59.0 61.S 64.1 66.6 
890702 2 85 1200 -28 2 23.7 26.5 29.3 32.1 34.8 37.6 40.4 43.2 46.0 48.8 51.5 54.3 57.1 59.9 62.7 65.5 68.2 71.0 718 76.6 
900402 I 86 130 -35 3 28.5 31.4 34.2 37.0 39.8 42.7 45.5 48.3 51.2 54.0 56.8 59.7 62 S 65.3 68.2 71.0 73.8 76.6 79.5 82.l 
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 I 55 160 -JS 3 40.0 42.9 45.9 48.8 51.8 54.7 57.7 60.6 63.6 66.S 69.S 72.4 75 •I 78.J 81.J 84.2 87.2 90.1 93.1 96.0 
900802 2 67 NA -JS J NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
900802 J 104 NA -3S 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 20.3 23.1 25.9 28.7 31.S 34.2 37.0 398 42.6 4S.4 48.2 50.9 53 7 56.S S9.3 62.1 64.9 67.6 70.4 73.2 
900803 2 108 NA -JS J NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Lamont I 120 2200 -40 3 51.5 54.7 57.8 60.9 64.1 67.2 70.3 715 76.6 79.7 82.9 86.0 891 92.3 95.4 98.6 101.7 104.8 108.0 11 I.I 
Lamont 2 97 1200 -40 3 30.9 33.8 36.7 39.6 42.6 45.5 48.4 51.3 54.2 57.1 60.0 62.9 65 9 68.8 71.7 74.6 77.5 80.4 83.J 86.3 
Lamont 3 121 300 -40 J -8.8 -6.8 -4.8 -2.9 -0.9 I. I 3.1 5.0 7.0 9.0 11.0 llO 14 9 16.9 18.9 20,9 22.8 24.8 26.8 28.8 
Lamont 4 105 3000 -40 3 76.1 79.4 82.7 86.I 89.4 92.7 96.0 99.3 102.6 106.0 109.J 112.6 1159 119.2 122.S 125.9 129.2 132.S 135.8 139.I 
Lamont s 104 650 -40 3 4.3 6.8 9.2 11.6 14.1 16.S 18 9 213 23.8 26.2 28.6 31.0 33 S 35.9 38.3 40.7 43.2 45.6 48.0 50.5 
Lamont 6 115 JOO -40 J -8.1 -6.2 -4.2 -2.2 -0.2 1.7 3.7 5.7 7.7 9.7 11.6 ll6 15 6 17.6 19.S 21.S 23.S 2S.S 27.S 29.4 
Lamont 7 110 4S0 -40 3 -2.8 -0.6 1.6 3.9 6.1 8.3 10.S 12.7 14.9 17.1 19.4 21.6 23 II 26.0 28.2 30.4 32.6 348 37.1 39.3 
Hearst AA S4 so -35 I -4.9 -3.9 -lO -2.0 • I.I -0.2 0.8 1.7 2.6 3.6 4.5 5.4 (i" 7J 8.2 9.2 10.I I I.I 12.0 12.9 
Hearst A 50 60 -35 I -4.3 -ll -2.2 -1.2 -0.1 0.9 1.9 lO 4.0 5.1 6.1 7.2 8 :! 9.2 • IOJ 11.l 12.4 13.4 14.4 15.5 
Hearst B S9 RO -35 I -4.0 -2.8 -1.6 -OJ 0.9 2.1 3.3 4.S 5.7 6.9 8.1 9.3 1(15 11.7 13.0 14.2 15.4 16.6 17.8 19.0 
Hearst DD 100 80 -JS I -34 -2.2 -1 0 0.2 1.4 2.6 3.8 S.O 62 7.4 8.6 9.9 111 12.3 13.5 14.7 15.9 171 18.3 19.5 
Sherbrooke A 120 450 -35 3 -3 I -0.9 1.4 3.6 5 8 8.0 10.2 12 4 14.6 16.9 19.1 21.3 235 25.7 27.9 JO.I 32.3 34.6 36.8 39.0 
Sherbrooke D 120 2000 -35 3 45.4 48.5 51.6 54.7 578 60.8 63.9 67.0 70.1 73.2 76.2 "/9.J 82 4 85.5 88.6 91.6 94.7 97.8 100.9 104.0 
Sherbrooke C 120 1000 -35 3 14.9 18 20 23 26 28 JI 34 36.3 39 41.6 44.3 47 49.7 52.3 55 57.7 60.4 63.1 65.7 
Sherbrooke D 120 1200 -JS 3 21.1 24 27 29 32 35 38 41 434 46.I 48.9 51.7 

N 

8 
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TabwBJA.'liO\"AC....._., ................... ~o.w.a 
lk"'9C:"'-l'PP Mn-~-
Anc-,-a T~F1ctcr WUsoul lllec,laltlOII 

SIJMMARY Ccod s.,,,, ...... --Row! 2 27.I 13.■ 0.5 
Row2 2 11.2 51 2.1 
Row3 ... 7.2 10.5 
Row• 2 1'.7 1., 51 .• 
Rows 133 1.7 75.I 
Row I 2 17 ... ,1.0 
Row7 100 5.0 50.0 
Row I 2 II ... •. 7 

R-1 2 12 •• '23 
Raw 10 2 ,.1 2' 110 
Row, 11 2 125, 12.7 15'.I 
Rew 12 II 7 lO.I ... 
Row1l 2 101 d.• ,20.5 
Rew 14 2 152.I 71.• 52>1 I 
Row- 15 373 117 11.1 
RcwHli 2 112., N.2 03 
Row- 17 2 12,0 12.0 52>1.I 
Row 11 2 •• •• ...0 
R0W 19 2 15 •• •5 I 
:; :-w ~= ~3, 17 no 
~=· =~ ;: ,s 7 2.2.i :u: 
R:ow22 sac :WC 250 I 
RQ',,lw :3 Ill 2 591 212.2 
Raw;, 2 141 •2' 5241 
RC"w 25 2 1211 ... 212 2 
Row 26 2 10.7 5• 00 
Raw 27 2 270 ll5 71• 
R:w Z8 2 • 1 2.1 1, 
Row:19 2 72 l.l 251 
Row 30 2 12 ., lll 
Rew- 31 112 51 127 
Row 32 2 '" 57 150 
Rowl3 2 12.5 1.3 7W 1 
Row J.4 2 112., 59.2 llll.7 
R-l5 2 2 .. , 122.2 201202 
R .. 38 2 75 7 37.1 l2.I 
RO'# 37 2 12,0 12.0 1210 
R-38 2 10 •5 005 
RowJ; 2 17 3 1.7 111 
Re-wCO 2 50 I 255 5• 
Rew.ct 2 .. 2 ... , 5l71 
Row•2 72' ll 2 177.1 
R:wCl 131 11 1,, 

RowU 2 11_7 51 ... 
Raw.CS 2 155 7.1 551 
Raw.CS 2 II I 10 701 
Ri:-wc7 2 n1 381 42.3 
Row,e 2 2,. 12.2 125 
Raw ell 2 31 3 15 7 5• 
RowSv 32 0 110 2.0 
ROW" S1 2 ... 222 255• 
Row 52 13 1 311 !SIi 

Row 53 15 • ,2.1 12.7 
Row!>C Ill 4115 2 .. , 

Row 55 2 862 ll 1 Ill 
Rcw5e 712 311 !52J5 
Rcw57 13• 31.7 3101 
Rew SB 2 11 01 01 
R:-w 59 2 110 I 55• 27121 
~cw!SO 231 II.I .. 2 
Rowell 2 •• 2.J 0.7 
Rowl2 2 13 ,1 291 
Rowl3 01 O.J 0.2 
Row5' 1.2 Cl 0.2 
Rcw55 2.7 ,. 1.1 
Rowl5!5 2 •2 2.1 0.5 
Row57 2 70 JS 10.1 
Row68 ... J2.l !J00.5 
Row69 305 153 21'.2 
Row70 331 II.I --2 

Couml 70 1732.7 :z,u 500.1 
c;_,.,, 2 70 15501 22.2 !JOOI 

ANOVA 
Sou,:• al V1,v!10n ss tll - ., - .,.,. ~-- 17301121 II 1215.lS 2.Jl21 00002 ,_ 

c;_,..,. 2ll.OI 1 2Jl.01 0.-7 0.5010 U711 
Em,r 38112 ,2 II SJS.N 

Tot.al 124507 71 131 



Table B.4 Power Calculations for Crackin1 Models (Pa1e 1 of 1) 

Power Calculations for Hajek Model and Obsen·ed Cracking 

a Sum of K Degrees or Variance 
Squares Freedom 

O.GI8 100000 32.4000 1 535.69 
0.020 100000 40.0000 1 535.69 
0.022 100000 48.4000 1 535.69 
0.024 100000 57.6000 1 535.69 
0.026 100000 67.6000 1 535.69 
0.028 100000 78.4000 1 535.69 
0.030 100000 90.0000 I 535.69 
0.032 100000 102.4000 I 535.69 
0 03-l 100000 I 15.6000 l 535.69 
0.036 100000 129.6000 1 535.69 
0.038 100000 144.4000 1 535.69 
0.040 100000 160.0000 I 535.69 
0.042 100000 176.4000 1 535.69 
0.044 100000 193.6000 1 535.69 
0.046 100000 211.6000 1 535.69 
0.048 100000 230.4000 1 535.69 
0.050 100000 250.0000 1 535.69 
0.052 100000 270.4000 1 535.69 

Power Calculations for Airport Model and Obsen·ed Cracking 

a Sum or K Degrees of Variance 
Squares Freedom 

0000 5000 0.0000 l 118.19 
0.030 5000 4.5000 I 118.19 
0.035 5000 6.1250 I I 18.19 
0.040 5000 8.0000 I I 18.19 
0.045 5000 10.1250 I 118.l 9 
0.050 5000 12.5000 I I 18.19 
0.055 5000 15.1250 1 118.19 
0.060 5000 18.0000 l 118.19 
0.065 5000 21.1250 I 118.19 
0.070 5000 24.5000 I 118.19 
0.075 5000 28.1250 I 118.19 
0.080 5000 32.0000 I 118.19 
0.085 5000 36.1250 I 118. I 9 
0.090 5000 40.5000 I I 18.19 
0.095 5000 45.1250 I 118.19 
0.100 5000 50.0000 I I I 8.19 
0.105 5000 55.1250 I 118.19 
0.110 5000 60.5000 I 118.19 
0.115 5000 66.1250 I 118.19 
0.120 5000 72.0000 I 118.19 
0.125 5000 78.1250 I 118.19 
0.130 5000 84.5000 1 118.19 
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Number of Phi Tables 
Columns 

69 1.4445 0.52 
69 1.6050 0.62 
69 1.7655 0.7 
69 1.9260 0.77 
69 2.0865 0.81 
69 2.2470 0.88 
69 2.4075 0.91 
69 2.5680 0.94 
69 2.7285 0.958 
69 2.8891 0.982 
69 3.0496 0.99 
69 3.2101 0.99 
69 3.3706 0.99 
69 3.531 I 
69 3.6916 
69 3.8521 
69 4.0126 
69 4.1731 

Numberor Phi Tables 
Columns 

59 0.0000 
59 1.0598 
59 1.2364 0.36 
59 1.4131 0.51 
59 1.5897 0.58 
59 I.7663 0.64 
59 1.9430 0.77 
59 2.1196 0.83 
59 2.2962 0.86 
59 2.4729 0.91 
59 2.6495 0.95 
59 2.8262 0.98 
59 3.0028 0.989 
59 3.1794 0.99 
59 3.3561 
59 3.5327 
59 3.7093 
59 3.8860 
59 4.0626 
59 4.2392 
59 4.4159 
59 4.5925 
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Test Sit~ Stttion P\"N Thicluleu Miai••• Cnckiac lllda Cncb (n58a) 

T-puatan, Usinc \' ariou CecfrlCicnt erllleraal Celllnctioll Vsinc Variou Cectricient or'THraal Contnctiell 

(mm) ( "Cl l.l 1.5 2.0 2.1 :u l.l 1.5 2.0 2.1 :u 
810-IO-I I -0.2179 61 -30 71.7 53.7 23.7 11.7 -6.J 2.1 2.1 6.3 12.9 -23.7 

2 -0.2936 103 -30 74.8 56.8 26.I 14.I -3.2 2.0 2.6 5.6 10.2 -46.5 

3 -0.1239 94 -30 78.7 60.7 30.7 11.7 0.7 1.9 2.S 4.9 1.0 210.1 

4 -0.1158 55 -30 74.0 56.0 26.0 14.0 -4.0 2.0 2.7 5.8 10.7 -37.2 

820205 I -1.2162 42 0 15 77.1 59.1 29.1 17.1 -0.9 1.9 2.S 5.2 I.I -164.1 

2 -1.0576 83 -IS 17.1 69.1 39.1 27.1 9.1 1.7 2.2 3.1 S.S 16.S 

820502 I -1.0167 104 -IS 91.0 73.0 43.0 31.0 13.0 1.6 2.1 3.5 4.1 11.S 

2 -0.7761 Ill -IS 100.0 12.0 52.0 40.0 22.0 1.5 I.I 2.9 3.7 6.1 

820605 I -1.1493 50 -20 67.5 49.5 19.5 7.5 -10.5 2.2 3.0 7.7 19.9 -14.3 

2 -1.040-I 73 -20 73.7 55.7 25.7 13.7 -4.J 2.0 2.7 5.1 10.9 -35.1 

83()-103 I -0.3470 100 -35 60.2 42.2 12.2 0.2 -17.1 2.5 3.6 12.3 719.5 -1.4 

2 -0.3454 113 -35 61.9 43.9 13.9 1.9 -16.I 2.4 3.4 10.1 71.9 -9.3 

3 -0 3T'..2 148 -35 65.6 47.6 17.6 5.6 -12.4 2..3 3.2 1.5 26.9 -12.1 

830801 I -0 3786 185 -35 70.1 52.1 22.1 10.1 -7.9 2.1 2.9 6.1 14.I -19.0 

2 -0 4103 103 -35 58.7 40.7 10.7 -1.3 -19.3 2.6 3.7 14.1 ·113.2 -7.1 

3 -0 7134 IM -35 52 S 34 S 4.5 -7.5 -25.5 2.9 43 33.1 -20.1 -S.9 

~ -0 }59J 170 -35 68 8 50 8 :OS 8.8 -9.2 ' ' 3.0 -, 
' - 171 -16 3 

'840IOI I -08537 174 .. 23 84.7 66.7 36.7 24.7 6.7 I.I 2.2 4.1 6.1 22.4 

2 SA 179 -23 NA SA NA NA NA NA NA NA NA NA 
3 -1.0117 17 -23 68.8 SO.I 20.1 I.I -9.2 2.2 3.0 7.2 17.0 -16.3 

84020-I I -0.7389 114 -24 77.9 59.9 29.9 17.9 -0.1 1.9 2.5 5.0 8.4 -2727.3 

2 -09298 88 -2-1 61.9 50.9 20.9 1.9 -9.1 2.2 2.9 7.2 16.9 -16.5 

840604 I .0 7329 107 -25 74.7 56.7 26.7 1-1.7 -3.3 2.0 2.6 5.6 10.2 -45.6 

2 -0 9828 90 -25 65.0 47.0 17.0 s.o -13.0 2.3 3.2 8.1 29.8 -11.6 

3 :S:A 30 -25 :-,;A SA NA NA NA NA NA NA NA NA 
J -0 4656 35 -25 73.S 55.S 25.S 13.5 --t.S 2.0 2.7 5.9 II.I .33_,1 

850201 I :',;.-\ I 17 -30 :-:A !'.A NA NA NA NA SA :0--A NA NA 
2 :S:A i3 -30 :-,;A NA NA NA NA NA NA NA NA NA 

850206 I -0 4327 106 -30 710 530 23.0 11.0 -70 2.1 2.8 6.5 13.7 -21 4 

2 SA 63 -30 NA NA NA NA NA NA NA NA SA NA 
850601 I SA 122 -30 SA NA NA NA NA NA SA NA SA NA 

2 NA 74 -30 1'A NA NA NA NA NA NA NA SA NA 
860501 I -0.6978 55 ... 22 76.7 58.7 28.7 16.7 -1.3 2.0 2.6 5.2 9.0 -112.4 

2 -0.6978 85 ... 22 80.S 62.S 32.S 20.5 2.5 1.9 2.-1 -1.6 7.J 59.9 

3 -0.6978 ... -22 74.9 56.9 26.9 149 -3.1 2.0 2.6 5.6 10 I -48.0 

86<l603 I -0.6978 86 -20 85.7 67.7 37.7 25 7 7.7 1.8 2.2 40 5.8 19.5 

2 -0 6832 80 -20 l',;A NA NA NA NA NA SA NA NA NA 
3 -0 6832 34 -20 795 61.5 31.5 19.S 1.5 1.9 2.-1 4.1 7.7 103.0 

870102 I -0 4065 95 -20 l',;A NA SA NA NA SA NA NA NA NA 
2 -0 3920 46 -20 81.0 630 33.0 21.0 3.0 1.9 2.4 -IS 7.1 50.1 

; 
87050-I I -0 6100 31 -25 68.7 50.7 20.7 1.7 -9.3 2.2 3.0 7.J 17.3 -16.1 

2 -0.6960 61 -25 69.9 51.9 21.9 9.9 -8.1 2.1 2.9 6.1 IS.I -11.6 
870505 I 0.6385 75 -21 121.8 103.8 73.8 61.8 43.8 1.2 1.4 2.0 2.4 3.-1 

2 NA 73 -21 NA NA NA NA NA NA NA NA NA SA 
3 -0.4945 105 -21 91.7 73.7 -13.7 31.7 13.7 1.6 2.0 3.4 4.7 11.0 
4 -0.8812 106 -21 10.2 62.2 32.2 20.2 2.2 19 2.4 4.7 7.4 67.1 

870701 I SA 43 -25 NA NA NA NA NA NA NA SA NA NA 
2 -0 5775 106 -25 79.2 61.2 31.2 19.2 1.2 1.9 2.4 -I.I 7.1 120.7 

880203 I -I 1000 51 -20 69.1 51.1 21.1 9.1 -1.9 2.2 2.9 7.1 16.4 -16.9 

2 -0 6090 109 -20 91.3 73.3 43.3 31.3 13.3 1.6 2.0 3.S 4.8 11.3 
3 -0 6090 51 -20 83.9 65.9 35.9 23.9 5.9 I.I 2.3 4.2 6.3 25.6 
4 -0.6090 99 -20 90.0 72.0 42.0 30.0 12.0 1.7 2.1 3.6 5.0 12.5 

890503 I -0.4998 40 -27 68.1 50.1 20.1 I.I -9.9 2.2 3.0 7.5 18.6 -IS.I 
2 0 . .5482 SI -27 100.9 12.9 52.9 40.9 22.9 1.5 I.I 2.1 3.7 6.5 
3 -04998 106 -27 76.S 58.5 21 . .S 16 . .S -1.5 2.0 2.6 5.3 9.1 -102.3 
4 0.5482 83 -27 105.0 17.0 57.0 45.0 27.0 1.4 1.7 2.6 3.3 S.5 

890702 I -0.4469 44 -28 67.7 49.7 19.7 7.7 -10.3 2.2 3.0 7.6 19.6 -14.5 

2 -0.4469 85 -28 72.9 54.9 24.9 12.9 -5.1 2.1 2.7 6.0 11.6 -29.S 
900-IO! I -0 7684 86 -35 45.8 27.1 -2.2 -14.2 -32.2 J.J 5.4 -66.1 -10.5 -4.7 

2 NA 126 .35 NA NA NA NA NA NA NA NA NA NA 
900802 I -O.S-132 55 -35 41~ 30.S o.s -11.S -29.S 3.1 4.9 275.7 -13.1 -S. I 

2 1'A 67 -35 NA NA NA NA NA NA NA NA NA NA 
3 :S:A 10-I -35 NA NA NA NA NA NA NA NA NA NA 

900803 I -0 4545 158 -35 64.4 46.4 16.4 4.4 -13.6 2.3 3.2 9.2 34.2 -11.0 

2 SA 108 -35 NA NA NA NA NA NA NA NA NA NA 

~otcs. ~A means not na1lablc 
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.-\no,.-. Two-Foctor Without Rq,li,:allon 

st;MMARY Count Sum A- Yanance 
Ro"' I 2 27 2 136 1.0 
R=2 2 100 5.0 0.7 
Row3 2 3.7 1.9 0.0 
Row4 2 3.9 2.0 0.0 
RowS 2 2.4 1.2 1.0 
Raw6 2 1.7 0.9 1.5 
Row7 2 1.6 0.1 1.4 
Row8 1.5 0.7 I.I 
Row9 u I.I 2.5 
RowlO 2.0 1.0 2.1 
Rm,• II 2 1138 41.9 1752.l 
Rawl2 2 398 19.9 165.6 
Rm, 13 2 578 21.9 1.0 
Rowl.S 1074 537 30264 
Row IS 2 39 5 19.1 63.1 
Row 16 2 129.7 64.9 2016.1 
Rowl7 2 95.3 47.7 1166.6 
Row 18 2 18 0.9 16 
R-·· . .,, :J 20 ! s 11 
R.:•.•; :J :a:? !O I $9 
Ro~::?I 397 198 176 
Row 22 80.I 400 17'82.2 
Ro-A· 23 88 4 44 2 415.I 
Row 24 363 432 20543 
Row 2S II 7 S9 01 
Rew :o 20 I 0 19 
Row :'.7 19 09 I 7 
Row :?S 20 I 0 2.0 
Row 29 18 09 1.5 
Row 30 2 I 9 0.9 II 
Row3I 2 1169 58.4 1386 
Row 32 2 SU 2.S.6 136.0 
Row 33 2 69 I 346 7S63 
RowJ.: 2 12 06 0.7 
Row 35 2 10.2 5.1 OJ 
R:..'W 36 2 312 15.6 134.1 
Rawr 1753 87.7 2114.6 
Row38 30 1.5 10 
Row39 2 I 6 0.8 1.3 
Row.SO 2 48 2.4 00 
Row4I I 7 09 1.4 
Row 4: 2 sos 2.S 4 92.5 
Row 43 2 16 2 81 51 
Row 4-1 231 11.6 12 0 
Row 45 2 205 10.3 45 I 
Ro...,: 4o 2 18 S 93 54 
Row47 2 34.3 172 61.6 
Row .:S 425 21.3 502 4 

Row49 2 43 2 21.6 5578 
Row SO 606 303 30.4 
Row 51 2 22.4 11.2 1.3 
R.::,w 52 31 0 155 II 5 
Row 53 47 24 II 0 
Rew 5-1 24 9 12 5 638 
Row 55 113 57 42 
Row 5o ~t 7 --09 211 
Rew 57 2 42 2 I 2.4 
Ro•, SB 2 7.9 40 224 
Row59 78 3.9 2.S.9 
Row60 2 9.6 •II 35.J 
Ro•.-61 2 8.4 42 13.5 
Row62 2 3.9 2.0 I.I 
Row63 2 11.2 5.6 2.9 
Row64 2 7.5 3.1 2.6 
Row65 2 6.1 3.1 4.2 

Column I 65 6693 10.3 280.1 
Column2 65 1215.9 11.7 663.7 

A:'-,OVA 

ourcc ofVi.N0o ss df MS F P-value Fent 
Rows 4.:6548 64 697.7 2.1267 2.53E--05 1.5133 
Columns 2297.7 I 2297.7 9.30114 0.0033 3.9909 
Error 15797..S 64 2461 

Total 62750.03 129 
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A.~0\'A Lns Than 70 Crxu 
Anm-. T..-o-F,ctor Without R.cpbcaaon 

st:\!!'.!ARY Count Sum A\:E!i: Vamnce 
Rew I 2 27.2 13.6 1.0 
Row2 2 10.0 so 0.7 
RowJ 2 37 1.9 0.0 
Row4 2 3.9 2.0 0.0 
Rows 2.4 1.2 1.0 
Row6 1.7 09 1..5 
Row7 16 0.1 u 
Row8 2 I.S 0.7 I.I 
Row9 2 2.2 I.I 2..5 
Row 10 2.0 1.0 2.1 
Row II 2 398 199 165.6 
Row 12 2 578 21.9 10 
Rc-...· 13 2 395 198 638 
Rav-· 14 18 09 16 
Row IS 29 IS I.I 
R~w lo 2 202 10 I 59 
R,--•4· !"" 39 - 198 176 
;; __ , ...... 3 S,1 t .:0 0 1712 2 
Ro...,,. 19 2 884 "'42 415.I 
Row 20 II 7 59 08 
Row2J 2.0 I 0 1.9 
Rav-· 22 19 09 I -·' 
Row23 20 1.0 2.0 
Row 24 18 0.9 1..5 
Rew 2S 19 0.9 18 
Row26 1169 58.4 1386 
R.ow?i SI I 256 1360 
Row28 691 34.6 756.3 
Row 29 12 06 07 
Row JO 2 10.2 S.I 0.3 
Row JI 2 31 2 156 1341 
R01A· 32 1753 87.7 21846 
Row 33 30 IS IO 
Rew 34 16 08 13 
Ro,.. JS 2 48 24 00 
Row 3o I 7 09 14 
Row J7 2 sos 25.4 92.S 
Row38 2 162 8.1 S.I 
Rav-· 39 23.1 116 12.0 
R~·JO 2 20 S 103 45.1 
Rav-· 41 2 18 S 9.3 S.4 
Row42 3-13 17 2 616 
Row-!3 425 21.3 502.4 
R1...-...,· .w : 43 2 216 SS78 
R.~ .... J5 606 30 3 30 4 
Ro" Jo 2 :?2 .s II 2 I 3 
Re..._ .:- 31 0 IS S 11 S 
Row .:.S 2 47 24 II 0 
Row .:9 2 2.S 9 125 638 
Row SO 2 113 S.1 u 
Row St 2 -I 7 -0.9 21.I 
Row 5~ 2 42 2.1 2.4 
Row 53 2 7.9 40 22.4 
Row 54 2 78 39 25.9 
Row SS 2 96 48 35.3 
Ro,., S6 2 84 42 135 
Row57 2 39 2.0 I.I 
Row 58 2 II 2 S6 2.9 
Row S9 2 75 38 26 
Rov.·60 2 61 3.1 4.2 

Column I 60 5809 9.7 2942 
Colwn..-, 2 60 8018 134 334.2 

A.',0\'A 

01.!:CC of\'an.ttlO ss df MS F P-nlue rem 
Row, 30106 2 S9 SI0.3 4.3175 3.9E-08 1.5400 
Columns 4064 I 406.4 3.4315 0.0687 4.0040 
Error 69730 S9 118.2 

Total 37485 58 119 
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Table B.7 ANOVA For C-SHRP Test Sections (Page 1 of 1) 
Thermal Contraction Coefficients ANOV A 
Anova: Two-Factor Without Replication 

SU!vfMARY Count Sum AveraK._e Variance 
Row 1 2 3.23 1.62 0.00 
Row2 2 3.25 1.63 0.00 
Row3 2 2.63 1.32 0.03 
Row4 2 3.45 1.73 0.03 
Row5 2 4.00 2.00 0.98 
Rmv6 2 2.40 1.20 0.72 
Row7 2 2.00 1.00 0.50 
Row8 2 3.20 1.60 0.02 
Row9 2 3.50 1.75 0.13 
Row IO 2 2.00 1.00 0.50 

Column I 10 16.50 1.65 0.16 
Column 2 10 13.16 1.32 0.33 

A.NOVA 
Source of Variation ss df MS F P-value Fcrit 
Rows 2.05 9 0.2274 0.8722 0.5791 3.1789 
Columns 0.56 1 0.5578 2.1393 0.1776 5.1174 
Error 2.35 9 0.2607 

Total 4.95 19 
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APPENDIXC 

MODULE THREE: PERFORMANCE PREDICTION 
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Table C.l Comparison of IRI Prediction Using Hein Equation (Page I of l) 

IRI Anova: Two-Factor Without Replication 

IRI SUJl\lARY Count Sum Average i·ariance 

0.8973 1.6575 Row I 2 2.55 1.28 0.29 

1.0263 1.4202 Row2 2 2.45 1.22 0.08 

1.7650 1.3350 Row3 2 3.10 1.55 0.09 

1.8157 1.1742 Row4 2 2.99 1.49 0.21 

1.9879 1.7119 Row5 2 3.70 1.85 0.04 

2.1855 1.3724 Row6 2 3.56 1.78 0.33 

2.2336 0.7645 Row7 2 3.00 1.50 1.08 

2.2437 1.4094 Row8 2 3.65 1.83 0.35 

2.3824 1.4212 Row9 2 3.80 1.90 0.46 

2.4170 1.7804 Row 10 2 4.20 2.10 0.20 

2A34 i 1.0688 Row 11 2 3.50 1.75 0.93 

2.4459 1.8380 Row 12 2 4.28 2.14 0.18 
2.4845 1.1715 Row 13 2 3.66 1.83 0.86 
2.4878 1.4523 Row 14 2 3.94 1.97 0.54 
2.5092 1.1829 Row 15 2 3.69 1.85 0.88 
2.6497 1.3404 Row 16 2 3.99 2.00 0.86 
2.7024 1.3563 Row 17 2 4.06 2.03 0.91 
2.7300 1.5585 Row 18 2 4.29 2.14 0.69 
2.7541 1.7981 Row 19 2 4.55 2.28 0.46 
2.8204 1.1464 Row20 2 3.97 1.98 1.40 
2.8371 0.9288 Row21 2 3.77 1.88 1.82 
2.8541 1.2313 Row22 2 4.09 2.04 1.32 
2.9534 1.4971 Row23 2 4.45 2.23 1.06 

3.0271 1.5735 Row24 2 4.60 2.30 1.06 
3.0640 1.0284 Row25 2 4.09 2.05 2.07 
3.0669 1.5566 Row26 2 4.62 2.31 1.14 
3.1377 1.2946 Row27 2 4.43 2.22 1.70 
3.1468 1.1477 Row28 2 4.29 2.15 2.00 
3.3460 0.9203 Row29 2 4.27 2.13 2.94 
3.7422 0.9856 Row30 2 4.73 2.36 3.80 
4.2804 I.I 342 Row31 2 5.41 2.71 4.95 
4.4153 1.8064 Row32 2 6.22 3.11 3.40 
4.4796 1.0174 Row33 2 5.50 2.75 5.99 
4.7307 1.6597 Row34 2 6.39 3.20 4.72 
4.9517 1.4847 Row35 2 6.44 3.22 6.01 
5.2058 1.4204 Row36 2 6.63 3.31 7.16 

Column I 36 104.21 2.89 0.98 
Column 2 36 48.65 1.35 0.08 

ANOVA 
Source ofl'ariation ss df MS F P-value Fcrit 

Rows 18.10 35 0.52 0.9482 0.5620 1.7571 

Columns 42.88 I 42.88 78.6327 l.8E-10 4.1213 
Error 19.09 35 0.55 

Total 80.07 71 



Table C.2 Comparison ofIRJ Prediciton Using Paterson Equation (Page 1 of 1) 209 

IRI Anova: Two-Factor Without Replication 

IRI SUMMARY Count Sum Average Variance 

1.1537 1.6575 Row I 2 2.81 1.41 0.13 

1.3078 1.4202 Row2 2 2.73 1.36 0.01 

2.2838 1.3350 Row3 2 3.62 1.81 0.45 

2.3576 l.1742 Row4 2 3.53 1.77 0.70 

2.6157 1.7119 Rows 2 4.33 2.16 0.41 

2.9275 1.3724 Row6 2 4.30 2.15 1.21 

3.0063 0.7645 Row7 2 3.77 1.89 2.51 

3.0229 1.4094 Row8 2 4.43 2.22 1.30 
3.2569 1.4212 Row9 2 4.68 2.34 1.68 

3.3169 1.7804 Row IO 2 5.10 2.55 1.18 
3 . .3.J.'iS !.0688 Row 11 2 4.42 2.21 2.60 
3.3674 1.8380 Row 12 2 5.21 2.60 1.17 
3.4358 I.I 715 Row 13 2 4.61 2.30 2.56 
3.4416 I .4523 Row 14 2 4.89 2.45 1.98 
3.4798 1.1829 Row 15 2 4.66 2.33 2.64 
3.7380 1.3404 Row 16 2 5.08 2.54 2.87 
3.8380 1.3563 Row 17 2 5.19 2.60 3.08 
3.891 I 1.5585 Row 18 2 5.45 -2.72 2.72 
3.9378 I. 7981 Row 19 2 5.74 2.87 2.29 
4.0687 1.1464 Row20 2 5.22 2.61 4.27 
4.1021 0.9288 Row21 2 5.03 2.52 5.03 
4.1363 1.2313 Row22 2 5.37 2.68 4.22 
4.3407 1.4971 Row23 2 5.84 2.92 4.04 
4.4974 1.5735 Row24 2 6.07 3.04 4.27 
4.5777 1.0284 Row25 2 5.61 2.80 6.30 
4.5840 1.5566 Row26 2 6.14 3.07 4.58 
4.7414 1.2946 Row27 2 6.04 3.02 5.94 
4.7619 1.1477 Row28 2 5.91 2.95 6.53 
5.2323 0.9203 Row29 2 6.15 3.08 9.30 
6.3065 0.9856 Row30 2 7.29 3.65 14.16 
8.21 IO 1.1342 Row31 2 9.35 4.67 25.04 
8.8129 1.8064 Row32 2 10.62 5.31 24.55 
9.1241 1.0174 Row33 2 10.14 5.07 32.86 

Column l 33 135.22 4.10 3.27 
Column2 33 44.08 1.34 0.08 

ANOVA 
Source of Variation ss df MS F P-va/ue Fcrit 

Rows 50.61 32 1.58 0.8923 0.6254 1.8045 
Columns 125.86 l 125.86 71.0034 l.3E-09 4.1491 
Error 56.72 32 1.77 

Total 233.20 65 



Table C.3 Comparison of IRI Prediction Using AI-Omari Equation {Page l of 1) 210 

IRI Anova: Two-Factor Without Replication 

IRI SUMMARY Count Sum Average Variance 

0.8032 1.6575 Row I 2 2.46 1.23 0.36 

0.9104 1.4202 Row2 2 2.33 1.17 0.13 

1.5899 1.3350 Row3 2 2.92 1.46 0.03 

1.6412 1.1742 Row4 2 2.82 1.41 0.11 

1.8210 1.7119 Row5 2 3.53 1.77 0.01 

2.0380 1.3724 Row6 2 3.41 1.71 0.22 

2.0928 0.7645 Row7 2 2.86 1.43 0.88 

2.1044 1.4094 Row8 2 3.51 1.76 0.24 

2.2673 1.4212 Row9 2 3.69 1.84 0.36 

2.3091 1.7804 Row 10 2 4.09 2.04 0.14 

2.3306 1.0688 Row II 2 3.40 1.70 0.80 

2.3442 1.8380 Row 12 2 4.18 2.09 0.13 

2.3918 1.1715 Row 13 2 3.56 1.78 0.74 

2.3959 1.4523 Row 14 2 3.85 1.92 0.45 
2.4225 1.1829 Row IS 2 3.61 1.80 0.77 
2.6022 1.3404 Row 16 2 3.94 1.97 0.80 
2.6719 1.3563 Row 17 2 4.03 2.01 0.87 
2.7088 1.5585 Row 18 2 4.27 2.13 0.66 
2.7413 1.7981 Row 19 2 4.54 2.27 0.44 
2.8325 1.1464 Row20 2 3.98 1.99 1.42 
2.8557 0.9288 Row21 2 3.78 1.89 1.86 
2.8795 1.2313 Row22 2 4.11 2.06 1.36 
3.0218 1.4971 Row23 2 4.52 2.26 1.16 
3.1309 1.5735 Row24 2 4.70 2.35 1.21 
3.1868 1.0284 Row25 2 4.22 2.11 2.33 
3.1912 1.5566 Row26 2 4.75 2.37 1.34 
3.3007 1.2946 Row27 2 4.60 2.30 2.01 
3.3150 1.1477 Row28 2 4.46 2.23 2.35 
3.6425 0.9203 Row29 2 4.56 2.28 3.71 
4.3903 0.9856 Row30 2 5.38 2.69 5.80 
5.7161 1.1342 Row31 2 6.85 3.43 10.50 
6.1351 1.8064 Row32 2 7.94 3.97 9.37 
6.3518 1.0174 Row33 2 7.37 3.68 14.23 
7.3399 1.6597 Row34 2 9.00 4.50 16.13 
8.4867 1.4847 Row35 2 9.97 4.99 24.51 

Column I 35 109.96 3.14 2.93 
Column 2 35 47.23 1.35 0.08 

ANOVA 

Source of Variation ss df MS F P-va/ue Fcrit 
Rows 51.24 34 I.SI 1.0011 0.4987 1.7721 
Columns 56.23 56.23 37.3477 6.2E-07 4.1300 
Error 51.19 34 I.SI 

Total 158.66 69 



Table C.4 Comparison of IRI Prediction Using Hajek Road User Equation (Page 1 of 1) 211 

IRI Anova: Two-Factor Without Replication 

IRI SUMMARY Count Sum .-h·erage Variance 

0.7156 1.6575 Row l 2 2.37 1.19 0.44 

0.8761 1.4202 Row2 2 2.30 I.IS 0.15 

1.7955 1.3350 Row3 2 3.13 1.57 0.11 

1.8587 1.1742 Row4 2 3.03 1.52 0.23 

2.0730 1.7119 Rows 2 3.78 1.89 0.07 

2.3189 1.3724 Row6 2 3.69 1.85 0.45 

2.3788 0.7645 Row7 2 3.14 1.57 1.30 

2.3914 1.4094 Row8 2 3.80 1.90 0.48 

2.5640 1.4212 Row9 2 3.99 1.99 0.65 

2.6071 1.7804 Row IO 2 4.39 2.19 0.34 

2.6291 1.0688 Row II 2 3.70 1.85 1.22 

2.6430 1.8380 Row 12 2 4.48 2.24 0.32 

2.6911 1.1715 Row 13 2 3.86 1.93 1.15 
2.6952 1.4523 Row 14 2 4.15 2.07 0.77 
2.7218 1.1829 Row 15 2 3.90 1.95 1.18 
2.8967 1.3404 Row 16 2 4.24 2.12 1.21 
2.9624 1.3563 Row 17 2 4.32 2.16 1.29 
2.9967 1.5585 Row 18 2 4.56 2.28 1.03 
3.0266 1.7981 Row 19 2 4.82 2.41 0.75 
3.1092 1.1464 Row20 2 4.26 2.13 1.93 
3.1300 0.9288 Row21 2 4.06 2.03 2.42 
3.1511 1.2313 Row22 2 4.38 2.19 1.84 
3.2747 1.4971 Row23 2 4.77 2.39 1.58 
3.3664 1.5735 Row24 2 4.94 2.47 1.61 
3.4124 1.0284 Row25 2 4.44 2.22 2.84 
3.4160 1.5566 Row26 2 4.97 2.49 1.73 
3.5041 1.2946 Row27 2 4.80 2.40 2.44 
3.5154 1.1477 Row28 2 4.66 2.33 2.80 
3.7634 0.9203 Row29 2 4.68 2.34 4.04 
4.2565 0.9856 Row30 2 5.24 2.62 5.35 
4.9264 1.1342 Row 31 2 6.06 3.03 7.19 
5.0944 1.8064 Row32 2 6.90 3.45 5.41 
5.1743 1.0174 Row33 2 6.19 3.10 8.64 
5.4869 1.6597 Row34 2 7.15 3.57 7.32 
5.7620 1.4847 Row35 2 7.25 3.62 9.15 
6.0782 1.4204 Row36 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 ss df MS F P-,·alue Fcrit 
Rows 27.44 35 0.78 0.9571 0.5512 1.7.S71 
Columns 61.64 I 61.64 75.2418 3.IE-10 4.1213 
Error 28.67 35 0.82 

Total 117.75 71 



Table C.5 Comparison of IRI Prediction Using Hajek Truck User Equation (Page 1 or 1) 212 

IRI Anova: Two-Factor Without Replication 

IRI SUMMARY Count Sum Average Variance 

0.7337 1.6575 Row 1 2 2.39 1.20 0.43 
0.8642 1.4202 Row2 2 2.28 1.14 0.15 
1.6116 1.3350 Row3 2 2.95 1.47 0.04 
1.6629 1.1742 Row4 2 2.84 1.42 0.12 
1.8371 1.7119 RowS 2 3.SS 1.77 0.01 
2.0370 1.3724 Row6 2 3.41 1.70 0.22 
2.0857 0.7645 Row7 2 2.85 1.43 0.87 
2.0959 1.4094 Row8 2 3.SI 1.75 0.24 
2.2362 1.4212 Row9 2 3.66 1.83 0.33 
2.2712 1.7804 Row JO 2 4.05 2.03 0.12 
2.2891 1.0688 Row 11 2 3.36 1.68 0.74 
2.3005 i.83S0 Row 12 2 4.14 2.07 0.11 
2.3395 l.l7l5 Row 13 2 3.SJ 1.76 0.68 
2.3428 l.4523 Row 14 2 3.80 1.90 0.40 
2.3645 1.1829 Row 15 2 3.55 1.77 0.70 
2.5067 1.3404 Row 16 2 3.85 1.92 0.68 
2.5600 1.3563 Row 17 2 3.92 1.96 0.72 
2.58S0 1.5585 Row 18 2 4.15 2.07 0.53 
2.6123 I. 7981 Row 19 2 4.41 2.21 0.33 
2.6794 l.l464 Row20 2 3.83 1.91 1.18 
2.6963 0.9288 Row21 2 3.63 1.81 1.56 
2.7135 1.2313 Row22 2 3.94 l.97 1.10 
2.8139 1.4971 Row23 2 4.31 2.16 0.87 
2.8885 1.5735 Row24 2 4.46 2.23 0.86 
2.9259 1.0284 Row25 2 3.95 l.98 1.80 
2.9288 1.5566 Row26 2 4.49 2.24 0.94 
3.0004 l.2946 Row27 2 4.30 2.15 1.45 
3.0096 l.1477 Row28 2 4.16 2.08 l.73 
3.2112 0.9203 Row29 2 4.13 2.07 2.62 
3.6120 0.9856 Row30 2 4.60 2.30 3.45 
4.1565 1.1342 Row31 2 5.29 2.65 4.57 
4.2931 l.8064 Row32 2 6.IO 3.05 3.09 
4.3581 1.0174 Row33 2 5.38 2.69 5.58 
4.6121 l.6597 Row34 2 6.27 3.14 4.36 
4.8358 1.4847 Row35 2 6.32 3.16 5.62 
5.0928 1.4204 Row36 2 6.51 3.26 6.74 

Column I 36 99.17 2.75 1.01 
Column 2 36 48.65 I .35 0.08 

ANOVA • 
Source of Variation ss df MS F P-value Fcrit 

Rows 18.50 3S 0.S3 0.9487 0.5614 1.7571 
Columns 35.45 35.45 63.6251 2.2E-09 4.1213 
Error 19.S0 35 0.S6 

Total 73.45 71 



213 
Table C.6 ANOVA For IRI Predicted Versus Observed IRI With Less Than 10 Cracks (Page 1 of l) 

Hcia Pala!Oa 
A nova: Two-Factor Wirbour Replicarioe Aana: T•►F-Widlour Replicarioe 

SU.'-NARI" Count Sum Averair,, Varianeo: SUMMARY Co1Utt Swn Avo:raJlf: Varian« 

Row I 2 :us 1.28 0.29 Rowl 2 2.81 UI 0.13 
Row2 2 2.-&S 1.22 o.oa Row2 2 2.73 1.36 0.01 

Row3 2 3.10 I.SS 0.09 Row3 2 3.62 I.SI 0.4S 
Row 4 2 2.99 U9 0.21 Row4 2 3.S3 i.n 0.70 

Ro~ S 2 3 70 18S 0.0-' Rows 2 4.33 2.16 0.41 

Ro"' 6 2 3.S6 1.78 0.Jl Row6 2 4.30 2.IS 1.21 
Row7 2 3.00 uo I.OS Row7 2 3.n 1.19 LJI 
Ro..-8 2 3.6S 1.83 0.3S Rowl 2 4.43 2.22 I.JO 
Column I 8 14.16 1.77 0.21 Column I I 11.61 2.Jl 0.54 
Column 2 I IO.IS 1.36 0.09 Colwnn2 I IO.IS 1.36 0.09 

A:-;OVA A.'IOVA 

Sour=e of Vanauon ss d_f !.IS F P-IIOIW Ferit Sur,rrr of V ariatiOlf ss df .ws F P-wdw Fent 

Rows 0.81 7 0. llSS 0.4SS4 0.8394 3.7171 Rows I.SJ 1 0.2189 0.5313 0.7814 3.7871 
C,:,i~:,,r.s 0 6S I 0 68-:7 2.6991 0.14-U S.S9tS Columns j_gj I 3 8320 9.3023 0.0186 S 5915 

E..-:-=:- 1.:s ; 0.2537 Emir 2.&8 7 0.4119 

Tora! 3.27 IS Tora! 1.25 IS 

AI-Omari HajekcanMn 
,\nova: Two-Facror Wilhour Replicarioa ANva: Two-Facror Wirti_, Replicario■ 

SC.\!1..-!ARI" Count Sum Avrrrz~e Varianc~ SUJ,6URY Count Sum Ave~ Vana,rc~ 

Row I 2 H6 1.23 0.36 Row I 2 2.37 l.19 0.44 
Row2 2 2.33 1.17 0.13 Row2 2 2.30 I.IS 0.IS 
Rawl 2 2.92 1.46 0.03 Row3 2 3.13 1.57 0.11 
Row 4 2 2.82 1.41 0.11 Row4 2 3.03 1.52 0.23 
Row 5 2 3 SJ 1.77 0.01 Rows 2 3.71 1.89 0.07 

Ro"' 6 2 3.41 1.71 0.22 Row6 2 3.69 I.IS 0.45 
Row 7 2 2.86 1.43 0.88 Row7 2 3.14 1.51 I.JO 
Row8 2 3.SI 1.76 0.24 Rawl 2 3.80 1.90 0.41 
Column I 8 13.00 1.63 0.26 Column I I 14.41 1.80 0.44 
Column 2 8 10.SS 1.36 0.09 Colwnn2 8 I0SS 1.36 0.09 

A:-.OVA A.'-OVA 
Sourctt of;Ona11on ss df .1..-fS F P-•·alue Fent Source of~~anatzon ss df :ws F P-OIG!ur Fent 

Ro"'s o.;6 7 0.1080 0.4456 0.8459 3.7871 Rows 1.13 7 0.1761 0.5060 0.8056 3.7871 
Columns 0 29 02905 1.1980 0.J099 S.S91S Colwnns 0.79 I 0.79~ 2.2790 0.1749 SS91S 
Error 1.70 7 0.2-n, Emir 2.44 7 0.~81 

Tot;il 1.7.: -IS Total , ... 6 IS 

Hajek truck usen 

Ano,·•: Two-Facror Without R~pliarion 

su:\f!.URY Count Sum Av~rr,r,:,, Vananc~ 
Row I 2 2.39 1.20 0.43 
Row2 2 2.21 1.14 O.IS 
Row3 2 2.95 1.47 o.°' 
Row4 2 2.U 1.-'2 0.12 
Row S 2 3.SS 1.77 0.01 
Row6 2 HI 1.70 0.22 
Row7 l 2.85 l.-'3 0.17 
Rew 8 2 3.51 1.75 0.2, 
Colwnn I g 12.93 1.62 0.29 
Colwnn l 8 10.85 1.36 o·.09 

A:-:OVA 
Sauret! of Vanarion ss df MS F P-va/w Fent 

Rows 0.83 7 0.1110 0.4578 0.1371 3.7871 
Coluniru 0.27 0.2712 1.0511 0.3392 5.591S 

Error 1.80 7 0.2S71 

Tor"1 2.90 IS 
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APPENDIXD 

MODULE FOUR: LIFE-CYCLE COSTING 



Table 0.1 Thickness Values Based On C-LTPP Sites {Page I oft) 215 

C-SHRP 10 Thlcknn• Thick.,_. Tltlcknea Tltlckneaa TltlcknNt C-SHRPID TltlckMU Thlckneaa Tltlckneu TltlckMN TltlckllNI 
Meanlmm) Mln(mml llulmml ofTN111 StdDev IINnfmm: Mlnlmml llulmml ofT ... 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 
8<40204 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 
900802 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 90 120 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 185 180 190 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 I of 3) 216 

CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTRICT# YEM QUANTITY AVERAGI 
PIIICE PRICE 

95-67 1 95 11 40.79 ~ 2 93 20450 10.16 

97-211 19 97 41 83.38 96-17 8 - 20521 9.5 
94-67 6 94 48 21.88 96-16 9 96 21510 13.67 

93-94 6 93 76 34.69 94-14 5 94 21538 11.94 

94-36 6 94 96 29.86 93-26 9 93 21681 11.54 

95-206 18 95 101 36.83 93-36 8 93 21819 12.1 

93-46 3 93 147 22.9 97-05 1 97 21846 16.16 

95-56 5 95 150 54 94-13 2 94 21952 8.99 
95-55 6 95 172 36.31 96-59 9 96 22082 9.17 

96-226 19 96 194 33.72 97-49 6 97 22246 9.76 

97-17 6 97 202 19.33 93-39 6 93 22441 10.03 

93-81 9 93 211 19.48 97-13 6 97 22544 9.87 
96-208 19 96 244 33.08 96-07 9 96 22758 9.25 
97-15 6 97 248 29.69 94-79 6 94 23091 19.2 
93-90 9 93 301 22.6 96-27 1 96 23165 15.49 

97-215 14 97 317 14.7 94-10 2 94 23625 7.4 
96-62 6 96 332 27.48 93-42 9 93 23660 10.75 
94-38 6 94 344 23.94 93-52 6 93 23706 11.2 
97-210 19 97 349 41.59 97-11 6 97 23778 10.64 
93-104 6 93 421 21.48 96-33 11 96 23844 10.76 
94-15 5 94 425 9.98 94-224 18 94 24801 13.26 
97-16 6 97 430 19.85 94-44 2 94 24982 9.62 
93-307 2 93 487 21.88 97-28 6 97 25301 10.12 
94-34 6 94 512 32.72 94-39 6 94 25325 16.03 
93-08 2 93 589 21.69 93-78 11 93 25441 11.64 

96-241 17 96 590 25.5 94-01 1 94 25671 17.86 
96-73 2 96 602 9.51 96-38 6 96 25956 6.96 

93-107 6 93 676 36 93-700 19 93 26038 14.47 
96-54 6 96 745 16.25 96-31 5 96 26111 9.47 
96-78 9 96 748 14.87 94-213 19 94 26270 14.5 
97-31 6 97 766 14.18 96-57 6 96 26386 8.9 
95-62 6 95 823 21.84 94-35 1 94 26443 17.95 
93-34 3 93 1050 14.81 94-56 11 94 26473 12.47 
95-66 5 95 1124 13.12 95-10 9 95 26561 9.52 
93-68 1 93 1126 23.5 94-504 13 94 26784 13.06 

94-215 19 94 1187 17.71 97-201 17 97 27208 8.57 
93-232 11 93 1225 19.39 93-33 10 93 27727 12.97 
96-224 19 96 1228 33.14 97-34 10 97 27796 12.13 
97--46 9 97 1241 8.96 96-06 11 96 28471 8.12 
93-91 2 93 1254 15.06 97-32 10 97 28694 8.63 
93-21 2 93 1280 17.77 96-63 2 96 28806 7.69 

93-104 6 93 1313 21.48 93-212 14 93 28821 8.07 
94--47 9 94 1401 15.74 96-34 5 96 28839 9.47 

94-202 14 94 1539 21.46 95-31 2 95 29034 8.74 
97-51 6 97 1615 13.82 94-24 5 94 29176 10.56 
95-70 6 95 1629 13.13 93-214 17 93 29658 9.79 

93-102 6 93 1714 13.73 93-44 6 93 29684 12.12 
96--43 8 96 1721 15.76 93-15 5 93 29725 10.94 
93-74 8 93 1729 11.91 96-77 2 96 29929 7.03 
97-04 6 97 1743 14.29 97-39 9 97 30773 10.34 
96-01 6 96 1743 22.65 96-228 19 96 31004 13.11 
93-53 7 93 1833 16.19 96-42 10 96 31361 9.2 

95-220 11 95 1834 14.62 97-225 14 97 31542 12 
94-68 2 94 1849 11.77 93-210 17 93 31579 10.72 
93-83 5 93 1899 12.49 97-209 19 97 32030 11.67 
94-51 17 94 1900 19.04 96-49 11 96 32443 9.12 

93-101 7 93 1912 15.27 95-16 8 95 32549 12.55 
94-69 6 94 1983 27.15 93-213 13 93 32719 8.2 
96-03 6 96 1996 11.96 93-18 5 93 32785 10.46 

97-223 17 97 2159 19.17 93-79 6 93 32880 11.48 
96-05 6 96 2326 11.99 97-50 6 97 33306 13.19 
94-59 6 94 2326 20.85 95-65 11 95 33503 10.96 
96-21 9 96 2411 15.28 97-206 18 97 33841 9.67 
97-29 6 97 2441 15.84 93-23 6 93 34284 12.79 

95-510 17 95 2447 16.42 96-59 9 96 34667 9.17 
95-68 1 95 2449 18.44 97-44 1 97 34960 12.55 
95--46 6 95 2535 13.45 93-105 4 93 35085 11.33 
97-08 5 97 2614 11.07 97-205 18 97 35358 10.39 
94-60 10 94 2667 17.99 94-21 8 94 35367 13.24 
96-50 6 96 2803 15.74 95-210 19 95 35754 6.89 
93-97 6 93 2812 15.9 97-40 9 97 36249 9.61 

97-200 14 97 2824 11.43 94-75 9 94 36461 9.66 
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CONTRACT# DISTRICT# YEM QUANTITY AVERAGE CONTMCT# DISTIUCT# YEAR QUANTITY A. __ -
PRICE PRICE 

94-16 5 94 2863 13.53 93-56 s 93 3'134 8.96 
93-50 4 93 211U 13.35 96-222 17 96 3nu 9.18 
93-69 4 93 2919 10.63 93-25 8 93 37476 11.16 
93-05 2 93 3109 15.24 93-19 5 93 38182 8.98 
97-27 6 97 3109 13.74 96-39 17 96 38639 10.73 
95-42 6 95 3134 14.42 96-240 11 96 38913 8.7 

96-506 17 96 3157 17.23 94-216 19 1M 31M15 13.67 
96-75 6 96 3188 15.28 94-29 10 94 41292 10.63 
95-63 6 95 3267 14.02 93-222 17 93 41539 12.IM 
93-22 5 93 3281 11.81 95-17 8 95 41175 10.5 
97-14 5 97 3331 12.04 93-43 4 93 417UI 13.2 
96-80 6 96 3407 19.18 116-220 19 96 41123 11.51 

97-506 11 97 3413 12.63 94-12 9 94 42239 11.21 
96-211 14 96 3458 15.22 96-218 18 96 42709 10.69 
95-27 10 95 3524 11.41 93-04 1 93 42949 16.81 
93-31 9 93 3586 8.94 94-58 1 94 430n 15.96 
93-37 3 93 3939 10.86 96-17 8 96 43233 9.5 

97-507 17 97 3971 15.03 95-213 18 95 43378 10.34 
96-205 19 96 4011 15.4 96-209 18 96 43483 7.81 
93-98 6 93 4039 14.26 93-233 10 93 43n5 8.U 
93-32 8 93 4143 14.42 96-231 18 96 43945 9.99 
96-22 6 96 4379 12.96 93-17 5 93 44686 7.35 
96-72 1 96 4644 14.97 95-212 11 95 45113 11.26 

93-218 14 93 4687 11.32 !M-08 2 94 45463 1059 
93-64 4 93 4688 11.1 97-30 6 97 45888 10.n 
93-75 9 93 4927 10.98 94-61 6 94 46553 9.43 
96-56 6 96 4938 14.39 93-31 9 93 4701M 8.94 
93-04 1 93 4956 17.09 96-66 6 96 4n93 8.79 
95-13 6 95 4978 13.03 96-48 2 96 47457 7.94 

94-350 17 94 5005 14.16 93-200 17 93 47468 8.46 
96-505 17 96 5020 17.U 94-27 10 94 412n 9.8 
93-67 6 93 5058 13.3 96-238 14 96 48300 8.13 
94-25 9 94 5294 11.07 94-66 6 94 48502 11.31 
94-71 2 94 5323 12.03 94-15 5 94 49675 9.98 

93-401 6 93 5357 13.55 93-86 6 93 51335 12.14 
96-11 5 96 5418 12.65 93-07 3 93 51608 8.46 

96-239 19 96 5501 13.12 93-206 20 93 52180 7.31 
94-18 5 94 5573 11.51 93-45 6 93 52534 10.84 
93-28 9 93 5617 15.34 94-06 2 94 52800 8.7 
93-305 1 93 5642 16.56 96-206 19 96 53035 10.99 
93-108 9 93 5688 13.41 96-29 6 96 53346 10.06 
95-29 2 95 5787 12.12 97-07 11 97 53555 7.86 

93-204 17 93 6016 10.24 94-234 19 94 54683 8.86 
95-506 14 95 6042 11.7 96-236 19 96 55654 9.07 
95-23 1 95 6052 21.05 96-219 19 96 56160 8.47 
95-61 6 95 6079 12.83 94-22 9 94 56581 9.84 

95-501 18 95 6094 19.75 93-09 3 93 57055 6.65 
95-36 6 95 6291 13.7 93-59 7 93 57128 9.13 
97-47 1 97 6368 17.98 96-12 6 96 57607 11.26 
97-11 6 97 6399 10.64 94-227 14 94 58102 11.21 
97-38 8 97 6669 10.13 95-02 11 95 58692 11.01 
94-03 1 94 66n 14.1 94-09 5 94 58956 8.39 
96-59 9 96 6766 9.17 96-239 19 96 58985 13.12 

96-235 11 96 6954 13.36 93-231 17 93 59537 9.9 
96-17 8 96 6980 9.5 95-215 17 95 59961 7.64 
96-70 6 96 6999 9.67 95-48 8 95 59991 11.15 
97-12 2 97 7220 13.17 93-60 3 93 60151 8.35 
96-36 6 96 7350 14.15 93-203 17 93 63139 9.96 
93-88 6 93 7401 12.58 94-208 19 94 15209 8.42 
93-24 6 93 7580 13.31 96-225 14 96 66883 8.65 
95-47 6 95 7584 17.41 97-213 17 97 67686 10.51 
95-09 2 95 7934 10.29 95-219 17 95 69150 10.54 
93-93 6 93 7975 13.7 91-30 9 96 70865 10.03 
94-02 1 94 8009 18.65 94-55 6 94 72062 10.34 

96-239 19 96 8156 13.12 93-106 4 93 73082 10.25 
94-31 8 94 8163 15.59 95-32 9 95 73443 9.71 
96-58 6 96 8468 12.57 97-19 9 97 73801 7.48 
96-69 6 96 8640 11.n 94-50 9 94 79225 9.52 
93-16 5 93 9074 8.47 93-62 9 93 80159 9.14 
96-67 9 96 9119 13.11 96-212 11 96 80642 10.15 
96-40 6 96 9205 14.14 93-76 4 93 80644 11.99 

96-207 19 96 9280 17.57 95-38 8 95 80762 9.03 
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CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTRICT# YEM QUANTITY AVEMGI 
PRICE PRICE 

95-14 2 95 9315 9.12 94-19 11 94 80M9 9.6 
93-30 5 93 9632 10.61 16-230 19 96 81M5 9.51 
94-220 11 !M 9U1 12.28 93-02 11 93 82312 10.07 

9~ 5 93 91165 11.48 93-202 18 93 82882 8.16 
94-<C01 2 94 9875 9.8 96-229 18 96 83000 10.14 
97-03 2 97 9924 11.56 93-38 8 93 83520 8.96 
93-03 1 93 10082 14.77 13-219 19 93 83532 14.47 
94-213 19 !M 10126 14.5 14-11 2 !M 13n5 7.36 
96-507 17 96 10171 16.22 !M-50 9 !M 83935 9.52 
94-17 2 !M 10213 12.37 13-48 2 93 84933 7.85 
97-217 17 97 10<C63 11.3 13-227 19 93 85070 8.76 
96-35 11 96 10570 11.67 95-203 17 95 85606 7.5 
93-55 5 93 10685 11.69 13-n 6 93 85708 12.24 
96-25 9 96 10814 11.47 16-200 17 96 86014 9.49 
93-41 3 93 10922 12.62 97-204 11 97 86628 8.86 
96-65 2 96 11199 8.46 93-209 19 93 86757 8.83 
96-237 18 96 11209 12.47 93-99 4 93 86758 9~ 
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 13.32 
93-14 3 93 11489 9.07 94-04 2 94 88452 7.32 
95-209 19 95 11712 9.16 95-217 19 95 88867 9.2 
97-41 10 97 11934 13.48 97-220 19 97 90860 8.57 
94-400 8 94 12453 12 96-32 2 96 92206 8.68 
93-400 1 93 12553 15.36 94-219 11 94 93036 12.67 
96-213 19 96 12627 17.48 96-02 6 96 93625 11.23 
97-42 2 97 12819 12.32 95-208 19 95 95348 7.24 
96-47 2 96 12994 8.75 94-80 6 !M 97380 10.15 
97-218 14 97 13018 12.18 94-218 19 94 97810 11.83 
97-02 2 97 13138 8.62 94-78 8 94 98137 9.16 
94-82 6 94 13326 11.23 97-214 14 97 99910 8.23 
93-11 2 93 13361 10.79 93-221 14 93 100093 9.46 

93-100 6 93 13511 11.4 96-38 6 96 100654 6.96 
96-215 18 96 13873 13.08 95-201 19 95 109238 8.31 
94-450 17 94 14252 16.01 94-53 6 94 110982 11.45 
93-20 5 93 14526 6.9 97-01 11 97 111125 10.2 
94-28 9 94 14756 11.34 93-01 11 93 114151 11.26 
93-98 6 93 14887 14.26 94-12 2 94 119756 7.98 
96-18 9 96 15006 7.52 95-214 17 95 119867 8.45 

95-229 11 95 15008 13.69 94-212 19 94 121050 10.67 
94-26 9 94 15044 11.04 93-66 9 93 121676 7.25 
93-29 9 93 15052 9.92 97-203 17 97 122552 8.75 
97-33 6 97 15136 12.05 96-203 14 96 123087 12.32 

94-222 19 94 15153 8.52 93-51 3 93 124369 6.59 
93-215 20 93 15339 13.22 93-205 19 93 125123 9.15 
93-10 3 93 15557 9.43 95-24 2 95 127215 10.01 

94-207 14 94 15710 11.21 96-09 2 96 127830 6.98 
96-13 8 96 15770 9.6 96-08 11 96 128717 7.96 
96-37 2 96 16658 7.62 94-217 17 94 131983 7.61 
93-06 2 93 16830 9.99 93-223 19 93 136004 10.02 
95-15 9 95 17010 13.21 96-214 19 96 141103 7.08 
94-57 6 94 17223 12.87 94-203 14 94 149792 8.04 
96-28 5 96 1n16 8.75 93-201 11 93 156640 8.55 
97-21 2 97 17436 9.21 93-225 18 93 158382 7.38 
96-14 2 96 17528 8.24 93-27 10 93 159384 8.59 
96-41 1 96 17683 17.13 93-71 4 93 163434 10.69 
93-350 17 93 17818 12.76 96-20 6 96 172564 7.15 
95-39 6 95 18039 12.48 96-38 6 96 172750 6.96 

97-202 17 97 18797 9.08 94-07 2 94 175759 8.21 
94-76 1 94 19042 17.63 94-32 11 94 178854 8.03 

93-450 14 93 19068 8.11 94-05 2 94 195222 7.84 
96-204 14 96 19096 11.08 94-221 17 94 202710 11.52 
93-211 20 93 19109 10.63 95-34 6 95 223900 14.32 
95-202 11 95 19167 12.86 93-85 4 93 226477 10.08 
93-13 3 93 19788 10.27 93-89 4 93 231105 10.78 
97-52 6 97 20236 10.3 94-84 4 94 233027 10.23 
97-43 1 97 20240 16.71 94-83 6 94 351639 12.74 
97-45 1 97 20366 17.56 95-45 6 95 491799 11.42 
94-30 2 94 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 93-43 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 93-400 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 1903 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 95 2158 9.57 94-44 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 95 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 11.05 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 5.43 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 



Table D.3 Prices Granular B (Page 2 of 3) 220 

CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE 
PRICE PRICE 

96-27 1 96 5652 11.07 96-17 8 96 52700 8.4 

93-18 5 93 5738 6.93 94-218 19 94 52933 6.28 

96-22 6 96 5n5 8.76 96-49 11 96 53384 4.63 

93-211 20 93 5903 6.47 94-224 18 94 53768 6.9 

95-201 19 95 6004 5.73 94-212 19 94 54711 5.9 

93-37 3 93 6063 7.99 93-223 19 93 55418 5.76 

95-210 19 95 6108 4.67 93-206 20 93 57424 4.02 
93-31 9 93 6483 6.22 96-59 9 96 57473 4.98 
96-17 8 96 6571 8.4 97-01 11 97 58189 6.05 
93-55 5 93 6767 9.59 93-25 8 93 61406 8.97 

95-212 11 95 6796 7.73 96-240 11 96 63860 5.63 
94-14 5 94 6876 9.11 97-204 11 97 65359 6.29 
96-41 1 96 6900 11.12 93-56 6 93 66095 6.78 

96-229 18 96 7011 7.41 96-29 6 96 66139 7.71 
97-206 18 97 7130 7.62 95-38 8 95 68109 6.56 
94-16 5 94 7298 8.3 95-31 2 95 69450 6.13 
93-14 3 93 7403 5.97 94-207 14 94 69460 5.48 
96-67 9 96 7547 6.16 94-61 6 94 69911 7.78 
94-26 9 94 7548 6.56 94-09 5 94 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 96 75473 7.07 
93-88 6 93 7855 8.56 94-208 19 94 76576 4.88 
93-700 19 93 8094 8.36 94-219 11 94 79468 7.74 
93-75 9 93 8295 6.96 94-234 19 94 81604 5.17 
93-30 5 93 8600 7.59 93-38 8 93 82410 5.64 
97-225 14 97 8919 8.53 93-202 18 93 83267 5.7 
96-11 5 96 9125 6.67 93-48 2 93 84493 6.26 

94-213 19 94 9302 8.95 94-80 6 94 86525 7.17 
97-202 17 97 9363 4.86 94-78 8 94 88553 7.97 
96-59 9 96 9483 4.98 93-203 17 93 91892 4.66 

96-213 19 96 9562 9.89 93-227 19 93 92885 5.7 
96-211 14 96 9597 10.16 93-44 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 9.71 96-236 19 96 101262 5.27 
94-03 1 94 10842 11.21 95-203 17 95 103102 4.76 
95-32 9 95 10847 8.89 95-215 17 95 103904 4.25 
97-13 6 97 10992 7.63 97-19 9 97 105920 4.44 
97-12 2 97 11526 9.85 95-208 19 95 115666 4.47 
94-17 2 94 11609 9.26 93-212 14 93 118113 5.31 
94-19 11 94 11671 7.6 93-07 3 93 119911 6.09 
93-67 6 93 11676 9.53 97-214 14 97 120561 5 
94-75 9 94 11710 6.58 94-203 14 94 126440 4.71 
94-36 6 94 11918 10.97 96-32 2 96 129708 5.9 
95-61 6 95 12014 7.88 93-72 6 93 131420 9.29 

96-225 14 96 12240 6.34 97-32 10 97 133351 4.58 
97-47 1 97 12400 12.77 94-06 2 94 133763 6.42 

93-401 6 93 12673 9.19 96-38 6 96 136415 5.27 
93-42 9 93 12860 8.82 93-225 18 93 136956 4.09 
97-201 17 97 13340 4.8 93-15 5 93 137701 6.3 
97-33 6 97 13362 9.51 94-66 6 94 137747 9.06 

93-207 20 93 13414 8.48 96-209 18 96 138526 4.39 
93-218 14 93 13433 7.05 93-09 3 93 144270 4.61 
97-11 6 97 13448 8.07 93-231 17 93 154280 4.24 

97-205 18 97 13466 7.16 94-04 2 94 156896 6.16 
93-16 5 93 13487 5.56 95-03 10 95 158314 6.02 
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CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACTt# DISTRICTt# YEAR QUANTITY AVERAGE 
PRICE PRICE 

93-29 9 93 13578 6.05 96-02 6 96 169227 7.26 
93-102 6 93 13646 11.62 9~ 3 93 169763 5.43 
94-36 6 94 14252 5.76 93-51 3 93 176159 4.86 
96-07 9 96 14633 5.51 94-217 17 94 195229 4.4 
96-214 19 96 14933 4.95 93-205 19 93 196526 6.74 
96-42 10 96 15703 6.53 94-227 14 94 199839 6.72 
95-09 2 95 15836 8.44 93-201 11 93 201347 4.88 
93-215 20 93 16415 6 94-07 2 94 213718 5.99 
94-28 9 94 16516 8.83 95-24 2 95 233543 4.9 
94-35 1 94 16553 12.67 96-59 9 96 238101 4.98 
97-08 5 97 16675 7.35 94-12 2 94 240619 4.84 
94-55 6 94 18301 6.01 96-20 6 96 243716 5.56 
97-02 2 97 18302 7.15 96-38 6 96 261401 5.27 
96-77 2 96 18565 4.89 96-09 2 96 321264 5.58 

93-214 17 93 18890 6.13 95-214 17 95 408706 4.84 
93-63 5 93 18909 6.97 95-34 6 95 423215 9.57 
96-218 18 96 19394 5.79 94-05 2 94 525099 4.54 
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CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTRICT# YEAR QUANTITY AVERAGI: 
PRICE PRICE 

93-98 6 93 14 150.93 95-24 2 95 4733 53.79 
93-08 2 93 32 214.72 97-05 1 97 4985 54.21 
97-14 5 97 192 83.8 94-17 2 94 5226 70.18 
94-70 9 94 206 212.48 93-11 2 93 5376 58.76 
96-37 2 96 241 67.67 96-41 1 96 6096 53.39 

93-107 6 93 285 76.29 93-307 2 93 6235 76.08 
95-23 1 95 297 103.46 95-17 8 95 6401 62.37 
93-74 8 93 322 86.38 97-31 6 97 6493 50.58 
93-34 3 93 356 82.97 93-15 5 93 6528 52.29 
93-94 6 93 386 82.57 96-09 2 96 7675 49.3 
94-68 2 94 470 88.8 95-15 9 95 8316 48.51 
97-17 6 97 4TT 80.95 97-49 6 97 8331 45.13 
96-57 6 96 479 63.41 96-70 6 96 8393 49.95 
95-34 6 95 486 64.14 94-78 8 94 8536 51.78 
96-78 9 96 514 82.38 93-99 4 93 8751 60.57 
94-72 2 94 556 100.99 93-73 9 93 9014 40.26 
93-68 1 93 646 112.58 97-50 6 97 9411 49.05 
94-79 6 94 757 69.12 94-12 2 94 11747 52.88 
96-36 6 96 868 61.27 94-35 1 94 13258 57.5 
93-83 5 93 980 57.41 93-60 3 93 13709 51.47 
95-39 6 95 1073 67.99 93-18 5 93 14109 44.15 
93-37 3 93 1129 63.94 93-81 9 93 14316 46.13 
97-08 5 97 1148 59.29 97-20 10 97 15111 41.92 
95-14 2 95 1193 60.18 97-32 10 97 15432 40.62 
97-12 2 97 1220 97.67 94-75 9 94 15931 49.39 
94-16 5 94 1278 53.53 94-14 5 94 16260 48.05 
95-61 6 95 1634 58.75 94-09 5 94 17612 47.42 
93-63 5 93 1685 64.15 94-24 5 94 18348 45.49 
93-44 6 93 1748 53.14 95-27 10 95 18906 45.09 
93-55 5 93 1911 63.67 96-31 5 96 25151 41.62 
97-47 1 97 1924 58.n 93-108 9 93 25582 46.9 
94-400 8 94 2194 63.99 93-29 9 93 28396 44.29 
93-306 2 93 2610 67.5 93-30 5 93 36575 46.46 
94-76 1 94 33TT 68.42 96-16 9 96 45895 40.88 
95-31 2 95 4055 59.5 
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CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE 
PRICE PRICE 

97-27 6 97 4 446.46 94-25 9 94 926 49.12 
94-67 6 94 8 126.47 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 93 991 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 P4 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 54.6 
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 94-61 6 94 1304 49.73 
93-90 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 
93-93 6 93 106 73.43 96-54 6 96 1374 40.34 

93-100 6 93 110 44.53 93-43 4 93 1498 50.51 
97-51 6 97 112 49.27 94-55 6 94 1624 54.54 
97-11 6 97 116 41.51 93-56 6 93 1691 52.69 
93-44 6 93 121 40.53 97-02 2 97 1877 40.56 
93-24 6 93 126 73.52 93-23 6 93 1941 48.4 
96-75 6 96 154 143.48 94-62 9 94 2043 42.88 
93-45 6 93 160 49.61 94-22 9 94 2438 43.26 
94-80 6 94 206 59.4 94-83 6 94 2461 54.49 
93-50 4 93 209 61.75 97-217 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 59.33 95-45 6 95 2937 47.83 
96-37 2 96 368 50.56 94-82 6 94 3040 44.72 
95-34 6 95 392 50.4 93-05 2 93 3810 52.91 
94-53 6 94 415 57.21 93-89 4 93 4736 49.33 

93-102 6 93 419 49.77 93-64 4 93 5761 43.85 
94-202 14 94 445 255.08 97-502 17 97 5967 55.16 
93-71 4 93 486 54.71 96-48 2 96 7853 42.45 
93-69 4 93 495 50.46 95-32 9 95 8077 40.27 
93-70 4 93 498 69.3 93-20 5 93 8183 36.44 
93-72 6 93 504 56.56 96-502 17 96 8947 75.87 
94-47 9 94 537 84.16 96-47 2 96 9530 37.36 
96-38 6 96 570 38.93 93-10 3 93 10001 38.64 

96-211 14 96 584 113.23 93-106 4 93 10611 45.15 
94-66 6 94 620 46.54 93-48 2 93 11985 38.68 
96-01 6 96 777 56.67 93-38 8 93 12742 44.08 
93-99 4 93 817 53.99 94-08 2 94 15056 44.79 
96-29 6 96 841 58.94 97-40 9 97 19786 35.22 
94-50 9 94 869 40.67 



Table D.6 Prices HI.A (Page 1 of2) 224 

CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# 01STRJCT# YEAR QUANTITY AVERAGE 
,,uca l'ttlCE 

95-67 1 95 • 314.07 SM-17 2 94 1709 H.51 
94-15 5 !M 124 35.4 93-11 2 93 6970 44.18 
94-233 18 !M 125 191.83 96-59 9 96 7336 41.47 
94-210 19 !M 138 138.44 93-55 5 93 7417 55.32 
97-211 19 97 141 219.75 95-501 18 95 7453 75.25 
93-20 5 93 158 60.SS 93-305 1 93 nso 43.12 

97-223 17 97 161 101.63 93-12 9 93 1002 35.28 
93-75 9 93 163 100.62 96-33 11 96 1049 43.09 

93-229 18 93 113 162.21 93-400 1 93 13~1 47.69 
93-101 7 93 203 110.12 93-14 3 93 1319 40.27 
95-350 19 96 230 111.81 93-215 20 93 5339 53.14 
93-233 10 93 267 106.25 97-19 9 97 1569 37.49 
95-206 18 95 299 124.39 SM-27 10 94 1652 50.64 
97-210 19 97 299 181.n 94"'4 2 94 8780 41.27 
97-215 14 97 341 173.25 93-78 11 93 8956 42.06 
96-225 19 96 349 121.19 96-16 9 96 8963 48.61 
96-241 17 96 358 102.2 96-206 19 96 9234 68.97 
93-228 19 93 361 241.66 93-38 8 93 9237 38.59 
53-€3 I , I 53 3i7 81.65 93-212 14 93 9388 57.17 

' 95-66 5 95 392 91.81 H-401 2 94 9602 45.34 
93-34 3 93 397 65.17 97-44 1 97 9112 48.17 
94-13 2 94 410 63.78 SM-30 2 94 10218 44.45 
96-73 2 96 413 56.71 94-12 2 94 10456 39.55 
94-68 2 94 417 61.39 93-10 3 93 10582 36.82 

93-205 19 93 493 63.87 96-49 11 96 10624 40.86 
94-215 19 94 510 101.23 96-n 2 96 10188 36.31 
93-63 5 93 617 59.65 93-58 11 93 11131 61.15 

96-208 19 96 860 86.56 94-201 19 94 11579 64.99 
94-60 10 94 737 96.67 95-10 9 95 12672 38.49 
93-91 2 93 779 62.01 96-32 2 96 13255 35.35 
96-43 8 96 793 75.64 96-215 18 96 ·13263 59.9 

97-212 19 97 802 113.97 96-25 9 96 13289 44.45 
93-224 18 93 848 193.08 97-21 2 97 13392 46.56 
96-224 19 96 905 99.45 97-05 1 97 13433 43.7 
93-83 5 93 978 48.99 93-352 14 93 14309 64.9 
93-41 3 93 990 50.55 96-28 5 96 14535 35.53 
95-68 1 95 1035 53.35 93-02 11 93 14609 47.84 
93-31 9 93 1100 40.89 95-65 11 95 14662 44.91 
93.37 3 93 1226 45.25 93-231 17 93 15031 43.81 
96-34 5 96 1295 51.27 93-202 18 93 15139 55.02 
96-78 9 96 1334 57.23 97-504 17 97 15560 48.51 
96-59 9 96 1338 41.47 96-42 10 96 15862 50.15 

97-217 17 97 1381 66.41 95-24 2 95 16145 41.6 
56-37 2 96 1455 43.74 94-14 5 94 16594 40.71 
95-29 2 95 1492 62.17 93-27 10 93 16884 39.13 
93.53 7 93 1495 66 93-48 2 93 17273 36.82 
93-04 1 93 1622 59.27 95-03 10 95 17297 41.26 
94-04 2 94 1680 49.71 96-09 2 96 17510 37.28 

95-506 14 95 1695 79.29 93-59 7 93 17511 40.36 
95-218 18 95 1759 179.33 95-210 19 95 17745 44.46 
96-72 1 96 1767 70.24 94-35 1 94 17818 49.38 

94-228 18 94 1809 83.97 93-25 8 93 17963 42.53 
95-23 1 95 2012 n.18 93-700 19 93 17998 61.8 
94-01 1 94 2035 61.42 96-200 17 96 18052 38.71 
94-51 17 94 2049 81.05 95-219 17 95 18176 42.46 
94-58 1 94 2081 67.16 94-217 17 94 18245 41.48 
94-28 9 94 2131 62.93 93-57 9 93 18474 38.76 

93-204 17 93 2155 66.33 94-213 19 94 19196 57.24 
93-22 5 93 2160 52.66 93-17 5 93 19995 34.78 
97-08 5 97 2454 52.18 93-06 2 93 20012 39.92 
93-66 9 93 2473 32.69 96-233 19 96 21094 48.12 
93-35 2 93 2516 44.0I 94-213 19 94 21916 57.24 
93-04 1 93 2525 58.13 96-203 14 96 22597 45.9 

95-212 11 95 2518 58.62 94-216 19 94 23212 43.29 
94-71 2 94 2634 56.04 97-07 11 97 23460 44.2 
97-12 2 97 2652 86.67 93-09 3 93 23501 40.38 

95-215 17 95 2690 41.55 93-13 3 93 23731 35.01 
96-41 1 96 2700 45.33 94-19 11 94 24582 44.25 
97-02 2 97 ,737 38.55 94-234 19 94 24969 55.52 
97-14 5 97 2807 ::iu.48 93-214 17 93 25274 37.215 

95-509 17 95 2823 89.H 93-01 11 93 25431 43.47 
94-16 5 94 21n 49.23 93-33 10 93 285151 40.59 



Table D.6 Prices 111A (Page 2 orl) 225 

CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTIUCT# YEM QUANTITY AVERAGE 
PftlCE ,RICE 

93-15 5 93 3125 50.9 93-207 20 13 21570 ....... 
96-18 9 96 3231 41.97 97-204 11 17 21111 41.14 
96-213 19 96 3249 Q.42 k-219 11 14 30370 •.n 
97-43 1 97 3399 ..... 43 N-230 19 115 30922 43.41 
97-47 1 97 3411 47.2 93-42 9 13 31124 37.91 

93-213 13 93 3443 54U2 M-212 11 115 311n 31.39 
96-209 18 96 3419 64.94 17-41 11 17 32733 41.15 
95-14 2 95 347& 42.07 515-209 11 95 328315 40.0!5 
94-03 1 94 3557 51.49 !M-10 2 N 34011 33.5!5 
93-506 17 13 3722 15.19 97-211 14 17 34'S01 .... .95 
96-07 9 96 3120 3S.OI 17-214 14 97 3!5U!5 .... .52 
94-76 1 14 3172 57.75 N-231 11 Ill 3!5SMO 40.79 
94-508 17 94 3112 57.43 93-221 14 13 35114 42.2 
96-27 1 96 4020 47.17 97-225 14 97 3S550 54.26 
94-207 14 94 4254 71.2& 94-29 10 N 31729 31.71 
95-09 2 95 4356 !51.2 16-31 17 96 31na 42.111 
96-67 9 96 4400 44.n 93-200 17 93 40644 50.aa 
93-31 9 93 4497 40.89 94-15 5 94 42375 35.4 
93-16 5 93 4559 so.a 93-219 19 93 43393 60.46 

95-510 17 95 4753 so.a 95-31 a 95 45141 39.61 
93-28 9 93 4193 50.03 96-240 11 96 46143 37.31 
95-31 2 95 491& 40.33 93-11 5 93 514n 33.94 
96-06 11 96 5102 43.53 94-11 2 94 52116 34.03 
94-26 9 94 5430 47.07 95-203 17 95 53757 37.SJ 
94-18 5 94 5467 59.91 93-210 17 93 55314 49.45 
94-21 8 94 5511 49.16 95-214 17 95 SS....7 40.911 
94-450 17 94 5520 17.01 93-201 11 93 62624 42.13 
97-45 1 97 5537 66.6 94-07 2 94 67244 34.5 
94-400 8 94 5810 53.31 93-203 17 93 75001 38.83 
97-507 17 97 6027 52.73 94-203 14 94 10558 40.64 
94-222 19 94 6280 56.18 94-05 2 94 ·12311 39.18 

I 93--450 14 93 5629 74.13 



Table D.7 Prices HL8 (Page I of I) 
226 

CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT ti DISTRICT# YEAR QUANTITY AVERAGE 
PRICE PRICE 

96-62 6 96 32 119.57 97-27 6 97 6027 43.62 

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 94-53 6 94 10216 41.86 

93-102 6 93 473 48.99 93-71 4 93 10577 42.18 

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 
94-66 6 94 754 44.95 96-38 6 96 12606 32.81 
93-56 6 93 769 49.01 93-45 6 93 12740 39.68 
95-13 6 95 811 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 50.55 94-80 6 94 13547 43.32 
96-36 6 96 1345 48.7 94-22 9 94 16043 39.76 
97-11 6 97 1494 35.37 97-49 6 97 16436 38.3 
96-57 6 96 1602 43.24 93-23 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 
97-26 6 97 2745 40.95 94-84 4 94 23129 45.17 
96-80 6 96 2799 59.3 94-50 9 94 24698 34.43 
94-55 6 94 2937 50.14 95-45 6 95 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 6 94 3341 43.93 93-07 3 93 40883 40.85 
94-79 6 94 3668 51.66 94-50 9 94 40887 34.43 
93-43 4 93 4314 46.57 93-66 9 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 Hea,·y Duty Binder Coune (Page 1 of 1) 227 

CONTRACT• DISTRICTI YEAR QU-TITI AVERAGE CONTMCT• DISTIUCD YEAR QII-Tlll' AYIRAGI 
NICE PRICE 

93-53 7 93 125 86.54 93-107 6 93 14246 57.15 

97-15 6 97 148 89.85 97.33 6 97 14406 41.55 

94-400 8 94 188 87.74 ~ 6 96 14531 46.68 

94-55 6 94 195 6045 97-52 6 97 14940 3756 

95-42 6 95 211 70.39 94-01 1 94 15172 57.53 

96-53 6 96 215 64.26 96-59 9 96 15202 39.24 

93-76 4 93 445 52.58 ~ 6 96 15318 41 
93-100 6 93 493 43.61 93-69 4 93 15534 44.78 
93-94 6 93 523 68.63 97-11 6 97 15977 38.76 
97-200 14 97 858 79.54 96-07 9 96 16230 33.81 
96-22 6 96 996 56.27 97-30 6 97 16386 38.23 
95-47 6 95 1012 61.12 97-13 6 97 16770 40.21 
96-21 9 96 1100 9868 97-51 6 97 17410 41.67 
95-62 6 95 1138 59.5 95-57 9 95 17649 40.12 
97-16 6 97 1272 54.61 94-227 14 94 19055 6343 
95-13 6 95 1626 50.51 96-59 9 96 19399 39.24 
93-69 4 93 1742 4344 96-56 6 96 19619 39.29 
96-37 2 96 2131 49.72 94-80 6 94 19735 39.83 
9'3-17 8 96 2200 4007 96-19 6 96 19859 3863 
s-:..::c 6 s:: 2291 .!6 67 97-45 1 97 20077 71 02 
97-39 9 97 2350 5305 93-85 4 93 20176 42.86 
93-67 6 93 2566 4408 96-69 6 96 20577 41 08 
94-57 6 94 2582 5082 96-27 1 96 20810 44.12 
96-38 6 96 2728 34.39 96-40 6 96 21037 39.11 
93-97 6 93 2798 5159 93-50 4 93 21196 40.5 
97-26 6 97 3185 41 97 93-62 9 93 21694 3997 
94-30 2 94 3498 56.8 94-56 11 94 2244:; 42.09 
96-05 6 96 3534 38.82 96-38 6 96 23198 34.39 
94-34 6 94 3611 60.99 95-02 11 95 23626 47.53 
97-21 2 97 3748 51.14 97-38 8 97 23908 36.18 
93-104 6 93 3900 48.73 95-215 17 95 24028 4085 
94-69 6 94 3907 67.73 96-29 6 96 24854 43.49 
93-86 6 93 3984 46.17 95-41 6 95 24872 48.04 
93-44 6 93 4028 43.79 94-79 6 94 24941 54.68 
93-23 6 93 4159 47.32 96-14 2 96 25320 37.57 
96-13 8 96 4274 54.6 96-65 2 96 26255 37.07 
93-43 4 93 4460 49.88 96-12 6 96 27424 37.65 
97-04 6 97 4644 41.16 93-79 6 93 27696 4084 

93-105 4 93 4646 47.9 95-06 2 95 27807 37.33 
94-82 6 94 4822 45.88 94-83 6 94 28080 4836 
97-03 2 97 5011 52.18 93-56 6 93 28170 4406 
96-11 5 96 5115 4961 97-43 1 97 28579 5379 
97-301 8 97 5227 41.26 96-58 6 96 28870 38.6 
93-77 6 93 5271 60.83 96-80 6 96 29161 4855 
95-70 6 95 5370 46.48 96-17 8 96 29386 40.07 
97-42 2 97 5566 58.29 94-50 9 94 29585 38.34 
93-66 9 93 6538 37.16 94-66 6 94 30015 39.47 
96-57 6 96 6641 43 13 93-04 1 93 30307 54.87 
94-53 6 94 6658 44.4 94-58 1 94 30549 42.47 
96-35 11 96 6667 39.5 93-28 9 93 31147 44.26 
94-22 9 94 6973 48.24 97-19 9 97 31477 36.47 
95-16 8 95 7396 549 95-45 6 95 32469 44.69 
97-46 9 97 7746 35.93 96-20 6 96 34278 3487 
95-17 8 96 7900 40.07 93-31 9 93 34786 37.56 
95-36 6 95 8456 4907 96-38 6 96 35189 3439 
93-24 6 93 8737 41.54 94-27 10 94 35249 44.75 

93-213 13 93 9827 56.62 97-29 6 97 38081 42.96 
93-45 6 93 9952 44.37 96-02 6 96 38480 41.66 
97-27 6 97 10319 42.92 93-72 6 93 38775 43 81 
93-52 6 93 10558 42.95 94-221 17 94 39168 41.47 
94-44 2 94 10610 48.64 94-39 6 94 40188 46.57 
93-71 4 93 10777 42 97-44 1 97 41500 49.44 

93-104 6 93 10849 48.73 94-50 9 94 43096 38.34 
93-231 17 93 11074 45.94 93-32 8 93 46029 38.01 
94-84 4 94 11769 46.53 97-203 17 97 55581 40.92 
94-62 9 94 12364 46.47 94-06 2 94 58458 43.33 
94-21 8 94 12470 47.18 96-63 2 96 61137 39.19 

97-201 17 97 12636 39.84 94-07 2 94 65247 39.56 
93-35 2 93 12682 46.12 93-51 3 93 75537 38.11 
94-61 6 94 12747 41.23 94-05 2 94 77183 40.78 
93-214 17 93 13121 50.1 93-07 3 93 79622 46.97 
96-03 6 96 13576 40.25 95-34 6 95 81081 50.05 
93-41 3 93 13690 49.44 96-16 9 96 105911 35.07 
96-54 6 96 13793 40.16 



Table D.9 Prices Dense Friction Course (Page I of I) 228 

CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE 
PRICE PRICE 

94-55 6 94 88 80.53 94-39 6 94 7997 78.6 
94-400 8 94 105 102.96 94-44 2 94 10957 73.44 

96-53 6 96 178 64.82 94-61 6 94 11239 58.29 
93-401 6 93 195 55.17 94-50 9 94 11276 49.35 
95-36 6 95 318 78.37 93-41 3 93 11522 73.66 
94-73 9 94 367 155.4 93-89 4 93 11580 65.9 
93-53 7 93 406 106.99 93-71 4 93 11619 67.65 
94-47 9 94 476 83.71 97-27 6 97 11841 61.19 
93-76 4 93 489 81.65 94-80 6 94 12019 57.6 
94-85 6 94 511 125.05 94-84 4 94 12501 64.65 
97-16 6 97 678 61.7 97-52 6 97 12849 49.97 
97-15 6 97 715 85.7 97-33 6 97 13080 52.01 
96-02 6 96 809 56.57 94-82 6 94 13559 60.25 
94-69 6 94 844 83.22 96-66 6 96 13938 52.95 
95-13 6 95 995 67.22 96-65 2 96 14172 53.13 
94-34 6 94 1028 84.39 96-27 1 96 14736 56.57 
95-62 6 95 1037 67.49 96-29 6 96 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 9 93 14907 48.54 
94-62 9 94 1224 66.09 94-01 1 94 15445 72.23 

93-100 6 93 1293 63.71 97-03 2 97 15501 77.18 
96-37 2 96 1389 68.32 96-38 6 96 15587 48.71 
94-57 6 94 1432 74.98 94-66 6 94 15610 56.78 

93-104 6 93 1487 69.79 96-03 6 96 15964 56.33 
93-88 6 93 1533 67.2 94-58 1 94 16227 60.61 
93-44 6 93 1629 63.3 97-45 1 97 16797 83.93 

93-107 6 93 1646 78.91 95-42 6 95 16809 57.11 
93-69 4 93 1761 72.63 95-06 2 95 17601 56.47 
96-21 9 96 1911 68.58 94-52 9 94 17736 49.35 
96-22 6 96 1944 55.15 96-56 6 96 18208 55.15 
94-79 6 94 1984 74.27 93-56 6 93 18339 63.11 
96-38 6 96 2025 48.71 93-50 4 93 19372 67.6 
97-30 6 97 2101 53.98 97-19 9 97 19540 42.71 
97-42 2 97 2140 76.02 94-83 6 94 19882 67.74 
93-97 6 93 2216 69.62 93-31 9 93 19908 48.22 
96-12 6 96 2345 51.86 96-20 6 96 19925 54.74 
96-80 6 96 2561 68.31 97-51 6 97 20221 51.82 
93-43 4 93 3045 71.29 97-21 2 97 20254 66.84 

93-104 6 93 3064 69.79 96-38 6 96 20314 48.71 
96-57 6 96 3209 59.76 96-40 6 96 20432 56.75 

93-105 4 93 3261 71.81 93-85 4 93 20739 65.53 
93-23 6 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 97 3776 49.71 93-72 6 93 24930 60.49 
93-66 9 93 3890 49.75 93-04 1 93 25049 92.29 
95-34 6 95 4061 66.64 93-79 6 93 29654 56.18 
94-30 2 94 4091 84.83 94-27 10 94 31457 50.82 
96-13 8 96 4151 64.11 96-19 6 96 31467 47.43 
97-26 6 97 4193 59.65 93-07 3 93 32193 66.96 
93-77 6 93 4454 70.87 96-58 6 96 33732 47.93 
96-05 6 96 4633 47.82 96-63 2 96 34674 52.54 
94-22 9 94 4871 58.09 93-28 9 93 35389 51.02 
93-24 6 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 6 93 5646 64.48 94-06 2 94 38117 61.13 
93-45 6 93 6843 62.6 94-07 2 94 39902 60.5 
94-53 6 94 6943 67.34 93-51 3 93 41938 57.59 
96-14 2 96 7003 55.85 94-05 2 94 47278 61.62 
95-16 8 95 7139 67.02 96-11 5 96 48137 49.91 
97-11 6 97 7158 51.06 94-21 8 94 49924 48.89 
97-13 6 97 7423 51.98 97-29 6 97 65341 58.24 
93-35 2 93 7818 71.92 



Table D.10 Prices Asphalt Removal Partial Depth (Page 1 of2) 229 

CONTRACT# DISTRICT• YEAR QUANTITY AVERAGE CONTRACT• DISTRICT• YEAR QUANTITY AVERAGE 

PRICE PRICE 

96-43 8 96 26 32.85 93-71 4 93 14674 1.73 

95-66 5 95 59 26.94 93-44 6 93 14685 3.54 

95-67 1 95 104 19.78 93-89 4 93 15474 2.88 

94-25 9 94 162 26.74 97-26 6 97 15611 0.98 

96-62 6 96 164 13.56 93-23 6 93 15651 4.59 

97-16 6 97 183 13.12 93-69 4 93 16103 1.75 

94-72 2 94 184 10.88 96-38 6 96 16807 1.53 

93-91 2 93 217 14.49 93-97 6 93 17333 2.38 

93-101 7 93 230 16.92 93-307- 2 93 20250 4.49 

97-211 19 97 238 15.54 93-306 2 93 20636 3.29 

95-23 1 95 254 12.63 96-70 6 96 21282 1.25 

93-04 1 93 293 15.65 95-45 6 95 22365 2.89 

93-09 3 93 307 10.05 97-04 6 97 22882 1.17 

93-53 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 96-42 10 96 24386 1.76 

97-11 6 97 527 3.54 93-48 2 93 24677 1.72 

95-47 6 95 541 10.18 94-29 10 94 25057 1.62 

93-66 9 93 560 8.46 93-41 3 93 26203 2.81 

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 
95-62 6 95 635 6.53 94-17 2 94 28863 1.11 

95-506 14 95 688 11.18 94-84 4 94 29024 1.03 
94-73 9 94 712 10.73 96-69 6 96 29455 2.04 
96-30 9 96 712 6.34 94-66 6 94 33864 1.67 
94-34 6 94 759 5.89 97-39 9 97 34064 1.43 
94-76 1 94 818 5.42 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 8.29 93-77 6 93 40501 2.89 

93-203 17 93 901 6.48 93-85 4 93 42487 1.9 
94-50 9 94 913 4.76 94-80 6 94 43908 2.47 
96-67 9 96 929 7.08 96-80 6 96 44301 1.84 
93-83 5 93 1157 7.24 93-107 6 93 45111 2.03 
94-32 11 94 1178 4.77 95-34 6 95 50324 1.89 
94-85 6 94 1184 6.64 93-42 9 93 50469 1.32 
95-13 6 95 1251 4.23 93-35 2 93 52146 1.32 

93-401 6 93 1268 5.23 94-44 2 94 52285 2.39 
93-352 14 93 1278 9.09 93-72 6 93 54041 1.75 
97-225 14 97 1450 8.17 93-33 10 93 54600 1.38 
94-60 10 94 1507 7.08 96-12 6 96 56791 1.1 
97-13 6 97 1519 3.12 97-30 6 97 57898 1.72 
93-68 1 93 1672 6.49 97-31 6 97 61465 1.1 
94-30 2 94 1749 6.41 97-20 10 97 63854 1.38 

93-400 1 93 1754 4.89 93-73 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 
96-41 1 96 1902 4.02 94-21 8 94 72335 2.2 
93-11 2 93 1912 4.17 95-27 10 95 78141 0.88 

93-214 17 93 1917 4.27 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 2.77 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 2.87 97~6 9 97 89776 1.06 
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CONTRACT# DISTRICT# YEAR QUANTITY AVERAGE CONTRACT# DISTRICT# YEAR QUANTITY AVERAGI 
PRICE PRICE 

94-47 9 94 2493 8.38 96-19 6 96 95457 1.61 

93-59 7 93 2928 3.11 97-03 2 97 95839 1.41 

93-62 9 93 3535 4.17 97-32 10 97 99244 0.79 

96-22 6 96 3746 2.97 94-75 9 94 105093 1.11 

96-21 9 96 3950 4.93 93-81 9 93 108891 1.21 

93-104 6 93 4016 3 97-52 6 97 111500 1 

95-31 2 95 4171 3.39 94-82 6 94 114927 1.39 

95-36 6 95 5087 4.6 ~ 6 96 115672 1.4 

94-22 9 94 5173 3.33 97-45 1 97 117589 1.83 
93-14 3 93 5433 1.98 93-30 5 93 119603 0.98 
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 
93-37 3 93 5910 2.8 96-52 6 96 124786 1.62 
93-05 2 93 6410 2.29 97-40 9 97 130553 1.02 
93-24 6 93 7029 1.99 95-38 8 95 132307 0.71 
94-04 2 94 7530 1.82 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 2.82 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 1.17 
95-09 2 95 8300 1.64 96-40 6 96 171240 0.96 
94-18 5 94 8330 2.53 96-54 6 96 174104 1 
94-57 6 94 8340 3.63 93-108 9 93 177013 1.22 
97-28 6 97 8437 1.84 97-51 6 97 177656 0.57 
93-104 6 93 8534 3.16 96-16 9 96 187734 0.77 
93-100 6 93 8859 1.85 96-17 8 96 194983 1.15 
97-02 2 97 9014 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 
97-43 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 2.23 93-28 9 93 305029 1.4 
97-27 6 97 13058 2.84 93-32 8 93 311269 1.16 
97-42 2 97 13407 2.37 96-11 5 96 320724 0.76 
95-70 6 95 13616 1.94 96-50 6 96 333110 1.5 
96-48 2 96 14604 1.9 97-29 6 97 473693 0.98 
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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# YEAR QUANTITY AVERAGE 
PRICE 

96-38 6 96 127 9.31 
94-69 6 94 137 6.03 
96-40 6 96 150 8.29 

93-104 6 93 205 5.1 
93-79 6 93 370 12.24 
94-34 6 94 502 4.63 

93-104 6 93 732 5.1 
94-79 6 94 1150 7.48 
93-56 6 93 14880 1.05 

93-351 18 93 107000 1.31 
93-507 17 93 213200 0.98 
96-501 17 96 236875 0.97 
95-504 17 95 250420 0.95 
97-501 17 97 312000 1.29 
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Material Quantity Distribution xSquared Parameter 

(tonnes) One Two nree 

Granular A 100 - 1000 Extreme Value 2.56 20.57 8.18 

Lognormal 2.56 2S.33 10.85 

Logistic 3 24.S5 5.77 

Normal 3 2S.2S 10.3 

Gamma 2.56 4.04 5 4.24 

1000- 10000 Gamma 6.0S 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 

I 0000 - I 00000 Lognormal 11.08 10.78 2.39 

Extreme Value 11.22 9.67 1.9 

Gamma 13.38 6.18 1.36 3.4 

Weibull 16.56 6.44 4.89 1.8 

Beta 26.64 13.2 34.25 38.78 

100000+ Lognormal 4.3 9.21 1.83 
Weibull 3.43 6.3 3.2S 1.57 

Beta 3.86 15.68 33.53 28.93 
Extreme Value 6.03 8.34 1.47 

Triangular 5.16 6.29 15.64 6.96 

Granular B 1000- 10000 Weibull 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 

I 0000 - I 00000 Extreme Value 2.71 6.29 1.48 
Gamma 5.33 3.68 1.09 ~ ., .J __ 

Weibull 5.14 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 5.2 4.07 I.I I 1.36 

Lognormal 6.8 5.57 1.17 
Pareto 7.2 4.06 3.4 

HI..! 100 - 1000 Logistic 0.667 82.88 16.29 
Lognormal I.I 11 86.91 25.79 

Extreme Value 2.44 75.67 17.76 
Pareto 4.22 S6.17 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 S.63 S8.96 10.64 

10000+ Extreme Value 0.18 44.48 3.44 
Logistic 0.17 46.17 2.49 
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Material Quaatity Distribution xSquared Panmeter 
(tonnes) One Two nree 

HLI 10000+ Lognonnal 0.18 46.48 4.2S 
Nonna! I.II 46.49 4.49 
Pareto 3 40.29 7.2 

I-ll..3 100- 1000 Weibull 6.03 38.S3 29.07 0.8 
Extreme Value 12.SI S8.92 20.24 

Pareto 12.SI 38.39 1.93 
Gamma 13.38 38.92 39.SS 0.82 

Lognormal lS.54 70.12 30.05 
1000+ Lognormal 4.9S 46.81 8.3 

Nonnal 4.9S 46.83 8.85 
Logistic 5.37 46.04 4.82 

Beta 5.37 19.13 43.47 153.26 
Gamma 1.05 28.96 4.12 4.33 

I-ll..4 100 - 1000 Triangular 4.8 22.04 60.98 277.18 
Gamma 5.2 30.44 37.37 2.ll 

Extreme Value 6.8 85.65 38.89 
Lognonnal 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 49.43 11.34 
Lognonnal 9.83 56.27 15.17 

Weibull 13.34 31.82 26.84 l.33 
Logistic 23.04 54.25 8.86 

10000+ Gamma 10.56 33.08 5.37 l.96 
Extreme Value 13.24 40.39 5.23 

Lognormal 14.58 43.6 6.95 
Weibull 14.31 33.05 l l.64 l.44 
Logistic 23.71 42.66 4.08 

HL8 100 - 1000 Exponential 15.6 0.01 
Extreme Value 2.8 55.17 I., 1 _.., 

.• 

Pareto 1.6 43.39 3.1 
Logistic 1.2 60.96 10.14 
Gamma 1.6 44.94 33.68 0.53 

1000 - 10000 Extreme Value 1.57 39.32 5.31 
Logistic 2.43 41.97 3.71 

Lognonnal 2.43 42.32 6.28 
Normal 2.43 42.33 6.49 
Gamma 1.57 28.49 3.14 4.41 

10000+ Triangular 1.83 26.9S 46.64 41.96 
Weibull 3.07 22.19 17.91 4.42 

LognormaJ 5.55 38.S2 4.25 
Gamma s.ss 14.14 0.74 32.84 

Extreme Value 7.6 40.48 3.41 

HDBC 100 - 1000 Exponential 8.9 0.01 
Extreme Value 1.27 76.36 13.03 

Pareto 3.45 41.75 2.08 
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Material Quantity Distribution xSquared Parameter 
(tonnes) One Two nree 

HDBC 100 - 1000 Logistic 0.18 69.21 9.0S 
Gamma 0.18 0 3.28 21.09 

1000 • 10000 Extreme Value 2.21 45.28 7.15 
Lognonnal 3.36 49.44 9.14 

Logistic 4.13 48.55 5.14 
Gamma 3.74 31.98 5.18 3.38 
Weibull 5.66 32.77 18.71 1.65 

10000+ Gamma 4.71 32.8 3.48 2.96 
Extreme Value 6.87 40.44 4.4 

Weibull 11.45 33.2 11.04 J.61 
Lognormal 14.69 43.07 5.8 

Logistic 17.38 4., .... _..,., 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 11.25 65.19 5.3 

Beta 10.13 20.1 14.15 110.7 
10000+ Extreme Value 6.33 54.61 1.05 

Gamma 6.33 39.93 4.39 4.29 
Lognonnal 13 58.73 8.83 

Normal 15.33 58.15 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 Lognonnal 5.81 10.86 5.38 

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 Lognonnal 2.69 4.11 2.36 

Gamma 4.77 0.78 1.52 2.18 
Extreme Value 7.54 3.12 1.6 -

Beta 6.85 2.6 13.09 24.75 
Weibull 6.85 0.74 3.73 J.52 

10000 - l 00000 Extreme Value 6.85 1.56 0.68 
Lognormal 7.15 l.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 1.56 1.18 0.38 
Beta 8.44 5.18 21.1 S.51 

Weibull 8.89 0.49 0.78 1.67 




