LIGHT COLOURED COOL ASPHALT
PAVEMENTS



LIGHT COLOURED COOL ASPHALT PAVEMENTS

JOHN VANDERMEULEN, B.Eng.

A THESIS
SUBMITTED TO THE DEPARTMENT OF CIVIL ENGINEERING
AND THE SCHOOL OF GRADUATE STUDIES
OF MCMASTER UNIVERSITY
IN PARTIAL FULFILMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE

McMaster University (¢) Copyright by John vanderMeulen, August

2014



Master of Applied Science (2014) McMaster University

(Civil Engineering)

TITLE:

AUTHOR:

SUPERVISOR:

NUMBER OF PAGES:

Hamilton, Ontario, Canada

LIGHT COLOURED COOL ASPHALT PAVEMENTS

John vanderMeulen
B.Eng., (Civil Engineering)

McMaster University, Hamilton, Ontario, Canada

Dr. Peijun Guo

xv, 115

i



Abstract

The black colour of an asphalt pavement causes it to reach very high temperatures
throughout the summer months. Asphalt binder is a temperature dependent material,
so these high temperatures can result in damage to the road surface.

This report explores the use of light coloured surface coatings to decrease the tem-
perature of an asphalt pavement. A field testing method was developed to compare
the effect of several surface materials on temperature. To support this field test, a
method was developed to characterize the surface colour (albedo) through the use of
a simple light meter. As well, the durability of the surface coatings applied to asphalt
pavement surfaces was examined using the Wet Track Abrasion Test, and methods
for further testing were suggested.

A numerical model was developed in Abaqus to predict the temperature effects
based on the surface colour and climate conditions. This model can be used to predict
the temperature in an asphalt concrete pavement at the surface and throughout the
depth of the pavement. Two versions of this model were created: A complete model,
which is used when all climate data is available, and a simplified model, which uses
estimated values to replace any data that is not available

The temperature difference between white and black painted asphalt concrete

surfaces was found to be as much as 17°C. Using light coloured surfaces with albedo

il



values in the range of 0.2 to 0.3 yielded a temperature decrease of approximately 7
to 10°C as compared to a black painted surface. Microclimate effects were found to
be significant; wind speed can drastically affect the temperature of a pavement.

The use of hydrated lime in conjunction with a polymer modified asphalt surface
course yielded good results for both temperature reduction and durability. It should

be considered for future work.
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Notation and abbreviations

Mathematical Symbols:

Symbol Units Name
! - Albedo
q W /m? Heat flux
T °C Temperature
E W /m? Incident longwave radiation
€ - Emissivity
o W -m~2.°C~*  Stefan-Boltzmann constant
h, - Convection Coefficient
h, — Radiation Coefficient
Abbreviations:
Term Meaning
IR Infrared
HMA Hot Mix Asphalt
UHI Urban Heat Island
LTPP Long Term Pavement Performance
BPN British Pendulum Number
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Chapter 1

Introduction

The majority of paved roads are constructed using asphalt concrete. This material
has a black colouring, which in warm temperatures can cause the material to become
much hotter than ambient air temperatures. This research studies the effects of the

surface colour on the thermal profile of the asphalt concrete.

1.1 Temperature dependence of asphalt concrete

Asphalt binder is a derivative of bitumen. In an asphalt concrete pavement, the
asphalt binder remains a thick, viscous fluid. As such, the material properties are
subject to change with temperature. As the temperature of an asphalt pavement
increases, the binder softens, expands and becomes more ductile, which can lead to
surface damage such as rutting and bleeding. At low temperatures, the binder shrinks
as well as becoming more brittle, which can lead to cracking in the road. As a con-
sequence of this temperature dependent behaviour, asphalt concrete pavement roads

are designed based on the maximum and minimum expected pavement temperatures.



M.A.Sc. Thesis - John vanderMeulen McMaster - Civil Engineering

Asphalt binder is graded to perform within these boundaries. Having a large spread
between the maximum and minimum temperatures, such as in Ontario, may require
more expensive binder to provide adequate durability. If the maximum temperature

can be decreased, this may allow for more durable and cost effective designs.

1.2 Influence of surface colour on temperatures

The colour of a material exposed to sunlight affects the temperature it reaches. Dark
colours absorb more solar energy, which causes higher temperatures; light colours
absorb less solar energy, which causes lower temperatures. The colour of a surface
can be characterized by a parameter called albedo, which is the fraction of the incident
sunlight that the surface reflects. This is a value between 0 and 1 which describes the
amount of solar energy reflected from the surface. An albedo value of 0 indicates that
all incident light is absorbed; this corresponds to a black colour. A value of 1 means
that all incident light is reflected; this corresponds to a white colour. The expected
albedo for a black asphalt concrete surface is in the range of 0.04 to 0.16 (Pomerantz

et al., 2000).

1.3 Economics, durability, and environmental ben-

efits

Lowering the maximum temperature that an asphalt pavement experiences can allow
for the use of less expensive asphalt binder and/or a less expensive aggregate mix

without sacrificing the performance of the pavement. As well, because the pavement
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layers do not experience as high temperatures, damage such as rutting and bleeding
may be diminished. This can lead to a more durable and longer lasting road. More
durability requires less maintenance, which can save costs. At the same time, less
maintenance results in less use of new asphalt binder, which is a very energy intensive

material with a large environmental footprint (Chen et al., 2010).

1.4 Urban Heat Island effect

Continuing on with the environmental benefits, light coloured pavements may de-
crease the Urban Heat Island (UHI) effect . The UHI effect is the increase in tem-
peratures in a built up urban area as compared to a less developed rural area. Many
man-made materials used in an urban environment tend to absorb more solar ra-
diation than natural materials, which causes an increase in temperature. Because
asphalt pavement is generally dark in colour, it has a significant influence on the
UHI. By using a lighter coloured asphalt pavement, the UHI effect will be diminished
(Pomerantz et al., 1999; Yilmaz et al., 2008).

1.5 Summary of objectives

The research in this thesis has components of both physical experiments and numer-

ical modelling. The objectives are summarized below.

e To show the effect of surface albedo on the temperature of pavements;
e To test different materials for suitability as a light coloured surface coating,

including both temperature effects and durability;
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e To develop a model to predict surface temperatures based on local climate data
and the surface albedo;

e To refine the model to allow prediction of surface temperatures at any location
based only on readily available data from sources such as Environment Canada;

e To use the model to predict the vertical temperature profile of a pavement and

compare it to the existing BELLS3 method.

1.6 Organization of the thesis

This thesis consists of nine chapters. After the introductory chapter, Chapter 2 covers
a review of the relevant literature. Chapter 3 covers details of the materials used for
this research as well as the preparation of test specimens. Chapter 4 covers the devel-
opment of a simple method for determining the albedo of a surface. Chapter 5 covers
the field testing procedures for determining the temperature effects of surface coatings
with varying albedos. In Chapter 6, the durability of the various surface coatings is
explored. Chapter 7 covers the development of a model for predicting temperatures
within an asphalt pavement and Chapter 8 covers the results of model simulations
under various conditions. Finally, Chapter 9 covers the results and conclusions made

throughout the process of this applied research.



Chapter 2

Literature review

Considerable research has been performed on the use of light coloured pavements
for decreasing surface temperatures. Most of this research covers the use of various
surface coatings and material properties which increase the albedo of the surface.
There has also been work done on the estimation of surface and profile temperatures

of the pavement.

2.1 Existing methods for modifying the surface
colour of asphalt concrete pavement

Work has been done at McMaster by Abu-Halimeh (2007) on determining the tem-
perature effects of different concentrations of hydrated lime applied to the asphalt
concrete surface. The decrease in temperatures as compared to untreated black as-
phalt concrete was found to be as much as 14°C. The albedo of the hydrated lime

was not measured, nor was the durability of the lime coating.
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As described by Emery et al. (2014), hydrated lime has been successfully used
in some real world pavement projects. The application of lime was tested on three
racetracks paved with conventional asphalt concrete pavement. The temperatures
were lowered, but there are some concerns about the durability. In another project,
two taxiways at Toronto Pearson International Airport were repaired with a layer of
hydrated lime coated asphalt concrete pavement. The asphalt binder used is poly-
mer modified, which helps to bind the hydrated lime to the pavement surface and
improve the durability. After 7 years, the taxiway remains a lighter colour than the
surrounding untreated asphalt pavement surfaces. Hydrated lime was also success-
fully demonstrated in the construction of the Da’an to Jiliao Expressway in China.

Work has also been done on other methods for creating a light coloured surface.
Feng and Zhang (2009) used a number of different paints mixed with glass particles as
surface coatings. The results show decreased temperatures compared to an untreated
surface. Skid resistance was also tested, using the British Pendulum Number (BPN).
It was found that the paint reduces the skid resistance, but for most of the tested
surfaces skid resistance satisfies the requirements. The problem with this surface
coating material is the durability, as the expected life is only 2 months. One of the
coatings tested was a material that had been successfully used in Japan (Kinouchi
et al., 2004). This one had the most favourable results and much longer durability,
but the cost was much too high for widespread use.

In a study by Wang et al. (2013), a polymer composite was developed, consisting of
an acrylic or epoxy resin filled with nano particles of TiOy or TiNO,. This composite
is applied to the asphalt concrete surface as an overlay. As with the work by Feng

and Zhang (2009), the skid resistance was tested using the BPN method. The results
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are improved skid resistance compared to conventional asphalt concrete. When the
temperatures are considered, it was found that the polymer consisting of acrylic resin
and TiOs nano particles provide the best result, a drop of 12.9°C. There are some
concerns over the cost of this method and the long term durability was not examined.

Another method that has been used to change the surface colour is to replace
the asphalt binder in the surface course with a synthetic resin binder. A study by
Lee et al. (1985) use a synthetic binder of light yellow colour which is tinted with
various pigments. The resulting asphalt concrete reportedly has similar materials
properties to conventional asphalt concrete. This project is conducted purely for
cosmetic reasons, so details on the thermal performance are not available.

The last common method for making a lighter coloured asphalt pavement is to use
light coloured aggregates such as limestone or marble. The surface of the freshly laid
asphalt is then mechanically abraded to expose the natural colour of the aggregate
(Tran et al., 2009). This can be very effective in areas where good quality light
coloured aggregates are available.

The use of portland cement concrete pavements can also be considered, as they
naturally have a much higher albedo than asphalt concrete. Levinson and Akbari
(2002) state that the albedo for a portland cement concrete pavement can be between

0.18 and 0.39.

2.2 Existing models for predicting temperatures

Different models have been developed to predict temperature in asphalt concrete
pavements. Most models assume some nominal surface albedo and do not include

environmental effects such as wind.
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Gui et al. (2007) developed a one-dimensional heat transfer model for surface
temperature of asphalt pavement. The model results closely match the results from
the data of a single field test, but the model has not been compared to other data to
examine its reliability. This model has been used to simulate the effects of various
parameters including albedo. It is found that increasing albedo causes a significant
decrease in the surface temperature. The magnitude of temperature may not be
reliable, as the simulation only has the reference of a single albedo.

A two-dimensional heat transfer model was developed by Yavuzturk et al. (2005).
This model can be used to predict surface temperatures and the temperatures at
different depths. The results of this model are compared to LTPP data and Superpave
algorithms. The comparison showed acceptable results. Changes in albedo are not
considered in this model. Suggestions for improvement for this model include using
a dedicated weather station near the test surface to get more accurate weather data.

Currently two models are mostly used in the industry. The first is the Long-
Term Pavement Performance (LTPP) program (Mohseni, 1998), which has developed
a model to predict the maximum and minimum surface temperatures as well as to
determine binder grade. The second model is the BELLS3 model (ASTM, 2006a),
which is used for predicting the temperature profile with depth in the pavement based

on the surface temperature.

2.2.1 Long-Term Pavement Performance Program (LTPP)

The FHWA /TRB LTPP program uses data records over a period of several years
at locations across North America (Mohseni, 1998). Based on this data, a model

has been developed to predict the maximum and minimum surface temperatures of
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asphalt concrete pavement at any location across North America. This model does
not take into account the surface albedo.

The pavement temperature information from the LTPP program and model have
been compiled into a software package called LTPPBind. LTTPBind is used to select
the correct performance grade PG binder to use in a Superpave HMA mix design, by
taking into account the climate data at a specific location and pavement temperatures.
This program is available for download from the U.S. Federal Highway Administration

(Mohseni, 2005).

2.2.2 BELLS3

The BELLS3 method (ASTM, 2006a) was developed as a simple method to estimate
the temperatures at any depth in an asphalt pavement structure (with some depth
limitations). This data are commonly used for calculations in deflection testing for
tests such as the Falling Weight Deflectometer.

There are minimal data and computational requirements to use the BELLS3
model. The input parameters for this model are surface temperature, the depth
below the surface where the temperature is to be estimated, previous day average
temperature, and the time of day. This data can be entered into a simple equation
to get the estimate. This method does not take into account the material properties
or design of the pavement. Because the model is so simplified, there may be some
significant error in the estimate. The results of the new model developed herein will

be compared to the BELLS3 method in Section 8.5.
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2.3 Methods for characterizing the surface colour

Most of the work on the use of light coloured pavement does not give a method
for quantitatively characterizing the colour of the pavement surface. What is most
important about the colour is how much solar radiation it reflects, so the best way to
characterize the colour is to use the albedo or solar reflectance. Both of these terms
have a similar meaning; they measure the fraction of solar radiation that is reflected.

Standard methods have been developed to determine the albedo of a surface.
ASTM E1918 (ASTM, 2006b) makes use of a pyranometer. This device measures
incoming and reflected solar radiation simultaneously. The difficulty with using this
method is that it requires a large flat surface and a clear sunny day to get accurate
results. This method is not ideal for determining the albedo of small size test speci-
mens, but this is not a problem for determining the albedo of a road surface. Levinson
et al. (2010) compared a number of other methods for determining the albedo. Using
the pyranometer method (ASTM, 2006b), as mentioned above, yields acceptable re-
sults under correct conditions. A modified method for using a pyranometer, dubbed
"E1918A”, by Akbari et al. (2008) is a non-ASTM method. This method allows for
the use of a smaller diameter specimen.

Another method, ASTM E903 (ASTM, 2012), uses a solar spectrophotometer.
This device provides its own calibrated light source. The use of this instrument is
relatively simple. Because it only records the albedo of a small area, about 10mm?, it
is best for a uniform surface. This equipment can only be used to analyze small spec-
imens, so for large surfaces a test coupon must be removed. A further complication
of ASTM E903 is that the equipment is large, immobile, and expensive.

The last method covered in the Levinson et al. (2010) study is the use of a Solar

10
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Spectrum Reflectometer, following ASTM C1549 (ASTM, 2009). The Solar Spectrum
Reflectometer is a small, portable device, which is operated by placing the aperture
directly on the surface of the specimen. All four of the above methods can yield

acceptable results when used correctly.

2.4 Urban Heat Island Effect

The Urban Heat Island (UHI) effect describes the increase of temperatures in built up
urban areas in comparison to less developed areas. One of the main contributors to
UHI effect is that dark coloured surfaces, with a low albedo, absorb more energy than
most natural surfaces (Pomerantz et al., 1999). This can be mitigated by replacing
dark surfaces, such as asphalt pavements and roofs, with lighter colour surfaces.

Santamouris (2007) has studied the UHI effect in various cities across Europe.
The increase of temperature in urban areas is found to be between 2 and 9°C. This
increase in temperature is associated with an increase in cooling loads on buildings
and peak energy demand. The use of light coloured materials was suggested as a
method for mitigating the UHI effect. The use of portland cement concrete (PCC)
pavement may be considered as an option as it naturally has a higher albedo, between
0.18 and 0.39 (Levinson and Akbari, 2002).

Yilmaz et al. (2008) have compared the surface temperatures and air temperatures
at 2m above the surface between asphalt pavement, soil, and grass. The data were
recorded at an airbase in Erzurum, Turkey. Only data from clear, calm days were
recorded. The average surface temperature difference between asphalt pavement and
soil was 6.5°C and between asphalt pavement and grass was 11.8°C. The average air

temperature difference at 2m above the surface is 5.2°C between asphalt pavement

11
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and soil and 7.5°C between asphalt pavement and grass.

There is some debate over whether there are any tangible benefits to the use of
light coloured asphalt pavement for mitigation of the UHI effect. Yang et al. (2013)
claim that there is a possibility that light coloured asphalt pavements and roofs can
actually cause an increase in the UHI effect. A field experiment conducted in Arizona
shows that light coloured ground covers cause a decrease in surface temperature, but
there was no significant temperature decrease found in the air temperatures 1.5m
above the surface. This contradicts the work done by Yilmaz et al. (2008). There
are also some negative effects on winter heating costs. The study assumed that
the benefits and drawbacks from using white roofs are the same as those for light
coloured asphalt pavements. A better comparison would be between light coloured
asphalt pavements and rigid pavements made of portland cement concrete, a material
which is lighter in colour and is commonly used for constructing roads in some areas,
and light coloured asphalt pavements. A portland cement concrete pavement surface
with the same albedo as a light coloured asphalt pavement surface should theoretically
have an identical effect on the UHI. One part of the study that may be a cause for
concern is that some of the solar radiation reflected off of the pavement surface may be
absorbed into the surrounding tall buildings, which could increase their temperatures.
However, this radiation is being trapped in the city regardless of the surface albedo.
The paper also puts forward an assumption that there will be a very high albedo,
as much as 0.5 which is comparable to that used for white roofs. This could cause
problems with reflection and glare for pedestrians and drivers. In reality, the albedo
for a light coloured asphalt pavement is much lower, in the range of 0.15 to 0.3, which

is in the same range as portland cement concrete pavement (Levinson and Akbari,
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2002).
In summary, there is probably a positive impact on the UHI effect through the

use of light coloured asphalt pavement, but further study is required to quantify this.

2.5 Benefits of reducing pavement temperatures

Asphalt concrete is a temperature dependent material, so decreasing the maximum
temperatures can have some significant benefits for the performance of the pavement.

Chen et al. (2010) discuss some of the problems caused by high asphalt concrete
temperatures. There is a decline in the strength and structural stability of an asphalt
concrete as the temperature increases due to the softening of the asphalt binder.
As well, when the asphalt concrete temperature increases, the volume of the binder
expands, which can lead to distresses such as bleeding. Stiffness and rutting resistance
decrease with increasing temperatures. It is stated that at air temperatures less than
30°C, a conventional asphalt pavement will not experience significant rutting due to
temperature. However, air temperatures above 38°C will cause rutting to increase
rapidly and sustained air temperatures above 40°C will cause severe rutting in a
matter of days. An example of this is that the landing gear of a parked Boeing 737
sunk 10-15cm into the pavement during a recent heatwave in Moscow (Russia Today,
2014).

A decrease in the maximum pavement temperatures will decrease these problems

and increase the durability of the asphalt pavement.
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Chapter 3

Testing program, materials and

specimen fabrication

3.1 Materials

The hot-mix asphalt (HMA) used the testing program were a Superpave 19mm base
course mix and a Superpave 12.5mm FC1 surface course mix. The materials were
provided by AME. The mix designs involved are given in Appendix A

The Superpave 19mm base course mix is a standard hot mix asphalt. The asphalt
binder incorporated was Superpave Performance Grade (PG) 70-28. The aggregates
incorporated were 19mm stone, HL3 stone, high stability sand, and screenings. The
12.5mm FC1 surface course frictional mix is a polymer modified, warm mix asphalt.
The term ”"warm mix” means that an additive was incorporated to decrease the
required mixing, placement, and compaction temperatures. The polymer modification
enhances (reduces) the temperature value susceptibility, increase the durability, and

for the purpose of this research, makes the asphalt concrete surface "sticky,” which
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increases the adhesion of surface coatings. The asphalt binder incorporated was
PG 58-40P. The aggregates incorporated were 12.5mm stone, chip, screenings, and

manufactured sand.

3.2 Preparation of asphalt concrete specimens

The plant prepared hot-mix asphalt mix was contained in 10kg boxes. The boxes
were preheated in an oven at 110°C for a minimum of 2 hours in order to ”soften” the
mix. The softened asphalt mix was then split into the required mass for each layer of
the specimen. The asphalt mix was then heated to approximately 10°C higher than
the specified (AME Mix Design) re-compaction temperature in a microwave. Heat-
ing times were approximately 10 minutes to reach the target temperature. The re-
compaction temperatures of the SP19mm and SP12.5FC1 asphalt mixes were 150°C

and 125°C, respectively.

3.3 Preparation of mould

Two moulds were used to fabricate the asphalt concrete specimens for this test. Both
moulds consisted of a 305mm diameter steel pipe bolted to a steel base. The mould
for preparing the base of the specimen was 350mm high, and the mould for preparing
the surface of the specimen was 50mm high. The moulds were preheated in an oven to
60°C in order to decrease initial cooling of the asphalt mix. The sides of the moulds
were lubricated with a safe food-grade lubricant (PAM) in order to facilitate removal

of the completed specimen.
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3.4 Compaction of specimens

A predetermined mass of asphalt mix was measured, then placed in the preheated
mould. The temperature of the asphalt mix was measured using a probe thermometer,
and compaction was started when the mix had cooled down to the re-compaction
temperature. The asphalt mix was then rodded in order to distribute it evenly before
compaction.

Thereafter, the asphalt mix was compacted using an impact hammer (Milwau-
kee SDS-Max Demolition Hammer, model number 5446-21) with a round 100mm
diameter tamper attachment. The initial compaction was carried out by rocking the
tamper back and forth while moving it around the surface. After the initial com-
paction, the tamper was held horizontal to the surface and slid around to smooth
the surface. Lift thickness was pre-determined based on mass and expected density,
so final compaction was reached when the thickness reached the required level. The
height was taken at three symmetrical points around the mould in order to confirm if
the compaction was proceeding in a uniform manner. The compaction time for each
lift was approximately 8 to 10 minutes.

For the base course, lifts were added until the total height reached 260mm. Each
lift was approximately 12kg, with a target density of 96% of the maximum relative
density. Typical achieved density was 93 to 96%. The final lift mass was determined
based on the remaining height to 260mm. Care was taken to ensure that the surface
of the final lift was level. After the final lift was placed, a flat steel disk was placed
on top and loaded with an approximately 30kg mass to improve the smoothness of
the surface.

For the surface course, the specimen was compacted in one lift of 40mm. The
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Figure 3.1: Compaction of surface course mix

thickness tolerance for surface deviation was 1mm. The mass of the lift was 6.9kg.
As with the final layer for the base course, the surface of the specimen was made
as smooth as possible, and load was applied after compaction to help smooth the
surface. Some flushing was observed on the top surface of the specimen due to the
compaction method. To use a more realistic surface for testing, the surface course
specimens were used upside down. The compaction method for the surface course is

shown in Figure 3.1. Typical density achieved was 94 to 96%

3.5 Removal of specimen from mould

The specimens were removed from the moulds approximately 30 minutes after com-

paction of the specimens was completed. For the base course, the bottom of the
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mould was removed and the mould was lifted approximately 50mm using a chain
block. The sides of the mould were tapped with a hammer until the specimen started
to slide out, at which time the mould was lifted clear of the specimen. This method
worked best when the specimen was still at a temperature near 80°C. In cases where
the specimen had cooled too much, it would not slide out, requiring the use of a
hydraulic press.

For the surface course, the bottom of the mould was removed and the specimen
pushed out be hand. For some specimens, the bottom had to be hammered off the

mould.

3.6 Instrumentation

Thermocouples were installed at various depths aong the central axis of the specmines.

To install the thermocouples, the base course specimen was laid on its side and
supported by a steel channel. A pilot hole was then drilled into the specimen using a
4.8mm bit in a drill press to the maximum extension of the drill press. The hole was
then completed to the centre of the specimen (153mm) using a hand held hammer
drill. A hole was placed at 30mm from the top surface and a further three more were
installed at 50mm increments.

For the surface course specimen, the small thickness made drilling difficult. A
steel channel was clamped to either side of the specimen in order to hold it vertical
and prevent the drill from pushing out the sides. A level was used to insure that the
hole was being drilled vertically. The hole was placed in the centre of the specimen,

at 20mm depth.

18



M.A.Sc. Thesis - John vanderMeulen McMaster - Civil Engineering

Surface
Course
Block

. |<+— Base
- Course
Block

Figure 3.2: Instrumented specimen

Thermocouples were placed in the holes. In some cases, the holes had to be re-
drilled in order to allow the thermocouple to reach full depth to the centre of the
specimen. The holes were backfilled with a mixture of asphalt pavement sealer and
sand which was pushed down the hole using a thin metal rod. A fully instrumented

specimen is shown in Figure 3.2.

3.7 Joining surface course specimen to base course
specimen

An emulsified asphalt tack coat was applied to the top of the base course block. The
tack coat was mixed 1:1 with water and spread at a rate of 0.2kg/m?.
The specimen was then dried under an infra-red heating panel for approximately

30 minutes. The tack coat is ready (cured) when it turns a brown colour and the
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surface is sticky to the touch.

The surface course block was next placed upside down on top of the base block
(as noted previously). Heating was resumed until the surface temperature reached
at least 45°C (60°C would be ideal, but it was difficult to achieve with the heater).
Once the temperature was achieved, the heater was removed, and a steel plate was
placed on top which was loaded with at least 30kg mass. This was left overnight for

the specimen to set.

3.8 Applying the surface coating

Several materials were used as surface coatings to make light coloured surfaces in
order to determine the effects of different surface albedos on the specimen temperature
profile. The materials used are summarized in Table 3.1. In these surface coating
materials, the black and white paints bracket the maximum and minimum albedo
values in this study. The other coating materials are expected to produce grey colours
at the asphalt concrete specimen surfaces.

Before a coating was applied, a thermocouple was glued to the surface of the
specimen. This was done before application of the coating for two reasons. First, the
surface must be clean to allow good cohesion. Second, the thermocouple itself should
be coated so that it does not affect the surface temperature or temperature profile.

Paints were simply applied to the cold specimen surface with a roller. The various
powdered coatings were spread while the surface was warm in order to simulate field
application on a fresh compacted asphalt concrete surface. Heating was accomplished
with the heating panel, to a temperature of at least 45°C. The coating was then

applied with a brush. A piece of wax paper was then placed over the top and the
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Table 3.1: List of surface coatings

Material

Natural untreated asphalt concrete
Hydrated lime

Limestone screenings

Baghouse dust

Portland cement

White Paint

Black Paint

powder was pressed into the surface using a steel cylinder as a ”rolling pin”. It should
be noted that a polymer modified HMA surface course was used throughout to aid
in coating cohesion.

The amount of coating to use was measured out before application. Based on the
work by Abu-Halimeh (2007), the optimal mass of hydrated lime is 150g/m?, so this
was used for all coatings except limestone dust. The limestone dust failed to spread

well, and 300g/m? had to be used to cover the surface.
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Chapter 4

Determination of albedo

The conventional methods for determining albedo, as mentioned in Section 2.3, re-
quire a complex testing procedure and/or very expensive equipment. In order to
readily determine the albedo of a surface, a simple, inexpensive method was devel-
oped. This method was calibrated by comparing its results with those obtained from

the standard method ASTM E1918 (ASTM, 2006b)

4.1 Equipment used

The standard method for determining Albedo, ASTM E1918 (ASTM, 2006b), makes
use of a pyranometer. In this study, the pyranometer that was used was made of a pair
of Kipp & Zonen PAR LITE sensors mounted back to back. One sensor was oriented
upwards to collect incident light, and the other was oriented downwards to collect
reflected light. Data was recorded using a Campbell Scientific CR5000 datalogger.
The proposed simplified method used a Sekonic L-758DR light meter. Inci-

dent light was recorded using the illuminance meter function and reflected light was
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recorded using the luminance meter.

4.2 'Testing procedure

Albedo was first measured using the pyranometer in accordance with ASTM E1918.

Next, the albedo was measured using the light meter. The Sekonic L-758RD is
technically suitable for this purpose. The light meter was first placed level on the
ground surface in order to record the incident light (Illuminance in lux). For reflected
light (Luminance in cd/m?), the light meter was held perpendicular to the surface
at a height of approximately 1 metre above the surface. Incident and reflected light
readings were taken less than 30 seconds apart in order to limit errors resulting from
brightness variations. A minimum of three manual readings were taken to allow result
averaging.

The light meter was also calibrated against a standardized Sekonic Exposure Pro-
file Target II card, which has grey patches of known reflectivity (albedo) which vary

from pure white to pure black.

4.3 Determination of albedo from recorded data

The pyranometer data was recorded in millivolts. There is a linear relationship be-
tween the measured millivolts and the amount of light received by the PAR LITE
sensor, so millivolts could be directly used to calculate albedo. Albedo is calculated

as the ratio between the readings of millivolts for reflected and incident light:

Reflected light

Albedo =
O Tncident light

(4.1)
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For the Sekonic light meter, the incident and reflected lights are recorded in dif-
ferent units. The following formula, based on Tatum (2011), was used to convert

between reflected (Luminance in cd/m?) and incident (Illuminance in lux) light:

Iluminance = Luminance - (4.2)

This equation is applicable for a Lambertian surface, which is a non-glossy surface
under diffuse lighting conditions. Under direct sunlight, a correction factor may be

required. As a result, the albedo is calculated from the light meter readings as:

Luminance (cd/m?, Reflected)
THluminance (lux, Incident)

Albedo =7 (4.3)

4.4 Results

The albedos were determined for different surfaces using both the standard and the
simplified methods. The surfaces considered ranged from fresh white snow to new
black asphalt concrete. Figure 4.1 compares the albedo results obtained from both
methods.

Albedo is recorded as a value between 0 and 1, where 0 means no light is reflected
and 1 means 100% of the light is reflected. Black asphalt concrete surface is expected
to have an albedo in the range of 0.04 and 0.16 (Pomerantz et al., 2000), and fresh
snow in the range of 0.8 and 0.95 (Yuri, 1998).

As shown in Figure 4.1, the correlation between the results of both methods is
very good. The R? value was found to be 99.5% and the root mean square error

(RMSE) was 4.4%. The maximum difference between the albedo measured from the
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pyranometer and light meter data was 0.05.

When analysing the data, it was determined that the accuracy with which the light
meter could repeat readings was less than that of the pyranometer. The pyranometer
conformed to the required accuracy in ASTM E1918 of no larger than 0.01 on a scale of
0 to 1. The light meter readings fluctuated up to 0.05 for a uniformly coloured surface.
This can be attributed to the accuracy of manual readings and also the nature of the
sensor. Readings cover a single point, so a non-uniform surface colour will yield
different results. The minimum requirement for getting an accurate measurement
with this method is 3 readings taken with a difference in albedo of less than 0.05. If
the 3 readings are outside this range, then a minimum of 6 readings must be made.
The maximum and minimum outliers are then removed before averaging. Taking the
average of 6 to 10 readings will significantly improve the accuracy for a non-uniform
surface.

Comparing the light meter results to the Sekonic Exposure Profile Target II card,
the correlation is also very good. The R? value was found to be 99.9% and the root
mean square error (RMSE) was 3.2%. The differences between the expected value

and recorded value are displayed in Figure 4.2.

4.5 Limitations

As mentioned previously, measuring albedo using a technically light meter works best
on non-glossy surfaces under diffuse lighting. Measurements are best taken inside,
on an overcast day, or in the shade. If inside light is used, error may increase due
to the accuracy of the meter. It should be noted that the albedo recorded may vary

based on the light source used, so all measurements should be taken under the same
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Table 4.1: Albedo of asphalt concrete surfaces treated with different surface coatings

Material Concentration Albedo
Natural - 0.044
Hydrated lime 150g/m? 0.703
Limestone screenings 300g/m? 0.537
Baghouse dust 150g/m? 0.333
Portland cement 150g/m? 0.373
White Paint — 0.808
Black Paint - 0.059

lighting conditions.

This simple light meter method has only been tested on grey scale surface. For dif-
ferently coloured surfaces, the difference in wavelengths of reflected light as compared
to grey surfaces may inhibit the accuracy of the albedo measurements.

The accuracy of this method for albedo measurement can be expected to be £0.025
for a surface of non-uniform colour when sufficient data points are taken for averaging.

For a fully uniform surface the accuracy will be better.

4.6 Conclusions

The albedo of various grey coloured surfaces were determined by following ASTM
E1918 and by the use of a technically suitable light meter. The light meter was
also tested against a calibrated exposure profile target. Based on a good correla-
tion between the results of both methods, the simple light meter method has been
determined to be accurate.

The light meter was used to determine the albedos for all of the surface treatments

used in this research. The results are summarized in Table 4.1
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Chapter 5

Field testing

A number of different surface coatings were tested under field exposure conditions
to determine their impact on the temperature of asphalt concrete specimens. A
"natural” untreated asphalt concrete surface was used as the control, and black and
white paints were used to bracket the maximum and minimum temperatures that

could be expected.

5.1 Test setup

The test specimens were placed on a gravel bed approximately 300mm thick. The
test location was in an open area outside the Applied Dynamics Laboratory (ADL),
with direct sunlight (no shadow) for most of the day. The asphalt concrete specimens
(cylinders) were insulated around the sides using 50mm thick expanded polystyrene
cylindrical half shells, as shown in Figure 5.1. Four specimens were tested at the
same time in order to compare the effect of different surfaces under identical exposure

conditions.
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Specimen Gravel Bed Polystyrene Shell

Weatherproof box containing data logger

Figure 5.1: Test setup

The thermocouples were connected to a data logger and laptop. Temperatures
were recorded every 10 minutes for the duration of the test. The data logger and

laptop were secured in a locked weatherproof box.

5.2 Instrumentation

Thermocouples were installed in the specimens as described in Section 3.6. They
were type T, 24 gauge wire, with special limits of error. The wire was cut to length
(approximately 1m) and the sensor end connection was soldered. The thermocouples
were installed into the centre of the specimen at depths from the surface of 20, 50,
120, 170, and 220mm. As well, a thermocouple was attached to the surface to mea-
sure the surface temperature and a probe thermocouple was placed in the gravel bed

approximately 30mm below the specimen (depth from specimen surface of 330mm)
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Figure 5.2: Thermocouple locations

to quantify the boundary condition at the bottom of the specimen. A control ther-

mocouple was installed at 20mm depth from the specimen surface but only half the

distance from the side (75mm) in order to check whether there was any significant

deviation in horizontal temperature distribution. The locations of the thermocouples

are shown in Figure 5.2.

5.3 Weather data

The weather data used for this study were wind speed, longwave downward radiation,

shortwave downward radiation, and air temperature. The data was acquired from the

McMaster Weather Station, which was located approximately 600m from the test site

on the roof of the General Sciences Building. Weather data was recorded continuously

at 15 minute intervals.
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Table 5.1: Summary of testing program

Test # Date

Surface Coatings

1 August 8-12, 2013

Natural untreated

Black paint
White paint
Hydrated lime

2 August 13-19, 2013

Baghouse dust
Portland cement
Limestone screenings

Black paint

3 August 19-22, 2013

Natural untreated

Black paint
White paint
Hydrated lime

5.4 Results of the field tests

Three series of outdoor tests were completed at the test site outside of the ADL. Each

test measured the temperature profile within the asphalt concrete specimens. Four

specimens were tested for each testing period. Table 5.1 summarizes the different

specimens tested in each series. The requirements for weather conditions were rain

free days with mostly clear skies. Higher ambient temperatures would have been ideal,

but within the allowable time frame the daily high temperatures did not exceed 30°C.

A minimum of 48 hours from midnight to midnight were required for each testing

phase to establish the temperature regime and the daily temperature variation, and

to eliminate any initial temperature effects present at the beginning of the test.
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5.4.1 Surface temperatures

The first outdoor test took place during the period of August 8 to 12, 2013. Four
specimens were tested: natural control (no surface treatment), surfaces painted with
white and black paints respectively, and a surface treated with hydrated lime (Ta-
ble 5.1). The surface temperature histories of these four specimens are compared in
Figure 5.3 at the end of this section. It can be seen that the white paint and hydrated
lime have very similar surface temperature histories; the same can be said about the
black paint and natural asphalt concrete black surface. This can be directly related to
the albedo values, which are similar for each pair. The surface temperatures of white
painted surfaces were approximately 40°C higher than the ambient air temperature.
The temperature differences between black and white painted surfaces was as much
as 18°C. This significant temperature difference was an ”extreme” result, as it com-
pares the effects of the darkest and lightest colours available, with the albedos being
0.059 and 0.808, respectively. The weather conditions included some cloud cover, as
indicated in some ”spiking” of the temperatures (Figures 5.3 to 5.8).

The second outdoor test took place under similar ambient conditions between
August 13 and 19, 2013. As shown in Figure 5.4, the black paint again reached the
highest surface temperatures. The baghouse dust and portland cement surfaces had
similar performance, and the limestone screenings had the lowest temperatures. How-
ever, limestone screenings had very poor adhesion to the surface and would therefore
probably be an unacceptable coating material. The baghouse dust and portland ce-
ment had albedo values of approximately 0.3, which is in the "ideal” range for light
coloured pavements. The two surface coatings yielded a temperature decrease of 7

to 10°C in comparison to the black surface of a natural asphalt concrete. Weather
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conditions for this test again included some cloud cover.

The third outdoor test took place between August 19 and 22, 2013. It was a
replication of the first test series in order to confirm the repeatability of the test
results. This period was warmer than the previous tests, so the asphalt concrete
temperatures were correspondingly higher. The temperature difference between the
black and white specimen surfaces was similar to that seen in the first test. The
test results are plotted in Figure 5.5. Weather conditions were mostly clear skies and
warm temperatures, resulting in the highest temperatures of the three tests.

In order to find a correlation between the surface temperature and albedo, a plot
was made comparing the maximum surface temperature above ambient air tempera-
ture in relation to albedo. As shown in Figure 5.12; it can be seen that there is an
approximately linear relationship between the albedo and maximum surface temper-

ature above ambient.

5.4.2 Temperature profile with depth

The temperature distribution with depth in the specimen was also recorded for each
specimen with a different surface coating. Examples of the full temperature record are
shown in Figures 5.6 to 5.8 for a black painted specimen, a white painted specimen,
and a lime treated specimen for test 1. It can be seen that the control thermocouple
embedded only 75 mm into the specimen at a depth of 20 mm has values similar
to the fully embedded thermocouple at the centre of the specimen. This indicates
that horizontal heat flow within the specimen was negligible, which implied one-
dimensional heat transfer.

The temperature plotted against depth is shown in Figures 5.9 to 5.11 for the
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hottest day of each test. The results of other days are shown in Appedix B Fig-
ures B.3 to B.9. Here, the temperature profile is plotted for when the specimen
surface was hottest, which occurred between 14:00 and 16:00 depending on ambi-
ent weather conditions. It can be seen that the temperature differences are greatest
within the top asphalt concrete layers, but at the ground level the temperatures are
not significantly affected by the surface coatings.

The difference between the highest surface temperatures of the white and black
specimen surfaces were quite large, while at depth the values converge to a value
between 20 and 25°C. This value is the ground temperature, which does not change
very much throughout the warm summer months. This is essentially in accord with
typical asphalt pavement temperature monitoring of highway and airport pavements.

(ref. Pomerantz et al., 1999, 2000)

5.5 Observations and Conclusions

From the test results for the specimens with different surface coatings (treatments),

a number of observations can be made:

e The natural surface of new asphalt concrete and the black painted surface have a
similar albedo value, approximately 0.05. The black surface temperature could
be 22°C higher than the ambient temperature for typical southern Ontario
summer days.

e Lighter surface colour can significantly reduce the asphalt concrete surface tem-
perature. Using the black painted surface as a the reference, the maximum

temperature decrease for white paint and hydrated lime are in the range of
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14 to 18°C. Portland cement and baghouse dust treated surfaces have similar
albedos and can result in similar lower surface temperatures. Both surfaces
experience a maximum decrease in the range of 6.5 to 8.5°C as compared to
the black painted surface. The limestone screenings can reduce the pavement

surface temperature by 9.5 to 12.5°C as compared to the black painted surface.
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Figure 5.6: Test 1 Black paint specimen full temperature profile
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Figure 5.7: Test 1 White paint specimen full temperature profile
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Figure 5.8: Test 1 hydrated lime specimen full temperature profile
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Figure 5.10: Test 2 Temperature profile, August 16
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Chapter 6

Durability analysis

The durability of any coating used to lighten asphalt concrete is very important. At
the very least, the coating must last until the asphalt concrete surface has naturally

aged to a lighter colour. This means that the material must last for several years.

6.1 Wet Track Abrasion Test

In order to test the durability of coatings, a modified version of the Wet Track Abra-
sion Test (ASTM, 2011) was used. The standard version of this test was used to
determine the wear of a slurry seal through abrasion by a rubber hose. In the Wet
Track Abrasion Test, a piece of standard rubber hose is weighted with 5lb (2.26kg)
and "rubbed” over the submerged surface in a circular pattern by a planetary type
mechanical mixer for 5 minutes. The change in weight of the slurry seal during the
test indicates the amount of potential damage (wear and tear) as compared to a spec-
ification for slurry seal design. The procedure for the modified method used herein is

outlined in Appendix C.
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6.1.1 Wear analysis using albedo

For the testing of the durability of light coloured asphalt concrete surface coatings,
the quantity of material removed is difficult to measure, but fortunately it is not
important as compared to the longevity of the of increased albedo. In this research,
the change in albedo was used as a measure of the durability. As wear is experienced
during the test, some of the surface coating is removed along with some of the asphalt
binder, while some of the surface coating is forced further into the "pores” of the
asphalt concrete. The albedo was measured by using the light meter as described in
Chapter 4 before and after the Wet Track Abrasion Test to determine whether the
surface coating (colour) is still acceptable after wear.

A further modification to the test is to increase the time of abrasion. The standard
test requires only 5 minutes of abrasion. It was found that this was not enough time
for the surface coating to wear down significantly, so albedo was also recorded after

testing for a total of 50 minutes and 150 minutes.

6.1.2 Preparation of surfaces

When applying the surface coatings in the laboratory, more ideal conditions could be
implemented than in the field (Section 3.8). The application of a coating material
in the real field situation would occur when the freshly laid asphalt concrete is still
warm. In order to simulate this in the durability test, the asphalt concrete specimens
were pre-heated in an oven to 60°C before the surface coating was applied as described
in Section 3.8. This yielded a much better adhesion of the material to the surface.
The test was carried out on white paint, hydrated lime, baghouse dust, and on

an untreated specimen. A specimen left over from the field testing (see Chapter 5)
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which had a surface coating of hydrated lime was also used. This specimen had poor
cohesion due to the relatively low temperatures of application and most importantly,
the surface conditions due to release agent use, richness, and smoothness, and as a
result already showed significant wear. The limestone screenings were not tested, as
the cohesion was so poor that the material could be simply brushed off. For these
reasons, the Wet Track Abrasion Test is a questionable approach for the laboratory
determination of the durability of asphalt concrete surfrace coatings, particularily if

the coating condition issues are not resolved.

6.2 Test results

The results of the limited durability testing, with the outlined bonding concerns are
shown in Figure 6.1. The test on the white paint was terminated after the initial 5
minute test, as the low surface friction caused little wear except in patches where the
paint flaked off. The test had the effect of cleaning the surface, actually increasing the
albedo. Low surface friction (safety) problem also eliminated the paint from being an
acceptable surface coating. The natural surface showed a trend of marginal increase
of albedo as the dark coloured binder was removed, exposing the lighter coloured
aggregate. The baghouse dust showed a large decrease in albedo after the first 5
minutes (essentially removed), and after 50 minutes it was identical to an untreated
natural asphalt concrete surface. A slight increase was noted after 150 minutes, which
would indicate that the asphalt concrete surface was wearing, causing the aggregate
to become exposed.

The focus of this testing was the hydrated lime coating. The initial albedo of 0.81

for the hydrated lime treated surface decreased to 0.38 after the initial 5 minutes and
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Figure 6.1: Results of durability test

decreased further to 0.23 after 50 minutes. If 0.23 can be assumed to be the albedo
after several years, it would be deemed acceptable. After further testing for 150
minutes and 250 minutes, the albedos were 0.22 and 0.19, respectively. The results
show that there was not any more significant drop of albedo over long periods. If
0.19 can be assumed to be the terminal albedo, it would still not be acceptable for
use as a coating. The duration of abrasion has not been compared to the wear of a
surface in a field condition, so a field test is required to provide more reliable long

term results.
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6.3 Proposed field testing for durability

Because of the limited nature of the Wet Track Abrasion Test and issues with the
surface coating bond, a field test was proposed instead. This method would test the
surface coatings as well as line marking paint using a modified version of ASTM D559-
03 (ASTM, 2003). The surface coatings would be applied to an asphalt pavement
road surface, which would eliminate any of the problems that were a result of using
lab compacted asphalt. The abrasion mechanism would be a standard wire brush.
The friction of surfaces should be examined as well, including adding ”grit” to the

surface coatings to improve frictional values.
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Chapter 7

Numerical model

This chapter presents a pavement temperature prediction model, by simplifying the
asphalt concrete layer as an one-dimensional system. The goal of this model is to
determine the maximum surface temperatures of the asphalt pavement by taking
into account heat transfer in the pavement and proper boundary conditions. This

model was implemented through FEM to simulate the tests described in Chapter 5.

7.1 Thermal model

When analysing the transient heat transfer process in an isotropic medium and for
constant thermal conductivity, both the first law of thermodynamics, which states
that thermal energy is conserved, and Fourier’s law, that relates the heat flux with the
thermal gradient, must be satisfied. The applicable heat transient two-dimensional
transfer equation is expressed as (Incropera and Dewitt, 1996; Ozisik, 1985):

e 2 1
5 =V (7.1)
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or:
o*T 9*T 10T
e Tl 7.2
Ox? * 0z a0t (7:2)
where a = k/(pC') is the thermal diffusivity, k is the thermal conductivity, and p and

C stand for the density and the specific heat, respectively.

7.1.1 Energy balance in asphalt concrete pavements

As illustrated in Figure 7.1, which shows a schematic pavement cross-section and the
heat-related processes that affect the pavement structure, the pavement temperature
greatly depends on how the solar energy heats the pavement and how the pavement
influences the air above it. In general, the temperature of the pavement is affected
by many factors, such as solar energy, solar reflectance, material heat capacities, sur-
face roughness, heat transfer rates, thermal emittance, wind speed. Rainfall, water
migration and evaporation in the pavement are also part of the heat transfer pro-
cess, which implies that permeability has an effect on the heat transfer process in
pavements. Table 7.1 lists all of the energy transfer mechanisms at the pavement
surface.

The pavement temperatures prediction model is established based on the basic
principles of physics, including thermal dynamics and the theory of heat transfer.
The first law of thermodynamics requires energy balance in the asphalt concrete

pavement such that the net surface flux is zero:

solar + Gconvection + Gconduction + Arain + qir + .= 0 (73)
The factors that are most important for simulating an asphalt pavement surface
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Figure 7.1: Thermal energy balance in pavement on a sunny day

Table 7.1: Energy balance at pavement surface

Heat Flux Symbol
Incident Shortwave Radiation Gincident
Reflected Shortwave Radiation B+ Gincident
Net Shortwave Radiation Qsolar
Net Longwave Thermal (IR) Radiation qIr
Convective heat transfer to air Jeonvection
Heat transfer due to evaporation Grain
Heat flow into/out of pavement Geonduction

under maximum temperature conditions are the net shortwave solar radiation, ¢,
the net longwave thermal (infra-red) radiation, g, and convection, Geonvection- 1Lhe
conduction of heat through the pavement, qeonduction, 18 accounted for in the materials
parameters. Rain, ¢4, has a cooling effect on the asphalt surface and as such is not

necessary when estimating maximum temperatures (sunny days).

7.1.2 Solar radiation

The solar radiation that affects the surface temperatures is short wave energy, mostly

falling within the visible spectrum. Some of the solar radiation is transferred to the
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pavement, while a percentage of it is reflected away. The reflected value is based on

the albedo, 5. The net solar radiation can be expressed as

Gsolar = (1 - B) * Qincident (74)

where @ineigent 1S the recorded hourly solar radiation if available, or determined based
on a model as described below.

Although a single figure for the albedo of a surface is useful in estimating radiation
fluxes, the reflectivity actually depends strongly on the wavelength of the electromag-
netic radiation (McGuffie and Henderson-Sellers, 2014; Akbari and Matthews, 2012).
The solar radiation includes shortwave radiation ( visible light, with wavelength of
400 to 700 nm) and longwave radiation (near infrared, wavelength 700 to 2500 nm).
A large fraction of the sun’s energy is in the visible (~43%) and near infrared (~52%)
spectrum. Since the albedo varies with the wavelength, one may alternatively deter-

mine the contribution of these two types of radiation separately.

Shortwave radiation model (visible light)

The shortwave radiation is available for use directly in this model. However, for
simulations at other locations, this data may not be available. It is then necessary to
"create” an estimate for the shortwave radiation.

It is possible to simulate the shortwave radiation received at any location based
solely on its latitude and longitude. This is because the energy output of the sun, the
orbital path and rotation of the earth, as well as the composition of the atmosphere are
known. A shortwave radiation model, explained by Stull (2000), has been developed

and can be used to determine the hourly radiation for any location. The model
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requires the following input parameters:

e The solar declination angle, J,.

e The Julian Day, d, which is the day of the year.

e The summer solstice June 22, d,., which is 173 or for a leap year 174.

e The number of days in the year, d, is 365 or for a leap year 366.

e ¢, is the tilt of the earth’s axis, which is 23.49°.

e The local elevation angle of the sun, 1.

e Latitude ¢ and longitude ..

e Time of day tyrc, which is reported in Coordinated Universal Time.

e The constant C, which is 360°. Length of the day t,, which is 24h.

e The solar constant S, which is 1368 TW/m?.

e Net sky transmissivity 7.

e Cloud cover fractions oy, 0,7, and o, which for the purposes of this model are
assumed to be 0 indicating no cloud cover.

e The incident solar radiation ¢;ncigent-

The solar declination angle d; is first calculated as:

ds = ¢pcos (C(dd_dr)> (7.5)

The local elevation angle ¥ of the sun depends on §, as well as the lattitude ¢ and

longitude A, of the locations, such that

C'tUTC_)\>

sin(1)) = sin(¢p)sin(ds) — cos(¢)cos(ds)cos ( .

(7.6)
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The net sky transmissivity is determined as

T, = (0.6 4+ 0.2sin))(1 — 0.405)(1 — 0.70;) (1 — 0.407) (7.7)

which leads to

Gincident = S - Tr : smw (78)

The values may be higher than the actual recorded data because this model does

not account for cloud cover.

7.1.3 Longwave radiation (infrared light)

The net Infrared radiation (i.e., thermal or long-wave radiation) at the pavement

surface is described as follows (Yavuzturk et al., 2005):

qir = h’?“ . (Tsky - Tsurface) (79)

where h, is a linearised radiation coefficient

(7.10)

Tsurface + Tsky ) s

=4
h, ea( 5

where € is the emissivity coefficient of the pavement material, o is the Stefan-Boltzmann
constant, Ty, fece 1s the surface temperature of the asphalt concrete, Ty, is the tem-
perature in the upper atmosphere. T, can be determined based on recorded IR

downward radiation (E) if available by (Bliss Jr, 1961):

E
Ty = \ﬁ (7.11)
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For most locations, longwave radiation data is not available. As a result, an esti-
mate for the longwave radiation must be made. According to Alavi et al. (2013), T,
may be used to substitute for T, but there is a significant loss in accuracy. Un-
like shortwave radiation, the longwave radiation is not a value that can be modelled.
Instead, an average value may be used. Based on data from the McMaster Weather
Station, the nominal average of longwave radiation during the summer months is
400W/m?, which corresponds to a Ty, value of 16.7°C. The accuracy of this esti-
mate is considered in Section 8.2.

In this research, the longwave radiation used was recorded using a radiometer.

This value is then used to estimate the upper atmosphere temperature, Tgp,

7.1.4 Convection

The convection heat transfer between the pavement surface and the air immediately
above may be induced by both free and forced convection.

Convection is the mechanism of heat transfer through a fluid in the presence of
bulk fluid motion. In general, convection is affected by surface characteristics, thermal
conductivity of air, and flow characteristics of the fluid (e.g.,turbulence and the speed,
etc.). Convection is classified as natural (or free) and forced depending on how the
fluid motion is initiated. In natural convection, any fluid motion is caused by natural
means such as the buoyancy effect, i.e. the rise of warmer fluid and fall of cooler fluid.
Whereas in forced convection, the fluid is forced to flow over a surface or in a tube

by external means such as wind.
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The convection flux is described as

Gconvection = hC(Tair - Tsurface) (712)

where h,. is the convection coefficient. Various empirical formulations have been
proposed for determining the convection coefficient for different geometries. For a
pavement surface, correlations for a horizontal flat plate are the most applicable.

In convection heat transfer, a non-dimensional heat transfer coefficient, the Nusselt
number N,, is generally used to represent the enhancement of heat transfer through

a fluid as a result of convection relative to conduction across the same fluid layer:

She  q.
N, = 2 = Zeon (7.13)
k Acond

where k is the thermal conductivity of air and ¢ is the characteristic length, i.e. D
for a tube and L for a flat plate.
For free convection heat transfer, N, is a function of the Rayleigh Number (R,),

which is defined as the ratio of inertia forces to viscous forces in the fluid:

inertia forces _ pVé V3§ (7.14)

viscous forces 1 v

where p = mass density (kg/m?), C'p = specific heat capacity (J/kg-K), u = dynamic
viscosity (N - s/m?), v =kinematic viscosity and v = pu/p (m?/s). In external free
convection flows over a horizontal flat plate, the critical Rayleigh Number is about

107. Incropera and Dewitt (1996) proposed the following relations for free convection
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from the upper surface of a heated or cooled plate:

v =0.54RY*, 10* < R, < 107; laminar flow (7.15)

v =0.15RY3 10" < R, < 10"; turbulent flow (7.16)

While several empirical relationships to estimate convection coefficients for pavement
analysis are available in the literature, for this study, the convection coefficient was
determined based on the wind speed available in the weather data using the following

equation (Earle, 2004):

he=57+39v for v<bm/s (7.17)

he = 7.40°%  for 5 < v < 30m/s (7.18)

The above equations can be applied to smooth large plane surfaces. The rough nature
of an asphalt surface will result in a slightly higher value for A., but it is insignificant

within the accuracy of measured wind speed.

7.1.5 Air temperature

The hourly air temperature is often readily availa