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ABSTRACT

Effects from an Urban Heat Island (UHI) can be detrimental to the world as a
whole. This study examines a collection of permeable and conventional pavements in
South Carolina to determine how they relate to near surface air temperatures, which is an
indicator of the UHI impact of an area. Three locations were used, each with a different
selection of pavement type. Permeable and conventional forms of both asphalt and
concrete were tested, as were some open graded friction course samples. Air
temperatures were measured and recorded from the pavement surface up to an elevation
of 60-in.
Multiple days of testing were conducted at each site which covered thirteen
different pavement types. The temperatures at the hottest and coolest times of each day
were extracted and statistically analyzed. Two surface temperature gradients were found
for the pavements by averaging all the temperature values recorded from the pavement
surface to the 6-in elevation and to the 1-in elevation. The pavements were compared
individually to each other and were also grouped as either conventional or porous and
then compared.
A statistically significant difference existed between both surface temperature
gradients (up to a 6-in elevation and a 1-in elevation) at the coolest time of the day. The
porous pavement group had a higher average gradient than the conventional pavement
group indicating that porous pavements released the stored energy in them faster than the
conventional pavements, allowing for less buildup of solar energy in the material.
Permeable pavements release their stored solar energy, heat, more efficiently than
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conventional pavements, especially during cooler times of the day, allowing for an
environment more like a rural or natural setting to exist in an urban area. This leads to
cooler pavement temperatures, and a potentially smaller impact of the pavement on the
area‘s UHI, thus lowering the impact of the built-up materials on the local environment,
mitigating human health, ecological health, and economic impact for a community.
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CHAPTER ONE
INTRODUCTION

Background of Study
The urban heat island (UHI) effect is, at its core, a cost of urbanization and
development on the environment. The impacts from the close proximity of construction
materials in buildings, pavements, and other infrastructure components combined
together with the lack of vegetation in cities leads to mass heat build-up and slow release
periods, which results in heat storage. Temperatures in city areas can be much higher
than in rural areas that are much less developed. Construction materials (steel, asphalt,
and concrete) used in these urban areas are the leading cause of this heat storage (Barnes,
2001).
UHI areas can lead to many problems. Air pollution by means of smog and
greenhouse gas emissions in a local confined area has a significant environmental impact
and reduces the quality of life. The demand and costs for energy increase as a result of
the higher temperatures from built-up areas (Peck, 2008). More importantly, death and
other heat-related illnesses have also been linked to increased air temperatures (Kalkstein,
1993).
Pavements, the focus of this research, have a large impact on a UHI.
Approximately 30 percent of the land surface area in large cities is pavements (Akbari, et
al. 1999). Pavement materials have been shown to store solar energy and increase nearby
air temperatures, which in turn affect the area on a large scale (Eliasson, 1996). The
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main focus of most current pavement research in this field is on albedo and emissivity.
Maximizing albedo while minimizing emissivity has shown to help mitigate the UHI
effect (Gui, 2007).
A different vein of research delves into permeable pavements. Porous asphalt and
pervious concrete allow air and water to flow through the material, increasing the heat
transfer from the pavement to the air. In addition, their higher exposed surface area can
increase transfer as well. These kinds of pavements have been used for their water
related benefits (reduction in stormwater runoff and improvement of stormwater quality),
but until recently, they have not been considered for benefits to UHI reduction because of
their lack of high albedo levels (Haselbach, 2009).

Importance of Study
The research included in this thesis addresses the impact of pavements on the near
surface air temperature above the pavements. Local temperature influences the UHI
effect, the reason why built-up urban areas are hotter than nearby areas that are more
rural. This effect is the result of the storage and release of heat by the materials used to
construct pavements, buildings, and other large urban infrastructure facilities. While
there is a noticeable difference (1-5oF) in the daytime temperature for urban areas
compared to neighboring rural areas, the largest temperature difference comes during
summer evenings when the urban temperatures can be as much as 22oF higher than
adjacent rural areas. This vast temperature differential is caused by the absorption of heat
by the typically dark colored construction materials (pavements and roofs). These
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structures are essentially thermal masses that do not effectively release all of the absorbed
heat during the nighttime, so as the summer progresses the temperature of these structures
continues to build.
As a major component of urban development, pavements have a large impact on
the UHI effect. As such, this study will compare different pavement structures and
materials and their impacts on the air temperature directly above the pavement. This will
be accomplished in existing field locations. Sites near Myrtle Beach and Clemson, South
Carolina were selected to conduct this research on pervious concrete and porous asphalt
in comparison with their conventional counterparts. Pavement temperature and air
temperature at different elevations were measured and analyzed.
The results of this project will provide much needed information about the effect
of pavements on the near surface air temperature, which impacts the UHI effect.
Currently, in green rating systems such as LEED, the only acceptable method to address
the UHI effect is to select materials having a solar reflectance index (SRI) of 29 or
greater, which significantly limits the materials that can be used. However, there are
several other properties of a pavement that can affect the UHI effect other than SRI.
These properties include pavement thickness, void structure, and thermal conductivity.
This study will compare how some of these properties, involved in pavement type and
thickness, can potentially be used as criteria to minimize the UHI effect.
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Objective of Study
The objective of this research was to determine the effect of pavement type,
especially in consideration of permeable pavements, on the near surface air temperature
in a Southeastern U.S. climate.

Scope of Study
To complete the main research objective, several specific tasks were completed.
The first task was to conduct a literature review of the UHI effect and the factors that
influence it. The literature review also focused on pavements and the role they play in
UHI. Work with permeable pavements was specifically identified and studied.
The second was the creation of an air and surface temperature collection
methodology that could be used to gather the data needed for this study. Once this
methodology was developed, field locations were identified for data collection. The
pavement materials included in this research were limited to permeable and impermeable
asphalt and concrete and all of the data was collected in the Southeast United States, in
South Carolina, a Humid Subtropic climate. This limited the temperatures and humidity
levels to a general range, providing a different level of averages compared to other air
temperature tests conducted in other climate zones.
The third was to systematically analyze the data and draw conclusions of what
patterns can be seen in and between materials used for pavements, such as permeable and
impermeable asphalt and concrete. This was done to determine whether or not there were
significant differences between the different materials and compared these differences as
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they would change the UHI. Each pavement material was analyzed individually to
determine the changes between the different heights above the pavement. Then, the
temperatures above different pavements were compared to each other to determine the
differences between the paving materials. In addition, pavements were grouped as
permeable or conventional, and compared.

Organization of Thesis
This thesis is divided into five chapters. Chapter 1 has covered the background of
UHI and what the objectives and scope of this research were. Chapter 2 contains a
literature review of relevant information and research related to UHI, pavements, and
sustainability in general. Chapter 3 describes the methodologies employed to complete
this study. The methodologies for collecting the data and conducting the statistical
analyses are included. Chapter 4 summarizes the analysis of the data and discusses the
results found from the analysis. Chapter 5 concludes the thesis. A general overview is
included and with conclusions drawn from the findings of the study and
recommendations for future research and potential consideration for practical
applications.
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CHAPTER TWO
LITERATURE REVIEW

A heat island can refer to any area that has a higher temperature than the
surrounding area. Whether they are natural or artificial, the buildup, storage, and release
of heat in these areas leads to a dramatically different environment than is seen in the
areas nearby (U.S. EPA, 2009). Heat islands affect the landscape at the surface level as
well as the surrounding atmosphere, with the largest impacts on the surface seen during
the day while the sun is shining and the impacts to the air being largest mostly after the
sun has set due to the slow release of the heat from the surface materials (Akbari, 2005).
No matter where they are located or how they are formed, the transfer of heat in heat
islands can significantly alter the environment.

Heat Transfer
Heat Transfer Methods
The methods for the transfer of heat are difficult to define in their true nature.
Heat transfer is 1) a type of energy flow, 2) associated with a temperature difference, and
3) a boundary phenomenon. Temperature itself is a value that is related to and quantified
by the thermal equilibrium phenomena where heat balances to an equilibrium stage
between masses. On the macroscopic level, heat transfer has been reduced to three main
modes. These are conduction, radiation, and convection (Chen, 2005).
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The transfer of heat by molecular motion is known as conduction. This process
can also be characterized by the flow of free electrons. These processes happen through a
body consisting of any of the three major states of matter, from an area of high
temperature to an area of a lower temperature. This can happen between two bodies as
well, as long as they are in direct contact and are at different temperatures. Heat
conduction can be further defined as the transfer of energy from highly kinetic particles
to lower kinetic particles by successive collisions. However, in solid particles,
conduction is related solely to the transport of energy on the molecular level (Kakac &
Yener, 1995). In materials, thermal conductivity is a significant property that impacts
conduction. Materials with higher thermal conductivity conduct heat better (Chen, 2005).
Radiation includes the transfer of heat by electromagnetic waves. This means that
radiation is the mode by which heat is transferred between bodies that are not touching,
and through transparent materials, semitransparent materials, and vacuums. Energy
transmitted in this manner is absorbed by solid bodies, liquids, and gases (Kakac &
Yener, 1995). For simplicity‘s sake, the transfer of heat by radiation is often looked upon
as rays or particles. These units of radiation transfer can be reflected, absorbed, or
transmitted until they dissipate. Values for radiation energy are based off of the relative
radiation potential of the energy as it would be in a blackbody (Chen, 2005).
Convection is the combination of conduction, radiation, and the movement of
fluid in a transfer of heat (Kakac & Yener, 1995). It occurs when a fluid motion interacts
with a temperature gradient. The molecules of fluid that move carry with them their
internal energy. The energy is released as heat throughout the motion while the particle
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is in areas of lower temperature. In the case of a solid-liquid interaction, the molecules in
the liquid lose their internal energies upon contact with the solid. It is not associated with
a material property because it is a flow property dependent on the flow field, fluid
properties, and makeup of the material that interacts with the fluid. However, a heat
transfer coefficient can be determined by experiment for different materials (Chen, 2005).
Heat Transfer Process
In addition to the methods of heat transfer, the process of heat transfer must be
considered. The process is divided into two categories, steady and unsteady state.
Steady-state transfer refers to conditions where the heat flow does not change in relation
to time, so that the rate of the heat into any point is exactly equivalent to the rate of heat
leaving that point. This means there is no change in the internal energy of the system.
Unsteady-state transfer, or transient heat flow, is defined by a flow that has points in the
system that change temperatures in relation to time. The changes in temperature are a
product of internal energy change, and thus storage or release of energy (McKetta &
Cunningham, 1992). The scope of this project does not include finding the mathematical
models to define the heat transfer in the system.

Urban Heat Island Effect and Impacts
With an understanding of these heat transfer methods and of heat islands in
general, an urban setting can be further defined. The UHI effect is the extra storage and
release of heat energy into the environment of a man-made area as opposed to the natural
environment. This transfer occurs through both day and night (Oke, 1987). It is caused
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by the thermal inertia of common construction materials that are used throughout built-up
areas as opposed to the higher evapotranspiration rates of natural vegetation in place in
rural areas or areas with limited human interaction (Barnes, 2001). These construction
materials, such as concrete, asphalt, manufactured lumber, and steel have the ability to
store a high amount of thermal energy and slowly release this energy back into the
environment.
The UHI effect has come about with the buildup of urban areas as the world
populace transitioned from rural countryside to city living. As cities grew, land within
the city began to transform from parks and green areas to buildings and pavements. For
example, over the history of the United States, urban areas have grown such that 80
percent of the population lives on less than 20 percent of the land (Auch, 2004). As this
happened, the thermal signature of cities changed to a dense, urban environment.
Rooftops and paved areas replaced the natural vegetation as the exposed surface area in
cities and urban areas. The thermal energy they convert from the sun‘s rays is stored in
the materials through the day and released in the day and night. This storage results in
higher urban temperature and it bleeds off into the surrounding suburban areas and
beyond. These temperatures have been measured as 2 to 10°F (1 to 6°C) higher when
compared to the temperature of the surrounding countryside (Peck, 2008).
Past Research on UHI
The UHI effect is one that has been studied and documented. It is something that
impacts the natural world and can be influenced by man-made structures. Uddin
examined how the built up environment can impact air temperature and air pollution, two
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key components of UHI. He and his fellow researchers investigated the idea of how the
built environment impacts the energy demand of an area, due to several issues. He
understood in his research that the heat island effect can increase the overall ambient
temperature in a specific area (Uddin, 2009). This effect is based on a chain of growing
impacts that begins with the buildup of an area. This increase in building volume
increases transportation on the site, which raises the air temperature, which in turn leads
to increased use of air-conditioning in buildings. Increased use of equipment requires
more energy production from power plants, and thus more emissions. Research has
shown that approximately one sixth of all electricity that is created in the USA is used in
buildings for air-conditioning (Rosenfeld, 1998). This is a significant percentage adding
up to around $40 billion every year.
Other research has shown that the electricity demand in an urban area can
increase by approximately two to four percent for each degree Celsius rise in the highest
daily temperature above a minimum threshold of 15-20ºC (Akbari, 1995). Uddin
recognized the different types of buildings and investigated their energy consumptions.
He was able to categorize them based on the amount of energy used throughout the
building. He found that where more of the high energy demanding buildings were
located together, usually in larger urban areas, there was a higher basis for the energy
demand for air conditioning in the continually growing energy chain (Uddin, 2009).
Ideas for decreasing this demand demonstrate the impact that UHI can have. One such
idea is to coat buildings white to reflect heat from the building. Simulations have been
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run that demonstrate that simply whitewashing buildings can reduce energy demands of
cooling peak power by 14% and electrical cooling energy by 19% (Taha, 1988).
Impacts of UHI
There are many significant impacts of the UHI effect. The heat storage and
release of heat from the materials leads to higher local air temperatures. These ―higher
temperatures in cities mean more air pollution, hundreds of millions of dollars in
additional energy consumption, a degraded quality of life, and even, during extreme
temperature events, loss of life‖ (Peck, 2008). Air pollution levels with regards to smog,
ground level ozone, and greenhouse gas emissions are increased. Heat-related illness and
death are other problems associated with increased heat levels. Reports show that
approximately 1,100 Americans die each year as a result of extreme heat, more than any
other weather issue (Kalkstein, 1993).
The factors that lead to the UHI include heat transmitted from energy
consumption from humans, vehicles, and buildings, and from the buildup of heat in
materials. This research will focus on the material buildup side of UHI. The three main
materials that lead to a UHI are those used in rooftops, building exteriors, and pavements.
These, above others, have the largest impact as they have the majority surface area open
directly to the sun. Building exteriors have the least impact of the three, and are often
omitted from studies. The two remaining areas can collect and store more solar energy
than other materials in an urban environment. The focus of this research will be on the
influence of pavements on the urban environment.
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Pavement Role on UHI
Pavements have a large role in the buildup of the urban environment. A 2008
report from the Federal Highway Administration (FHWA) shows that there are 2,682,024
miles of asphalt and 52,078 miles of concrete on major highway roads in the United
States (U.S. DoT, 2009). This does not include all local roads which would not be listed
under federal records as they would be maintained by the state or a local owner.
Specifically, asphalt makes up about 94% of the road surfaces and totals approximately
18 billion tons on roadways (Asphalt Pavement Alliance). Concrete sidewalks and curbs
are not considered in most counts but are often included alongside roads. Also omitted
from these numbers is the amount of asphalt and concrete in parking lots. Studies done
on the urban make up in Chicago, Houston, Sacramento, and Salt Lake City show that 29
to 39 percent of the land surface area in an urban environment is pavements for roads and
parking (Akbari, 1999). Together, the amount of pavement materials account for a large
percentage of the surface area of the built environment. When the world as a whole is
considered, the possible UHI impact can be of a serious magnitude.
Several sources have conducted research on how pavements and surface area can
store solar energy during the day and release it, leading to an impact on the UHI
(Eliasson, 1996; Asaeda,1996). In addition, Uddin went further and conducted research
on the weighted average surface temperature of an area. This is the surface temperature
collected over the site, averaged by a weighted factor arbitrarily attached to the various
surfaces. He writes, ―An increase in the percentage area of these built-up areas will
definitely increase the weighted average surface temperature. Consequently, the air
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temperature within the city will be several degrees higher than the ambient air
temperature in the surrounding open areas‖ (Uddin, 2009). He concluded that if an
additional 14.4% of the natural surfaces at his case study site were made into
conventional built-up area such as roads and buildings, there could be a 3.9% higher
weighted average surface temperature. This was a worst case scenario using the hottest
summer day recorded. In addition, the value of the surface temperature would increase
for a larger urban area (Uddin, 2009). This increase in surface temperature would have a
direct impact on the ambient air temperature around the pavement and the UHI of the
area in general.
Researchers have also worked on modeling the energy balances of the ambient air
and the pavement surface that it relates to. These models found by Pomerantz and others
are focused around the change in temperature due to the energy transfer by four methods:
solar energy absorption, radiation from the pavement into the air, convection to the air,
and conduction into the depths of the pavement from the surface (Pomerantz, 2000).
Cool Pavement Technologies
One possible UHI mitigation approach is the use of ―cool pavements.‖ In general,
they currently refer to high reflectivity pavements, or materials that have a controlled
temperature by a different engineered method. Factors that affect the coolness of these
pavements include solar energy, solar reflectance, material heat capacities, surface
roughness, heat transfer rates, thermal emittance, and permeability. A range of each of
these factors can be calculated and adjusted at the interaction point of pavements and air
to reduce the heat stored and transmitted by these materials (U.S. EPA, 2008). These
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pavements can be achieved with the technologies that are already in place and, therefore,
can be economical as they do not require new materials or advanced research. Currently
used cool pavements include using thin layers of concrete to cover asphalt known as
whitetopping, asphalt with light-colored aggregate, rubberized asphalt, and stamping or
coloring all types of paving materials. Grass paving also falls into this category. This
idea is simply to install open grid mats over grass areas to allow grass to grow through
and provide a good driving and parking surface. Permeable pavements are also
considered cool pavements as they allow water to evaporate in the pavement, cooling it
down (Cambridge Systematics, Inc., 2005).
Permeable Pavement
There are three main forms of permeable pavements: pervious concrete, porous
asphalt, and permeable interlocking concrete pavers (PICPs). These three forms all allow
for water and air to move around in the pavement that would traditionally not allow for
such movement. Environmentally, permeable pavements act as two separate
mechanisms: first, a solid material for driving, parking, or walking; second, for water
retention and filtration during a precipitation event (National Ready Mixed Concrete
Association, 2010).
Pervious concrete will be a focus of this research, so a background on this
material is necessary to acquire the proper understanding of the methods by which it
operates. The first form of pervious concrete was used between 100 and 150 years ago in
Europe as structural building insulation. Approximately 80 years ago, it transitioned into
use as a pavement material, mostly in Europe, and has since spread to use around the
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world (County Landscape & Design, 2005). Not until the last twenty or so years has
pervious concrete been used in the US (American Concrete Institute, 2006). This use was
brought on by a rising conceptual standard for stormwater quality and quantity reduction.
With sustainability and green design becoming prevalent job requirements, pervious
concrete has found a range of applications to be used in. LEED (U.S. Green Building
Council, 2010), SITES (The Sustainable Sites Initiative, 2008), Greenroads (The
Greenroads Sustainability Performance Metric, 2010), and other rating systems have set
aside a portion of their point totals to areas that permeable pavements meet. Pervious
concrete even is rated among the EPA‘s Best Management Practices (National Ready
Mixed Concrete Association, 2010). Other names for pervious concrete include: porous
concrete; permeable concrete; no-fines concrete; gap-graded concrete; and enhancedporosity concrete. These names refer mostly to the use of pervious concrete as a
pavement, but can also cover its use as an insulation material or in other applications as
well (National Ready Mixed Concrete Association, 2010).
Pervious concrete is composed of cement, gravel, and water. This is the same as
conventional concrete, but often lacking the fine material, the sand. Fine material can be
used, though it will decrease the porosity of the concrete. Coarse aggregate gradations
generally include ASTM C 33 size stones, No. 67 [19.0 to 4.75 mm], No. 8 [9.5 to 2.36
mm], or No. 89 [9.5 to 1.18 mm], though large size stones up to 1 in. [25 mm] have been
employed. The larger the stone the rougher the final product will be while the converse
is true as well, that smaller stones will provide smoother surfaces (Concrete Technology
Today, 2004). This material can be ordered from a batch plant and trucked to a
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construction site in a conventional ready-mix truck. Once placed, pervious concrete can
have a void space between 10% and 30% (County Landscape & Design, 2005). Water
flow rates through this material average 480 in/hr or .34cm/s (National Ready Mixed
Concrete Association, 2010). It is installed without rebar in it (County Landscape &
Design, 2005). While this does limit some of the applications for pervious concrete in
high stress uses, there would not be enough protection of the steel, and it would easily
corrode due to water and chloride contact. Just a few years of this would cause the rebar
to corrode to a state where it would be harmful, rather than helpful, to the concrete. This,
in combination with the low cement content and the porosity reduce the overall strength,
but it is still easy enough to develop strength in pervious concrete for many applications
(National Ready Mixed Concrete Association, 2010).
This paving material must be placed within an hour of beginning the mixing
process. With the lower material content and the higher air contact, the cement tends to
set quickly. The cement used follows the tradition of conventional concrete through
various forms of Portland cements and blended cements (Concrete Technology Today,
2004). Pervious concrete can be conveyed, buggied, or bucketed to its final destination
once mixed (Forester Media, Inc., 2010). It cannot be pumped due to its coarse texture
and its low water content (County Landscape & Design, 2005). The typical water to
cementitious materials ratio is between 0.27 and 0.30, though ratios up to 0.40 have been
implemented successfully. Proper water content is used when a mixture covers the
aggregate with a sheen, but does not flow off the stone (Concrete Technology Today,
2004). Workability is an overall issue that must be contended with during the design of a
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pervious concrete mix. Slumps tend to range from below ¾ inches to 2 inches, if slump
is measured (National Ready Mixed Concrete Association, 2010). Pervious mixes are
usually used in areas that slump is not a significant factor, as it would be if there was
rebar reinforcement, spacing issues, or need for vibration. The open matrix appearance
of pervious concrete after it is placed is a good indicator for the porosity. The contact
points between the materials are tight bonds that help hold the particles together. These
points are essential as the total paste content is actually lower than the void content in the
finished mix (National Ready Mixed Concrete Association, 2010).
Investigations into the strength of pervious concrete show that the material has a
compressive strength which ranges from 500 to 4000 psi (3.5 MPa to 28 MPa) with an
average around 2500 psi (17 MPa), and a flexural strength from 150 to 550 psi (1 MPa to
3.8 MPa). The values for compressive strength are comparable to that of most
conventional concrete applications. The most efficient manner to measure the in-place
compressive strength is not cylinders, but rather with taking drilled cores from the
hardened concrete in the field. While most applications of pervious concrete do not
require a minimum value of flexural strength, it has been determined that the factors that
affect it are the degree of compaction, the porosity, and the aggregate-to-cement ratio.
The more cement there is in the mix, and the closer the material is to each other, the
higher the flexural strength will be (National Ready Mixed Concrete Association, 2010).
The most significant benefit of pervious concrete not seen in green rating systems
is the cost reduction of the project. The cost of pervious concrete is on the same level,
installed, as the cost per square foot of conventional concrete. However, since there are
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fewer processes and less to deal with, prices could decrease once contractors and workers
become more familiar with using this material (County Landscape & Design, 2005). The
largest price benefits currently can be found with the minimization of site impact and
alternative stormwater management techniques. No detention ponds are needed to hold
excess runoff. Less work and money needs to be allocated for labor, construction, and
maintenance dealing with skimmers, pumps, drainage pipes, and outlet storm sewer
systems, as well as other tools used to manage stormwater. A lot of earthwork can thus
be eliminated. More land is available for other uses as it is not needed to handle the
excess water. Less money needs to be put into irrigation as well since the water natural
recharges into the local aquifer, helping to water the nearby area. In addition, water can
be taken straight from the storage in the subbase material to be used. Fees can be
minimized and regulations met with regards to stormwater and pervious to impervious
ratios by utilizing pervious concrete. Local materials can be used, eliminating costs from
long hauls. As with all concretes, the life span and durability of pervious concrete limits
the need for maintenance and replacement of the material, and it can be recycled once its
current use is over (National Ready Mixed Concrete Association, 2010).
Various experiments have been done with the porosity aspect of permeable
pavements as they relate to runoff, but that will not be covered in this paper (Haselbach
& Gaither, 2006; Haselbach & Gaither, 2007).
Several problems of permeable pavements in-situ are spalling and clogging.
Spalling occurs when part of the pavement surface breaks off from rest of the pavement.
Clogging can occur due to erosion and flow of nearby sediments into the pavement where
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they are trapped or from external sources such as compaction from snow removal
equipment. Both of these can reduce the permeability of the pavement, potentially
lowering its effectiveness as both a runoff management system and a heat island
reduction tool. Neither of these will be considered in the extent of this paper (Haselbach
& Gaither, 2007).
A variety of factors are involved in determining the effect of the permeable
pavement on the ambient air temperature and the UHI. These are the albedo (reflectivity)
of the pavement, void content, pavement thickness, subsurface makeup, volumetric heat
capacity, thermal diffusivity, emissivity, quantity of solar radiation, and thermal
conductivity of the pavement (Haselbach & Gaither, 2006; Haselbach & Gaither, 2007;
Gui et al, 2007).
Gui, et al. conducted research in this area focusing on pavement thermal
conductivity, k, volumetric heat capacity, ρc, thermal diffusivity, α, albedo, ã, and
emissivity, ε. They found that that the average maximum daily temperature was
inversely related to k, ρc, α, ã, and ε, or that it decreased with increased values of each of
these thermophysical properties. However, they found that k, ρc, and α were directly
related to the minimum surface temperature where as ã and ε were inversely related to
that temperature. Thus, these researchers concluded that the albedo and emissivity were
certainly useful in mitigating the UHI effect whereas the thermal conductivity, volumetric
heat capacity, and thermal diffusivity remained unknown as to their overall effect (Gui et
al, 2007).
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Haselbach conducted some studies showing how one type of permeable
pavement, pervious concrete, can impact the UHI. She proposed that the porosity of the
pavement was a key factor to the mitigation of the UHI and that the albedo played little to
no role. She believed that either the highly porous pavements may insulate the ground
surface, or that the void structure could allow for water that was in the ground to
evaporate, cooling the pavement (Haselbach, 2009). She conducted temperature tests
which showed that the surface temperatures of the pervious concrete were higher than
traditional concrete pavement at the same site with the same subsurface conditions, but
that the temperature below the pavement at the ground surface was similar for the two
types of concrete pavements.
Haselbach reexamined the temperature profile of pervious concrete as it relates to
the UHI at another site at a different time. She considered two ideas to be the cause of
the reduction of the impact of the pavement: that the pervious concrete could store less
heat because of its decreased density; that the air could circulate through the pavement
providing convective cooling. Her tests covered the surface and subsurface of the
pavements. She found that the surface of the pervious pavement has a higher temperature
than conventional concrete, nearing that of conventional asphalt, but that the subsurface
acts much like conventional concrete, demonstrating that it insulates well (Haselbach,
2009). She concluded that the pervious concrete ―has less mass to store and transmit the
heat on the top and therefore might tend to have a ‗hotter‘ top radiation collecting
surface‖ (Haselbach, 2009).

20

Already, research has been conducted as to the effect of albedo on conventional
surfaces. Roofing and planting has been the focus for the majority of the testing done,
but pavements are starting to make inroads to being included (Akbari, Pomerantz, &
Taha). Surfaces with higher albedo have proven to reduce the solar energy absorbed by
the surface and can possibly counteract some of their impact on the UHI. Cooler
pavements, either choosing concrete over asphalt, or simply lighter colored pavements,
are being called into demand for several reasons including (Akbari, Pomerantz, & Taha,
2001):
(1) Cities and counties can sell the credits [for the promise of direct energy bill
savings] on the RECLAIM/ASC market and apply for AB 1890 funds.
(2) Concrete pavement (in contrast to asphalt) has a higher first cost but outlives
asphalt and has a lower life-cycle cost.
(3) [Many] believe that cooler roads will last 20-50% longer because of reduced
daily thermal cycling, reduced ultraviolet damage to the cooler binder, and
better ability of the cooler binder to spread the load of truck tires . . . The
benefits of cooler pavements may be greater than we have indicated here
While this research was simply considering various conventional pavements, the
idea carries over into permeable pavements as well. There are many impacts for these
materials including and going beyond UHI reduction.
When Kevern, Schaefer, and Wang at Iowa State University began to conduct
their research, they installed temperature sensor arrays throughout conventional and
pervious concrete pavements to monitor the temperature levels throughout the depth of
the pavement structure. They did not include a sensor at the surface due to complications
the weather and machinery. Their work took place in an area that dealt with freeze-thaw
conditions, and thus their overall temperatures were lower than most other tests. Still,
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they found that the higher in the pavement (closer to the surface) they were, the higher
the temperature. They theorized that this trend would continue to the surface, which
would be hotter than the traditional pavement (Kevern, 2008). Their research was
continued throughout the year, and underwent warm weather conditions reaching 34ºC at
the hottest. They found that the pervious concrete did have a higher temperature than the
air during the day, but that less heat was transferred and stored in the soil and subsurface
as compared to the heat stored beneath the conventional concrete pavement. During the
day, the pervious concrete was hotter than the traditional concrete, but at night, the two
were near the same. This could be due to the pervious concrete having a lower albedo
rating than the conventional pavement. Kevern, Schaefer, and Wang concluded that this
indicated that there was a smaller potential for thermal energy to be stored in the pervious
concrete and a larger potential for cooling due to the air voids (Kevern et al, 2008).
These researchers and others have come to much the same conclusions, that the
pavement surface temperature for permeable pavements is higher than that of
conventional, but that the subsurface temperatures remain much the same.

Green Rating Systems
LEED
A plethora of green rating systems are being created that have noticed the UHI
effect. LEED, Leadership in Energy and Environmental Design, is a program started by
the U. S. Green Building Council. It is a rating and certification system that has a
mission of providing certification for making buildings and communities greener, or
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more environmentally friendly. There are several points in LEED that relate directly to
pavements, but there are two that can be specifically used for permeable pavements, and
these in the Sustainable Sites (SS) category, Credit SS-6.1 and Credit SS-7.1. Credit SS6.1 is a one point credit for managing storm water runoff while 7.1 is a one point credit
for using pavements with high albedo to reduce heat islands (U.S. Green Building
Council, 2010). Further studies in permeable pavements can better define the benefits of
the void structure and the air flow through them so that rating systems such as this can
better allocate credit for them. The other credits that can be related to permeable
pavements are Credit SS-6.2 discussing the stormwater design benefits, a credit in Water
Efficiency (WE), Credit WE 1.1 on the water efficient landscaping aspects where the
landscape irrigation can be impacted by the stormwater retained in the pavement, and in
the category Materials and Resources (MR) Credits MR-4.1, MR-4.2, MR-5.1, and MR5.2 that all are related to the material selection for the project, the first two on the
recycled content in the mix, and the second two covering the location from where the
materials come (U.S. Green Building Council, 2010).
SITES
Another rating system that has recognized some of the benefits of pavements is
the Sustainable Sites Initiative (SITES) (The Sustainable Sites Initiative, 2008). The
general project goals of this program are to promote sustainable land development
practices, the stewardship of resources, and the sensitivity of the resources‘ impacts on
the environment as a whole. There are several key fields in the point rating system of
SITES that relate to this. Sections 3, Site Design – Water, and 6, Site Design – Human
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Health and Well-Being, both indirectly relate to permeable pavements as these structures
can satisfy some of the concepts of each of these, but Sections 4 and 5, Soils and
Vegetation and Materials Selection, are the two main categories where points can be
received for permeable pavements in SSI. Credit 4.12 provides 3-5 points for reducing
the UHI effects. The idea carries over into Credits 4.10 and 4.11 which are for using
vegetation to reduce heating and cooling expenses. Credits 5.4 and 5.5 can be followed
with the building of these pavements by using recycled or salvaged materials, something
that is often done in this field (The Sustainable Sites Initiative, 2008).
Greenroads
Greenroads and Green Highways are two other systems that are currently being
constructed to better quantify and give credit for the effects of pavements. Two of the
major goals of Greenroads are to reduce air emissions and reduce wastewater emissions
(The Greenroads Sustainability Performance Metric, 2010). Both of these goals could be
met by utilizing permeable pavements on a given project. Six points of the system can by
gained through the reduction of runoff quantity and treatment of storm water that this
kind of pavement provides. Eight additional points can be received by using these
pavements as a Low Impact Development (LID) technique and in their lesser retention of
thermal energy (The Greenroads Sustainability Performance Metric, 2010).
Green Highways
Green Highways, as a part of the Low Impact Development Center, Inc., is also
pushing for an increased use of permeable pavements. They have seen that this type of
pavement is a greener method of paving. By reducing the impact of manmade structures,
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porous asphalt, pervious concrete, and permeable interlocking concrete pavers can all be
used and create a built-up area that acts more like the pre-developed site it was built on
(The Low Impact Development Center, In., 2008).
These organizations have seen the potential for utilizing permeable pavements
and see fit to reward projects that use them with certification points. The UHI inclusion
in these rating systems and others provides another incentive for engineers and architects
to design for heat island mitigation.
Sustainability in Infrastructure
Cool pavements, shading pavements, cool roofs, green roofs, green building
walls, and reducing pavement quantities by making more walk-able cities are all ways of
reducing the buildup of man-made materials in cities that absorb and slowly release heat.
It will take a concerted effort of many industries to make inroads into reducing the impact
of the UHI effect in the world today. The dangers are known; solutions are being found;
but it will take a push from academia and industry for these strategies to be accepted and
implemented on a broad scale. Other infrastructure areas are also seeing the profit of
these sources. Additional research can be done to further quantify these pavements
impacts.
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CHAPTER THREE
RESEARCH DESIGN AND METHODOLOGY

Experimental Set-up Design
To conduct research on the near surface air temperature of various types of
pavements, a setup and test rig was first needed. To begin, the test rig was built with help
from the Clemson Computer Science Department. Two strands of temperature sensors
were constructed. These strands were composed of 15 IC Thermal Microlan highprecision to-92 degree temperature sensors located at 0, ¼, ½, ¾, 1, 2, 3, 4, 6, 9, 12, 24,
36, 48, and 60-in from the end of the strand. The sensors are designed to operate in
temperatures from -55°C to 125°C. Each sensor was soldered to a multipurpose PC
breadboard and attached to a general purpose through hole mounting capacitor. Each of
these breadboard pieces was connected to others in the strand with three 22-gauge solid
strand wires, one for power, one for ground, and one for transmitting data. Once the
strand was assembled, it was tested to insure it functioned properly.
The sensors at this state recorded temperatures accurately, but were highly
affected by sudden changes in outdoor conditions such as clouds and wind, and if
exposed to rain, would short circuit the system. A black polyolefin dual wall ⅜-in heat
shrink wrap was used to protect the sensors and wires from rain conditions. Testing with
this wrap showed that it also helped mitigate instantaneous effects from wind and brief
cloud cover, providing a truer temperature value than sensors without the wrapping.
Figure 3.1 shows the instantaneous variability in temperature that results from wind and
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brief cloud cover. The temperatures recorded without the cover tend to fluctuate more
than those with the cover, though both temperatures, with and without the cover, in this
figure have high fluctuations due to the time between recordings, which is addressed
later. However, Figure 3.1 also shows that covering the sensor with this wrap did not
change the actual base temperature as the difference between the covered sensor and
uncovered sensor were negligible, as were both temperatures to the recorded room
temperature at the time. This helped to assure that the cover would not change the actual
temperature data from what was truly happening while it would mitigate the
instantaneous cooling effect that variable wind and clouds could have.

Figure 3.1: Temperatures for covered and non-covered sensors

Figure 3.2 is a comparison of the covered sensor to an uncovered sensor exposed
to different wind speeds. This was tested with a fan in a controlled setting. Wind speed
was tested to see if there would be an impact from different wind speeds on the sensor‘s
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recorded temperature with it being covered or not. The data indicates that there was not
an appreciable difference in the temperatures.

Figure 3.2: Temperature differences between covered and non-covered sensors at various
wind speeds

However, there was a concern that the black color of the heat shrink wrap would
absorb and store excess heat, leading to higher than actual values in full and partial sun.
A white flat and a white high gloss paint were tested to relieve the impact of the black
color, and the white high gloss spray paint was selected. This paint helped to reflect the
heat from the sensor covering more efficiently. Two days of testing were conducted to
ascertain the significance of painting the wrapped sensors. Figure 3.3 was composed
from data collected on different days and at different locations. The sensors were placed
so that during part of the time of recording, they would be exposed to direct sunlight, and
the other part of the time the sensors would be in the shade. While in the sun, the black
covered sensor absorbed heat which led to much higher recorded temperatures, 15-20°F
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higher after the covering had time to absorb the solar energy. Immediately upon entering
shade, the black covered sensor still recorded higher temperatures than the white covered
sensor for a brief period of time, resulting from the stored solar energy. After both
sensors had been in the shade for some time, they followed the same general trend. This
trend was consistent with the trend from local area weather temperatures.
Based on the preliminary testing to evaluate the testing apparatus, the strands of
sensors were sealed in the heat shrink wrap and painted white. To suspend the strands
above a pavement, the sensor strands were attached to a ⅝-in diameter piece of metal
conduit. A 10-ft long piece of conduit was bent at two 90° angles, one at one end of the
conduit, another 2-ft from the end of the first angle. The remainder was left straight to
suspend the curved end above the ground. The straight length was trimmed to yield an
overall height of 6-ft (72-in). The straight end of the conduit was supported in a five
gallon PVC bucket with a lid. A hole was tapped in the lid just large enough to put the
⅝-in conduit in. A ¾-in PVC pipe was cut at 8-in long and a set screw was put in it to
help anchor the pipe in the bucket. The rest of the bucket was filled with stone to weigh
down the bucket and help hold the PVC pipe and metal conduit in place. The stone was
added to a depth of 6-in. Three strands of 20-gauge stranded wire were attached to the
end of the temperature sensor strands, and threaded through the metal conduit. A ⅜-in
hole was drilled into the metal conduit 9-in from the end of the straight piece to allow the
wires to run from the strand into the bucket and have free ends there. During testing,
standard grade commercial plumbers putty was applied to the joint between the bucket
and the metal conduit to prevent moisture from entering the system.
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(a)

(b)
Figure 3.3: (a) First and (b) second day of testing the painted sensor vs unpainted sensor
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The wires leading from the temperature sensor strand were attached into the pins
on a mote stack, a small computer usable in the field to run programs and store
information, developed by Clemson University. Three pins were used, one for power,
one for ground, and one for data. A program was developed to tell the temperature
sensors to collect data at certain time intervals, and store that information. The
information was recorded on a microSD memory card inserted into the mote stack and
saved as a comma delineated file readable through Microsoft Excel. A battery
attachment for a 9 volt battery was also included (Eidson et al., 2009). Trials with
various kinds of batteries led away from the traditional alkaline battery to lithium ion
batteries because of the usable lifespan. Rechargeable lithium ion batteries were used to
reduce costs and provide a definite 24 hour collection period.
Only one mote stack was available, so the two rigs of temperature sensor strands
suspended by the metal conduit needed to be connected and run into a single mote stack.
A 50-ft length of garden hose was connected to the sides of the two buckets,
approximately 7-in from the bottom of each. Ordinary hose fittings secured each end to
the bucket, creating a water tight seal between the two buckets. The garden hose was
also able to provide protection to the wires from incidental forces such vehicular or foot
traffic. Wire was threaded through this hose, connecting both strands to the same ending
wire, and into the mote stack. Figure 3.4 shows the test set-up configuration.
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Figure 3.4: (a) Photograph of Rig and (b) Experimental Rig Schematic

Determining the data collection frequency was the final process needed to
complete the research set-up. Initially, a 10 second sampling interval was tried.
Multiple trials were conducted over various durations with this time step. Through
investigation and trial, a time step of five minutes was chosen to be used in conducting
the actual data collection to provide a smooth overall view of the temperature while not
providing excess repetitive data. Figure 3.5 shows the smoothness of data collected at a
five minute time step when compared to a ten second time step.

32

Figure 3.5: Typical temperature data collected at a 10 second and five minute time step

Site Selection
Site selection was a key feature for collecting data. Requirements for sorting sites
were the presence of a permeable pavement, the presence of at least one other type of
pavement or change in the same pavement for some reason, adequate space to conduct
tests, and the pavement owner‘s consent to conduct tests. Locations in Clemson,
Greenville, Liberty, Myrtle Beach, Conway, Surfside, and Aiken, all in South Carolina,
were examined as possible testing locations. The scope of this research restricted testing
to South Carolina to focus on the climate of the Southeast United States that combines
high temperatures and high humidity. Three locations were chosen based on the three
conditions above and the times they would be available for testing. Each one had a
different collection of pavement materials and thicknesses, and had different overall site
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conditions. The three locations used were Site A in Conway, SC; Site B in Surfside, SC;
and Site C in Clemson, SC.
Site A is an apartment complex in Conway, SC (Figure 3.6). One of the several
apartment groups has a variety of pavements located within close proximity to each other.
The four pavements tested here were (1) new conventional concrete, (2) faded asphalt,
(3) clogged pervious concrete, and (4) newly sealed asphalt (Figure 3.7). The
conventional concrete was found in a newly placed concrete dumpster pad that was not
being used. The faded asphalt was located in the drive lane, which was closed down for
testing. The pervious concrete found in this area was highly clogged with little to no
flow through most of it. The newly sealed asphalt section was from a parking space.
There are issues with flooding in this location because the impervious area was designed
to flow to the pervious concrete, located in parking spaces around the perimeter of the
property, and then infiltrate. This was not happening due to faulty paving practices and
poor maintenance of the permeable pavements. Just below the surface, most of the
pavement was over compacted and would not allow water to infiltrate. Below and above
this point, water flowed through the pavement like it was designed to do. Also, sediment
and mulch from over landscaping had flowed off of the landscaped areas and was
clogging the pavement surface in places (Bunting 2011).
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Figure 3.6: Site A, Conway, SC

1.

2.

4.
3.

Figure 3.7: Site A, test sites 1-4, Conway, SC
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The pervious concrete at this site was 6-in deep over 6-in of a uniformly graded
stone bed. The over consolidated section was between 1-in and 2.5-in from the surface of
the pavement. A sample core taken from this site is shown in Figure 3.8 (Bunting 2011).

Figure 3.8: Pervious concrete core from Site A, Conway, SC

Site B is a small plaza composed of several small connected businesses sharing a
parking lot. It is located off of a frontage road in Surfside, SC, near Myrtle Beach, SC.
The parking lot is composed of pervious concrete parking spaces and a conventional
concrete drive lane, and is in good condition. There are consistently high infiltration
rates throughout this pavement, except for one isolated section, which was not included
in the study due to the request of the property owner—data collection was limited to the
back of the parking lot, so regular business traffic was not affected. Two concrete

36

locations were tested here, shown in Figure 3.9: (1) pervious concrete in a parking space
and (2) conventional concrete in a drive lane. The parking space location received
sunlight longer than the drive lane location due to building shade, but otherwise, there
were similar conditions.
No details on the composition of the pervious concrete section are known and the
owner did not permit coring.

2.
1.

Figure 3.9: Site B, test sites 1-2, Surfside, SC

Site C is a section of road on the campus of Clemson University located in
Clemson, SC (Figure 3.10). It is a test section of pavement constructed in 2009 for the
purposes of education and research, as well as providing parking and access on
Clemson‘s campus. The section of roadway is entirely composed of various forms of
asphalt: conventional asphalt, rubberized conventional asphalt, porous rubberized asphalt,
and rubberized open graded friction course (OGFC) (Figure 3.11). There are multiple
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types of each which vary with the asphalt thickness, the base thickness, and the level of
clogging sustained by the porous material. This study examined a 9-in thick conventional
asphalt, a 5-in thick conventional asphalt, a 2-in thick rubberized conventional asphalt, a
4-in thick rubberized porous asphalt, a 2.5-in thick rubberized porous asphalt, and two
sections of 1.5-in thick rubberized OGFC over 3.5-in of conventional rubberized asphalt:
a highly clogged section and a slightly clogged section. Shade from nearby trees affects
this road in the mornings. There is full shade on the pavement until 10:00 and spotted
areas of shade and sun until 13:00 when there is full sun.

Figure 3.10: Site C, Clemson University campus, Clemson, SC
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Figure 3.11: Site C schematic, test sites 1-6, Clemson, SC

While it was known what pavements would be used at each site, it was still
necessary to determine where on each pavement section the test rig would be set up. The
size of each pavement section was measured, and two different sections located within
50-ft (the length of the hose) of each other, were chosen.

Each temperature sensor

strand was temporarily affixed to the ground with a small amount of super glue. This
type of glue was chosen because it performed the best of several kinds at adhering the
strand to the pavement, holding it there during the duration of testing, and providing an
easy release of the strand from the pavement when testing at that site was concluded.
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The strands were glued to the ground at a location on the pavement at least six feet from
the nearest different pavement type. This six foot barrier was chosen based off of
engineering judgment to limit possible temperature influence from other nearby sources
of pavements on one site. It was also a practical measurement for field work. After
attaching the temperature sensor strands, a five minute period of time was given to insure
that no residual heat from touching the sensors would influence the data. The wires were
attached to the mote stack and data collection began. After confirming that it was
operating properly, the lid on the bucket was closed, and plumbers putty was applied to
the joint between the lid and the conduit to prevent water from entering the system.
A 24 hour period was chosen as a test period as this duration would capture the
highest and lowest temperature ranges for the pavement during a day and provide data at
moderate temperatures as well. Approximately 24 hours after the mote stack was
activated, the mote stack was switched off and disconnected from the temperature
strands. Data was removed from the microSD card and stored on a laptop computer. The
memory card was put back into the mote stack, and the 9–volt battery attached to the
mote stack was changed to re-charge for the next use.

Definition of Data Collected
In June, 2011, Sites A and B became available for testing. Over the course of
several days, data was collected from these locations. Site C was available for data
collection in early August. Table 3.1 contains information, such as the dates for each
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location and pavement type evaluated at each of the three sites. ―R‖ in this table denotes
a rubberized pavement.

Table 3.1: List of locations tested by site and date
Conway

Site
Day
Sealed
Asphalt
Pervious
Concrete
New
Conventional
Concrete
Faded
Asphalt
Pervious
Concrete
Pavement Type

Conventional
Concrete
2.5-in R
Porous
Asphalt
2-in R
Asphalt
R Clogged
OGFC
R Unclogged
OGFC
4-in R
Porous
Asphalt

June
6,7

June
7,8

Surfside
June
8,9

June
9,10

X

X

X

X

Clemson
Aug
2,3

Aug
3,4

Aug
4,5

Aug
5,6

Aug
6,7

Aug
7,8

Aug
9,10

Aug
10,11

Aug
11,12

X

X

X
X

X
X

X
X
X
X

X

X

5-in Asphalt
9-in Asphalt

X

X

X

X

X

X

X

X
X
X

From here on, these test locations will be referenced by the designations listed in
Table 3.2. This key should provide a smoother approach to comprehending which test
locations are being referred to at a given site. The reference name is how they will be
known for the duration of this thesis. All porous pavements will receive a P in their
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designation while all conventional pavements will receive a C and all OGFCs will
receive an O. From previous research on the pavement (Bunting, 2011), the pervious
concrete from Conway appeared to act closer to an OGFC pavement with the texture and
lack of full depth porosity and has been given an O designation.

Table 3.2: Key for pavement designations
Location

Pavement Type

Reference Name

Conway

Sealed Asphalt

Conway 1C

Pervious Concrete

Conway 1O

New Conventional Concrete

Conway 2C

Faded Asphalt

Conway 3C

Pervious Concrete

Surfside 1P

Conventional Concrete

Surfside 1C

2.5-in Rubberized Porous Asphalt

Clemson 1P

2-in Rubberized Conventional
Asphalt
Rubberized Clogged OGFC

Clemson 1C

Rubberized Unclogged OGFC

Clemson 2O

4-in Rubberized Porous Asphalt

Clemson 2P

5-in Conventional Asphalt

Clemson 2C

9-in Conventional Asphalt

Clemson 3C

Surfside

Clemson

Clemson 1O

Data were collected from each of these sites, comparing two pavements each
time. The raw data was unorganized and temperatures in this form were reported in
1/16ths °C. A Matlab program was created to convert this raw data into a useable form
and organize it in a manner that it could be examined. Temperatures were sorted by the
height above the pavement at which they were recorded, and converted into °F.
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Statistical Methods
A statistical analysis tool known as JMP was used to examine the significance of
the differences between each of the data sets. Two key variables are considered in
ANOVA tests, alpha and beta. The alpha value represents the possibility of rejecting the
null hypothesis when it is actually true. In this experiment, the null hypothesis is that the
pavement types impact near surface air temperatures differently. If the probability
resulting from running an ANOVA test is less than alpha, there is a statistical difference.
If the probability is greater than alpha, there would be no significant difference between
items being compared. The lower the alpha value, the less likely it is to incorrectly
assume there is a difference when there is not one. This is known as a Type I error.
Often in statistical analysis, an alpha value of 0.05 is used. At this level, there is a
95% confidence that a result is true. However, an alpha level this low can cause a Type
II error. A Type II error results when an actual difference in the data is missed because
the probability of it resulting is greater than alpha. This form of error can occur where
there is not a large amount of data that can be used to correlate a response, as is the case
in this experiment. To minimize the risk of having a Type II error occur, that there is a
difference in the air temperature caused by different types of pavements, an alpha of 0.10
was chosen. A higher value like this has an increased risk of a Type I error happening,
but with limited data supply, it was more significant to prevent a Type II error from
happening. In statistics, an alpha of 0.10 or even 0.15 is used in such a case (Howell
2008).
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CHAPTER FOUR
RESULTS AND DISCUSSION

General analysis was conducted on each set of data to begin examining the
information for trends and points of interest. The data at each height was plotted over
time, and a consistent pattern of rising and falling temperatures was evident throughout a
24 hour period. This pattern was present in each pavement type. The trend was similar
for different sensor heights for each pavement type, but the actual reported temperatures
were different. Graphs showing these temperature data are shown in Appendix A.
Figure 4.1 is an example of these graphs for Clemson 2P and Clemson 2C. For this set,
three consecutive days of data were collected. The data in these graphs are presented in
chronological order, showing when the data collection for the site began, and when it
ended. Over all of the sites tested, the time of the maximum recorded temperatures
varied from 13:46-16:43. It most often fell between 15:30-16:30. The time of the
minimum recorded temperatures varied from 5:03-7:20. It most often fell between 6:307:20.
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(a)

(b)
Figure 4.1: Daily temperature data from Clemson from August 5-8 for locations (a) 2C
and (b) 2P
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Analysis Methods
After an initial evaluation of the data, several different methods of analysis were
considered and tested. First was the idea of looking at each hour of the day separately
and comparing the temperature at different heights of each pavement individually.
Figure 4.2 shows this form of investigation. Differences between each height were
calculated and general trend lines were fit to the data. In addition, trends throughout the
day were examined, comparing the temperatures at one hour to another at each hour of
the day. These proved to be inconclusive as there was not a consistent pattern throughout
a day. Most hours seemed to follow a pattern of increasing from an early hour to maxing
in the middle of the afternoon, and decreasing to early morning, but there were not
consistent trends of the data. Averages were calculated and used in comparison to the
single temperatures recorded and plotted initially. Temperature averages of 15, 30, and
60 minutes were used. These also proved to be inconclusive.
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Figure 4.2: Hourly temperature profile of Clemson 1C on August 3, 2011 for 7:00am

Local weather data was then included in an attempt to make more sense of the
information at hand. Data from The Weather Channel (www.weather.com) and from a
weather station on the Clemson University campus were collected for the dates that
temperature profiles were recorded. The Weather Channel data was available for hourly
reports, and the data from the campus weather station was available in ten minute
increments. Rainfall information was included with these, which was desired because
there was a short duration rain event that occurred on one day of testing. The recorded
temperature profile information was averaged over the time increments available from
the weather data. Two approaches were used to incorporate these data sets. First, a
simple difference between the temperature profile and the reported weather station data
was compared in the same ways that the initial data was compared. Figure 4.3 is the
profile of Clemson 2P over three consecutive days. It is the difference between the
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recorded values, seen in Appendix A, and the weather station values. Second, the
differences from the first step were divided by the weather station temperatures to create
a normalized set of data. This also was compared in the same ways the initial data was
compared. The normalized daily temperature trends from the Clemson 2P are shown in
Figure 4.4. The temperatures in Figure 4.4 were normalized in Rankine.

Figure 4.3: Daily temperature trend differences for Clemson 2P on August 5-8, 2011
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Figure 4.4: Normalized daily temperature trend differences for Clemson 2P on August 58, 2011

None of these provided useful information. Neither the temperature differences,
nor the normalized temperatures showed any consistent significant trends.

Linear Fitting Analysis
Having selected an alpha of 0.10, statistical analysis could begin. From initial
general testing and research, it was found that a key feature of air temperature to surface
interaction is the surface temperature gradient. This is the rate at which the temperature
is changing at the place where the surface and air interact. The surface temperature
gradient was used to compare conventional pavement values to porous pavement values
by using ground values and other surface to air meeting values such as solar energy
storage and release rates. The large quantity of temperature sensors included in the
experimental set-up near the surface were placed there to help capture and quantify this
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value. Several major issues were addressed by the ANOVA tests: site to site differences;
day to day differences; and temperature differences 60-in above the pavement surface.
First, site to site differences were thought to be an issue. Several researchers have
commented on the issues of soil type and density, as well as local weather and other
issues that vary between sites having an impact on their research. These major issues
have caused large variations for recordings on other research, but their effects have not
been considered in combination with air temperature measurements as was used in this
research. In the analysis, several combinations of pavement types including conventional
concrete, pervious concrete, conventional asphalt, and rubberized asphalt, as well as each
pavement individually were tested. The results from an ANOVA test comparing means
and variations with regards to site to site variation were consistent; there was no
statistically significant impact from site to site variation on the air temperatures with
regards to pavement type. While there was no statistically significant impact, the
continuing research focused down to just using Site C for two reasons. The first was the
lack of multiple days of data from multiple test locations from Sites A and B. The second
was that there could have still been some impact on the data from site to site differences.
This was shown to not be significant, but could cause some noise, or abnormal variation,
in the data when trying to focus on a specific pavement to pavement relationship.
A second major issue was the day to day differences. Each day comes with its
own levels of humidity, wind, cloud cover, area wide temperatures, sunrise and sunset
times, and other factors such as rain. Some of these factors, especially sunrise and sunset
times did not vary greatly over the times of data collection in this study, but could impact
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a study with a more dispersed data collection period covering several seasons. These can
make comparing different days to each other a challenge, even among consistent
pavement types. For instance, fog and haze in the morning one day can drastically
change the heating of a pavement and alter the amount of cooling the pavement
undergoes as well. Again, the statistical analysis helped with this issue. Testing an
ANOVA comparison of means with the same combinations as was done with the site to
site differences showed that there was no statistically significant impact from day to day
differences. It was evident that there were different temperatures on different days,
demonstrated in the several days of data of the Clemson 2P pavement for example, but
these variations were not significant due to small time range of data collection. This
contributed to the idea that the values recorded were just how the pavement responded
normally.
Wind was a major consideration for variability in this portion of the analysis.
Wind can have instantaneous impact on temperatures and can cool daily temperatures
over a longer period of time if it is continuous. For appropriate analysis of the
temperature surface gradients to take place, wind needed to be removed as a factor from
day to day. It was ensured that it did not factor into the data by measuring two
pavements at the same time that were located close enough together that they would have
the same impact from wind, and by an ANOVA test of means, which showed that there
was not a statistically significant difference from day to day with the wind.
A third issue, closely tied to the day to day differences was the general local
temperature difference, taken from the 60-in sensor for each set of data. After examining
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the trends and comparing the pavement types, a consistent pattern appeared showing that
the temperature sensors farthest from the pavement, those at 36, 48, and 60-in, tended to
overlap or mix. The 60-in temperature recording was chosen to be used in this set of
analysis because it was least impacted by the pavement and provided a best
approximation of the local site temperatures at the time intervals in question. As it did
with the day to day differences, the ANOVA test with regards to surface temperature
gradient means showed that the general local temperature differences did not play a
significant role in the near surface pavement air temperatures. These values simply
reported a truer value of the air temperature than any other value recorded by the
temperature rig, but they were uniform enough from pavement to pavement not to reflect
an impact from an individual pavement type.
Once these three differences were shown to be statistically insignificant, they
were eliminated from future comparisons so that the analysis could focus on the
differences between pavement types.
Pavements were examined in two ways. The first was individually. Each
pavement type at Site C was compared to each other pavement type, regardless of the day
or temperature recorded at 60-in. This was done to try and examine all the interactions
possible to see if some pavements behaved differently than the others with respect to
temperature. The second way that the pavements were examined was to group them into
broad categories: conventional asphalt and porous asphalt. The OGFC pavement types,
regardless of their clogging level, were also tested as a separate group initially.
Statistically, they could be grouped with either the conventional or the porous pavements.
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As such, they added noise to the comparison of a true porous pavement to a conventional
pavement, and were eventually eliminated from analysis.
Two measures of the surface air temperature gradient were calculated. Both were
found by fitting linear trend lines through these near surface values and finding the slope
of the lines. One approximation used every point of data from the ground level to the 6in elevation. This covered nine temperature values. By using this quantity of data, a fit
could be made which was highly indicative of the information collected. There was a
high value of correlation for each linear fit found for this method as shown by high R2
values.
The second approximation used every point of data from the ground level to the
1-in elevation. This covered five temperature values. For some pavement types, this
provided a better fit (higher R2) than the slope to 6-in did, while it was less so for others.
A better fit was found as the measurement approached the surface because of the
exponential decay of temperature loss through the varying heights of the air, so relying
on values closer to the surface excluded more of this decay and reported a more accurate
value. However, with fewer data points, slight inconsistencies were magnified more than
with a larger base of data, and sets that had inconsistencies showed them in this value.
Appendix B contains graphs of the maximum and minimum times of the day for each
Site C pavement which include the linear fits for data sets to 6-in and to 1-in. Figures
4.5 and 4.6 show the linear fits for the maximum and minimum daily temperatures on
August 5, 6 for Clemson 2C and 2P.
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(a)

(b)
Figure 4.5: Temperature gradients from pavement surface to 6-in and 1-in fits elevations
for (a) maximum daily temperature and (b) minimum daily temperature from
Clemson 2C, August 5-6
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(a)

(b)
Figure 4.6: Temperature gradients from pavement surface to 6-in and 1-in fits elevations
for (a) maximum daily temperature and (b) minimum daily temperature from
Clemson 2P, August 5-6
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The values for the slope to the 6-in high sensor and the slope to the 1-in high
sensor are included in Tables 4.1 and 4.2, respectively. These were calculated for the
hottest and coolest times of the day, known as the max and min times, respectively.
These two times of the day were chosen to show the differences between pavements
when the most heat was affecting the pavement and when the least heat was affecting the
pavement.

Table 4.1: 6-in slope values from linear fits for each pavement type
Max

Min

Pavement
Type

Temperature
at 60-in (°F)

Y1 [6-in
slope] (in/°F)

Temperature
at 60-in (°F)

Y1 [6-in
slope] (in/°F)

Differences
Min-Max

Aug 2, 3

Clemson 1P

102.5

-0.380

70.6

-2.312

-1.932

Aug 2, 3

Clemson 1C

101.5

-0.807

70.8

-2.878

-2.071

Aug 3, 4

Clemson 1O

105.5

-0.451

81.3

-2.130

-1.679

Aug 3, 4

Clemson 2O

105.4

-0.848

81.3

-3.395

-2.547

Aug 4, 5

Clemson 2P

102.0

-0.420

78.2

-2.085

-1.665

Aug 4, 5

Clemson 2O

102.9

-0.881

78.2

-3.328

-2.447

Aug 5, 6

Clemson 2C

99.5

-0.601

75.5

-2.099

-1.498

Aug 5, 6

Clemson 2P

98.6

-0.825

75.2

-4.542

-3.717

Aug 6, 7

Clemson 2C

92.0

-0.542

75.4

-2.855

-2.313

Aug 6, 7

Clemson 2P

91.4

-0.641

75.3

-5.667

-5.026

Aug 7, 8

Clemson 2C

99.3

-0.583

75.9

-2.298

-1.715

Aug 7, 8

Clemson 2P

98.8

-0.813

76.0

-4.542

-3.729

Aug 9, 10

Clemson 3C

101.1

-0.562

70.3

-1.775

-1.213

Date

Aug 9, 10

Clemson 2C

100.9

-0.851

70.5

-3.551

-2.700

Aug 10, 11

Clemson 2P

101.3

-0.511

76.4

-2.274

-1.763

Aug 10, 11

Clemson 1P

100.7

-0.512

76.3

-4.484

-3.972

Aug 11, 12

Clemson 2O

98.9

-0.429

73.7

-1.894

-1.465

Aug 11, 12

Clemson 1P

98.8

-0.582

73.5

-4.855

-4.273
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Table 4.2: 1-in slope values from linear fits for each pavement type
Max

Min

Pavement
Type

Temperature
at 60-in (°F)

Y2 [1-in
slope] (in/°F)

Temperature
at 60-in (°F)

Y2 [1-in
slope] (in/°F)

Differences
Min-Max

Aug 2, 3

Clemson 1P

102.5

-0.124

70.6

-0.672

-0.548

Aug 2, 3

Clemson 1C

101.5

-0.506

70.8

-1.066

-0.560

Aug 3, 4

Clemson 1O

105.5

-0.146

81.3

-0.602

-0.456

Aug 3, 4

Clemson 2O

105.4

-0.447

81.3

-1.650

-1.203

Aug 4, 5

Clemson 2P

102.0

-0.137

78.2

-0.571

-0.434

Aug 4, 5

Clemson 2O

102.9

-0.436

78.2

-1.204

-0.768

Aug 5, 6

Clemson 2C

99.5

-0.181

75.5

-0.635

-0.454

Aug 5, 6

Clemson 2P

98.6

-0.410

75.2

-1.650

-1.240

Aug 6, 7

Clemson 2C

92.0

-0.179

75.4

-0.890

-0.711

Aug 6, 7

Clemson 2P

91.4

-0.352

75.3

-2.590

-2.238

Aug 7, 8

Clemson 2C

99.3

-0.198

75.9

-0.693

-0.495

Aug 7, 8

Clemson 2P

98.8

-0.521

76.0

-1.650

-1.129

Aug 9, 10

Clemson 3C

101.1

-0.180

70.3

-0.472

-0.292

Aug 9, 10

Clemson 2C

100.9

-0.580

70.5

-1.268

-0.688

Aug 10, 11

Clemson 2P

101.3

-0.159

76.4

-0.612

-0.453

Aug 10, 11

Clemson 1P

100.7

-0.283

76.3

-1.963

-1.680

Aug 11, 12

Clemson 2O

98.9

-0.134

73.7

-0.545

-0.411

Aug 11, 12

Clemson 1P

98.8

-0.306

73.5

-1.632

-1.326

Date

In addition to the values of the slopes at these times of the day, the differences
between the slopes at the max and min times of the day were calculated and compared.
This value is a straight comparison between how quickly the heat from the pavement is
being released at the hottest and coolest time of the day. The greater the difference, the
more the temperature is impacted by the pavement. Larger differences occur when
pavements have a larger differential between heat released at night and heat released
during the day. The greatest swing possible in temperatures and surface temperature
gradients are seen by examining these values. The slope differences from the max and
min times of the day for each pavement for the ground to 6-in and ground to 1-in are also
included in Tables 4.1 and 4.2, respectively.
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Final Analysis
The values from Tables 4.1 and 4.2 were examined using an ANOVA test to
compare their relationships by time of day and pavement type, both by individual
pavement type and by the groups of porous asphalt against conventional asphalt. Each
individual pavement was compared to the others. While each comparison was not
actually tested, by eliminating the site to site, day to day, and 60-in temperature
differences, a statistically significant comparison could be examined for all pavement
type comparisons.
The results of the ANOVA difference tests conducted are in Appendix C. Tables
4.3 and 4.4 contain summaries of the differences and similarities between each
comparison for the max time, the min time, and the difference between the max and min
times. Table 4.3 shows the results for the linear fits determined by using the data up to 6in while Table 4.4 is based on the data up to 1-in. Statistical significance was determined
by an alpha of 0.10. Each individual pavement was compared to the others as were the
general group of Porous vs. Conventional.
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Table 4.3: Results of ANOVA differences for 6-in data (alpha = 0.10)
Comparison

Max

Min

Max-Min

Pavement 1

Pavement 2

Statistically
Significant?

Statistically
Significant?

Statistically
Significant?

Clemson 1P

Clemson 2P

No

No

No

Clemson 1P

Clemson 1C

No

No

No

Clemson 1P

Clemson 2C

No

No

No

Clemson 1P

Clemson 3C

No

No

No

Clemson 2P

Clemson 1C

No

No

No

Clemson 2P

Clemson 2C

No

No

No

Clemson 2P

Clemson 3C

No

No

No

Clemson 1C

Clemson 2C

No

No

No

Clemson 1C

Clemson 3C

No

No

No

Clemson 2C

Clemson 3C

No

No

No

Porous

Conventional

No

Yes

Yes

Table 4.4: Results of ANOVA differences for 1-in data (alpha = 0.10)
Comparison

Max

Min

Max-Min

Pavement 1

Pavement 2

Statistically
Significant?

Statistically
Significant?

Statistically
Significant?

Clemson 1P

Clemson 2P

No

No

No

Clemson 1P

Clemson 1C

No

No

No

Clemson 1P

Clemson 2C

No

No

No

Clemson 1P

Clemson 3C

No

No

No

Clemson 2P

Clemson 1C

No

No

No

Clemson 2P

Clemson 2C

No

No

No

Clemson 2P

Clemson 3C

No

No

No

Clemson 1C

Clemson 2C

No

No

No

Clemson 1C

Clemson 3C

No

No

No

Clemson 2C

Clemson 3C

No

No

No

Porous

Conventional

No

Yes

Yes
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Several of these individual pavement comparisons showed a low value of
statistically significant difference, but not one that was significant enough. These values
are reported in Appendix C. Overall, for both the 6-in and the 1-in data sets, no
individual pavement location at Site C was statistically different from each other. This
was true for the gradients at max time, the min time, and the difference between the
gradients at max and min times. A visual representation of this is in Figure 4.7. This
figure is a box and whisker plot of the averages by a LS Means test of the slopes and a
standard deviation away in both directions. While several of the means are different from
each other, the possible spread of the standard deviation of each covers the range to the
max and min of the other pavements.

Figure 4.7: LS Means plot of 6-in data set individual pavements, min time

Figure 4.8 is a box and whisker plot for the 6-in comparison of the conventional
pavement group to the porous pavement group at the min time of day. This is one of the
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comparisons that was determined to be statistically significant. In this figure, the average
slope of the conventional pavement group is approximately -2.50 while the porous group
average is approximately -3.75. There is enough separation between the averages and the
standard deviations of the averages that they are deemed statistically significant. All of
the box and whisker plots from these comparisons are included in Appendix D.

Figure 4.8: LS Means plot of 6-in data set conventional and porous, min time

Conventional and Porous Pavement Groups Analysis
After finding a difference between the two main pavement groups, further
analysis was conducted on the conventional and porous pavement asphalt pavements at
Site C. The differences in the 6-in temperature gradient (Y1max – Y1min) were plotted
against the difference in temperatures (Tmax@60-in – Tmin@60-in) over this time period.
OGFC pavements were included with the conventional and porous pavements in this
analysis. In examining this factor, the OGFC pavements tended to group in the middle of
the conventional pavements, and were ultimately grouped with them in the analysis.
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Figure 4.9 plots the porous pavements and the conventional pavements in this manner. A
lower difference in temperatures from the max to the min time, a more moderate day,
tended to have a higher difference in the 6-in slopes. A higher difference in
temperatures, a more extreme day, was comparable with a lower difference in the 6-in
slopes. The data showed two distinct groupings. The porous pavements had much larger
differences between the temperature gradients at the hottest and coolest times of day
compared to the non-porous pavement locations. This indicates that porous pavements
are more affected by changes in daily temperature differences than non-porous
pavements.

Figure 4.9: Clemson 6-in porous and conventional compared to temperature range from
max to min time

This analysis was then expanded to include all of the sites tested. All of the
porous, conventional, and OGFC locations from all three test sites were plotted to
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examine any correlations. Figure 4.10 shows the data from all of the test sites together.
The same trends of lower difference in temperatures with higher 6-in slopes and higher
difference in temperature with lower 6-in slopes were evident.

Figure 4.10: Three sites 6-in permeable and conventional compared to temperature range
from max to min time

These correlations, while not of a high R2 value, do provide an alternative means
of grouping pavements. Conducting qualitative field investigations of the Clemson sites
showed that several of the sites that were graphed in the middle of the conventional
pavement section currently have little or no infiltration. Therefore, if these pavement
locations were regrouped into the ―conventional‖ category due to their lack of porosity
due to clogging, the correlations would be stronger. Figure 4.11 shows the same data as
Figure 4.10, but regroups the pavements as discussed.
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Figure 4.11: Three sites 6-in permeable and conventional compared to temperature range
from max to min time, with regrouped data sets

The trend for the porous is stronger. The conventional and OGFC trend remains
the same because of the spread of data with multiple temperature gradient differences at a
small range of temperature differences. However, the values do fit in with the majority
of the non-porous pavements. This also emphasizes the importance of maintenance of
porous pavements to prevent clogging and maintain functionality of the pavement.
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CHAPTER FIVE
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary
In the course of this thesis, an experimental set-up was designed, developed, and
successfully implemented to measure and record air temperature values at various heights
above pavement surfaces. The set-up was used in the field to record air temperature
values at several locations in South Carolina. These locations were in Conway, Surfside,
and Clemson, and were composed of various conventional, permeable, and OGFC
pavements of concrete and asphalt. Data were collected, organized, and analyzed.
This analysis was focused on the Clemson pavements. The results were analyzed
in two ways: by comparing individual pavements to each other, and comparing the
conventional pavements as a whole to the porous pavements as a whole. These were
analyzed to determine the effect that porous pavements have on the near surface air
temperature.

Conclusions
Based on the findings of this study, several conclusions were made. A
relationship does exist between various kinds of porous pavements and between various
kinds of conventional pavements. There are similarities in how the pavements in each
group affect the near surface air temperature, and there is a statistical difference between
the two groups. Permeable pavements do have a different near surface air temperature
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and temperature gradient than conventional pavements do, at the coolest times of the day.
The night and early morning times are when the UHI effect is most noticeable. Built-up
areas release heat during this time at a different rate than rural and vegetated areas. In
addition, these built-up areas store the excess solar energy they receive during the day.
This excess energy builds up from day to day, especially during hotter seasons. The
higher surface temperature gradient of permeable pavements is an indicator that these
types of pavements release their stored energy more efficiently than conventional
pavements, especially during cooler times of day. This potentially helps to reduce the
pavement‘s impact on the UHI effect.
This study did not find statically significant differences between individual
pavements at the coolest times of the day, though there did appear to be differences
between the mean surface temperature gradients of several of the pavements. This was
evident from both the 6-in and 1-in data sets. The differences found here could be due to
the pavements having different thermal capacities, and thus releasing their stored heat
energy at different rates. A larger set of data could reveal these differences to be
statistically significant.
At the hottest times of the day, there were no significant differences between
individual pavement types, nor between the conventional and porous groups. This was
because no matter how much surface area or air flow a pavement has, there is a limit to
how much energy can be released based on how hot the surrounding air is. Conduction
and convection based on heat diffusion will not occur if the air temperature is near the
pavement temperature. This is especially true at elevations near the pavement surface.
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All of the pavements approached a limit, and released their stored energy at a similar rate
at the hottest times of the day.
Through looking at the differences in surface temperature gradient from the
hottest time of the day to the coolest time compared to the ambient 60-in temperature
difference over those times, relationships in conventional pavements and in porous
pavements became visible. This 60-in temperature difference from the hottest time to the
coolest time of the day is an indicator of the ambient climate. High variations in this
value would be seen in an environment with larger temperature swings between day and
night times while smaller variations would be found in a more moderate, temperate
setting. There were several outliers for both sets of data. By conducting a qualitative
inspection, the porous pavements that appeared to be grouped with the conventional
pavements based on the data analysis were, in fact clogged and not functioning as a
porous pavement. They were acting more like conventional pavements. This could be
used as an indicator of when to provide a cleaning or de-clogging treatment for
permeable pavements. The trend of higher differences in surface temperature gradient
with more moderate changes in temperature show that permeable pavements release
stored energy more efficient in more moderate climates. They might not be the best
strategy for UHI mitigation in a harsher, more variable temperature area, though there
must be a limit to how the trend decreases as the temperature difference increases.
Permeable pavements can reduce the near surface air temperature, if designed,
installed, and maintained properly. The lower near surface air temperature could then
impact the UHI of an area, lowering the impact of the built-up materials on the local
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environment, improving human health, ecological health, and economic impact for a
community. Permeable pavements do release heat more than conventional pavements
during the coolest times of the day, allowing for an environment more like a rural or
natural setting to exist in an urban area.

Recommendations
Throughout the duration of this project and after complete of the analysis several
lessons were learned that can be used to make recommendations for future research
related to this study.
The mote stack technology implemented in this study was effective in capturing
the range of information desired. Extensive data was able to be collected from multiple
sensors over extended time periods without continuous human intervention. The
technology allowed for data collection for full days, which provided a complete set of
data from which future studies can be designed. This type of remote data collection
should be used more often in field work.
More data collection should be done to further clarify the impact of pavement
type on near surface air temperature. Collection should be enhanced both in breadth,
with more pavement types and locations, and in depth, with more days of data at each
site. In addition, multiple set-ups should be run simultaneously to collect information
from more than two pavements at a time. Four, six, or more pavement locations should
be examined simultaneously to remove day to day differences from consideration. More
sites, in the Southeast of the US and across the nation should be tested. In addition,
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different seasons of the year should be included to determine if the results found here are
consistent throughout the year.
As this was the first examination of near surface air temperature in this manner,
there was no baseline from which to begin. Now, further research can begin with a
foundation of how to construct sensors and how to effectively use them. The next step
beyond collecting more near surface air temperature information is correlating these
values to an impact on the UHI effect.
Academic research has a place and fills a necessary role in use, but practical
application is also necessary. Practitioners can use the results of this study to further
promote the benefits of permeable pavements. By approaching each pavement from an
unbiased background, simply looking to compare the impact that pavements can have on
the air temperature, results were found that can be used throughout industry. Air
temperature reduction should be listed with the storm water quantity and quality benefits
of permeable pavements. Sustainability rating systems can incorporate an air temperature
impact of pavements to count for UHI reduction in addition to the SRI values that are
currently included. If reducing air temperatures, UHI reduction, and sustainable
engineering are the way the engineering environment is going in the future; permeable
pavements should be included as helpful engineered materials.
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Appendix A
Daily Temperature Trends for All Data Sets

Figure A-1: June 6, 7 temperatures for Conway 1C
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Figure A-2: June 6, 7 temperatures for Conway 1O
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Figure A-3: June 7, 8 temperatures for Conway 2C
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Figure A-4: June 7, 8 temperatures for Conway 3C
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Figure A-5: June 8, 9, 10 temperatures for Surfside 1P
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Figure A-6: June 8, 9, 10 temperatures for Surfside 1C
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Figure A-7: August 2, 3 temperatures for Clemson 1P
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Figure A-8: August 2, 3 temperatures for Clemson 1C
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Figure A-9: August 3, 4 temperatures for Clemson 1O

79

Figure A-10: August 3, 4 temperatures for Clemson 2O
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Figure A-11: August 4, 5 temperatures for Clemson 2P
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Figure A-12: August 4, 5 temperatures for Clemson 2O
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Figure A-13: August 5, 6, 7, 8 temperatures for Clemson 2C
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Figure A-14: August 5, 6, 7, 8 temperatures for Clemson 2P
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Figure A-15: August 9, 10 temperatures for Clemson 3C
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Figure A-16: August 9, 10 temperatures for Clemson 2C
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Figure A-17: August 10, 11 temperatures for Clemson 2P
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Figure A-18: August 10, 11 temperatures for Clemson 1P
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Figure A-19: August 11, 12 temperatures for Clemson 2O
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Figure A-20: August 11, 12 temperatures for Clemson 1P
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Appendix B
Graphs of 6‖ and 1‖ Linear Fits for Max and Min Data

Figure B-1: August 2, 3 temperatures at max time, Clemson 1P
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Figure B-2: August 2, 3 temperatures at min time, Clemson 1P
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Figure B-3: August 2, 3 temperatures at max time, Clemson 1C
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Figure B-4: August 2, 3 temperatures at min time, Clemson 1C
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Figure B-5: August 3, 4 temperatures at max time, Clemson 1O

95

Figure B-6: August 3, 4 temperatures at min time, Clemson 1O
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Figure B-7: August 3, 4 temperatures at max time, Clemson 2O
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Figure B-8: August 3, 4 temperatures at min time, Clemson 2O
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Figure B-9: August 4, 5 temperatures at max time, Clemson 2P
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Figure B-10: August 4, 5 temperatures at min time, Clemson 2P
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Figure B-11: August 4, 5 temperatures at max time, Clemson 2O
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Figure B-12: August 4, 5 temperatures at min time, Clemson 2O
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Figure B-13: August 5, 6 temperatures at max time, Clemson 2C
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Figure B-14: August 5, 6 temperatures at min time, Clemson 2C
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Figure B-15: August 5, 6 temperatures at max time, Clemson 2P
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Figure B-16: August 5, 6 temperatures at min time, Clemson 2P
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Figure B-17: August 6, 7 temperatures at max time, Clemson 2C

107

Figure B-18: August 6, 7 temperatures at min time, Clemson 2C
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Figure B-19: August 6, 7 temperatures at max time, Clemson 2P
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Figure B-20: August 6, 7 temperatures at min time, Clemson 2P
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Figure B-21: August 7, 8 temperatures at max time, Clemson 2C
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Figure B-22: August 7, 8 temperatures at min time, Clemson 2C
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Figure B-23: August 7, 8 temperatures at max time, Clemson 2P
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Figure B-24: August 7, 8 temperatures at min time, Clemson 2P
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Figure B-25: August 9, 10 temperatures at max time, Clemson 3C
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Figure B-26: August 9, 10 temperatures at min time, Clemson 3C
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Figure B-27: August 9, 10 temperatures at max time, Clemson 2C
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Figure B-28: August 9, 10 temperatures at min time, Clemson 2C
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Figure B-29: August 10, 11 temperatures at max time, Clemson 2P
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Figure B-30: August 10, 11 temperatures at min time, Clemson 2P
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Figure B-31: August 10, 11 temperatures at max time, Clemson 1P
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Figure B-32: August 10, 11 temperatures at min time, Clemson 1P
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Figure B-33: August 11, 12 temperatures at max time, Clemson 2O
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Figure B-34: August 11, 12 temperatures at min time, Clemson 2O
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Figure B-35: August 11, 12 temperatures at max time, Clemson 1P
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Figure B-36: August 11, 12 temperatures at min time, Clemson 1P
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Appendix C
Results of ANOVA Tests for Pavement Comparisons

Table C-1: ANOVA results for all max time 6-in data
Difference

Clemson 1P and Clemson 2P
-0.1507 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.1113
0.05336
-0.3547
0.9

DF
Prob > |t|
Prob > t
Prob < t

-1.3537

Difference

9
0.2088
0.8956
0.1044

Clemson 2P and Clemson 2C
-0.0023 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.10224
0.18516
-0.1897
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1P and Clemson 1C
-0.3157 t Ratio
Difference
0.17598 DF
Std Err Dif
0.00693 Prob > |t|
Upper CL Dif
-0.6383 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

-1.7938
9
0.1064
0.9468
0.0532

Clemson 2P and Clemson 3C
0.08 t Ratio
Difference
0.16695 DF
Std Err Dif
0.38604 Prob > |t|
Upper CL Dif
-0.226 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

Clemson 1P and Clemson 2C
-0.1529 t Ratio
Difference

-1.3137

Clemson 1C and Clemson 2C
-0.1628 t Ratio
Difference

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.1164
0.06046
-0.3663
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1P and Clemson 3C
-0.0707 t Ratio
Difference
Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.17598
0.25193
-0.3933
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 2P and Clemson 1C
-0.165 t Ratio
Difference
0.16695 DF
Std Err Dif
0.14104 Prob > |t|
Upper CL Dif
-0.471 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

9
0.2214
0.8893
0.1107

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.17039
0.1496
-0.4751
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1C and Clemson 3C
-0.245 t Ratio
Difference

-0.4016
9
0.6974
0.6513
0.3487

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.21553
0.15009
-0.6401
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 2C and Clemson 3C
0.08225 t Ratio
Difference
0.17039 DF
Std Err Dif
0.3946 Prob > |t|
Upper CL Dif
-0.2301 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

-0.9883
9
0.3488
0.8256
0.1744
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0.02201
9
0.9829
0.5085
0.4915

0.47919
9
0.6432
0.3216
0.6784

0.95515
9
0.3645
0.8178
0.1822

1.13673
9
0.285
0.8575
0.1425

0.48271
9
0.6408
0.3204
0.6796

Table C-2: ANOVA results for all min time 6-in data
Clemson 1P and Clemson 2P
0.0617 t Ratio
Difference
0.9396 DF
Std Err Dif
1.7841 Prob > |t|
Upper CL Dif
-1.661 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

0.06563
9
0.9491
0.4746
0.5254

Clemson 2P and Clemson 2C
1.1212 t Ratio
1.29907
Difference
0.8631 DF
9
Std Err Dif
2.7034 Prob > |t|
0.2262
Upper CL Dif
-0.461 Prob > t
0.1131
Lower CL Dif
0.9 Prob < t
0.8869
Confidence

Clemson 1P and Clemson 1C
1.0057 t Ratio
Difference
1.4857 DF
Std Err Dif
3.7291 Prob > |t|
Upper CL Dif
-1.718 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

0.6769
9
0.5155
0.2577
0.7423

Clemson 2P and Clemson 3C
2.047 t Ratio
1.45233
Difference
1.4095 DF
9
Std Err Dif
4.6307 Prob > |t|
0.1804
Upper CL Dif
-0.537 Prob > t
0.0902
Lower CL Dif
0.9 Prob < t
0.9098
Confidence

Clemson 1P and Clemson 2C
1.1829 t Ratio
Difference

1.20374

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.9827
2.9843
-0.619
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1P and Clemson 3C
2.1087 t Ratio
Difference
Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

1.4857
4.8321
-0.615
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 2P and Clemson 1C
0.944 t Ratio
Difference
1.4095 DF
Std Err Dif
3.5277 Prob > |t|
Upper CL Dif
-1.64 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

Clemson 1C and Clemson 2C
-0.177 t Ratio
Difference

9
0.2594
0.1297
0.8703

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

1.4385
2.4597
-2.814
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1C and Clemson 3C
-1.103 t Ratio
Difference

1.41931
9
0.1895
0.0948
0.9052

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

1.8196
2.2325
-4.439
0.9

DF
Prob > |t|
Prob > t
Prob < t

0.12322
9
0.9046
0.5477
0.4523

0.60618
9
0.5594
0.7203
0.2797

Clemson 2C and Clemson 3C
0.9257 t Ratio
0.64354
Difference
1.4385 DF
9
Std Err Dif
3.5627 Prob > |t|
0.5359
Upper CL Dif
-1.711 Prob > t
0.268
Lower CL Dif
0.9 Prob < t
0.732
Confidence

0.66976
9
0.5198
0.2599
0.7401
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Table C-3: ANOVA results for all max time 1-in data
Difference

Clemson 1P and Clemson 2P
-0.0781 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

Difference

DF
Prob > |t|
Prob > t
Prob < t

0.12605
0.18423
-0.2779
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1P and Clemson 3C
0.05767 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

Difference

0.19057
0.081
-0.6177
0.9

Clemson 1P and Clemson 2C
-0.0468 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

Difference

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1P and Clemson 1C
-0.2683 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

Difference

0.12053
0.14281
-0.2991
0.9

0.19057
0.407
-0.2917
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 2P and Clemson 1C
-0.1902 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.18079
0.14121
-0.5216
0.9

DF
Prob > |t|
Prob > t
Prob < t

0.64827
9
0.533
0.7335
0.2665

Difference

1.40806
9
0.1927
0.9036
0.0964

Difference

Clemson 2P and Clemson 2C
0.0313 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.11071
0.23424
-0.1716
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 2P and Clemson 3C
0.1358 t Ratio

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.18079
0.46721
-0.1956
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 1C and Clemson 2C
-0.2215 t Ratio
Difference

0.37155
9
0.7188
0.6406
0.3594

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.18452
0.11674
-0.5597
0.9

DF
Prob > |t|
Prob > t
Prob < t

0.3026

Clemson 1C and Clemson 3C
-0.326 t Ratio
Difference

9
0.7691
0.3845
0.6155

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.2334
0.10185
-0.7539
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 2C and Clemson 3C
0.1045 t Ratio
Difference

1.05205
9
0.3202
0.8399
0.1601

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence
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0.18452
0.44274
-0.2337
0.9

DF
Prob > |t|
Prob > t
Prob < t

0.28272
9
0.7838
0.3919
0.6081

0.75115
9
0.4717
0.2359
0.7641

1.20043
9
0.2606
0.8697
0.1303

1.39675
9
0.196
0.902
0.098

0.56634
9
0.585
0.2925
0.7075

Table C-4: ANOVA results for all min time 1-in data
Clemson 1P and Clemson 2P
0.00773 t Ratio
Difference
0.48643 DF
Std Err Dif
0.89941 Prob > |t|
Upper CL Dif
-0.884 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

0.0159
9
0.9877
0.4938
0.5062

Clemson 1P and Clemson 1C
0.3563 t Ratio
Difference
0.7691 DF
Std Err Dif
1.7662 Prob > |t|
Upper CL Dif
-1.0535 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

0.46331
9
0.6541
0.3271
0.6729

Clemson 2P and Clemson 3C
0.9426 t Ratio
1.29186
Difference
0.7296 DF
9
Std Err Dif
2.2801 Prob > |t|
0.2286
Upper CL Dif
-0.395 Prob > t
0.1143
Lower CL Dif
0.9 Prob < t
0.8857
Confidence

Clemson 1P and Clemson 2C
0.5508 t Ratio

1.08278

Clemson 1C and Clemson 2C
-0.195 t Ratio
Difference

Difference

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.5087
1.4834
-0.3817
0.9

DF
Prob > |t|
Prob > t
Prob < t

Clemson 2P and Clemson 2C
0.5431 t Ratio
Difference
0.4468 DF
Std Err Dif
1.3622 Prob > |t|
Upper CL Dif
-0.276 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

9
0.3071
0.1535
0.8465

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.7447
1.1706
-1.56
0.9

DF
Prob > |t|
Prob > t
Prob < t

1.2155
9
0.2551
0.1275
0.8725

0.26118
9
0.7998
0.6001
0.3999

Clemson 1P and Clemson 3C
0.9503 t Ratio
Difference
0.7691 DF
Std Err Dif
2.3602 Prob > |t|
Upper CL Dif
-0.4595 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

1.23562
9
0.2479
0.1239
0.8761

Clemson 1C and Clemson 3C
-0.594 t Ratio
Difference
0.942 DF
Std Err Dif
1.1327 Prob > |t|
Upper CL Dif
-2.321 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

Clemson 2P and Clemson 1C
0.3486 t Ratio
Difference
0.7296 DF
Std Err Dif
1.6861 Prob > |t|
Upper CL Dif
-0.9889 Prob > t
Lower CL Dif
0.9 Prob < t
Confidence

0.47777
9
0.6442
0.3221
0.6779

Clemson 2C and Clemson 3C
0.3995 t Ratio
0.53647
Difference
0.7447 DF
9
Std Err Dif
1.7646 Prob > |t|
0.6046
Upper CL Dif
-0.966 Prob > t
0.3023
Lower CL Dif
0.9 Prob < t
0.6977
Confidence
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-0.6306
9
0.544
0.728
0.272

Table C-5: ANOVA results for all conventional verses porous
6-in Conventional and Porous max
0.07217 t Ratio
0.86895
Difference
0.08305 DF
12
Std Err Dif
0.22019 Prob > |t|
0.4019
Upper CL Dif
-0.0759 Prob > t
0.201
Lower CL Dif
0.9 Prob < t
0.799
Confidence

1-in Conventional and Porous max
0.0175 t Ratio
0.20023
Difference
0.0874 DF
12
Std Err Dif
0.17327 Prob > |t|
0.8447
Upper CL Dif
-0.1383 Prob > t
0.4223
Lower CL Dif
0.9 Prob < t
0.5777
Confidence

6-in Conventional and Porous min
-1.2691 t Ratio
-2.0544
Difference

1-in Conventional and Porous min
-0.5802 t Ratio
Difference

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

Difference
Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

0.6178
-0.1681
-2.3702
0.9

DF
Prob > |t|
Prob > t
Prob < t

6-in Differences
-1.3413 t Ratio
0.565
-0.3343
-2.3483
0.9

DF
Prob > |t|
Prob > t
Prob < t

12
0.0624
0.9688
0.0312*

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence

-2.3739

Difference

12
0.0352*
0.9824
0.0176*

Std Err Dif
Upper CL Dif
Lower CL Dif
Confidence
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0.3189
-0.0118
-1.1485
0.9

DF
Prob > |t|
Prob > t
Prob < t

1-in Differences
-0.5977 t Ratio
0.2693
-0.1177
-1.0777
0.9

DF
Prob > |t|
Prob > t
Prob < t

1.81943
12
0.0939
0.9531
0.0469*

2.21912
12
0.0465*
0.9767
0.0233*

Appendix D
Box and Whisker Plots from ANOVA Tests

Figure D-1: Max 6-in plot for Clemson pavements
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Figure D-2: Min 6-in plot for Clemson pavements

133

Figure D-3: Differences in max and min 6-in plot for Clemson pavements
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Figure D-4: Max 1-in plot for Clemson pavements

135

Figure D-5: Min 1-in plot for Clemson pavements
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Figure D-6: Differences in max and min 1-in plot for Clemson pavements
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Figure D-7: Max 6-in plot for Clemson conventional and porous pavements
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Figure D-8: Min 6-in plot for Clemson conventional and porous pavements
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Figure D-9: Differences in max and min 6-in plot for Clemson conventional and porous
pavements
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Figure D-10: Max 1-in plot for Clemson conventional and porous pavements
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Figure D-11: Min 1-in plot for Clemson conventional and porous pavements
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Figure D-12: Differences in max and min 1-in plot for Clemson conventional and porous
pavements
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