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PREFACE

This dissertation book examines the effects of various cool pavement design
and management strategies for improving the thermal environment and
mitigating near-surface heat island effects through field measurements,
modeling, and simulation. In this research, nine experimental test sections
were designed, constructed, and instrumented, and the thermal perform-
ance of various types of pavements and management strategies (including
high-reflectance pavement, high-thermal-resistance pavement, and per-
meable pavement with evaporative cooling) was empirically investigated.
Different cooling effects were identified for each strategy along with their
advantages and associated disadvantages. Relevant properties of pavement
materials (e.g., albedo, permeability, thermal conductivity, heat capacity,
and evaporation rate) were measured, in many cases using newly developed
methods. With these fundamental material properties, a local microclimate
model was developed, validated, and applied to conduct sensitivity analysis
on some key parameters to evaluate the thermal impacts of various cool
pavement strategies in different climate regions. In addition, the impacts of
various strategies on outdoor human thermal comfort were evaluated for
three different climate regions (Sacramento and Los Angeles in California
and Phoenix in Arizona). One type of thermal load associated with building
energy use was evaluated for Davis, California.

Findings indicate that using high-reflectance pavement will reduce
pavement surface temperature and consequently might help improve the air
quality through a reduction in the formation of ground-level ozone.
However, increasing the pavement reflectance would affect the human
thermal comfort during hot periods owing to an increase in the mean
radiant temperature contributed by the increased reflected radiation striking
human bodies. Enhancing the evaporation from the pavement through the
use of permeable pavement and creating shading on pavement with trees or
other devices (e.g., solar panels) are likely to be effective strategies to reduce
pavement surface temperature and improve human thermal comfort in hot
periods. However, to be effective in arid and semiarid climates such as
California, the water level must be kept near the surface of the permeable
pavement through infusions of wastewater such as waste landscape
irrigation.

xxv



Some cool pavement strategies used to improve the summer thermal
environment might make the cold winter slightly colder. Therefore strat-
egies such as evaporation and shading only in summer, which can help
reduce the summer hot temperatures but will not heavily reduce the winter
cold temperatures, are desirable for some regions.

Based on the findings from the studies presented in this dissertation
book, some preliminary recommendations on the application of cool
pavement strategies for mitigating near-surface heat island effects are:
1. Pave less and plant more. For some areas such as parking lots and alleys,

the sites could be partly paved, and more grass and/or trees could be
planted on the sites to reduce negative impacts of pavement.

2. Pave smart if it has to be paved. Permeable pavements (integrated with
irrigation systems during hot dry seasons), including pervious concrete
pavement, porous asphalt pavement, and permeable interlocking con-
crete pavers and reinforced grass pavers, could be good alternatives for
paving if applicable, to both manage storm-water runoff and potentially
help mitigate near-surface heat island effects and improve the thermal
environment.

3. Care should be taken with the application of high-reflectance pave-
ments. High-reflectance pavements can be used in open areas to help
mitigate the heat island effects. However, special attention should be
given when applied in high-density areas or areas with frequent walking
or cycling human occupancy.

4. Consider evaporation and shading. Evaporation and shading could be
very effective strategies to help improve the thermal environment in
hot climates.

5. The models developed in the study for local microclimate, thermal
comfort, and building energy use can be used, if needed, and improved
for evaluating the seasonal impacts of various pavement strategies in dif-
ferent contexts.

6. Life cycle cost analysis and/or cost–benefit analysis, as well as environ-
mental life cycle assessment, should be performed to quantitatively eval-
uate the life cycle economic and environmental impacts of various cool
pavement strategies in different climates.

This book is a compilation of many recent studies and it is recommended
as a good read to both academics and policy makers. Read and enjoy.
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The built environment has a profound impact on our natural environment,
economy, health, and productivity. Designers, builders, operators, and
owners are now seeking breakthroughs in building science, technology, and
operations to create a sustainable built environment and maximize both
economic and environmental performance [1].

Increasing attention is being paid to reducing the environmental impact
associated with each phase of the life cycle of various civil infrastructures.
Roadways and pavements, as one important sector of the transportation
infrastructure system and the built environment, play a vital role in eco-
nomic and social development. While promoting economic and social
growth, researchers, agencies, industries, and other stakeholders in the field
of the roadways and pavements are working together to reduce their
environmental impact. One environmental impact that pavements can help
reduce, where local climate and urban density make it important, is the heat
island effect associated with the use phase of pavements [2].

Economic and social development of both urban and rural areas
continues as the human population increases, especially in fast-developing
countries such as China and India, which leads to more of the land surface
being paved. In many urban areas a large percentage of the land area is
covered with various types of pavement, including streets, parking areas,
sidewalks, plazas, and playgrounds. For example, in 2000 it was estimated
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that for the city of Sacramento, California, approximately 39% of the
urban land area was paved (streets, parking areas, sidewalks) when seen
from above the vegetative canopy [3,4]. Conventional impervious pave-
ments, especially new black impervious asphalt pavements, produce high-
surface temperatures (up to 65–80 �C in hot summer depending on the
climate region) and resulting high near-surface air temperatures. The high
temperatures of pavements and near-surface air can produce severe
negative impacts associated with the heat island effect during summertime
in hot climates, including reduced human comfort and heath, increased
energy use for cooling of buildings and vehicles, and impaired air and
water quality [5], as well as accelerated pavement deterioration (e.g.,
rutting and aging of asphalt pavements and possibly thermal cracking of
concrete pavements) [2].

Heat islands are attracting more attention from various organizations.
For instance, LEED® 2009 (Leadership in Energy & Environmental Design,
a green building certification program from the U.S. Green Building
Council) awards points to new construction and major renovations for
using various technologies and strategies for roofs and nonroofs (including
roads, sidewalks, courtyards, parking lots, etc.) to reduce heat islands to
minimize impacts on microclimates and human and wildlife habitats [1].
Some researchers from Lawrence Berkeley National Laboratory (LBNL)
and some other institutes in the United States and other countries also have
been focusing on cool pavement technologies to help address the problem
of urban heat islands (UHIs), mainly by increasing pavement surface
reflectivity (or albedo) [2,5].

In addition, mitigating heat islands and improving outdoor thermal en-
vironments are important for creating a walkable and livable sustainable
community. Encouragement of walking and cycling for short-distance trips
in local communities might be one of the promising strategies to reduce
vehicle miles traveled and transportation-related energy consumption and
associated environmental impacts, in addition to improving public transit
systems. Moreover, as common physical activities, walking and cycling also
provide an opportunity for improving human health and enhancing
neighborhood communication [6,7]. There are various general factors that
might affect an individual’s willingness to walk and cycle, including safety,
travel distance, street environment, and comfort [8–11]. With respect to the
street environment and comfort, providing better infrastructure (e.g., smooth
and durable pavement on the sidewalks and dedicated bike lanes/paths) and
improving the built environment are of significant importance [10–12].
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Improving the outdoor thermal environment and comfort levels during hot
periods may also increase the probability of an individual choosing to walk or
cycle rather than driving. However, very few studies have paid attention to
the relationship between specific pavement design details and the thermal
environment at the site level. Therefore, evaluating and then improving the
street thermal environment through better pavement design strategies are of
great interest, especially during the summertime in hot climates.

It should be noted, however, that the impact of higher pavement
temperatures on urban heat islands is not always negative, and the signifi-
cance of the impact varies for different locations and for different seasons.
While producing a negative impact during hot seasons in hot climates, heat
islands can also bring some benefits to building owners and occupants of the
spaces near pavement surfaces by reducing building heating energy use and
human thermal discomfort during cold weather and in cold regions [13].
Moreover, these effects are different at the global (meaning city-wide)
and local (site-level) scales, which should be analyzed separately. When
considering the overall effect on UHIs, large scales are appropriate, but
when considering human thermal comfort and pavement life, the localized
near-surface effects will be of more importance than the overall urban heat
island effect.

Therefore, both negative and positive impacts of pavements should be
taken into account when analyzing the influence of pavements on the heat
island effect and other related environmental issues, especially localized
near-surface effects (human comfort). To achieve this goal, a better un-
derstanding is needed concerning thermal interactions between pavement
and its surroundings (including air, building, trees, vegetation), the factors
influencing temperature, and the specific impacts of these factors on both
pavement and near-surface air where most human activities occur, during
both hot daytime and cold nighttime in both summer and winter and in
regions of various climates.

With respect to the heat island effect, the pavement might be part of the
problem, but it definitely can be part of the solution if well designed.
Technologies exist, or can be developed, to better engineer the thermal
performance and behavior of the pavement to more positively affect the
environment, energy use, and human health and comfort. With the help of
cool pavement strategies, the heat island effect would potentially be miti-
gated and also the pavement durability would potentially be improved to
some extent.
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To effectively and sustainably mitigate local heat islands through sus-
tainable pavement technologies and strategies, it is of great importance to
better understand the following fundamental issues:
1. What is the heat island effect?
2. What are the impacts and causes of the heat islands?
3. What are the potential mitigation measures?

1.1 HEAT ISLAND EFFECT

Generally, the term “heat island effect” describes the characteristic warmth
of both the atmosphere and the surfaces in developed urban areas compared
to their (nonurbanized) surroundings, usually the nearby underdeveloped
or undeveloped suburban and rural areas. The annual mean air temperature
of a city with 1 million people or more can be 1.8–5.4 �F (1–3 �C) warmer
than its surroundings [5,14]. On a clear calm summer night, however, the
temperature difference can be as much as 22 �F (12 �C) [5]. The heat island
is an example of unintentional climate modification when urbanization
changes the characteristics of the Earth’s surface and atmosphere [2].

The heat island sketch pictured in Figure 1.1 shows how urban tem-
peratures are typically lower at the urban–rural border than in dense

Surface Temperature (Day)

Air Temperature (Day)

Surface Temperature (Night)

Air Temperature (Night)

DAY

Rural Suburban Pond Warehouse

or Industrial

Urban

Residential

Urban

Residential

Downtown Park Suburban Rural

NIGHT

T
e
m

p
e
ra

tu
re

Figure 1.1 Heat island sketch [5].
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downtown areas. The graphic also shows how parks, open land, and bodies
of water can create cooler areas within a city.

In addition to the overall city-wide (urban-level) global effect, the term
“heat island” also describes a site-level localized effect, that is, the built-up
areas that are hotter than immediately nearby surrounding areas (e.g., a
building or parking lot or an airport surrounded by open areas with bare
natural soils or vegetation), creating hot spots. The local effect usually is
much more severe than at the global scale owing to the higher local
temperature and more direct impacts on pedestrians, buildings, and vehicles
(as shown in Figure 1.2). The site-level localized effect of heat islands is the
focus of this study.

1.2 POTENTIAL IMPACTS OF HEAT ISLANDS

In colder cities at higher latitudes and/or elevations, the wintertime
warming effects of the heat island are seen as beneficial. In some urban areas
during the summer, shade around high-rise buildings can create cooler areas
for parts of the day. But in most cities, especially high-density cities, the
effects of the summer heat island are seen as a problem [2]. The following
discussion is based on regions with climates that are hot in the summertime.

Elevated temperature from urban heat islands, particularly during the
summer, can affect a community’s environment and quality of life. While

Figure 1.2 Localized pavement system with pedestrians, buildings, and vehicles.
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some heat island impacts seem positive, such as lengthening the plant-
growing season and reducing heating energy use in cold climates, most
impacts are negative and listed as follows:

1.2.1 Compromised Human Health and Comfort
Increased daytime temperature of both pavement and near-surface air,
reduced nighttime cooling, and associated higher air pollution levels can
affect human health by contributing to general discomfort, respiratory
difficulties, heat cramps and exhaustion, nonfatal heat stroke, and heat-
related mortality. Heat islands can also exacerbate the impact of heat
waves, which are periods of abnormally hot, and often humid, weather.
Sensitive populations, such as children, older adults, and those with existing
health conditions, are at particular risk from these events. Excessive heat
events, or abrupt and dramatic temperature increases, are particularly
dangerous and contribute to premature deaths, potentially resulting in
above-average rates of mortality. The heat-related mortality may tend to
increase (Figure 1.3) under the future potential climate change, under
which more extreme surface weather conditions and heat events will
probably be showing up [15].

Figure1.3 Annual heat-related mortality changing over time (predicted for Sacramento)
[15]. (Note: for different projected weather patterns, e.g., frequency and seasonality.)

6 Pavement Materials for Heat Island Mitigation



In addition to the impact on human health, the discomfort caused by
the heat stress on the pavement will probably discourage people from
walking or biking, which will reduce the likelihood of short-distance travel
and physical activity of people by walking or biking over driving and would
also have a health impact on people. This will be detrimental to creating a
sustainable, livable, and walkable community.

1.2.2 Increased Energy Use
Elevated summertime temperatures in cities potentially increase energy
demand for building cooling in hot regions (e.g. Figure 1.4). Research
[5,16] by the LBNL, as an example, shows that electricity demand for
building cooling increases 1.5–2.0% for every 1 �F (0.6 �C) increase in air
temperature, starting from 68 to 77 �F (20–25 �C), suggesting that 5–10%
of community-wide demand for electricity is used to compensate for the
heat island effect. In addition to extra energy use for building cooling, the
higher temperature also potentially increases the energy use for vehicle
cooling if vehicles are parked or driving on hot pavements for some time.

Urban heat islands could increase peak demand as well as overall
electricity demand. This generally occurs on hot summer weekday after-
noons, when most of cooling systems, lights, and other appliances in offices
and homes are running simultaneously.

As mentioned above, this effect is dependent on the local climate of the
location where the pavements are applied and what the built environment
surrounding the pavements is. However, only a few case studies have been
conducted on the overall impact of whole urban heat island effects and very

Figure 1.4 Example of electrical load versus air temperature for New Orleans, Louisiana
[17]. (g1 and g2 are the thresholds of low and high temperatures out of which the energy
demand will rapidly increase.)
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few studies have been conducted on the specific effect of local heat islands
caused by pavement heat.

1.2.3 Elevated Emissions of Air Pollutants
and Greenhouse Gases

As described above, urban heat islands raise demand for electrical energy in
summer. Companies that supply electricity typically rely primarily on fossil
fuel power plants in the United States and even more so in China and India
to meet much of this demand, which in turn leads to an increase in air
pollutant and greenhouse gas emissions. The primary pollutants from fossil-
fuel power plants include sulfur dioxide (SO2), nitrogen oxides (NOx),
particulate matter, carbon monoxide (CO), and mercury (Hg) [17]. These
pollutants are harmful to human health and also contribute to complex air-
quality problems such as the formation of ground-level ozone (smog), fine
particulate matter, and acid rain. Increased use of fossil-fuel power plants
also increases emissions of greenhouse gases, such as carbon dioxide (CO2),
which contribute to global climate change.

In addition to their impact on energy-related emissions, elevated tem-
peratures can directly increase the rate of ground-level ozone formation.
Ground-level ozone is formed when NOx and volatile organic compounds
react in the presence of sunlight and hot weather [18]. If all other variables
are equal, such as the level of precursor emissions in the air and wind speed
and direction, more ground-level ozone will form as the environment
becomes hotter (e.g., Figure 1.5) [17,19].

1.2.4 Impaired Water Quality
High pavement surface temperatures can heat storm-water runoff. Tests have
shown that pavements that are at 100 �F (38 �C) can elevate initial rainwater
temperature from roughly 70 �F (21 �C) to over 95 �F (35 �C) [5]. This
heated storm water generally becomes runoff, which raises water-body
temperatures if it drains into streams, rivers, ponds, and lakes. Of course,
this effect occurs primarily where there is rainfall at the same time as hot
temperatures, which is common east of the Rocky Mountains, but
uncommon in California.

Water temperature affects all aspects of aquatic life, especially the
metabolism and reproduction of many aquatic species. Rapid temperature
changes in aquatic ecosystems resulting from warm storm-water runoff can
be particularly stressful, even fatal to aquatic life. However, if permeable
pavements are used to reduce the storm-water runoff and infiltrate the
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Figure 1.5 Effect of air temperature on ground-level ozone. (a) Peak (1-h) ground-level
ozone in Atlanta, Georgia [17]. (b) Ozone vs temperature through a statistical analysis
of 21 years (1987–2007) of ozone and temperature observations across the United
States [19]. (Ozone vs temperature plotted for 3 �C temperature bins across the range
19 to 37 �C for the 5th, 25th, 50th, 75th and 95th percentiles of the ozone distributions, in
each temperature bin, before and after 2002 in chemically coherent receptor regions.
Dashed lines and plusses are for the pre-2002 linear fit of ozone as a function of
temperature; solid lines and filled circles are for after 2002. Color and position correspond
to percentile (on top in red (dark gray in print versions) are 95th, next pair down in green
(gray in print versions) is 75th, light-blue (light gray in print versions) is 50th, dark blue
(darker gray in print versions) is 25th, and the bottom pair in black are the 5th percentile
values.) Values are plotted at the mid-point temperature of the 3 �C temperature bin. The
average slopes given on each panel indicate the climate penalty factors [19].)
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water down to the soil but not release it into water bodies such as rivers,
ponds, etc., the effects on aquatic life will be mitigated and even eliminated.

1.2.5 Pavement Life
Pavement temperatures can have significant influence on pavement dura-
bility. For asphalt pavements in hot climates, high temperature in summer
can significantly increase the risk of rutting (permanent deformation) and
aging, and cracking, if not specifically designed well [20,21]. For concrete
pavements, high temperatures and temperature gradients can significantly
increase the probability of cracking caused by thermal stress [22,23].
However, for different pavement types, the effects of temperature on
durability are different. Moreover, the exact effects on some pavements
such as permeable pavements are still not very clear.

Cool pavements and the related cooling technologies would poten-
tially reduce the pavement temperature and temperature gradient, and
thus could potentially improve the pavement durability owing to miti-
gation of the thermal-related deteriorations such as rutting and/or
cracking. In general, this could reduce the pavement maintenance costs
and also bring other associated benefits such as reduced material use and
user traffic delay.

1.2.6 Overview of an Open System for Evaluating the
Pavement–Environment Interaction

The potential importance of heat island and pavement heat depends on
various factors, such as the local climate, urban area scale, building density
(affecting wind speed), pavement coverage, extent of air conditioning use,
and nearby uses of the pavement. All these impacts are potential, but there
are only some case studies on the overall effects of heat islands, and few of
them investigated the specific effect of pavement heat. The importance of
these impacts is different in different locations, and no systematic specific
effects for different locations exist in the literature to date. A flowchart for
an open system of evaluating the pavement–environment interaction is
proposed and shown in Figure 1.6. The study presented in this dissertation
will focus on evaluating the impacts of heat islands (specifically pavement
heat) on human thermal comfort and building energy use. Other impacts
will be out of the range of this study at present owing to the unavailability
of relevant models and data. The open system is designed to consider
possible unintended consequences and interactions between pavements
and environment if identified later.
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1.3 CAUSES OF HEAT ISLANDS

For identifying the causes of the heat island, it is useful to understand the
concept of the “energy balance” at the Earth’s surface and the main heat
transfer processes, which will help identify and provide further under-
standing of the underlying causes of heat islands (Figure 1.7, also see
Chapter 11.3 for more details on the surface heat balance).

As mentioned previously, there is no single cause of the heat island.
Instead, many factors together combine to warm cities and suburbs, as listed
in Table 1.1 [2].

In addition to the commonly identified and confirmed causes listed above,
there are still some other possible factors that need more research work to
identify and confirm the impacts, such as the thermal conductivity, heat ca-
pacity, and other properties ofmaterials; level of air pollution (which influences
the atmospheric radiation); etc. No consistent knowledge of the exact impacts
of these factors on the heat island has been documented to date.

1.4 POTENTIAL MITIGATION MEASURES
FOR HEAT ISLANDS

In the United States, the Environmental Protection Agency (EPA) has
developed a three-pronged approach of (1) cool pavements, (2) urban forestry
and vegetation, and (3) cool roofs and green roofs to mitigate the UHI [3].

Models

Inputs

Outputs 

Figure 1.6 Flowchart of open system for evaluating pavement–environment
interactions.
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Including the approaches developed by the U.S. EPA, communities can
take a number of potential steps to reduce the local and/or atmospheric
heat island effect, such as the strategies listed below based directly on the
causes of the heat island listed in Table 1.1:
1. Increasing tree and vegetative cover;
2. Creating green roofs (aka “rooftop gardens” or “eco-roofs”);
3. Installing cooldmainly reflectivedroofs;
4. Using “cool” pavements;
5. Introducing water bodies into the urban area;

Figure 1.7 Energy balance on pavement surface.

Table 1.1 Characteristics related to heat island formation and their effects on the
energy balance
Characteristic contributing to heat island Effect on the energy balance

Lack of vegetation Reduces evaporation
Widespread use of impermeable surfaces Reduces evaporation
Low solar reflectance of urban materials Increases net radiation
Urban geometries that trap heat Increase net radiation
Urban geometries that slow wind speeds Reduce convection
Increased energy use Increases anthropogenic heat

Note: Revised based on Ref. [2].
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6. Reducing anthropogenic heat (released waste heat from heating/
cooling, etc.); and

7. Improving urban geometry to improve air flow and enhance the natural
ventilation.
As mentioned above, pavements are viewed as an important factor that

contributes to heat islands. To effectively use cool pavements to mitigate
heat islands, the following key issues need to be understood:
1. What are cool pavements by definition?
2. What are the potential cool pavement strategies and the cooling

mechanisms?
3. What is the thermal performance of various strategies to create pavements?
4. What are the potential benefits and how can they be quantified when

applied in various locations?
5. Which ones have the lowest life cycle environmental impacts (including

materials production and construction)?
6. Which ones have the lowest life cycle costs?
7. Are there any potential unintended and/or unanticipated negative

impacts?
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Based on the key issues listed in Chapter 1, an extensive literature review
was performed to identify potential technologies and strategies for cool
pavements, key questions and what research has addressed them, and gaps in
research and knowledge. The detailed literature review is presented in the
corresponding chapters for each area investigated in this dissertation. This
chapter summarizes the overall literature review.

While there are strengths and limitations associated with each study, this
review does not systematically identify such strengths and limitations on a
study-by-study basis. Instead, this review provides a comprehensive
assessment of the strengths and weaknesses of the cool pavement literature
for each subject, especially to identify key questions that remain unan-
swered. In doing so, the intent is to provide a more useful and constructive
assessment of cool pavements as a field of scientific inquiry, and to highlight
broad research directions that should be considered to advance the state of
the art, and then to identify the most important questions in the author’s
opinion based on the review for investigation in this study.

2.1 COOL PAVEMENTS AND COOLING MECHANISMS

As mentioned previously in Chapter 1, pavements are viewed as an
important factor that contributes to heat islands. However, pavements also
could be part of the solution, not just part of the problem.

According to the EPA definition [3], “cool pavements refer to a range
of established and emerging materials and technologies. These pavement
materials and technologies could potentially make pavements have lower
surface temperature and tend to release less heat into atmosphere compared
with conventional pavements.”

There are several potential strategies to make pavements cooler, with
different cooling mechanisms, which can be classified into four categories as
follows:
1. Modification of thermal properties of pavement materials;
2. Enhancement of evaporation from pavements;
3. Enhancement of convection; and
4. Reducing heat energy on/in pavements.

2.1.1 Modification of Thermal Properties of Pavement
Materials

The thermal behavior of pavements is largely dependent on the thermal
properties of pavement materials, including thermal conductivity, specific
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heat capacity, density, solar reflectivity (i.e., albedo), and thermal emissivity.
Appropriate modification of these properties could help keep pavements
and near-surface air cooler.

2.1.1.1 Reduce Pavement Thermal Conductivity
Thermal conductivity is the ability of materials to conduct or transmit heat.
It determines how fast and readily the heat would be conducted from a high-
temperature object or part to a low-temperature object or part. Pavements
with low thermal conductivity may heat up at the surface but will not
transfer that heat to the other pavement layers as quickly as pavements with
higher thermal conductivity [3]. Therefore, reducing thermal conductivity of
pavements could slow and reduce the heat flow into pavements under solar
radiation and high air temperatures and generally lower the temperatures of
pavements and near-surface air.

2.1.1.2 Increase Pavement Heat Capacity
Heat capacity is the amount of energy (or heat) required to raise the
temperature of one unit weight of a substance by 1 �C without change of
phase. In the case of pavements, it determines how much energy is absorbed
and stored in the pavement at a certain temperature. Many man-made
engineered materials, including pavements, can store more heat than nat-
ural materials such as dry soils and gravel/rock. As a result, built-up areas
typically capture more of the solar energydsometimes retaining twice as
much as their rural surroundings during daytime [24]. The higher heat
capacity of conventional urban materials contributes to heat islands at night,
when these materials in urban areas release the heat absorbed and stored
during daytime.

However, increasing the specific heat capacity as well as the density and
thickness of pavement layers could increase the effective heat capacity of the
whole pavement and help reduce the daytime high temperature and increase
the nighttime low temperature. This is similar to the moderating effect of
large water bodies as heat sinks (e.g., pool, pond, lake, sea) [25].

2.1.1.3 Increase Pavement Surface Reflectance
Solar reflectance, or albedo, is the percentage of solar energy reflected by
a surface. Most existing studies on cool pavements have focused on solar
reflectance, which is the primary determinant of maximum pavement
surface temperature [3]. High albedo also could help to reduce pavement
subsurface temperatures, because less heat is available at the surface to
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then be transferred into the pavement layers below the surface. Many
opportunities exist to improve this property of materials, owing to the
simplicity and convenience of reflectivity improvement for both new and
existing surfaces of both asphalt and concrete pavements. In addition,
increased albedo of pavement and other surfaces such as roofs might help
offset global warming potential through radiative forcing [26–28].

Conventional asphalt pavement consists of asphalt binder mixed with
dense-graded aggregate and is usually impervious. It can be used in a wide
range of applications including trails, city streets, rural roads, parking lots,
and highways. It can be modified with high-albedo materials, such as light-
colored aggregates, which are exposed when traffic wears the asphalt off the
surface aggregates, or cool-colored asphalt mixed with pigments or sealant,
or by using light-colored tree resin in place of asphalt [29]. It also could be
treated after installation to raise reflectance by applying light-colored
coatings or light-colored chip seals, or, for existing asphalt pavement in
need of rehabilitation, by whitetopping (placement of a concrete pavement
over it) or ultrathin whitetopping, or, if in need of maintenance, by
microsurfacing with light-colored aggregate and/or emulsified polymer
resin [30]. These treatments could be applied to a wide range of functions
from parking lots to highways.

Conventional concrete pavement is made mainly by mixing hydraulic
cement, water, and dense-graded aggregate and is usually impervious. It
can be used in a wide range of applications, including trails, city streets,
rural roads, parking lots, and highways. Concrete pavement generally has
a higher initial reflectance than asphalt pavement. It can be modified to
increase the reflectance by using white cement or cement blended with
light-colored slag [3,31]. When an asphalt overlay is placed on top of the
concrete pavement, this kind of composite pavement tends to store less
heat and cool down faster than conventional asphalt pavements according
to the preliminary results of the existing research [21,32].

Similar to concrete pavement, concrete block pavement (also referred to as inter-
locking concrete paver) is also made mainly by mixing hydraulic cement, water,
and dense-graded aggregate and is usually impervious. However, the gap
between individual pavers can provide some path to allow water to drain,
making the whole pavement section pervious to some extent. The block
paver can be modified by using white cement or cement blended with
light-colored slag or pigment to increase the reflectance.

As mentioned above, many opportunities exist to improve the albedo of
pavements. However, the increased albedo might increase the thermal
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interactions between the pavement surface and the surfaces of other objects,
such as buildings, vehicles, and human bodies, surrounding the pavement.
The reflected heat energy from pavement surfaces has the potential to hit
these surrounding surfaces and be absorbed by them, which will probably
increase the temperature of these surrounding surfaces. The mechanism of
thermal interactions between surfaces is addressed in detail later in this study
(see Section 11.3.2).

Moreover, owing to weathering and the accumulation of dirt, the solar
reflectance of conventional asphalt and concrete pavements and inter-
locking concrete pavers tends to change over time. Asphalt pavements
consist largely of petroleum derivatives as a binder mixed with sand or stone
aggregate. They tend to lighten as the binder oxidizes and more aggregate is
exposed through surface wear. Concrete pavements and interlocking con-
crete pavers also use sand and stone aggregate, but, in contrast to asphalt
pavements, typically use Portland cement as a binder. Various types of traffic
(such as walking, biking, driving, etc.) generally dirty the cement, causing it
to darken over time.

2.1.1.4 Increase Pavement Thermal Emissivity
A material’s thermal emissivity determines how much heat it will radiate
per unit area at a given temperature, that is, how readily a surface emits
heat. Thermal emissivity plays a role in determining a material’s contri-
bution to heat islands. Research suggests albedo and emissivity have the
greatest influence on determining how a conventional pavement cools
down or heats up, with albedo having a large impact on maximum surface
temperatures and emissivity affecting minimum temperatures [33]. Similar
to albedo, if the increased radiation from pavements goes back out directly
into the space far away with very little absorbed by the air, it might help
reduce heat islands. However, if the radiation is blocked and absorbed by
other surfaces (e.g., building or vehicle surfaces), it might not effectively
help reduce heat islands in the urban canopy.

2.1.2 Enhancement of Evaporation from Pavements
Evaporation of water requires heat energy to achieve a phase change of water
from liquid to gas. This process absorbs heat energy from surroundings and
cools them down. The use of evaporative cooling could reduce pavement
temperature and consequently air temperature through latent heat lost by the
phase change of water (from liquid to gas) when moisture exists in the
pavements or in the underlying soils or is sprinkled on hot pavement surfaces.
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Two types of pavements can provide these benefits: permeable pave-
ments (nonvegetated and vegetated) and water-retentive pavements.

2.1.2.1 Permeable Pavements
The majority of pollutants discharged to receiving water bodies are now
associated with nonpoint sources. Impermeable streets, roads, and highways
are among these nonpoint sources that contain large amounts of inorganic
and organic pollutants [34–44]. To protect the quality of receiving waters,
regulations have been established to treat the runoff prior to discharging or
to reduce pollutants at the source [44–46]. In most cases, the runoff is
managed or treated by constructed best management practices (BMPs) or
sustainable urban development (SUDs).

Currently, many transportation agencies are employing BMPs such as
sand filters, wet and dry detention basins, bioswales, and infiltration systems
to comply with water quality regulations. These BMPs are impractical to
construct in certain urban areas owing to space constraints, cost of con-
struction and/or maintenance, and lack of expertise and/or equipment to
provide required maintenance. In addition, collecting and treating a large
volume of runoff from paved surfaces during an intense storm event is very
challenging. For these reasons, transportation agencies are constantly
looking for more efficient and economical methods to manage storm-water
runoff. Reduction of runoff volume and any pollutants associated with it is
one alternative method that is now practiced commonly in urban areas
under the general term of low-impact development (LID). One method to
comply with LID and eliminate the current costly practice of BMPs or
SUDs is the construction of fully permeable pavement for streets, roads, or
highway shoulders [47–49]. A recent simulation study performed at the
University of California showed that the construction of fully permeable
pavement shoulders for storm-water runoff management is technically and
economically feasible [50,51]. With this proposed pavement design, no
conventional BMPs are required, no additional land acquisition is needed,
and, most important, no runoff will be generated if designed to handle even
the most extreme storm events and hence the pollutant discharge to the
environment will be significantly reduced.

Permeable pavement contains more voids than conventional imper-
meable pavement and is designed to allow water to drain through the
surface into the sublayers and then to infiltrate into the ground below.
Permeable pavements include porous asphalt pavements, pervious con-
crete pavements, pervious cast concrete pavement, permeable interlocking
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concrete pavements, and various types of permeable gravel pavements.
They could potentially enhance the evaporation from pavements, and the
cooling effect depends on the moisture content and evaporation rate.
Permeable (a generic term used here to mean permeable, porous, or
pervious) pavements can be used in city streets, parking lots, highway
shoulders, etc.

In addition to these nonvegetated permeable pavements listed above,
there are also some vegetated permeable pavements, such as grass pavers and
concrete grid pavers, which use plastic, metal, or concrete lattices for
support and allow grass or other vegetation to grow in the interstices.
Unlike the nonvegetated permeable pavements, the typical use of vegetated
permeable pavements is for lower traffic volumes such as alleys, parking lots,
and trails; and they may be best suited to climate regions with adequate
moisture to keep vegetation alive or may need irrigation systems to supply
water. For vegetated permeable pavements, in addition to evaporation, the
transpiration of vegetation provides an additional cooling effect to help
reduce the pavement temperature.

Beyond reducing temperature, permeable pavements also could
potentially reduce the air/pavement noise owing to reduced air pumping
under high speed [52], if roughness and macrotexture are also kept low to
avoid tire vibration, and improve high-speed driving safety by reducing
splashing and hydroplaning during rainfall [53]. Also, full-depth permeable
pavement could reduce storm-water runoff and improve water quality
[54,55]. However, permeable pavements also could possibly increase fuel
consumption of vehicles owing to higher rolling resistance if they have the
rougher surfaces. In addition, current permeable pavements are generally
not suitable for high-speed facilities such as highways and airfields because
they are often rougher than conventional pavement and more prone to
raveling. They also require thicker cross-sections than conventional pave-
ment because of the greatly reduced structural capacity of the subgrade
when the pavement is holding water.

To mitigate heat islands and reduce the associated impacts mentioned
previously, use of permeable pavements may provide benefits in some
situations. Permeable pavement also limits disruption of natural hydrology.
This is a requirement of the LEED [1] building environmental rating sys-
tem, which requires different options for project sites with imperviousness
50% or less and sites with greater than 50%. The increased use of pervious
surfaces could potentially reduce other environmental impacts, including
storm-water runoff and associated water pollution and the capacity required
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for storm-water management facilities, and can also enhance on-site infil-
tration for vegetation growth and recharging the underground water [56].

2.1.2.2 Water-Retentive Pavements
Some cities in Japan, such as Tokyo and Osaka, are testing the effectiveness
of water-retentive pavements as part of using permeable pavements to
reduce the heat island effect. These pavements can be asphalt or concrete-
based and have a sublayer that consists of water-retentive materials that
absorb moisture and then evaporate it through capillary action when the
pavement heats up. Some of these systems involve underground water
piping or surface water sprinkling to enhance the evaporation from the
pavement. The sprinklers can reuse treated wastewater or stored rainwater
and also can be integrated with and use the existing vegetation irrigation
system, especially in arid seasons or regions. The energy needed by the
sprinkling system can be provided by hybrid tower solar/wind power
generators [57,58]. Results to date are promising, and the experiment shows
that this pavement can effectively reduce the temperature of a road surface
by up to 25 �C in midsummer, when the surface temperature can be as high
as 60 �C [59]. The resulting reduction in the air temperature is 2–3 �C [59].

2.1.3 Enhancement of Convection between
Pavement and Air

Pavement transfers heat to the near-surface air through convection as air
moves over the warmer pavement surface. The rate of convection de-
pends on the velocity and temperature of the air passing over the surface,
the pavement roughness, and the total surface area of the pavement
exposed to air [3]. Some permeable pavements (e.g., permeable asphalt
pavement, pervious concrete pavement, pervious cast pavement, pervious
brick or block pavers, etc.) have rougher surfaces and contain more air
voids than conventional pavements, which increases their effective surface
area exposed to air and creates air turbulence/circulation over and within
the pavement. This will increase the convective heat exchange between
pavement and air and thus help to reduce the temperatures of pavement
and moving near-surface air through mass exchange and mixing due to
air flow.

In particular, pervious cast pavements proposed by the University of
California Pavement Research Center for storm-water management [38],
which are made of dense-graded concrete and contain holes to allow
water to drain through, potentially have the most effective convection
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and stay cooler than other pavement types owing to more ventilation
paths created by the large holes. The pervious cast pavements use
standard dense-graded Portland cement concrete with precast or cast-in-
place holes instead of an open-graded mix and therefore also have
relatively higher structural capacity per unit thickness than pervious
concrete mixes. However, careful consideration needs to be given to the
design of the holes to ensure sufficient strength, adequate drainage of
water, and safe use for bicycle, motorcycle, motor vehicle, and possibly
pedestrian traffic. Another study reported a similar idea and observed a
cooling effect [60].

While surface roughness can increase convection and cooling effects, it
might also have the potential to reduce the surface’s net solar reflectance [3].
It is observed that in direct sunlight, dry pervious concrete pavement
became hotter (on the surface) than traditional pavement, indicating the
uncertainty of a cooling effect of the pervious pavement without evapo-
ration [61].

2.1.4 Reducing Heat Energy in Pavements
Other measures to keep pavement cooler include shading pavement sur-
faces from solar radiation using shading trees or buildings and canopy covers
(e.g., regular or solar panels) installed over the pavement. Another cooling
option is the use of active mechanical cooling associated with harvesting
and converting the heat energy stored in pavement. The active mechanical
cooling strategies include cooling by fluid (e.g., water) circulating through
pipes embedded in the pavement as one kind of heat exchanger [62,63] and
cooling through thermoelectric devices embedded in the pavement [64].
The advantage of the active mechanical cooling is that it can be used for
both cooling in hot seasons and heating (deicing, melting snow, etc.) in
cold seasons, as well as for harvesting energy for local use. However, most
approaches are still under theoretical development, and there are many
technological, practical, and cost problems related to implementation.
Therefore, the active mechanical cooling associated with harvesting and
converting the heat energy in pavements is out of the range of this study at
present.

2.1.4.1 Shading Pavements
Shading pavements could reduce the sunlight hitting on the pavement and
thus directly reduce the heat source (solar energy) coming into the pave-
ment, thus reducing the pavement temperature.
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Pavement shading includes tree shading (Figure 2.1(a)) and vegetation
shading, which especially could be used for city streets and parking lots. In
addition to tree shading and vegetation shading, another emerging option
considered by some local governments and private firms is to install can-
opies that incorporate solar panels in parking lots (Figure 2.1(b)) [65] and
along highways [66]. Beyond shading pavement surfaces from incoming
solar radiation to reduce the pavement temperature, these photovoltaic
canopies also could generate electricity that can be used to power nearby
buildings or provide energy for electric vehicles.

With respect to this cooling technology using shading, only a few site-
specific case studies have been done. No specific data on the cooling effects
for different seasons and different climate regions are available.

2.2 SUMMARY OF RESEARCH RELEVANT TO COOL
PAVEMENTS

Based on the review of existing research and literature relevant to cool
pavements, the potential cool pavement technologies and impact assess-
ments reported in the literature are summarized in Table 2.1 and Table 2.2,
respectively.

2.2.1 Pavement and Near-Surface Air Temperature
All the studies of cool pavements assess the cooling effects on surface or air
or both. However, as shown in Table 2.1, no consistent cooling effects
were observed in the literature by researchers. A variety of research prob-
lems are identified from the literature and listed as follows.

(a) (b)

Figure 2.1 Shading pavements. (a) shading with trees. (b) shading with canopy and
solar panels [65].
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Table 2.1 Summary of cool pavement technologies and strategies
Cooling technology Cooling mechanism Eff. (°C)a Co-benefits References

1. Modify material thermal properties

1.1 Increase albedo/emissivity • Increase reflected heat 4/0.1b (s)
0.6/0.25 (a)

• Enhance illumination
• Offset global warming
potential

[20,29,66e75]

1.2 Increase heat capacity/
density

• Increase heat capacity ec e [66,71]

1.3 Reduce thermal
conductivity

• Reduce transfer of heat
into material

e e e

2. Evaporation/evapotranspiration

2.1 Permeable pavements
(þvegetation)

• Increase latent heat
• Increase convection

10w25 (s)
2w8 (a)

• Reduce storm-water
runoff

• Reduce water pollution
• Recharge groundwater
• Increase greening
(þvegetation)

[33,55,76e80]

2.2 Water-retentive
pavements (þsprinkling)

• Increase latent heat 10w25 (s)
1w5 (a)

• Reuse wastewater/
rainwater

[77,81e83]
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Table 2.1 Summary of cool pavement technologies and strategiesdcont'd
Cooling technology Cooling mechanism Eff. (°C)a Co-benefits References

3. Shading

3.1 Canopy cover (þtrees) • Reduce absorbed heat w10 (s) • Increase greening (þtrees) [65]
3.2 Photovoltaic panels • Reduce absorbed heat w25 (s) • Reduce land use dedicated

for solar farms
[65]

4. Enhance convection

4.1 Ventilation paths • Increase convection e e [38,60]

5. Harvesting energy

5.1 Heat
exchangers/converter

• Convert heat energy e e [62e64]

aEff., effectiveness. Temperature reduction effect: s, surface; a, air at w2 m height.
b4/0.1 ¼ 4 �C temperature reduction per 0.1 increase in albedo.
cNo data available.
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Table 2.2 Summary of literature relevant to cool pavements
Reference Technology Impact assessmentc LCAc
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(year)
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Pomerantz
et al.
(1997) [29]

Paving materials for
heat island mitigation

US-LBNL 1.1 O � � � � � � � � � � �

Pomerantz
et al.
(2000) [67]

The effect of
pavements’
temperatures on air
temperatures in large
cities

US-LBNL 1.1 O � � � � � � � � � � �

Pomerantz
et al.
(2000) [20]

Cooler reflective
pavements give
benefits beyond
energy savings:
durability and
illumination

US-LBNL 1.1 O � � � � � O � O � � �

Ting et al.
(2001) [68]

Preliminary evaluation
of the lifecycle costs
and market barriers of
reflective pavements

US-LBNL 1.1 � � � � � � � � � � O �

Levinson
and Akbari
(2001) [69]

Effects of composition
and exposure on the
solar reflectance of
portland cement
concrete
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Table 2.2 Summary of literature relevant to cool pavementsdcont'd
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Pomerantz
et al.
(2003) [70]

Examples of cooler
reflective streets for
urban heat-island
mitigation: portland
cement concrete and
chip seals

US-LBNL 1.1 O � � � � � � � � � � �

Golden
et al.
(2006) [66]

Mesoscale and
microscale evaluation
of surface pavement
impacts on the urban
heat island effects

US-ASU 1.1
1.2

O � � � � � � � � � � �

Golden
et al.
(2007) [65]

A comparative study
of the thermal and
radiative impacts of
photovoltaic canopies
on pavement surface
temperatures

US-ASU 3.1
3.2
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Kaloush
et al.
(2008) [71]

The thermal and
radiative characteristics
of concrete pavements
in mitigating urban
heat island effects

US-ASU 1.1
1.2

O � � � � � � � � � � �

Kevern
et al.
(2009) [76]

Hot weather
comparative heat
balances in pervious
concrete and
impervious concrete
pavement systems

US-ASU 2.1 O � � � � � � � � � � �

Mallick
et al.
(2009) [63]

Harvesting energy
from asphalt
pavements and
reducing the heat
island effect

US-WPI e O � � � � � � � � � � �

Mallick
et al.
(2009) [84]

Reduction of urban
heat island effect
through harvest of
heat energy from
asphalt pavements

US-WPI e O � � � � � � � � � � �

Kubo and
Kido
(2006) [77]

Study on pavement
technologies to
mitigate the heat
island effect and their
effectiveness

Japan-
PWRI

2.1
2.2
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Table 2.2 Summary of literature relevant to cool pavementsdcont’d
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Kawakami
and Kubo
(2008) [72]

Accelerated loading
tests on the durability
of cool pavement at
PWRI

Japan-
PWRI
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Kinoshita
et al. (2009)
[81]

Evaporation
performance analysis
for water retentive
material based on
outdoor heat budget
and transport
properties

Japan 2.2 O � � � � � � � � � � �

Takahashi
and Yabuta
(2009) [73]

Road temperature
mitigation effect of
“road cool,” a water-
retentive material
using blast furnace
slag

Japan 1.1 O � � � � � � � � � � �

Nakayamaa
and Fujita
(2010) [82]

Cooling effect of
water-holding
pavements made of
new materials on
water and heat
budgets in urban areas

Japan 2.2 O � � � � � � � � � � �
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Furumai
et al. [83]

Recent application of
rainwater storage and
harvesting in Japan

Japan 2.2 O � � � � � � � � � � �

Hasebe
et al. (2006)
[64]

Thermoelectric
generators using solar
thermal energy in
heated road pavement

Japan e O � � � � � � � � � � �

Tan et al.
(1992) [78]

Influence of
pavement materials
on the thermal
environment of
outdoor spaces

Singapore 2.1 O � � � � � � � � � � �

Wong et al.
(2009) [74]

A study on the
effectiveness of heat
mitigating pavement
coatings in Singapore

Singapore 1.1 O � � � � � � � O � � �

Cao et al.
(2011) [85]

Cooling principle
analysis and
performance
evaluation of heat-
reflective coating for
asphalt pavement

China 1.1 � � � � � � � � O � � �
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Table 2.2 Summary of literature relevant to cool pavementsdcont'd
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Sha (2010)
[86]

Proceedings of
International
Workshop on Energy
and Environment in
the Development of
Sustainable Asphalt
Pavements

China 1.1 O � � � � � � � O � � �

Zhang
(2011) [87]

Research on heat
reflection and thermal
resistance technology
of asphalt pavement
cooling mechanism
and its application

China 1.1 � � � � � � � � O � � �

Lin et al.
(2007) [79]

Seasonal effect of
pavement on outdoor
thermal environments
in subtropical Taiwan

China/
Taiwan

2.1 O � � � � � � � O � � �

Wang et al.
(2009) [60]

Benefit analysis of
permeable pavement
on sidewalks

China/
Taiwan

4.1 O � � � � � � � O � � �
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Yilmaz
et al. (2008)
[80]

Determination of
temperature
differences between
asphalt concrete, soil
and grass surfaces of
the City of Erzurum,
Turkey

Turkey 2.1 O � � � � � � � � � � �

Synnefa
et al. (2009)
[75]

Measurement of
optical properties and
thermal performance
of coloured thin layer
asphalt samples and
evaluation of their
impact on the urban
environment

Greece 1.1 O � � � � � � � O � � �

aUS-LBNL, Lawrence Berkeley National Laboratory in United States; US-ASU, Arizona State University in United States; US-WPI, Worcester Polytechnic Institute in
United States; Japan-PWRI, Public Works Research Institute.
bSee Table 2.1 Summary of Cool Pavement Technologies; – not included in this study.
cO, with assessment; �, without assessment; LCA, life cycle assessment.
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2.2.1.1 More Attention and Effort Are Needed for Solutions other
than Only Albedo

To mitigate the heat island effect, new or existing pavements can be made
with higher albedo through various technologies as discussed previously.
According to the review above (Table 2.2), it is found that most studies
have focused on increasing albedo to reduce pavement and air temperature.

The major advantages of employing high-albedo surfaces as a heat is-
land mitigation strategy are a large available area for implementation (e.g.,
all impervious streets, sidewalks, and roofs) and possibly a relatively low
cost per unit area. However, light surfaces are difficult to keep clean and
may lose up to one-third and even more of their reflectivity in a few years.
This is due to normal staining, weathering, and soot deposition that occur
on pavement surfaces. Light surfaces also scatter radiation (sensible heat) to
other surfaces (e.g., buildings, etc.), resulting in a lower net effect on the
energy budget than other surface cooling (through latent heat) with
vegetation and evaporation. In addition, glare resulting from very high
reflectivity of pavement surface materials might cause safety issues during
the daytime, although it may help with lighting during the nighttime.
Therefore, in addition to more research on the solution of high albedo,
more solutions beyond high albedo should be further developed and
applied to enhance the diversity of cooling pavement technologies and
strategies. This is probably necessary to some extent to reduce the un-
certain and/or unintended potentially negative consequences of using one
single technology.

As mentioned previously other thermal properties of pavement mate-
rials, such as heat capacity, density, and thermal conductivity, as well as
thermal emissivity, also play important roles in determining the tempera-
tures of pavement and near-surface air. Identifying the effects of these
factors and exploring effective and feasible solutions to modify them are also
necessary to effectively lower temperatures.

In addition to modifying the thermal properties of pavement materials,
other cooling technologies also should be given more attention from research
institutes and industries. Permeable pavements, incorporated with vegetation
if possible, and water-retentive pavements are promising solutions for heat
island mitigation. Also, as mentioned previously, these solutions can bring
multiple benefits in addition to heat island mitigation, including reducing
storm-water runoff and associated pollution, recharging underground water,
reducing the demand for dedicated storm-water management facilities, and
reusing treated wastewater or stored rainwater for sprinkling.
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In addition to enhancing evaporation from water and vegetation,
improving the natural ventilation and convection to reduce temperatures of
pavement and near-surface air is another promising solution. Similar to
evaporation, this is another great benefit that can be gained from the power
of natural processes with few or no negative impacts on the environment.

Shading the pavement surfaces (especially large parking lots) and incor-
porating solar panels is also a potential solution, especially as the number of solar
panels that will be installed to collect clean solar energy is increasing. Incor-
porating solar panels into parking lots will be a win–win solution, as it reduces
land demand for solar farms and also helps to mitigate heat island effect.

The effects of combinations of these various cooling technologies also
need to be assessed to optimize the mitigation effects with lower overall
cost and environmental impact.

2.2.1.2 Low Temperatures during Nighttime and Wintertime Also
Need to Be Inspected

High temperatures of pavement and near-surface air during the daytime
need to be reduced to mitigate heat island effects in hot climates. However,
while reducing the daytime high temperature, it is important to consider
the low temperature during the nighttime, especially for dry land climates
with large diurnal temperature changes, such as the Central Valley or the
desert of California. What is expected is a relatively stable and comfortable
temperature range throughout the whole day. Therefore, efforts are also
needed to ensure little or no reduction in nighttime low temperatures while
lowering the daytime high temperatures.

Similarly, most studies focus just on the effects of mitigation measurements
on lowing high temperatures during summertime. Efforts are also needed to
ensure little reduction in low temperatures duringwintertime in locations with
cold winters while lowering the summertime high temperatures.

2.2.1.3 Temperature and Temperature Gradient in the Pavement
Structure and Near-Surface Air

For pavement life, not only the pavement temperature but also the tem-
perature gradient (both spatial and temporal) is of great importance, as it
influences rutting, aging (asphalt pavement), and thermal stress (contraction,
expansion, and curling).

2.2.1.4 Site-Level Effects
The existing studies mostly put emphasis on the city-wide (global meso-
scale) effects of heat islands, rather than site-level (local microscale) effects.
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However, for different impact assessments, different scales should be used.
For example, the effect of urban heat islands on air quality is more related to
the global mesoscale conditions, which can be given a more accurate
assessment if assessed on a city-wide scale. In contrast, human thermal
comfort, building/vehicle energy use, and pavement life are likely to be
more influenced by local thermal conditions and thermal interactions be-
tween pavements and surroundings rather than global mesoscale conditions.

2.2.1.5 Effects for Different Regions Should Be Assessed
Heat island effects are different for different regions. To date, most existing
studies are case studies for certain regions and specific climate conditions.
Therefore, more systematic assessments for different regions are needed to
determine the necessity and applicability of various cool pavement tech-
nologies and strategies.

2.2.2 Thermal Comfort
During summertime, especially in hot climates, people will experience a
hot environment. This contributes to general discomfort on streets and
parking lots, if outside of a range of maximum human comfort, and in
buildings and vehicles (if air conditioning is not being used). The
discomfort caused by heat might also result in respiratory difficulties, heat
cramps and exhaustion, nonfatal heat stroke, and heat-related illness.

The reduced pavement surface and near-surface air temperature could
help improve thermal comfort without increasing cooling-energy demand.
In addition, improved human thermal comfort could potentially encourage
more outdoor activities [88], including potentially more walking and
cycling rather than driving for short-distance trips. This will help to
improve the quality of life, reduce vehicle miles traveled, and consequently
reduce energy consumption and reduce associated air pollution and
greenhouse gas (GHG) emission.

However, very limited studies were found that assessed the effects of
heat island mitigation measures on improving human thermal comfort.
Especially for permeable pavements and water-retentive pavements,
enhanced evaporation will increase humidity while reducing temperature,
which might influence negatively the human thermal comfort if outside of
the human comfort range for humidity. Therefore, comprehensive models
should be used to assess the impacts of cool pavements on thermal envi-
ronment and thermal comfort indices.
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2.2.2.1 Thermal Comfort Index
Thermal comfort is influenced by a large number of factors, such as sur-
rounding thermal environment (temperature, humidity, radiation flux, air
flow), human activities, clothing, and perception about how hot an area is.
Assessing comfort outdoors is not simply due to the complexity and
methodological differences observed in the related literature, which make
any comparison with available results difficult. Generally, comfort can be
assessed by means of comfort indices. There are a large number of indices
referred to in the literature, such as predicted mean vote, index of thermal
stress, perceived temperature, operative temperature, standard effective
temperature, mean radiant temperature, and physiological equivalent
temperature (e.g., [89–103]). However, most of these indices have been
developed from and for uniform indoor thermal environments, mostly
using a single factor, and therefore might not be suitable for spatially and
temporally severely nonuniform outdoor thermal environments. Hence, a
rational index that combines several significant factors (e.g., temperature,
humidity, radiation flux, air flow, etc.) into a single variable, which sums up
their simultaneous effects on the sensory and physiological responses of the
body, should be identified and chosen for the assessment of outdoor
thermal comfort.

Moreover, considerable variability exists in the tolerance levels of
different people (with age, health, and gender being some of the variables)
[104]. Consequently, criteria for the thermal comfort index also need to be
based on some form of population mean or on the tolerance levels of more
sensitive members of the population.

One research paper by Ahmed [105] presents findings on defining
outdoor comfort based on field investigations conducted in Dhaka,
Bangladesh, a city in the tropics. Findings from a survey conducted on a
large number of randomly selected people from urban spaces are presented.
The findings include factors affecting comfort outdoors for Dhaka, and a
comfort regime based on environmental parameters for urban outdoors is
presented. The authors found that comfortable ambient climate leads to
comfortable indoor environment particularly for buildings without
running an air conditioner. With regard to mechanically controlled indoor
environments, a comfortable outdoor condition helps reduce the demand
on energy for cooling or heating. Evaluating and improving outdoor en-
vironments by using outdoor comfort index is an important step toward
achieving sustainable urban environments.
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2.2.3 Energy Use
2.2.3.1 Surface and Near-Surface Air Temperature Influences

on Energy Demand
Surface temperature is the “skin” temperature of a surface, and near-
surface air temperature is generally defined as the air temperature usu-
ally within the 2 m above the street level. Energy demand for air
conditioning in buildings is affected by both surface temperature and near-
surface air temperature through interrelated processes. Reductions in
surface temperature on building walls and roofs directly reduce the
conductive heat flow, partially driving energy demand. Rooftop summer
surface temperatures are dramatically lowered by vegetated and light-
colored roof surfaces, and this tends to reduce heat conduction in a
downward direction. Conduction of heat through the walls of buildings is
also reduced when urban tree canopies shade the walls. Reductions in
near-surface air temperature can reduce the temperature of air entering
buildings through ventilation and infiltration into buildings, one of the
primary determinants of air-conditioning loads. Since all building surfaces
are affected by near-surface air temperature, this can have a large effect on
energy demand.

Currently, most building energy models calculate surface temperatures
based on a given ambient air temperature. However, it is not clear how
well these models calculate surface temperatures affected by sensible heat
fluxes from reflective surfaces and latent heat fluxes from vegetated surfaces.
To the extent that building energy models do not fully simulate sensible
and latent heat fluxes, they may underestimate the impacts of reflective
pavement surfaces and pavement surfaces with evaporation and vegetation
on building energy demands.

2.2.3.2 Building Energy Models
Energy demand is one of the impacts of heat islands that has received the
most research effort investigating mitigation measures. However, most
researchers merely mention this potential benefit or have conducted
qualitative analysis. A limited number of studies attempt to quantitatively
analyze the effects of cool pavements on building energy saving; no studies
could be found that have quantitatively analyzed the impacts of cool
pavements on vehicle energy use because of increased air conditioning use.
The only study found is one that was done by the Lawrence Berkeley
National Laboratory (LBNL) [5,16]. The methodology (Figure 2.2) used by
the LBNL to analyze effects of cool pavements and other heat island
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mitigation measures on building energy saving is shown in Figure 2.2 and
summarized as follows:
1. Obtaining local full-year hourly weather data with and without modi-

fication as input to the DOE-2 building energy simulation program;
2. Defining prototypical buildings for each city;
3. Simulating the base heating and cooling energy use for each

prototype;
4. Simulating the energy effects of reflective roofs for each prototype;
5. Estimating the total roof area for each prototype by city;
6. Estimating the energy saving by city-wide regions.

Figure 2.2 depicts the overall methodology used in analyzing the
impacts of heat island mitigation measures on energy use and urban air
pollution [5,16]. The DOE-2 building-energy simulation program is used
to calculate the energy use and energy savings in buildings. To calculate
the direct effects, prototypical buildings are simulated with dark- and light-
colored roofs and with and without shade trees. Typical weather data for
each climate region of interest are used in these calculations. To calculate
the indirect effects, the typical weather data input to DOE-2 are first
modified to account for changes in the urban climate due to heat island
mitigation measures. The prototypical buildings are then simulated with
the modified weather data to estimate savings in heating and cooling
energy consumption.

Strategies Processes Results

Cooler Roofs

Shade Trees

Cooler Roofs
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Figure 2.2 Methodology to analyze the impacts of shade trees, cool roofs, and cool
pavements on energy use and air quality (smog) [5,16].
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Computer simulations for Los Angeles, California, using DOE-2 show
that resurfacing about two-thirds of the pavements and rooftops with
reflective surfaces and planting three trees per house could cool down Los
Angeles by an average of 2–3 �C [5,16]. Every degree increase adds about
500 MW to the air-conditioning load in the Los Angeles Basin [5,16]
according to the modeling. Peak urban electric demand rises by 2–4% for
each 1 �C increase in daily maximum temperature above a threshold of
15–20 �C [5,16]. Thus, the additional air-conditioning use caused by this
urban air temperature increase is responsible for 5–10% of urban peak
electric demand [5,16].

The authors of the study [5] believe that “Cool pavements provide only
indirect effects [on energy use] through lowered ambient temperatures,”
which is very small and could even be omitted [5]. However, as mentioned
above, the interactions (especially huge reflected sensible heat and radiation
due to high-reflective surfaces) between pavements and building are also of
great significance to building energy use on a local microscale, which the
authors of reference [5] did not consider. Recently, some researchers (e.g.,
[106]) used thermodynamics incorporated with the computational fluid
dynamics approach to consider the interactions of the outdoor environment
(including pavements) and buildings in an urban block.

2.3 LIFE CYCLE ASSESSMENT

Like most new technologies, there are some negative impacts of cool
pavements associated with their benefits. To ensure a net benefit, both
economically and environmentally, economic and environmental assess-
ments should be performed over the entire life cycle of cool pavements
with appropriate system boundaries.

In addition, comprehensive economic and environmental impacts of
cool pavements in each phase over the entire life cycle could be identified
through life cycle assessment (LCA). This also could provide a comparative
LCA of these cool pavement technologies and supply an opportunity to
identify potential redesign solutions to minimize the negative impacts. If
designs were adapted to specific usability requirements, the environmental
impact factors associated with pavements, and therefore urban areas, would
be significantly optimized and reduced [107].

However, very few studies of cool pavements have conducted cost–
benefit analyses and no study of cool pavements has included an envi-
ronmental life cycle assessment.
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2.3.1 Life Cycle Cost Analysis
There are many potential benefits from cool pavements relative to con-
ventional pavements, such as reducing energy use. Some possible costs,
however, also coexist with these benefits. For example, while cool pave-
ments could potentially reduce building and vehicle energy use, special
materials (e.g., high-reflection coatings or aggregates or cement, large-size
and high-quality aggregates for open-graded materials) and special main-
tenance are needed to make them cooler. These factors may increase the
overall costs of installing and maintaining the pavement with cooling ef-
fects. In addition, these costs will vary for different locations and applica-
tions. Therefore, the overall costs of cool pavements should be estimated
through life cycle cost analysis.

2.3.2 Environmental Life Cycle Assessment
Similarly, although there may be potential environmental benefits from
cool pavements in various contexts compared with conventional pave-
ments, some possible negative environmental impacts may also coexist with
these benefits. For example, cool pavements could potentially reduce
building and vehicle energy use and associated GHG emissions; however,
special materials (e.g., high-reflective paint or aggregates or cement, special
aggregates for permeable mixes, etc.) are needed to make them cooler.
Producing and processing these special materials might consume more
energy and produce more associated GHG emissions. While thermal
comfort might be improved during the daytime or summertime, people
might experience more discomfort during the cold period.

Moreover, among those various cooling strategies, each one has unique
cooling effectiveness and associated unique environmental impact (both
positive and negative) as well as unique associated costs. Life cycle assess-
ment provides a method to comprehensively compare these cooling stra-
tegies, to ensure the largest net benefit and lowest environmental impacts
and costs through their entire life cycle, including material production,
construction, use phase, and end of use.

2.4 SUMMARY OF RESEARCH AND KNOWLEDGE GAPS

Although some amount of research has been completed or is being con-
ducted by various research institutes and groups around the world, there are
still a number of knowledge gaps related to the environmental and engi-
neering performance of cool pavements, as well as economic performance
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and implementation and policy issues. Some major research and knowledge
gaps are identified from the literature review above and summarized as
follows.

2.4.1 Environmental Performance
1. Thermal behavior of cool pavement materials and strategies, especially

for pervious pavement under both wet and dry conditions, is still not
clear.

2. Values for fundamental material properties of cool pavement materials,
such as permeability, albedo, thermal conductivity, and heat capacity,
especially for open graded permeable pavement materials, are very
limited.

3. The seasonal effects on local microclimate of both conventional and
cool pavements have not been fully investigated, especially the local
effects in different seasons under different climate conditions.

4. The thermal interactions between pavement and building/vehicle sur-
faces and the specific impact on energy use for cooling and heating in
different seasons over a year need to be estimated.

5. The effect of cool pavements on the improvement of outdoor human
thermal comfort has not been investigated.

2.4.2 Life Cycle Analysis
1. Uncertainties related to LCA of cool pavements need to be fully iden-

tified and specified.
2. Life cycle cost analysis with uncertainties of cool pavements over the

entire life cycle is missing.
3. Environmental life cycle assessment with uncertainties of cool pave-

ments is missing.
4. Comparative life cycle assessment of various cool pavements and other

mitigation measures (vegetation, cool roofs, etc.) of heat islands is missing.

2.4.3 Implementation Issues
Comprehensive recommendations for implementation and further research
of cool pavements are missing.
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CHAPTER 3

Scope, Methodologies, and
Organization
Contents

3.1 Problem Statement 43
3.2 Study Goal and Scope 44
3.3 Study Objectives 44
3.4 Tasks and Methodologies 45
3.5 Organization of the Following Parts of This Book 45

3.1 PROBLEM STATEMENT

Some studies have been performed or are being conducted by various
research institutes and groups around the world regarding the use of cool
pavements as a strategy for mitigating heat island effects, improving outdoor
thermal comfort, and potentially reducing energy use. However, there are a
number of knowledge gaps related to the environmental and engineering
performance of cool pavements as identified in Chapter 2.

Based on the background and literature review on heat island effects and
cool pavements, and the identified gaps in the knowledge discussed pre-
viously in Chapters 1 and 2, this study will mainly address the following key
issues on environmental performance of cool pavements:
1. Fundamental material properties of cool pavements, such as perme-

ability, albedo, thermal conductivity and heat capacity, and evaporation
rate, and corresponding measurement methods;

2. Seasonal thermal performance of various cool pavement technologies
and strategies, in particular the performance of permeable pavement un-
der both wet and dry conditions;

3. Thermal interactions between pavement and near-surface air;
4. Thermal interactions between pavement and other surfaces (e.g., build-

ings, vehicles);
5. Thermal behavior of various pavements and impacts on outdoor human

thermal comfort and thermal load of cooling and heating.
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These issues are critical and of great significance for the evaluation and
implementation of cool pavements for effectively mitigating heat islands
and potentially producing maximum benefits.

3.2 STUDY GOAL AND SCOPE

The goal of this study is to evaluate the effectiveness and applicability of
various cool pavement technologies for reducing local heat islands and
improving the near-surface outdoor thermal environment when applied in
various climate regions. The primary focus of this study will be on cool
pavement technologies and design strategies and their effectiveness at
reducing localized heat island effects and improving the outdoor thermal
environment in areas with hot climates where the heat island is mainly a
negative issue. The scope of this study comprises: (1) experimental inves-
tigation on the thermal behavior and cooling effects of various cool
pavement strategies, in particular permeable pavements; (2) use of the field
measurement data to validate thermal behavior modeling and application of
the validated model to simulate the thermal behavior and cooling effects of
different pavements under different climates; and (3) examination of their
effects on outdoor human thermal comfort and building energy use, mostly
for urban areas with hot climate.

3.3 STUDY OBJECTIVES

To achieve the study goal above, the specific research objectives are listed as
follows;
1. Measure the fundamental material properties affecting the thermal per-

formance of cool pavements, including permeability, albedo, thermal
conductivity and heat capacity, and evaporation rate;

2. Measure seasonal thermal performance of various pavement technolo-
gies and strategies, in particular permeable pavements;

3. Develop, validate, and apply a theoretical model and simulation system
to conduct sensitivity analysis and evaluate near-surface pavement ther-
mal performance in various climate regions;

4. Investigate the thermal impacts of pavements on near-surface air and ef-
fects on human thermal comfort;

5. Investigate the thermal impacts of pavements on buildings and effects on
thermal load of cooling and heating;
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6. Provide recommendations for implementation of cool pavement strate-
gies for various climate regions;

7. Identify future research needs.

3.4 TASKS AND METHODOLOGIES

An overview of the tasks and methodologies to realize the specific ob-
jectives above is briefly described by a roadmap in Figure 3.1. The details of
tasks and methodologies are presented in the corresponding chapters.

3.5 ORGANIZATION OF THE FOLLOWING PARTS OF THIS
BOOK

This book is organized as follows. Chapter 4 presents the design, con-
struction, and instrumentation of test sections and methods and measure-
ments of albedo (i.e., solar reflectivity) for reflective pavements. Chapter 5

Experimental test sections:
design, construction,

instrumentation. (Ch. 4)

Materials properties:
permeability, albedo, thermal
conductivity, heat capacity,
evaporation rate.(Ch. 4-7)

Seasonal thermal
performance:

temperature and heat
flux.(Ch. 8)

Local climate data:
solar radiation, air
temperature, wind
speed, etc. (Ch.8)

Thermal interaction with
near-surface air:

Temperature profile. (Ch. 9)

Thermal interaction with
building surface:

Temperature profile (heat
flux). (Ch. 10)

Conclusions and recommendations:
Context Sensitive Solution. (Ch. 15)

Simulation model:
validation.(Ch. 11)

Contexts:
Climate conditions-
solar radiation, wind

speed, etc.

Simulation model:
application. (Ch. 12)

Strategies:
reflectance, shading,

evaporation, etc.

Thermal behavior:
Sensitivity analysis. (Ch. 12)

Simulation model:
development.(Ch. 11)

Experiment Simulation

Human thermal comfort:
Physiological Equivalent

Temperature(PET). (Ch. 13)

Energy use:
Framework,

Thermal Load.(Ch. 14)

SiSS mii ulall titt onSimulation

Figure 3.1 Roadmap for this study on cool pavements. Note: Ch. ¼ Chapter.
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through 7 present methods and measurements for other fundamental
pavement material properties affecting thermal performance, including
permeability (permeable pavements), thermal properties (i.e., thermal
conductivity and heat capacity for thermal resistance pavements), and
evaporation rate (evaporative cooling). Chapter 8 presents the measurement
of seasonal thermal performance of various pavement design and man-
agement strategies, in particular permeable pavements. Thermal impacts of
pavements on near-surface air temperatures are investigated in Chapter 9.
Chapter 10 presents the thermal impacts of pavements on building surfaces.
Development and validation of the pavement thermal modeling and
simulation system are presented in Chapter 11. Chapter 12 uses the vali-
dated pavement thermal model to run temperature simulations for various
factors to identify the significant factors affecting thermal behavior.
Chapters 13 and 14 present results of an investigation of the effects of
various pavement design and management strategies on human thermal
comfort and building thermal load, respectively. The last chapter, Chapter
15, summarizes the entire study and gives conclusions and recommenda-
tions for implementation of cool pavement strategies for some climate re-
gions and recommendations for future research.
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Reflective Pavements and Albedo
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4.1 INTRODUCTION

Reflective pavements can be used as a cool pavement to mitigate heat
island effects through reflective cooling. Albedo (or solar reflectivity) is an
indicator of the reflecting power of a surface (e.g., pavement) and a key
thermal characteristic that significantly influences the thermal performance
of the surface. It is defined as the ratio of the reflected solar radiation to the
incident solar radiation at the surface. Albedo is a dimensionless fraction and
is measured on a scale from 0 to 1. An albedo of 0 means no reflecting
power of a perfectly black surface (none reflected, all absorbed), an albedo
of 1 means perfect reflection off a perfectly white surface (100% reflected).
Solar reflectivity depends on the frequency or wavelength of the solar
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radiation. When albedo is reported without qualifications, it usually refers
to some appropriate average across the spectrum of frequencies or wave-
lengths [108,109].

It is assumed that reflected radiation is both diffuse and specular in
nature, meaning that it is diffuse if the reflected radiation is the same in all
angular directions and specular if the surface of reflection is smooth with
respect to the wavelength of the incident radiation such that the laws of
reflection are satisfied. Pavement materials and most land-cover types are
generally diffuse, and thus the reflected radiation is uniform or isotropic in
all angular directions [109,110].

The temperatures of pavement surfaces exposed to solar radiation are
generally higher than the adjacent air temperatures owing to heating by
absorbed solar radiation, thus creating a surface heat island. The extent to
which solar radiation influences surface temperatures depends on the solar
reflectance of the exposed pavement surface. A low solar-reflectance
material, such as a black stone surface, would result in a very large effect,
while a high solar-reflectance material, such as fresh snow, would result in a
small effect on surface temperature. Therefore, solar reflectivity is a factor of
great significance for evaluating and modeling the thermal performance of
pavements and other land-cover types [26,27,111].

There are some values of albedo reported in the literature for some
pavement materials. Pomerantz et al. conducted some studies on more
reflective pavements and their benefits and measured the albedos of some
pavement materials such as Portland cement concrete and chip seals using
light-colored aggregates [20,29,67,68,70]. Levinson and Akbari [69] per-
formed a study on the effects of concrete mix composition (proportioning
of cement, aggregate, and sand in the concrete) and exposure on the solar
reflectance of Portland cement concrete. Synnefa et al. [75] measured the
optical properties and thermal performance of asphalt samples with colored
thin coatings and evaluated their impact on the urban environment. Wong
et al. [74] performed a study on the effectiveness of heat-mitigating
pavement coatings in Singapore and measured the albedo of different
types of coatings.

However, data on albedo of different types of pavement materials
is relatively limited or absent for some pavement surface types. Most
existing studies refer to albedo values from a very limited number of
literature sources or simply assume a value for evaluating and modeling
the thermal performance of pavements and other land-cover surfaces
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(e.g., [33,112–116]) and their impacts on human thermal comfort, building
energy use (e.g., [34,36,39,106,117–119]), and air quality. This limitation
increases the barriers and uncertainty for understanding, evaluating, and
modeling thermal performance and consequential environmental impacts of
pavements and other land-cover types with different albedos.

4.2 OBJECTIVES

The objectives of this chapter are to: (1) design and construct experimental
sections with various pavement types, (2) perform field measurements of
albedo for various pavement materials on experimental test sections and
other existing pavements, (3) compare the albedo for various materials, (4)
examine the factors affecting the field measurement of albedo, (5) examine
diurnal and seasonal changes in albedo, and (6) examine the effect of albedo
on pavement temperature.

4.3 DESIGN AND CONSTRUCTION OF EXPERIMENTAL
SECTIONS

Nine 4-m by 4-m (13-ft by 13-ft) experimental sections were designed
and constructed. These specifically built test sections and some other
existing pavements were used to measure the fundamental materials
properties, including albedo, permeability, thermal properties, and evap-
oration rate (for some of the materials used in the experimental sections),
and empirically examine the thermal behaviors of different pavement
types at different seasons and under different moisture conditions and their
impacts on near-surface air and building surfaces, which are presented in
Chapters 4–10. The plan design and cross-sections for each experimental
section are shown in Figure 4.1. The experimental sections include three
different pavement surfacing materials, namely interlocking concrete
paver (surfacing type A), open-graded asphalt concrete (surfacing type B),
and pervious concrete (surfacing type C). For each pavement surfacing
type, one impermeable pavement design (design 1) and two permeable
pavement designs (designs 2 and 3) were designed. Both of the permeable
interlocking concrete paver pavements have the same cross-sections, the
difference is in the solar reflectivity of the pavers. Both of the permeable
asphalt sections have the same surface material, the difference is in the
thickness of the layers. The two permeable concrete sections have
different thickness and concrete surface material mix designs, meaning that
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the aggregate gradations, cement contents, and other ingredient pro-
portions are different. The permeable concrete section C2 is darker than
C3, which will give different albedos.

The nine experimental sections were constructed as designed during the
summer of 2011 at the University of California Pavement Research Center

Regular Paver 8cm (3 in)

AB1-D 15cm (6in)

SG-C

Design 1:
Impermeable Pavement

Design 2:
Permeable Pavement

Permeable Paver   8cm (3in)

AB2-O         15cm (6in)

SG-U
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Permeable Pavement

Bedding Layer 2.5cm Bedding Layer 2.5cm (1in)
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SG-U
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(a)
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Figure 4.1 Designs of experimental sections for the cool pavement study.
(a) Cross-sections for interlocking concrete paver pavements (A). (b) Cross-sections for
asphalt (B) and concrete (C) pavements. (c) Schematic plan view (six permeable
pavements shown in shaded area, i.e., left two columns).
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(UCPRC) test facilities in Davis, California. The construction materials
used for the test sections are listed in Table 4.1.

Some example photos of the construction process for each layer of the
pavement structures are shown in Figure 4.2. The soil of each section was
first excavated to the design elevation to create the space for the base and
surface layers (Figure 4.2(a)). The surface of the subgrade was prepared to
create a level surface. For the six permeable sections, the subgrade was not
compacted to ensure a high permeability of subgrade. The subgrade was
compacted for the three impermeable sections. The permeability of the
subgrade was measured on at least three locations for each section before
the aggregate base was constructed. As shown in Figure 4.2(b), the
aggregate was then poured into the prepared space and compacted three
times using a jumping jack compactor. The thickness and level of the
aggregate base were checked to ensure the design thickness and the surface
level. After the aggregate bases were in place, the surface layers of paver,
asphalt, and concrete were paved as shown in Figure 4.2(c) and (d). A photo
view of the complete construction process for the experimental sections is
presented in Figure 4.3.

4.4 MEASUREMENT METHODOLOGY FOR ALBEDO

4.4.1 Measurement Method and Equipment
There are two American Society for Testing and Materials (ASTM)
standard testing methods for determining solar reflectance of a surface:
(1) ASTM C1549, Standard Test Method for Determination of Solar
Reflectance Near Ambient Temperature Using a Portable Solar Reflec-
tometer [46], and (2) ASTM E1918, Standard Test Method for Measuring
Solar Reflectance of Horizontal and Low-Sloped Surfaces in the
Field [47].

4.4.1.1 ASTM C1549 Test Method
Solar spectrum reflectance measurement with this method relies on a
testing instrument with an integrated radiation source and four detectors
with filters for four specific wavelength ranges. This test method is best
suited to use on flat and homogeneous smooth surfaces, such as single-ply
membranes and smooth modified-bitumen membranes. The test method
also requires that a surface to be tested is dry. However, it is not
suitable for rough surfaces such as gravel and some other pavement
surfaces [46].
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Table 4.1 Construction material quantity needed for test sections

Material Type Thickness Quantity per sectionc
No. of
sections Total quantityc

Base layer Oa (ASTM No. 57) 30 cm (12 in) 9.5 tons 6 57 tons
Base layer Db (Class 2) 15 cm (6 in) 5.5 tons 3 16.5 tons
Bedding layer Oa (ASTM No. 8) 2.5 cm (1 in) 1 ton 2 2 tons
Bedding layer Sand (ASTM C33) 2.5 cm (1 in) 1 ton 1 1 ton
HMA surface Oa 10 cm (4 in) 3.8 tons 1 11.4 tons

20 cm (8 in) 7.6 tons 1
Db 10 cm (4 in) 4.4 tons 1 4.4 tons

PCC surface Oa 10 cm (4 in) 1.9 m3 (2.5 yd3) 1 5.7 m3 (7.5 yd3)
20 cm (8 in) 3.8 m3 (5.0 yd3) 1

Db 10 cm (4 in) 1.9 m3 (2.5 yd3) 1 1.9 m3 (2.5 yd3)
Paver surface Permeable 8 cm (31/8 in) 16 m2 (w180 ft2) 2 32 m2 (w360 ft2)
Paver surface Impermeable 8 cm (31/8 in) 16 m2 (w180 ft2) 1 16 m2 (w180 ft2)
Edge curb Wood 5 � 10 cm (2 � 4 in) 16 m (w55 ft) 9 150 m (w495 ft)
aOpen-graded.
bDense-graded.
cMetric ton (1000 kg).
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4.4.1.2 Pyranometer Test Method (ASTM E1918)
The device employed in this test method allows for calculation of solar
reflectance based on alternate readings of incoming solar radiation and
reflected solar radiation on a surface using only one pyranometer. The test
procedure is weather-sensitive. It requires cloudless weather and a sun angle
to the normal from the test surface of less than 45� to obtain valid and
repeatable solar reflectance values [47].

This test method is suited to measurements over all types of flat sur-
faces, including textured or irregular surfaces such as gravel surfacing.

Figure 4.2 Construction of experimental sections for the cool pavement study.
(a) Preparation of the subgrade layers. (b) Construction of base layers. (c) Construction
of surface layers (paver pavements). (d) Construction of surface layers (concrete
pavements). (e) Construction of surface layer (asphalt pavement).
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However, it has only one pyranometer to measure both the incoming
solar radiation and the reflected solar radiation on a surface. After the
incoming solar radiation is measured, the pyranometer has to be flipped
over to measure the reflected solar radiation [47]. This is not convenient
and might increase measurement error since the incoming solar radiation
and reflected solar radiation are not measured at the same time, especially
on cloudy days.

4.4.1.3 Dual-Pyranometer Test Method
To improve the convenience and reduce the measurement error of
ASTM E1918, a dual pyranometer was selected and used to perform the

Figure 4.2 Cont'd
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measurement of solar reflectivity in this study. A dual pyranometer (also
called albedometer) is composed of two star pyranometers. One pyran-
ometer faces upward and the other faces downward. Incident global solar
radiation (diffuse and direct solar radiation) with wavelengths of 0.3–3 mm
is measured by the upward-facing pyranometer, while reflected solar
radiation from surfaces is measured by the downward-facing pyranometer
[120]. Separate outputs are provided for each pyranometer, which can
be read from an indicator or recorded together automatically using a data
logger.

Testing in this study was conducted in accordance with ASTM E1918,
following the standard method except using a dual pyranometer. The

Figure 4.2 Cont'd
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Model 240-8140 dual pyranometer was purchased from NovaLynx Cor-
poration® in July 2011, with a calibration certificate and showing a mea-
surement error of less than 1 W/m2. The data were recorded automatically
using a data acquisition system (DAS) composed of a CR 10X data logger
(from Campbell Scientific, Inc.®) powered by a battery and connected to a
computer. This allows monitoring of the solar reflectivity of a surface over
long time periods. The whole measurement system is shown in Figure 4.4.

4.4.2 Pavement Materials for Measurement
The albedo measurements for this study were performed mainly on the
nine 4-m by 4-m (13-ft by 13-ft) test sections, which were specifically

Figure 4.2 Cont'd
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Figure 4.3 Photo view of all experimental sections at UCPRC facility.
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constructed during the summer of 2011 at the UCPRC test facilities in
Davis, California (as shown in Figure 4.3). The summary for each test
section along with surface mix design and other characteristics is provided
in Table 4.2. As noted previously, both of the permeable interlocking
concrete paver pavements have the same cross-section, the difference is in
the solar reflectivity of the pavers. Both of the permeable asphalt sections
have the same surface material, the difference is in the thickness of the
layers. The two permeable concrete sections have different thicknesses and
different concrete surface material mix designs, meaning that the aggregate
gradations, cement contents, and other ingredient proportions are different.
The permeable concrete section C2 is darker than C3, resulting in different
albedos.

In addition to these nine sections, some extra pavement sections with
conventional impermeable asphalt and concrete surfacing were also
included in the study for field measurement of albedo. In addition, albedo
was measured on some other land-cover materials, including gravel, soil,
and grass, for comparison. Some of these materials were different ages when
the measurement of solar reflectivity was conducted on them. The overall
summary of materials used for albedo measurement in this study and the
dates of measurement are summarized in Table 4.3.

4.4.3 Plan for Measurement
The dual pyranometer with DAS was used to measure the albedo of all
pavement test sections in the experimental sections (pavers, asphalt, and

(a) (b)

Figure 4.4 Albedo measurement system with a dual pyranometer. (a) Dual pyran-
ometer (albedometer). (b) DAS: data logger (CR10X), battery, and computer.
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Table 4.2 Experimental plan for field albedo measurement on nine test sections

Section

Pavement layer Base layer

Test locationsb Test methodTypea
Thickness
(cm) Typea

Thickness
(cm)

A1 ICP-I 10c AB-I 15 SE, NE, NW, SW, CT Dual pyranometer
A2 ICP-P 10c AB-P 15 SE, NE, NW, SW, CT Dual pyranometer
A3 ICP-P 10d AB-P 30 SE, NE, NW, SW, CT Dual pyranometer
B1 AC-I 10 AB-I 15 SE, NE, NW, SW, CT Dual pyranometer
B2 AC-P 10 AB-P 30 SE, NE, NW, SW, CT Dual pyranometer
B3 AC-P 20 AB-P 30 SE, NE, NW, SW, CT Dual pyranometer
C1 PCC-I 10 AB-I 15 SE, NE, NW, SW, CT Dual pyranometer
C2 PCC-P1e 10 AB-P 30 SE, NE, NW, SW, CT Dual pyranometer
C3 PCC-P2e 20 AB-P 30 SE, NE, NW, SW, CT Dual pyranometer
aICP, interlocking concrete paver; AC, asphalt concrete; PCC, Portland cement concrete; AB, aggregate base; I, impermeable; P, permeable.
bSE, southeast; NE, northeast; NW, northwest; SW, southwest; CT, center.
cIncludes the thickness of paver (6 cm) and underlying bedding layer (4 cm).
dIncludes the thickness of paver (8 cm) and underlying bedding layer (2 cm).
eThe two pervious concrete materials have very different mix designs, cement and aggregate types.
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Table 4.3 Summary of materials and plan for albedo measurement
Surface category Permeability Binder/cement/color type Codea Measurement date (month/day/year)

Asphalt Impermeable Conventional B1 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Permeable Polymer modified B2b 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Permeable Polymer modified B3 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Impermeable Polymer modified PMA 10/13/2011
Impermeable Rubberized RHMA 10/13/2011
Impermeable Warm mixed asphalt WMA 10/13/2011
Permeable Polymer modified OGFC 10/13/2011
Impermeable Conventional Aged AC 10/13/2011

Concrete Impermeable Conventional C1 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Permeable Conventional C2c 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Permeable White C3 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Impermeable Conventional PCC 10/13/2011

Interlocking
Concrete paver

Impermeable Conventionaleorange A1 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Permeable Conventionalechampagne A2 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012
Permeable Conventionaleorange A3 9/19/2011, 10/13/2011, 2/15/2012, 5/2/2012

Gravel Permeable e Gravel 10/13/2011
Soil Permeable e Soil 10/13/2011
Grass Permeable e Grass 10/13/2011
aCode: A1–A3, B1–B3, C1–C3 are experimental test sections described in Figure 4.1. PMA, polymer modified asphalt; RHMA, rubberized hot mixed asphalt;
WMA, warm mixed asphalt; OGFC, open graded friction course; AC, asphalt concrete; PCC, Portland cement concrete.
bMonitored continuously over time.
cMonitored continuously in one day.
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concrete). For each test section, the albedo measurement was conducted at
five different locations: the southeast corner, northeast corner, northwest
corner, southwest corner, and center. At least six measurements were
performed at each location. A summary of the experimental test plan for the
nine test sections is shown in Table 4.2.

The measurements on the nine experimental test sections (A1–A3,
B1–B3, and C1–C3) were repeated on four different dates in one
year (September 2011 to May 2012). The measurements on the other
materials were conducted at two or three different locations with at
least six measurements for each location. All these measurements were
performed at midday (mostly 12:00 PM–2:00 PM). For some materials
(mainly for B2), the solar reflectivity was monitored continuously over
time.

The weather data (including air temperature, relative humidity, solar
radiation, wind speed, and rainfall) during the measurement period were
also monitored using a nearby mobile weather station from Campbell
Scientific, Inc.®. The measurement plan in this study is summarized in
Table 4.3.

The pavement temperatures of the nine experimental test sections
(A1–A3, B1–B3, and C1–C3) were continuously monitored from the fall
of 2011 through the summer of 2012 using type T thermocouple sensors
(from Omega Engineering, Inc.® and with measurement error of less than
0.5 �C) and a CR10X data logger. Some temperature data were used
to examine the seasonal effects of albedo on the pavement thermal
performance.

4.5 RESULTS AND DISCUSSION ON ALBEDO

4.5.1 Albedo of the Nine Test Sections
The albedos of the nine test sections (A1–A3, B1–B3, and C1–C3) were
initially measured at five different locations (four corners and one center)
at around 1:00 PM on 19 September 2011. The measured albedos are
illustrated in Figure 4.5 for each location on all nine sections using a box
plot. As shown in the plot, the albedo measured at one location on a
particular plot is relatively constant, which verifies the high accuracy of the
albedo measurement equipment used in this study. However, the albedos
measured at different locations on one section show some level of variation;
this implies that the pavement surface is not uniform in albedo or color on
each section, especially for concrete section C3. The summary box plot of
albedos at five locations on each section, Figure 4.6, gives an even clearer
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Figure 4.5 Albedo of different materials at different locations measured on 19
September 2011. (a) Interlocking concrete paver sections A1–A3. (b) Asphalt pavement
sections B1–B3. (c) Concrete pavement sections C1–C3. CT, center; NE, northeast; NW,
northwest; SE, southeast; SW, southwest.
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illustration of this variation of albedo across these nine sections. Sections B2
and C2 are the most uniform, with only small variations across the 4-m-
wide pavements. Sections C1 and C3 show the largest variation. This
suggests that for any pavement the albedo should be measured at different
locations to obtain a representative sample of albedo value, since one point
may not be representative of the whole paved area.

The summary statistics of albedo for the nine sections measured on 19
September 2011 are listed in Table 4.4. As expected, the asphalt sections,
which are black, have lower albedos (0.09 for B1 and 0.08 for B2 and B3).
As mentioned previously, sections B2 and B3 have the same surface material
(only thicknesses are different) and have the same albedo (0.08), as ex-
pected. The three concrete sections (C1–C3) have a range of mean albedo
of 0.18–0.29. The darker concrete section C2 has a lower albedo of 0.18
compared to the other two concrete sections (0.26 for C3 and 0.29 for C1).
The paver sections (A1–A3) have albedos close to the more reflective
concrete sections (C1 and C3), which are in the range of 0.25–0.28. The
relatively low albedo of asphalt pavements will absorb more incident solar
radiation and produce a high temperature. In contrast, the concrete and
paver pavements generally have a higher albedo, which will reflect more
incident solar radiation and produce a lower pavement temperature.

4.5.2 Albedo of Other Pavement Materials and Some Other
Land Covers

The albedo also was measured on pavements with asphalt and concrete
surfacing materials other than the above nine experimental sections to

A1 A2 A3 B1 B2 B3 C1 C2 C3

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Section

A
lb

ed
o

   A-Interlocking Concrete Pavement;
 B-Asphalt Pavement;
 C-Concrete Pavement. 

     1-Impermeable Design; 2 & 3-Permeable Designs.

Figure 4.6 Overall albedos of nine test sections measured on 19 September 2011.
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Table 4.4 Summary statistics of albedo for various materials measured on 19 September 2011
Section
no. Surface category Permeability

Number
of tests Mean SD Median Min Max Max � min

A1 Paver Impermeable 40 0.28 0.01 0.28 0.24 0.29 0.05
A2 Paver Permeable 40 0.25 0.02 0.25 0.22 0.29 0.07
A3 Paver Permeable 33 0.28 0.01 0.28 0.25 0.29 0.04
B1 Asphalt Impermeable 58 0.09 0.01 0.09 0.07 0.10 0.03
B2 Asphalt Permeable 58 0.08 0.01 0.08 0.07 0.09 0.02
B3 Asphalt Permeable 33 0.08 0.01 0.08 0.07 0.10 0.03
C1 Concrete Impermeable 38 0.29 0.02 0.30 0.27 0.31 0.04
C2 Concrete Permeable 44 0.18 0.00 0.18 0.17 0.19 0.02
C3 Concrete Permeable 70 0.26 0.02 0.26 0.23 0.28 0.05
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include additional pavement surface materials for comparison. These
pavements have different mix designs for materials, with different binder
or cement and aggregate types compared to those used in the nine test
sections. Moreover, these pavements have ages between 1 and 5 years,
while the nine experimental test sections had ages of less than 3 months.
Despite their older age, the additional pavement surfaces had not been
subjected to much traffic, so aging processes related to traffic were not
visible. For example, the asphalt covering the aggregate on the pavement
surface had not been worn off. Albedos measured on gravel, bare soil, and
grass are also included for comparison. The results are shown in
Figure 4.7.

The additional types of asphalt pavement materials tested include
a polymer-modified asphalt (PMA; should not affect the albedo), gap-
graded rubberized hot mix asphalt (RHMA; which contains a higher
asphalt binder content and recycled tire rubber, which is expected to
affect the albedo), rubberized warm mix asphalt (RWMA; a different
RHMA mix with a “warm mix” additive that should not affect the al-
bedo), an open-graded asphalt friction course (OGFC), and an aged
asphalt concrete (AC). The PMA section showed a slightly higher
mean albedo of 0.12 compared to 0.08 for the RHMA and 0.06 for the

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

PMA RHMA RWMA Aged AC OGFC PCC Gravel Grass Soil
Material

A
lb

ed
o

Figure 4.7 Albedo of other pavement and land-cover materials. PMA, polymer
modified asphalt; RHMA, rubberized hot mixed asphalt; RWMA, rubberized warm
mixed asphalt; Aged AC, aged asphalt concrete; OGFC, open graded friction course;
PCC, Portland cement concrete.
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RWMA. The aged asphalt pavement (aged AC) of 4 years resulted in a
higher albedo of 0.14. The newly paved OGFC layer had a low albedo of
0.07. The lower albedos of the RHMA, RWMA, and OGFC were
expected because of their higher asphalt content and the inclusion of
tire rubber in the binder of the RHMA and RWMA. The higher albedo
of the aged asphalt was also expected because of the oxidation of the
asphalt.

The extra concrete pavements (PCC) had albedos in the range of
0.25–0.35 with an average of 0.26, which is close to that of concrete
pavements in the nine test sections.

The gravel measured in this study was crushed open-graded basalt paved
on the yard of the UCPRC facility. It had a maximum aggregate size of
19 mm and was blue/gray in color. This gravel had albedos in the range of
0.12–0.22 with an average of 0.18. The bare soil (native clay between the
nine test sections) had an albedo of 0.22. The grass (green lawn) had an
albedo of 0.19.

4.5.3 Diurnal Variation of Albedo
To examine the diurnal variation of albedo, the solar reflectivity was
continuously monitored over time on one clear day on a concrete
pavement (C2) and on another clear day on an asphalt pavement (B2)
and is plotted in Figure 4.8. Regarding the measured albedo over time
during the day, it is high in the early morning and then low and relatively
constant around the middle of the day (9:00–15:00 h) and then low
again in the late afternoon when there is a low incident angle of solar
radiation as in the early morning. The diurnal variation of solar reflectivity
of an asphalt pavement (B2) over three days is plotted in Figure 4.9. The
same trend was observed for the concrete pavement results. This implies
that the albedo should be measured in the middle of the day (9:00–
15:00 h) to obtain a constant and conservative value. Otherwise, if the
albedo is measured in the early morning and late afternoon, the value
obtained will tend to be larger than that measured in the middle of the
day.

4.5.4 Seasonal Variation of Albedo
The solar reflectivity was continuously monitored over one year (fall
2011 to summer 2012) on a permeable asphalt pavement (B2). The albedo
on three days of each season is plotted in Figure 4.10. As seen from
Figure 4.10, there was no significant change in the measured midday albedo
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Figure 4.8 Diurnal variation of solar reflectivity during one day. (a) Concrete pavement
(C2). (b) Asphalt pavement (B2).
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over a season in a year, except a slightly higher albedo in winter
(Figure 4.10(b)), when the angle of the sun was lower.

To verify the impact of season on albedo, the albedos at various times
of day on one clear day for each month in one year are plotted against time
in Figure 4.11. As found previously, the albedo measured in early morning
and late afternoon was higher than that of midday. The midday albedo
(11:00–15:00 h in summer, 12:00–15:00 h in winter) was lower and con-
stant over time (falling in one curve in Figure 4.11). As observed from
Figure 4.10, it is noted from Figure 4.11 that the midday albedo did not
significantly change over season, other than being slightly higher in
wintertime.

4.5.5 Change of Albedo over Time
The color of the pavement surface tends to change over time owing to
weathering and traffic. Figure 4.12 shows the albedos of nine test sections at
various times after construction. These nine test sections were constructed
for testing and were not open to any type of traffic. As noted, the albedos of
concrete pavements (C1–C3, although albedos of C1 and C3 increased
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Figure 4.9 Diurnal variation of solar reflectivity over three days (B2). Time is shown as
month/day/year.
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slightly in the first month) and interlocking concrete pavers (A1–A3)
generally tended to decrease over time; in contrast, the albedos of asphalt
pavements (B1–B3) increased slightly over time. The change in albedo
mostly happened in the first month just after the construction owing to
weathering. Under both continued weathering and trafficking, the change
in albedo is expected to be larger, and for concrete and especially asphalt,
traffic will wear the binder (cement or asphalt) off of the surface aggregate,
which will result in albedo being influenced by the reflectivity of the
aggregate.

4.5.6 Influence of Cloudiness on Albedo
Cloudiness has an important influence on the incident solar radiation,
reducing the amount of solar radiation incident to the pavement or other
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Figure 4.10 Seasonal variation of solar reflectivity (B2, fall 2011 through summer
2012). (a) Fall. (b) Winter. (c) Spring. (d) Summer. Time is shown as month/day/year.
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ground surfaces. To examine the influence of clouds on the albedo of
pavements, the albedo of asphalt pavement (B2) on days with different
cloud levels was measured for comparison. As shown in Figure 4.13, the
cloud levels over the days 9–19 March 2012 were different. The cloud
levels on 13–17 March 2012 were much higher than all the other days
during this period, during which the incident solar radiation was quite low.
The midday albedos (w0.05) during the cloudy days and resultant low
incident solar radiation were much lower than those (0.08) on days with
few or no clouds. This implies that the albedo should be measured on a
clear day. Otherwise, a lower albedo will be given, even measured at
midday.

4.5.7 Influence of Wind Speed and Air Temperature
on Albedo

Albedo is expected to be constant regardless of wind speed or air tem-
perature. To verify this concept, the albedo of the asphalt pavement (B2)
on some days with different wind speeds and air temperatures was
measured for comparison. As shown in Figure 4.14(a), the wind speed and
air temperature on 23–25 February 2012 were quite different. The wind
speed on 23 February 2012 was much higher than on the other two days.
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Figure 4.13 Influence of clouds on solar reflectivity (B2). Time is shown as month/day/
year.
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Figure 4.14 Influence of wind speed on solar reflectivity (B2). (a) Wind speed and air
temperature on 23–25 February 2012. (b) Albedo and solar radiation on 23–25
February 2012.

72 Pavement Materials for Heat Island Mitigation



The air temperatures on 23 and 24 February 2012 were higher than that
on 25 February 2012. The albedo and solar radiation on 23–25 February
2012 are plotted in Figure 4.14(b). The albedos around noon were all
around 0.08 on these three days. No significant variation in midday albedo
was observed in this period with quite different wind speeds or air
temperatures.

4.5.8 Effect of Albedo on Pavement Temperature
As mentioned previously, albedo plays an important role in pavement
temperature. To examine the influence of the albedo on the pavement
temperatures, the high (Tmax at 3:00 PM) and low (Tmin at 6:00 AM)
temperatures of the nine experimental pavements with different albedos
were measured from fall 2011 through summer 2012 at Davis, California.
The temperatures for one day of summer (1 July 2012) and winter
(15 January 2012) were selected and plotted against their albedos in
Figure 4.15. This figure illustrates that the albedo has a large influence on
the high temperature in both summer and winter. Under the same weather
conditions in summer, the high temperature of pavement with low albedo
(0.08 for the asphalt) was about 15 �C (65 vs 50 �C) higher than that
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Figure 4.15 Influence of solar reflectivity on pavement surface temperature. Summer
on 1 July 2012 with daytime peak solar radiation approximately 1000 W/m2 and winter
on 15 January 2012 with daytime peak solar radiation approximately 500 W/m2.
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of pavement with high albedo (0.28 for concrete). In winter, this high
temperature difference was approximately 8 �C (26 vs 18 �C).

An increase in albedo of 0.1 can reduce the high surface temperature
in summer by approximately 6 �C (i.e., �6 �C/þ0.1 albedo, which
is approximately the slope of the fitting line for Tmax_Summer in
Figure 4.15), and by approximately 3 �C (i.e., �3 �C/þ0.1 albedo, which
is approximately the slope of the fitting line for Tmax_Winter in
Figure 4.15) in winter.

This reveals that albedo has different effects on pavement temperature in
summer and winter with different peak solar radiations. The peak solar
radiation intensity at around 1:00 PM is approximately 1000 W/m2 in
summer in Davis, California. It is approximately halved to 500 W/m2 in
winter. The temperature effect of the albedo in winter is also approximately
half of that in summer (�6 �C/þ0.1 albedo in summer and �3 �C/þ0.1
albedo in winter). This implies that solar radiation positively influences the
cooling effect of increased albedo (CEalbedo), and the cooling effect of
increased albedo in hot climates with high solar radiation is larger than that
in climates with low solar radiation. This also can be seen from the insig-
nificant effect of albedo (w0 �C/þ0.1 albedo) on the low temperature
during nighttime with no solar radiation for both summer and winter.

To further illustrate the influence of solar radiation on the cooling effect
of an increased albedo, the cooling effects of increased albedo on high
temperatures in each month of a year were calculated from measured
temperature data (just obtained from the slopes of the fitting lines between
surface temperature and surface albedo for each month as shown in
Figure 4.16). These calculated cooling effects of increased albedo on high
temperatures in each month of a year are presented in Figure 4.16(a) along
with the peak solar radiation intensity in each month. It is revealed that the
cooling effect of increased albedo does change over seasons and thus
changes with the peak solar radiation intensity. The cooling effect is higher
in summer, with high peak solar radiation intensity, and lower during
winter, with low peak solar radiation. The correlation between the cooling
effect of increased albedo and solar radiation is shown in Figure 4.16(b)
and with a best-fit linear relation in Eq. (4.1) below. An increase in peak
solar radiation intensity of 100 W/m2 will produce an increase in cooling
effect on the surface temperature of albedo of 0.6 �C/0.1 change in albedo.

CEalbedo ¼ 6q ðR2 ¼ 0:9Þ (4.1)

In Eq. (4.1) q is the peak global solar radiation flux hitting the pavement
(kW/m2) and CEalbedo is the cooling effect of albedo increased by 0.1 on
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pavement temperature (�C/0.1 albedo). This empirical relationship can be
used to roughly estimate the cooling effect of increased albedo or heating
effect of reduced albedo on pavement for various climates and seasons
with different solar radiation.

4.6 SUMMARY AND CONCLUSIONS

Nine 4-m by 4-m (13-ft by 13-ft) experimental sections were designed and
constructed at Davis, California, including asphalt pavement, concrete
pavement, and interlocking concrete paver, with a focus on permeable
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Figure 4.16 Influence of solar radiation on cooling effect of increased albedo. (a) Cooling
effect of increased albedo and peak solar radiation intensity in different months.
(b) Correlation between cooling effect of increased albedo and solar radiation.
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structures with impermeable pavements as controls. These specifically built
test sections (with some other existing pavements) were used to measure the
fundamental materials properties, including albedo, permeability, thermal
properties, and evaporation rate (for some of the materials used in the
experimental sections), and empirically examine the thermal behavior of
various pavement types in different seasons and under different moisture
conditions and their impacts on near-surface air and building surfaces, the
results of which are presented in Chapters 4–10.

Field measurements of albedo for various pavement materials were
performed on experimental test sections and other existing pavements.
The albedos for various materials were compared, and the factors affecting
the field measurement of albedo and the diurnal and seasonal changes in
albedo were examined. The effect of albedo on pavement temperature
was also examined using measured data of albedo and pavement surface
temperatures. This study contributes three developments to research on
pavement albedo and thermal performance: (1) a new albedo measure-
ment system, (2) new data documenting differences in albedo across
pavement types and over pavement surfaces, and (3) a correlation between
the cooling effect of increased albedo and solar radiation. Main findings
include:
1. A new albedo measurement system using a dual pyranometer and an

automatic data collection system was developed. It can be used to
conveniently measure albedo in the field and perform long-term moni-
toring of albedo when connected to a data acquisition system.

2. Albedo was measured for commonly used paving materials including
asphalt, concrete, and interlocking concrete paver surfacing materials,
with different designs. These new data enhance basic knowledge on
albedo values for pavements as well as the other land-cover types
measured (gravel, soil, and lawn), which can help reduce the uncer-
tainty in understanding, evaluating, and modeling their thermal
behavior and their consequences for human thermal comfort and
building energy use.

3. This study found that the measured albedo of pavement materials is high
in the early morning and in the late afternoon; it is low and constant
over time during midday. This suggests that the albedo should be
measured during midday on a clear day to obtain a stable and conserva-
tive value. No significant seasonal variation in albedo was found. Pave-
ment albedo will change over time under weathering and trafficking,
especially in the first month after construction. Cloud cover will
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negatively influence the value of albedo measured. No impact of wind
speed or air temperature on albedo was observed.

4. Albedo has a great influence on the pavement surface high temperatures
in the daytime (6 �C per 0.1 albedo change in a hot sunny day with
solar radiation of 1000 W/m2) and no significant impact on pavement
low temperatures in the nighttime. An empirical relationship between
the cooling effect of increased albedo on a pavement high temperature
and solar radiation was developed. The cooling effect has a positive
correlation with the peak solar radiation intensity in the daytime. This
simple correlation can help estimate the cooling effect of increased
albedo or heating effect of reduced albedo on pavement for various
climates and seasons with different solar radiation.

5. An increase in albedo indeed can reduce the pavement surface temper-
ature and thus might help mitigate the surface, near-surface, and atmo-
spheric heat island effects, potentially improve outdoor thermal
comfort, and reduce building cooling energy use during hot periods,
depending on the characteristics of the location and the overall urban
area (see the list of additional factors in the introduction). While the
urban heat island effect is a large concern for many cities in hot climates,
and of course is a great concern in the summer, winter effects of pave-
ment albedo and temperature are also important to consider. The
reduced temperature during winter might increase the outdoor thermal
discomfort and building energy use for heating in some climates and
locations. Building energy use is also highly dependent on whether
air conditioners are widely used. There is a chance that this penalty
(i.e., colder pavements) in winter might outweigh the benefits gained
in summer in some regions.

6. This study looked at pavement surface temperature with a focus on the
effects of solar radiation and albedo. It must be noted that near-surface
temperature is also influenced by wind speed, with higher wind speeds
reducing near-surface temperatures. However, compared to solar radi-
ation the effect of wind speed would be much smaller. The effect of
wind speed was assumed to be identical for each case and not explicitly
included in the simple model of cooling effect proposed in this study.
For developing a more comprehensive model, however, the wind speed
can be included, as well as thermal proprieties of pavement materials
(i.e., thermal conductivity and heat capacity).

7. One additional factor that was not measured as part of this research is the
increased reflected solar radiation caused by high albedo, which might
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hit and be absorbed by surrounding people or building/vehicle surfaces.
This could increase the human thermal discomfort and building cooling
energy use during hot periods. Therefore, attention should be given to
the complete assessment of both the benefit and penalty over one entire
year to ensure that a positive net benefit will be obtained. The optimal
strategy for changing albedo in a hot climate might be to increase the
albedo during summer and reduce or not change it in winter for certain
places. This intention is to maximize the benefit in summer and mini-
mize the penalty in winter.
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5.1 INTRODUCTION

As mentioned previously, permeable pavements have many environmental
benefits beyond those of conventional impermeable pavements, including
reducing storm-water runoff, improving water quality, and recharging
underground water [54,55]. In addition to these already identified benefits,
permeable pavements, as one potential cool pavement type, also could be
an effective solution for improving outdoor thermal environment and
mitigating the heat island effect in hot climates, thereby reducing the
associated impacts. The major potential cooling mechanism for permeable
pavements is evaporative cooling.

The study of cool pavements of this dissertation focuses on permeable
pavements, including various surfacing types (paver, concrete, and asphalt).
Permeability is a very important property for permeable pavement, which
influences the hydraulic performance of the permeable pavement as well as
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the thermal performance related to evaporation (see Chapter 7 for more
details on evaporation rate). This chapter is devoted to the measurement of
permeability for the permeable pavements of the experimental sections.

5.1.1 Review and Background
As the application of fully permeable pavement increases, the need for a
proper tool to measure the functionality of permeable pavement, especially
with respect to clogging, is also increasing [1,53,115,121–124]. One way to
assess the infiltration capacity of pavement and evaluate the hydraulic per-
formance without surface overflow is through permeability measurement.
Because there is at this time no single standard method, multiple methods
have been employed to measure the permeability of porous asphalt, pervious
concrete materials, and pavements in existing studies [38].

Most of the existing studies were based on a single permeability mea-
surement method on multiple pavements or multiple permeability devices
used on a single pavement surface. In one study Prowell and Dudley [123]
compared the National Center for Asphalt Technology (NCAT) field
permeameter with a laboratory permeameter using the American Society
for Testing and Materials (ASTM) standard method PS129-01 for asphalt
pavement. Differences in results were observed because the laboratory
measurements were performed on core specimens that were disturbed,
while the field measurements were done on an intact pavement. Separate
comparative studies performed by Maupin [125,126] and by Gogula [200]
showed inconsistency between the field and the laboratory results, and
generally the permeability values for asphalt pavements with higher void
ratios were higher under laboratory measurement compared to measure-
ment of the same materials in the field.

The difference in permeability results is mostly due to unrestricted
horizontal flow in field permeability tests, which is not present in the
laboratory tests. In one more recent study, Williams [124] tested three field
permeameters and compared the results. The three field permeameters
compared were the NCAT field permeameter, the Kuss field permeameter,
and the Kuss vacuum permeameter. The NCAT field permeameter uses the
falling-head method, while the Kuss field permeameter uses a constant-
head approach. The permeability results from the different permeameters
did not always agree for most pavement sections. In general, however, the
performance of the NCAT permeameter for permeability measurement of
porous asphalt in the field was found to be more practical and produced
results with low variability compared to the other devices.
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In late 2009, a new standard method, ASTM C1701, was developed to
specifically measure the permeability of pervious concrete in the field. At
present, no published peer-reviewed article is available to show any labo-
ratory or field data using this new standard method. There also does not
appear to be any comparison of the results obtained by ASTM C1701 and
the NCAT method in the literature for either porous asphalt or pervious
concrete pavements or permeable interlocking concrete pavers. It is
important for pavement designers and maintenance engineers to be able to
compare the permeability of various pavement types and to be able to
translate results between the different methods for input into hydraulic
models and hydraulic design equations.

5.1.2 Objectives
This study was undertaken with the following objectives:
1. To measure the permeability of test sections of porous asphalt, pervious

concrete, and permeable interlocking concrete paver pavements using
both the ASTM C1701 and the NCAT methods.

2. To evaluate the relative reliability of both measurement techniques.
3. To determine the correlation between the measured values by the

ASTM C1701 and NCAT methods.
4. To evaluate the implications of using results from the different test

methods for design and performance evaluation of permeable pavement.

5.2 METHODS

5.2.1 Description of the National Center for Asphalt
Technology Method

The NCAT permeameter was developed by the NCAT in late 1990 [127].
While this method has not been standardized, it is widely used and their
application for pervious asphalt and thin layers of open-graded asphalt on
impermeable pavement is very common. A photo of the NCAT per-
meameter during field measurement is shown in Figure 5.1. It can be seen
that this permeameter comprises four tiers with different inside diameters.
Ordinarily, if the pavement is highly permeable, then tier 4 is sufficient.
Other tiers are added when the permeability is low and a longer time is
needed to complete the test.

The permeability test is performed based on the falling-head method by
filling the cylinder in tier 4 or in tier 3, 2, or 1 with water and measuring
the time required for water to fall the height of the permeameter tiers. The
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collected data are then used to calculate the coefficient of permeability, K,
also known as the saturated hydraulic conductivity, using the following
relationship:

Ks ¼ al
At

ln

�
h1
h2

�
(5.1)

where
Ks is the saturated hydraulic conductivity, in cm/s;
a is the inside cross-sectional area of the inlet standpipe, in cm2;
l is the thickness of the permeable (porous asphalt or pervious concrete)
pavement, in cm;
A is the cross-sectional area of tested pavement, in cm2;
t is the average elapsed time of water flow between timing marks
(t1 � t2), in s;
h1 is the hydraulic head on the pavement at time t1, in cm; and
h2 is the hydraulic head on the specimen at time t2, in cm.
One important aspect of an accurate permeability measurement under

field conditions is to ensure that there is no water leaking between the
pavement surface and the base of the permeameter. The NCAT method
specifies the use of plumbing putty to prevent water leakage. However,
previous and current field measurements performed in this study verified
that putty does not adequately prevent water leakage [122]. To do a better

(b)

Tier 1: inside diameter ≈ 38 mm

Tier 2: inside diameter ≈ 76 mm

Tier 3: inside diameter ≈ 102 mm

Tier 4: inside diameter ≈ 190 mm

(a)

Figure 5.1 NCAT field permeameter. (a) Four cylindrical tiers with different inside
diameters. (b) Photo view of the permeameter with bottom two tiers used under field
operation for this study.
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job of sealing the permeameter to the pavement and to effectively prevent
leaking, the alternative used was Ecoflex 5 silicone rubber by Smooth-
On®. To correctly seal the NCAT permeameter to the pavement, a
caulking gun was used to fill a ring at the base of the permeameter and the
permeameter was quickly turned over and placed flat on the pavement
surface. Small weights were placed around the base of the permeameter to
help create a uniform seal. Depending on the air and pavement tempera-
tures, after roughly 3–5 min, a quick check was performed by tapping the
base of the permeameter to see if it would move. If the permeameter did
not move, that meant the sealant was ready for permeability measurement.
If water leaks were present for any reason, the test was terminated.

5.2.2 Description of the American Society for Testing
and Materials Method C1701

The ASTM C1701 test method was developed under the jurisdiction of
ASTM Technical Committee C09 on Concrete and Concrete Aggregates
and is the direct responsibility of Subcommittee C09.49 on Pervious
Concrete. The test was approved in August 2009 and published in
September 2009. No device for conducting ASTM C1701 is currently
commercially available, unlike the NCAT permeameter.

The principal specifications of the ASTM C1701 permeameter and the
device used for this study are shown in the Figure 5.2. The permeability test
was performed based on the constant-head method. The procedure of the
test is as follows: (1) secure the permeameter on the pavement with sealant
(plumber’s putty is recommended) to prevent water leakage; (2) prewet the
pavement by pouring about 3.6 kg of water into the ring at a rate sufficient
to maintain a head between the two marked lines at a distance of 10 and
15 mm from the bottom, respectively, until all 3.6 kg of water has been

≥ 50 mm [2.0 in.]

300 mm +/– 10 mm [12.0 in. +/– 0.5 in.]

(a) (b)

Figure 5.2 ASTM C1701 field permeameter. (a) Specified dimensions and (b) photo
view of the permeameter used under field operation for this study.
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used; (3) begin timing as soon as the water contacts the pervious pavement
surface and stop timing when free water is no longer present on the
pervious surface, and record the elapsed time for prewetting to the nearest
0.1 s; (4) run the actual test (same as items (2) and (3) above) by using 3.6 kg
water if the prewetting elapsed time is not less than 30 s, otherwise use
18 kg water and record the appropriate weight of water M and the elapsed
time t; and finally (5) calculate the infiltration rate (aka coefficient of
permeability, hydraulic conductivity) by using the following formula:

I ¼ KM
D2t

(5.2)

where
I is the infiltration rate, in mm/h;
M is the mass of infiltrating water, in kg;
D is the inner diameter of the infiltration ring, in mm;
t is the time required for the measured amount of water to infiltrate the
pavement, in s; and
K is the constant factor, 4,583,666,000, in SI units.
As indicated earlier, the proper sealing of the permeameter is extremely

important for accurate measurement of the infiltration rate or permeability
coefficient. The experience during the initial measurements for this study
revealed that the use of plumber’s putty as a sealant did not fully prevent
water leakage and also left some residue on the pavement that could not
be easily removed. To prevent these problems the same silicone material
that was used in the NCAT method was used for the ASTM C1701
testing. To do this correctly, the ASTM permeameter was placed on the
surface of the pavement and a caulking gun was used to fill the outer ring
at the base of the permeameter, and the silicone was allowed to dry for
approximately 3–5 min, depending on the air and pavement temperatures.
The permeameter then was filled with about 5 kg of water and checked
for any obvious water leakage. If no water leakage was observed, the
actual permeability measurement was performed.

5.2.3 Experimental Plan and Data Collection
The permeability tests for this study were performed on the six 4-m by 4-m
permeable test sections constructed at the University of California Pave-
ment Research Center test facilities in Davis, California. The summary of
each test section along with pavement design mix and other characteristics
is provided in Table 5.1 and previously in Figure 4.3.
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Both test methods (ASTM and NCAT) were used to measure the
permeability of all permeable pavement test sections (interlocking pavers,
asphalt, and concrete). For each test section, the permeability measurement
was made at five different locations: the southeast corner (SE), northeast
corner (NE), northwest corner (NW), southwest corner (SW), and center
(CT). Triplicate measurements were performed at each location for both
ASTM and NCAT methods. A summary of the experimental test plan for
the various pavement types and designs is shown in Table 5.1.

5.2.4 Statistical Analysis
Box-and-whisker plots were used as a descriptive statistical method to
analyze and interpolate the permeability data. This method is a convenient
way of graphically depicting groups of numerical data through their five-
number summaries: the smallest measurement (sample minimum), lower

Table 5.1 Experimental test plan for field permeability measurements

Section

Pavement layer Base layer

Test
locations

Test
methodType

Thickness
(cm) Type

Thickness
(cm)

A2 IB-P 10a AB-O 15 SE, NE,
NW,
SW, CT

ASTM,
NCAT

A3 IB-P 10b AB-O 30 SE, NE,
NW,
SW, CT

ASTM,
NCAT

B2 AC-O 10 AB-O 30 SE, NE,
NW,
SW, CT

ASTM,
NCAT

B3 AC-O 20 AB-O 30 SE, NE,
NW,
SW, CT

ASTM,
NCAT

C2 PCC-O 10 AB-O 30 SE, NE,
NW,
SW, CT

ASTM,
NCAT

C3 PCC-O 20 AB-O 30 SE, NE,
NW,
SW, CT

ASTM,
NCAT

IB-P, interlocking block paver–permeable; AC-O, asphalt concrete–open graded; PCC-O,
portland cement concrete–open graded (two types); AB, aggregate base–open graded. SE,
southeast; NE, northeast; NW, northwest; SW, southwest; CT, center.
aIncludes the thickness of the paver (6 cm) and underlying bedding layer (4 cm).
bIncludes the thickness of paver (8 cm) and underlying bedding layer (2 cm).
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quartile (25%, Q1), median (50%, Q2), upper quartile (75%, Q3), and
largest measurement (sample maximum). A box-and-whisker plot may
also indicate which observations, if any, might be considered outliers. In
addition, a descriptive statistics analysis was performed for each test section
and the coefficient of variation (CV) was used to compare the relative
repeatability of the two test methods. Finally, linear regression analysis was
performed to evaluate the correlation between the ASTM and the NCAT
methods.

5.3 RESULTS

The statistical summary results for all locations within each test section are
presented in Figure 5.3. As shown, the summary results include the number
of measurements, mean, standard deviation, minimum, lower quartile
(25%, Q1), median (50%, Q2), upper quartile (75%, Q3), and maximum.
The entire permeability results measured by both methods for each test
section are shown in Table 5.2. Generally, the mean was higher for the
NCAT permeameter compared with ASTM C1701. In addition, larger
variability was noticed with the NCAT permeameter measurements
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Figure 5.3 Box and whisker plot of permeability data for all test section measure-
ments using the ASTM and NCAT methods.
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Table 5.2 Summary statistics of all permeability measurements by ASTM and NCAT methods
ASTM C1701 (cm/s) NCAT permeameter (cm/s)

Test ID N Mean SD Min Median Max Test ID N Mean SD Min Median Max

A2-CT 7 0.53 0.03 0.49 0.50 0.54 A2-CT 4 0.22 0.01 0.21 0.22 0.23
A2-NE 7 0.65 0.03 0.61 0.63 0.65 A2-NE 4 0.37 0.01 0.37 0.37 0.37
A2-NW 7 0.63 0.05 0.57 0.59 0.64 A2-NW 4 0.50 0.01 0.49 0.50 0.51
A2-SE 8 0.80 0.05 0.71 0.76 0.82 A2-SE 4 0.62 0.02 0.59 0.62 0.63
A2-SW 7 0.49 0.02 0.46 0.48 0.51 A2-SW 4 0.73 0.01 0.72 0.72 0.73
A2 (all) 36 0.62 0.12 0.46 0.52 0.62 A2 (all) 20 0.49 0.18 0.21 0.37 0.51
A3-CT 9 0.47 0.04 0.41 0.46 0.48 A3-CT 9 1.13 0.23 0.89 0.91 1.16
A3-NE 3 0.46 0.03 0.44 0.44 0.45 A3-NE 4 0.89 0.02 0.87 0.88 0.89
A3-NW 3 0.54 0.02 0.53 0.53 0.54 A3-NW 4 1.19 0.05 1.13 1.16 1.19
A3-SE 3 0.55 0.04 0.53 0.53 0.54 A3-SE 5 1.14 0.08 1.04 1.06 1.17
A3-SW 3 0.51 0.06 0.45 0.49 0.53 A3-SW 4 1.42 0.12 1.32 1.32 1.39
A3 (all) 21 0.50 0.05 0.41 0.46 0.49 A3 (all) 26 1.15 0.21 0.87 0.92 1.17
B2-CT 8 0.15 0.07 0.09 0.11 0.11 B2-CT 4 0.84 0.15 0.73 0.76 0.78
B2-NE 6 0.10 0.01 0.09 0.10 0.10 B2-NE 4 1.44 0.10 1.36 1.40 1.41
B2-NW 5 0.11 0.04 0.08 0.08 0.10 B2-NW 5 0.98 0.14 0.90 0.91 0.93
B2-SE 5 0.07 0.02 0.05 0.06 0.06 B2-SE 4 0.70 0.12 0.61 0.62 0.66
B2-SW 5 0.12 0.04 0.09 0.09 0.10 B2-SW 4 0.72 0.14 0.63 0.63 0.66
B2 (all) 29 0.11 0.05 0.05 0.09 0.10 B2 (all) 21 0.94 0.30 0.61 0.69 0.90
B3-CT 6 0.07 0.02 0.05 0.05 0.06 B3-CT 7 1.11 0.06 0.99 1.11 1.13
B3-NE 4 0.06 0.02 0.05 0.05 0.06 B3-NE 7 1.65 0.32 1.28 1.35 1.77
B3-NW 7 0.03 0.01 0.02 0.02 0.03 B3-NW 10 0.93 0.16 0.76 0.80 0.90
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Table 5.2 Summary statistics of all permeability measurements by ASTM and NCAT methodsdcont'd
ASTM C1701 (cm/s) NCAT permeameter (cm/s)

Test ID N Mean SD Min Median Max Test ID N Mean SD Min Median Max

B3-SE 4 0.13 0.01 0.12 0.13 0.13 B3-SE 4 1.49 0.40 1.23 1.29 1.32
B3-SW 4 0.05 0.01 0.05 0.05 0.05 B3-SW 8 1.06 0.11 0.93 0.98 1.06
B3 (all) 25 0.06 0.04 0.02 0.04 0.06 B3 (all) 36 1.20 0.34 0.76 0.98 1.12
C2-CT 3 0.23 0.09 0.16 0.17 0.19 C2-CT 8 0.74 0.06 0.64 0.69 0.75
C2-NE 3 0.30 0.10 0.23 0.24 0.25 C2-NE 4 0.71 0.23 0.36 0.70 0.82
C2-NW 3 0.10 0.07 0.05 0.07 0.09 C2-NW 4 0.55 0.08 0.50 0.50 0.51
C2-SE 5 0.44 0.07 0.38 0.40 0.42 C2-SE 4 1.31 0.09 1.22 1.27 1.30
C2-SW 3 0.19 0.11 0.09 0.13 0.17 C2-SW 4 0.64 0.08 0.57 0.60 0.62
C2 (all) 17 0.28 0.15 0.05 0.17 0.25 C2 (all) 24 0.78 0.27 0.36 0.62 0.75
C3-CT 4 0.14 0.01 0.13 0.13 0.14 C3-CT 8 0.47 0.10 0.36 0.38 0.46
C3-NE 6 0.43 0.01 0.41 0.42 0.43 C3-NE 5 2.04 0.10 1.93 1.99 2.02
C3-NW 8 0.22 0.01 0.21 0.22 0.22 C3-NW 4 1.27 0.02 1.24 1.26 1.27
C3-SE 7 0.32 0.01 0.32 0.32 0.32 C3-SE 4 2.01 0.03 1.98 1.98 2.00
C3-SW 8 0.28 0.02 0.26 0.27 0.29 C3-SW 8 1.23 0.13 1.11 1.12 1.19
C3 (all) 33 0.29 0.09 0.13 0.22 0.29 C3 (all) 29 1.27 0.61 0.36 0.59 1.27
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compared with those from ASTM C1701. While in general the variability
remained within a close range, for test section C3 the variability was much
higher for the NCAT method. For example, the hydraulic conductivity
measured by the NCAT permeameter at the center of section C3 (C3-CT)
was 0.468 cm/s. However, the hydraulic conductivities measured by the
NCAT permeameter at the southeast (C3-SE) and northeast (C3-NE)
sections of the same test section were 2.005 and 2.039 cm/s, respectively.

5.4 DISCUSSION

This section is devoted to the discussion of questions related to: (1)
repeatability of measurements made using both methods, (2) influence of
the operator on the measurement values, and (3) correlation between the
measurement values obtained by the two methods.

5.4.1 Measurement Variability
The CV was used to evaluate the measurement variability of both the
NCAT permeameter and the ASTM C1701 methods. The relationship
between CV and mean permeability values for all locations within the test
sections is shown in Figure 5.4.
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Figure 5.4 Measurement repeatability based on coefficient of variation for perme-
ability values measured using the ASTM and NCAT methods.
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Generally, the mean was higher for the NCAT method compared with
ASTM C1701. While in general the variability remained within a close
range, for test section C3 the variability was much higher for the NCAT
method. Variability can also be looked at in terms of the CV. The rela-
tionship between the CV and the mean permeability values for all locations
on all test sections is shown in Figure 5.4. As shown, the CV is generally
higher for the ASTM C1701 method compared with the NCAT per-
meameter method, although the standard deviation is lower. The CV is
higher for the ASTM C1701 method because the mean permeabilities are
lower than the means for the NCAT permeameter. The average CV for the
ASTM C1701 method was around 30%, while the average CV value for
the NCAT permeameter was around 10%. Also, as a general trend, the CV
decreased as the mean permeability increased. When the mean permeability
was higher than 0.5 cm/s, the CV values for both methods were compa-
rable. From this it appears that the variability of measurement by the
NCAT method was slightly superior compared with the ASTM C1701
method. However, using the standard deviation as the basis for accuracy,
then the ASTM C1701 method produces less variable results.

5.4.2 Influence of Operator on Permeability Measurement
The repeatability or variability of permeability values with respect to
multiple operators is another important parameter for evaluating the
measurements made using the ASTM C1701 and the NCAT permeameter
methods. To perform this comparative evaluation, the permeability mea-
surements were performed by three operators on test section A3 at the
center location (A3-CT). The results of these measurements are shown
Figure 5.5. As shown, it is clear that the measurement values are comparable
and the variability between measurements by all operators is relatively low
for both methods. Generally, however, the variability of measurements
made by different operators for ASTM C1701 is slightly lower than that of
the NCAT permeameter method. This lower variability in measurement
may be partially due to the larger permeameter diameter and the use of
constant head.

5.4.3 Correlation between ASTM and NCAT Methods
A linear regression analysis was performed to assess a possible correlation
that may exist between the permeability measurements made using the
ASTM and NCAT methods. To do this analysis, the mean permeability
measured from all test sections was used. The result of the analysis is shown
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in Figure 5.6. As noted, a relatively weak correlation (R2 ¼ 0.521) was
found between measurement values made using the NCAT and ASTM
methods. From this relationship, the permeability measurement values
obtained with the ASTM C1701 method are lower, generally about 25% of
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Figure 5.5 Influence of operator on permeability measurements made using the
ASTM and NCAT methods.
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Figure 5.6 Correlation between the permeability value measurements using the ASTM
and NCAT methods.
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the values measured with the NCAT permeameter method. However,
when the regression analysis was conducted on each type of pavement
material and on individual sections, strong correlations (R2 from 0.754 to
0.986) were found, and the estimates of coefficients are all statistically
significant at the level of 0.01, with most statistically significant at 0.001, as
shown in Table 5.3.

5.5 IMPLICATIONS OF THE RESULTS
AND RECOMMENDATIONS

There are a number of fundamental differences between the ASTM and
the NCAT methods. Two notable differences are the size of the per-
meameter ring and whether the operation is under constant head or falling
head. Further investigation to determine whether the ring size is a major
factor influencing the accurate measurement of permeability was therefore
initiated, with a focus on determining if measurement accuracy is related to
the ring size or number of rings. Several experiments were performed to
quantify the effects of these modifications and the results are shown in
Figure 5.8(a) and (b). Results shown in Figure 5.8(a) indicate that the
permeability values measured with the single ring are generally higher than
those measured with the double ring (one outer ring and one inner ring for
testing, as shown in Figure 5.7). This can probably be attributed in part to
the outer ring in the double-ring test, which constrains the water flow to

Table 5.3 Correlation between the permeability values measured using the ASTM
C1701 and NCAT permeameter methods for various pavement materials

Material
Test
section

Coefficient
a

Std.
error

t
value Pr(>|t|) R2

All pavement
types

All 0.25 0.04 6.17 4.60E-07 0.52

Interlocking
paver

A2 1.15 0.18 6.49 1.29E-03 0.89
A3 0.43 0.02 18.94 7.57E-06 0.97
A (all) 0.55 0.09 5.80 1.19E-04 0.75

Asphalt B2 0.11 0.02 6.55 1.24E-03 0.90
B3 0.06 0.01 6.32 1.46E-03 0.89
B (all) 0.08 0.01 6.57 4.02E-05 0.80

Concrete C2 0.34 0.02 14.10 3.22E-05 0.98
C3 0.20 0.01 17.05 1.27E-05 0.98
C (all) 0.23 0.02 11.35 2.05E-07 0.92

Correlation relationship: kASTM ¼ a � kNCAT.
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the inner ring by reducing the lateral flow and forces the water flow closer
to a one-dimensional flow as assumed by Darcy’s Law.

In addition, when the ASTM C1701 permeameter ring was reduced to
a smaller size, the permeability values increased (see Figure 5.8(b)). It is also
important to note that higher permeability was measured with the smaller
ring size even when the double ring was used. This also can be explained by
the relative increase in lateral water flow area on the pavement caused by
smaller ring size. Therefore, the larger ring size, as recommended by the
ASTM C1701 method, is reasonable since it will cover a larger pavement
surface and make the flow closer to one dimensional and reduce the lateral
flow movement. In addition, from Figure 5.9 it can be noted that operating
the recommended ASTM C1701 permeameter under falling head (similar
to the NCAT permeameter method) will result in a higher permeability
value compared with operating the same permeameter under constant
head. Therefore, based on this finding it is possible to obtain comparable
results when the bottom ring size in the NCAT permeameter is increased
closer to the 12-inch diameter of the ASTM C1701 method. With this
modification, it is possible to obtain a much better correlation between the
NCAT permeameter falling-head method and the ASTM C1701 method,
as can be seen in Figure 5.9.

One additional constraint associated with the NCAT permeameter
method is related to the advance knowledge of pavement thickness that is a
required input to the calculation (see Eq. (5.2)). The pavement thickness

Figure 5.7 Double ring used for testing (compared to the single ring as shown in
Figure 5.2).
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may not always be known or practical to measure without seriously dis-
turbing the pavement. Even if the thickness is known, experience has
shown that the pavement thickness may not always be uniform and hence
the permeabilities measured within a specified pavement area may not be
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Figure 5.8 (a) Influence of ring type and (b) ring size (SR ¼ single ring; DR ¼ double
ring) on permeability measurement applicable to ASTM C1701 constant-head method.

94 Pavement Materials for Heat Island Mitigation



the same owing to variations in pavement thickness. This problem is not an
issue with the ASTM C1701 method.

While the NCAT permeameter method is based on the well-established
falling-head theory that is derived from Darcy’s law, no specific theory has
been presented for the derivation of the equation presented in the ASTM
C1701 method. For example, it is not known how coefficient K in
Eq. (5.2) was derived (Section 5.2.2). More important, the constant value of
K used in Eq. (5.2) can be confused with saturated hydraulic conductivity,
which is also expressed as K. It is recommended that another symbol (e.g.,
C) be used to eliminate the confusion.

One other important permeability measurement constraint is related to
the use of nonstandard terminology. For instance, inconsistent terminology,
such as infiltration rate and hydraulic conductivity, is used for permeability
measurements in the ASTM C1701 and NCAT permeameter methods,
respectively. In addition, several terms have been used interchangeably in
the literature, including saturated hydraulic conductivity, infiltration rate,
permeability coefficient, or simply permeability. For the purpose of design
and performance evaluation and comparative analysis, it may be more
appropriate to use a consistent and standardized terminology regardless of
method of measurement.
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Figure 5.9 Influence of ring type and size on permeability measurement based
on operation as falling head (FH) or constant head (CH). Note: FH-1200 tube size was used
for falling-head permeability measurements to compare ASTM C1701 and NCAT
permeameters.
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5.6 SUMMARY AND CONCLUSIONS

This chapter comparatively measured the permeability of test sections of
porous asphalt, pervious concrete, and permeable interlocking concrete
paver pavements using both the ASTM C1701 and the NCAT methods.
The conclusions drawn from the study presented in this chapter are:
1. For accurate permeability measurement, regardless of method of mea-

surement, water leakage must be prevented. It was found that silicone
gel is superior for water sealing compared with the plumber’s putty rec-
ommended in both methods.

2. Both the ASTM C1701 and the NCAT permeameter measurement
methods can effectively be used to measure the permeability of all sur-
face pavement types, and their mix design will not have a significant
impact on the measurement accuracy.

3. Weak correlation (with R2 ¼ 0.52) was observed between permeability
measurements made by the NCAT permeameter and ASTM C1701
methods across all pavement surface types. The correlation was stronger
(R2 ¼ 0.72 through 0.9) for the measured permeability values for a sin-
gle type of pavement surface material.

4. The permeability measured using the ASTM C1701 method was more
conservative (lower than that from the NCAT method) and on average
about 25% of the values measured using the NCAT permeameter
method.

5. The larger ring size used in the ASTM C1701 method or the double-
ring method reduced the variability of the permeability measurements.
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6.1 INTRODUCTION

6.1.1 Background
In addition to reflective pavements and permeable pavements, thermal
resistance pavements are another promising type of cool pavement to
mitigate the heat island effect through engineered thermal properties of
pavement materials.

Thermal properties are fundamental parameters that influence the
distribution and variation of pavement and other building material tem-
peratures and consequently affect the thermal performance of the built
environment [26,27,78,128–132]. These properties are required as inputs
for understanding, evaluating, and modeling the thermal behavior and
consequent environmental impact of cool roofs and cool pavements
[33,78,112–116,128,129,131–135].

Moreover, temperature is a critical factor affecting building materials’
deterioration speed and durability, especially for pavement materials. High
temperature will increase the risk of rutting (permanent deformation) of
asphalt pavement [136–138]. On the other hand, low temperatures and the
adverse thermal gradient at low temperatures make both asphalt and con-
crete pavements more susceptible to thermal cracking [139,140]. From this
point of view, it is also of great significance to measure thermal properties
for predicting and optimally designing the thermal behavior of pavement
structures and materials.

Conventionally, the laboratory testing procedure for thermal proper-
ties of building materials is based on American Society for Testing and
Materials (ASTM) C177, which employs a one-dimensional (1-D) steady-
state method to measure the thermal conductivity. To ensure a 1-D heat-
flow condition, this procedure is limited to a flat slab specimen with
thickness not exceeding one-third of the maximum linear dimension of
the metered region. The test also requires that the temperature gradient
within the test specimen be small enough to ensure reasonable approxi-
mation of differential terms in the Fourier equation for heat conduction.
It is practically difficult to meet these requirements of slab size and tem-
perature gradient. In addition, it is difficult to reduce and consider the heat
loss from the edges of the testing specimen, which will influence the
accuracy. Moreover, this steady-state method needs a separate test to
measure the heat capacity or thermal diffusivity.

Carlson et al. [141] also employed a 1-D steady-state method to
measure thermal conductivity. Conventional cylinder specimens were
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proposed to be used to reduce the practical difficulty of obtaining a thin
slab of asphalt in the laboratory. It is still difficult to reduce and consider
the heat loss from the top and bottom of the cylinder specimen or make it
thermally long enough to ensure a 1-D heat flow, and this will influence
the testing accuracy. In addition, since it is also using a steady-state
method, a separate test is needed to measure the heat capacity or ther-
mal diffusivity.

Some studies [112,142,143] have employed a transient method to
determine the thermal conductivity and heat capacity (or thermal diffu-
sivity) of asphalt or concrete slab specimens from a single test. However,
since they used 1-D heat-transfer theory, a 1-D heat-flow condition was
still required in their method. This requires that the specimen be a ther-
mally thin slab (1-D heat transfer) as do the other 1-D methods discussed
above.

Xu and Solaimanian [144] employed a multidimensional transient
method to measure the thermal properties of asphalt concrete. This
method relaxes the requirements on specimen shape and size. However,
the authors used a one-term approximation of the series solutions of
specimen temperature, which increased the error of the model. In
addition, the procedure of back-calculation of thermal properties devel-
oped by the authors caused an issue on the uniqueness of the back-
calculated thermal properties. These will be detailed in the following
sections of this chapter.

Nguyen et al. [145] investigated the change in temperature of
asphalt mixtures during cyclic tests on cylindrical specimens, which is
created in the sample by the viscous dissipated energy that is completely
transformed into heat. Temperature is measured at the surface and
inside the specimen. From the analysis of the experimental results using
the 1-D transient heat-transfer method with internal heat generation,
the thermal properties were obtained. However, the thermocouple
embedded into the specimen might weaken the specimen for mechanical
testing.

Table 6.1 summarizes some studies on the thermal properties of asphalt
and concrete materials, the thermal property values from the literature, and
the corresponding measurement methods [112,141–149]. As noted from
the table and the discussion on the literature, most of the existing methods
of measuring thermal properties of asphalt or concrete materials are based
on 1-D steady-state heat-transfer theory. The critical challenge for these
methods has been how to achieve a 1-D heat-flow condition for testing the
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Table 6.1 Thermal properties and test methods from literature

Study
Density r

(kg m�3)

Specific heat
capacity c
(J kg�1 °C�1)

Conductivity k
(W m�1 °C�1)

Diffusivity
a ¼ k/(rc)
(m2 s�1) � 10�7 Materiala

Measurement
method

Carlson
et al. [141]

e 987 e e HMA 1-D steady state
e 977 e e GGAC
e 875 e e AR OGFC
e 1016 e e PCC
e 1055 e e CR PCC (80 lb

rubber per yd3)
e 992 e e CR PCC

(160 lb rubber
per yd3)

e 956 e e CR PCC
(240 lb rubber
per yd3)

e 964 e e PF PCC (0%
fiber content)

e 997 e e PF PCC (3%
fiber content)

e 977 e e PF PCC (5%
fiber content)

e 971 e e PF PCC (8%
fiber content)

e e 0.896 e HMA
e e 1.719 e PCC
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Mrawira and
Luca [112]

2440 766.6 1.75 9.36 AC 1-D transient

Luca and
Mrawira
[143]

2297e2450 1475e1853 1.623e2.060 4.3e5.5 AC

Mrawira and
Luca [142]

2410 1630e2000 1.96e2.01 4.1e5.3 HMA with
gravel, AV 4%

2420 1480e1890 1.91e1.94 4.2e5.4 HMA with
hornfels, AV 4%

Xu and
Solaimanian
[144]

2313 880 2.88 14.2 AC, AV 5.8% 2-D or 3-D
transient

Nguyen
et al. [145]

e 820e910 1.35 5.86e6.51 AC, AV 0.8% 1-D steady/
transient with
internal heat
generation

Wolfe et al.
[146]

e 879e963 1.003e1.747 5.16e8.26 AC 1-D steady state

Highter and
Wall [147]

e 800e1600 0.800e1.600 3.50e7.50 AC 1-D steady state/
transient

Tan et al.
[148]

e e 1.300e1.420 5.36e5.80 AC 1-D transient

Solaimanian
and Bolzan
[149]

e e 0.744e2.889 e AC e

Range
(overall)

2313e2450 767e2000 0.74e2.89 3.50e14.2 AC/PCC e

aHMA, hot mixed asphalt; GGAC, gap-graded asphalt concrete; AR OGFC, asphalt rubberized open-graded friction course; PCC, Portland cement concrete;
CR PCC, crum rubber Portland cement concrete; PF PCC, polypropylene fiber Portland cement concrete; AC, asphalt concrete; AV, air void.
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specimen. It is difficult or even impossible for these methods to meet
thermally thin slab or thermally long cylinder criteria, especially for the
common beam or cylinder specimens prepared in the laboratory or
extracted from field in-service pavements.

Therefore, an improved multidimensional (3-D for slab/beam specimen
and 2-D for cylinder specimen) transient method is needed to reduce the
challenge and requirements on the testing specimen size and shape and
make it possible to accurately measure the thermal properties from one
single test.

6.1.2 Objectives
The first objective of this chapter is to develop a multidimensional transient
model and a practical tool to simulate the transient temperature at any
location on a beam or cylinder specimen of various sizes subject to the
convective heat transfer between the specimen and the surrounding airflow.
This model and the practical tool developed can be used to, if the thermal
properties are known, simulate the transient temperature and predict the
time it takes to reach a specified target temperature at any location for
specimens of various shapes and sizes, which are preheated or precooled in
the forced convection oven or temperature chamber for mechanical and
other temperature-related laboratory testing.

The second objective is to develop and validate a procedure for
back-calculating the thermal properties of specimens of various shapes and
sizes from the measured transient temperatures profile of the specimens,
based on the temperature simulation model developed in the first
objective.

The third objective is to use the developed and validated procedure to
measure the thermal properties of pavement materials, specifically some
surface materials used for the experimental sections in this dissertation.

6.2 THEORETICAL MODEL FOR SIMULATION
OF TEMPERATURE

The multidimensional (3-D for slab/beam specimen and 2-D for cylinder
specimen) model to simulate the transient temperature at any location on
beam or cylinder specimens of various sizes subject to convective heat
transfer is developed based on the 1-D transient heat-transfer theory for
infinite plate and infinite long cylinder and geometric intersection of these
1-D models [35,43,110,150].
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6.2.1 Governing Equations
The first law of thermodynamics (energy conservation) for a 3-D infini-
tesimal control volume of size DxDyDz in a Cartesian coordinate system
with the origin in the center of the body can be written as�

q00x � q00xþDx

�
DyDzþ

�
q00y � q00yþDy

�
DxDzþ �

q00z � q00zþDz

�
DxDy

þ _qDyDyDz ¼ rcDyDyDz
vT
vt

(6.1)

where each q00 term represents a heat flux, or heat-transfer rate per unit area
(W/m2). _q is the volumetric rate of internal heat generation in the volume
(W/m3). r is the density; c is the specific heat; T is the temperature, and t is
the time.

According to the Fourier law (the second law of thermodynamics), each
of the heat fluxes above can be written as

q00x ¼ �kx
vT
vx

; q00y ¼ �ky
vT
vy

; q00z ¼ �kz
vT
vz

;

q00xþDx ¼ q00x þ
vq00x
vx

Dx; q00yþDy ¼ q00y þ
vq00y
vy

Dy; q00zþDz ¼ q00z þ
vq00z
vz

Dz

(6.2)

Then Eq. (6.2) is substituted into Eq. (6.1). Dividing the resulting
equation by DxDyDz and invoking the limits Dx / 0, Dy / 0, and
Dz / 0, we obtain the general equation for energy conservation at a point
in a Cartesian frame:

v

vx

�
kx
vT
vx

�
þ v

vy

�
ky
vT
vy

�
þ v

vz

�
kz
vT
vz

�
þ _q ¼ rc

vT
vt

(6.3)

where kx, ky, and kz are thermal conductivity at x, y, and z spatial coordinate
directions, respectively. The above equation is just the general three-
dimensional transient conduction equation. For the case of constant conduc-
tivity and without internal heat generation, Eq. (6.3) can be simplified as

kx
v2T
vx2

þ ky
v2T
vy2

þ kz
v2T
vz2

¼ rc
vT
vt

(6.4)

If the thermal conductivity is assumed to be uniform and homogeneous
(kx ¼ ky ¼ kz), then Eq. (6.3) can be further simplified as

k
v2T
vx2

þ k
v2T
vy2

þ k
v2T
vz2

¼ rc
vT
vt

(6.5)
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or

v2T
vx2

þ v2T
vy2

þ v2T
vz2

¼ rc
k
vT
vt

¼ 1
a

vT
vt

(6.6)

where a ¼ k/rc and is the thermal diffusivity. For the infinite plate (plane
wall), the transfer of heat is assumed to take place only in the longitudinal
direction (say z). Then Eq. (6.6) can be simplified as 1-D heat transfer:

v2T
vz2

¼ rc
k
vT
vt

¼ 1
a

vT
vt

(6.7)

Analogously, for the cylindrical coordinate system with the origin in the
center of the body, the 3-D heat transfer with constant thermal conduc-
tivity can be described as:

kr
1
r
v

vr

�
r
vT
vr

�
þ k4

1
r2

v2T
v42

þ kz
v2T
vz2

þ _q ¼ rc
vT
vt

(6.8)

For an infinitely long cylinder with uniform and homogeneous thermal
conductivity, the transfer of heat is assumed to take place only in the radial
direction (say r). Then Eq. (6.8) can be simplified as 1-D heat transfer:

1
r
v

vr

�
r
vT
vr

�
¼ v2T

vr2
þ 1

r
vT
vr

¼ 1
a

vT
vt

(6.9)

For simplification, the dimensionless temperature q and dimensionless
coordinate Z and R are defined as following,

qðZ; FoÞ ¼ Tðz; tÞ � Ta

T0 � Ta
; qðR;FoÞ ¼ Tðr; tÞ � Ta

T0 � Ta
; Z ¼ z=d0;R ¼ r=r0:

where d0 is the half-thickness of the plate; r0 is the radius of the cylinder;
and Fo ¼ at

d20
is the Fourier number.

The 1-D heat transfer (Eqs (6.7) and (6.9)) would be changed to Eqs
(6.10) and (6.11) for an infinite plate and an infinitely long cylinder,
respectively.

v2q

vZ2
¼ vq

vFo
(6.10)

1
R

v

vR

�
R

vq

vR

�
¼ v2q

vR2
þ 1
R

vq

vR
¼ vq

vFo
(6.11)
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6.2.2 Initial and Boundary Conditions
The specimen with a uniform initial temperature T0 is conducting
convective heat exchange with the surrounding fluid (air) of a constant
temperature of Ta. The convective heat transfer coefficient (h) can be
determined as [37,43,150]

h ¼ kair
L

Nu (6.12)

where the Nusselt number Nu ¼ CRemPr1=3, the Reynolds number
Re ¼ UairL

vair
, the Prandtl number Pr ¼ aair

vair
, the thermal diffusivity of air

aair ¼ kair
raircair

, the kinematic viscosity vair ¼ mair
rair
, and kair, cair, and rair are the

thermal conductivity, heat capacity, and density of air, respectively. mair is
the dynamic viscosity of air and L is the characteristic length.

Therefore,

h ¼ C$
kairPr

1 =

3

vairm
$Lm�1$Uair

m: (6.13)

6.2.2.1 Infinite Plate (Plane Wall)
The initial condition is T(z,0) ¼ T0. The boundary conditions are
vTð0; tÞ

vz ¼ 0, and �k vT ðd0; tÞ
vz ¼ h½Tðd0; tÞ � Ta�.

Under the dimensionless temperature q and dimensionless coordinate Z,
the initial condition and boundary conditions would be

qðZ; 0Þ ¼ 1;
vqð0;FoÞ

vZ
¼ 0; �k

vqð1; FoÞ
vZ

¼ hqð1; FoÞ: (6.14)

6.2.2.2 Infinite Long Cylinder
The initial condition is T(r,0) ¼ T0. The boundary conditions are
vTð0; tÞ

vr ¼ 0, and �k vT ðr0; tÞ
vr ¼ h½Tðr0; tÞ � Ta�.

Under the dimensionless temperature q and dimensionless coordinate R,
the initial condition and boundary conditions would be

qðR; 0Þ ¼ 1;
vqð0;FoÞ

vR
¼ 0; �k

vqð1; FoÞ
vR

¼ hqð1; FoÞ: (6.15)
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6.3 ANALYTICAL SOLUTION FOR SIMULATION
OF TEMPERATURE DISTRIBUTION

The analytical solutions for infinite plate and infinitely long cylinder could
be obtained using the separation-of-variable method, which can be found
in most textbooks on heat transfer (e.g., [35,43,110,150]) and is not detailed
here.

6.3.1 Infinite Plate (Plane Wall)
The analytical solution for infinite plate is

qðZ; FoÞplate ¼
XN
i¼1

Ci cosðxiZÞe�x2i Fo (6.16)

where xi tan xi ¼ Bi; Ci ¼ 4sin xi
2xi þ sinð2xiÞ;Bi ¼

hd0
k and is the Biot number.

6.3.2 Infinitely Long Cylinder
The analytical solution for infinitely long cylinder is

qðR;FoÞcylinder ¼
XN
i¼1

Ci J0ðxiRÞe�x2i Fo (6.17)

where xi
J1ðxiÞ
J0ðxiÞ ¼ Bi; Ci ¼ 2J1ðxiÞ

xi½J20 ðxiÞ þ J21 ðxiÞ�
; Bi ¼ hr0

k and is the Biot number.

6.3.3 Short Cylinder
The short cylinder can be viewed as the intersection of an infinite plate
and an infinite long cylinder that are perpendicular. The solution for
a two-dimensional short cylinder is equal to the product of the one-
dimensional solutions of infinite plate and infinitely long cylinder
[43,150]:

qðZ;R;FoÞshort cylinder ¼ qðZ;FoÞplate � qðR;FoÞcylinder (6.18)

The dimensionless normalized temperature q of a short cylinder at
location (z, r) and at time t will be

qðz; r; tÞshort cylinder ¼ qðz; tÞplate � qðr; tÞcylinder (6.19)

The temperature T of a short cylinder at location (z, r) at time t can be
calculated as

Tðz; r; tÞshort cylinder ¼ qðz; r; tÞshort cylinder$ðT0 � TaÞ þ Ta (6.20)
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6.3.4 Short Beam
Analogously, the short cylinder can be viewed as the intersection of three
infinite plates that are mutually perpendicular [43,150]. The solution for the
three-dimensional short beam could be calculated as,

qðX;Y ;Z;FoÞshort beam ¼ qðX ;FoÞplate � qðY ;FoÞplate � qðZ;FoÞplate
(6.21)

The dimensionless normalized temperature q of a short beam at location
(x, y, z) at time t will be

qðx; y; z; tÞshort beam ¼ qðx; tÞplate � qðy; tÞplate � qðz; tÞplate (6.22)

The temperature T of a short beam at location (x, y, z) at time t can be
calculated as

Tðx; y; z; tÞshort beam ¼ qðx; y; z; tÞshort beam$ðT0 � TaÞ þ Ta (6.23)

6.4 CASE STUDY FOR SIMULATION OF TEMPERATURE
AND SENSITIVITY ANALYSIS

6.4.1 Procedure for Simulation of Temperature Profile
According to the theoretical model described in the previous sections, the
procedure for the simulation of a temperature profile for cylinder and beam
specimens is shown as a flowchart in Figure 6.1. The procedure was
implemented by programming using the open-source R language.

6.4.2 Input Parameters for the Case Study
Taking a short cylinder specimen as a study case, the related parameters are
assumed to be the following:

D ¼ 100 mm, H ¼ 150 mm, k ¼ 2.5 W/(m �C), c ¼ 920 J/(kg �C),
r ¼ 2300 kg/m3, T0 ¼ 25 �C, Ta ¼ 55 �C, h ¼ 15 W/(m2 �C).

Under the convective heat transfer from the surrounding air at a con-
stant temperature of Ta ¼ 55 �C described in the previous section for the
short cylinder, the specimen will be heated up from the initial temperature
of T0 ¼ 25 �C and reaches equilibrium up to the air temperature of
Ta ¼ 55 �C in some time t.

Using the theoretical model, we can calculate the specimen temperature
T(z, r, t) for the following locations and time frames: (1) center, z ¼ 0 mm,
r ¼ 0 mm, t ¼ 0–5 h; (2) surface, z ¼ 0 mm, r ¼ 50 mm, t ¼ 0–5 h.
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(a)

(b)

Figure 6.1 Flowchart for temperature simulation for (a) cylinder and (b) beam
specimens.
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6.4.3 Roots Finding for Eigenvalue Function
The analytical solutions (in Eqs (6.16) and (6.17)) for the temperature for
given location z and r (or Z and R) and time t (or Fo) depend on the
eigenvalue xi and constant Ci, which are both determined by the eigenvalue

functions (xi tan xi ¼ Bi for infinite plate; xi
J1ðxiÞ
J0ðxiÞ ¼ Bi for infinite long

cylinder). Therefore, finding the roots of the eigenvalue functions for any
given Bi to obtain the series of eigenvalue xi is one critical step.

Since it is difficult or even impossible to obtain the analytical solutions
for the roots of the eigenvalue functions, numerical methods were
employed. Numerical root finding methods include the bisection method,
Newton’s method, and secant method [41,42,151]. Newton’s method (also
called the Newton–Raphson method) and the secant method are derivative
or finite-difference-based methods that converge faster but depend highly
on the initial value used. They are not appropriate for finding a series of
roots. The bisection method is the simplest root-finding algorithm. It works
when f is a continuous function and does not need any derivative or finite
difference. It requires only previous knowledge of two initial guesses, a and
b, such that f(a) and f(b) have opposite signs. If the intervals [a, b] of each
root are known, we can find all the roots easily using the bisection method.
Although it is reliable, it converges slowly, gaining 1 bit of accuracy with
each iteration. Therefore, a hybrid method of combined bisection and
Newton’s method was employed to balance the accuracy and the speed of
root finding. The bisection method was used to obtain the preliminary
roots of lower accuracy in a small number of iterations; these roots were
then used as initial guesses for Newton’s method, which would give the
roots with high accuracy.

To find the root intervals, the transformed forms (g(x) and h(x)) of the
eigenvalue functions are illustrated in the same plot (Figure 6.2(a) and (b)
for infinite plate and infinite cylinder, respectively). From the plots, we can
see the ith root (or eigenvalue) falls in the interval ((i � 1)p, ip) for both
infinite plate and infinite cylinder. According to these findings, the hybrid
method of root finding was used to find the first N terms of eigenvalue.
The first 10 terms of x and C for Biot ¼ 5 were obtained using the hybrid
method of root finding and listed in Table 6.2. The values of transformed
eigenvalue functions at each eigenvalue, f(xi), are also listed in Table 6.2.
The absolute values of f(xi) are all less than 1 � 10�10, illustrating that the
solved roots have high accuracy. The first 10 terms of x for some different
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Biot numbers are found by the hybrid method and listed in Appendix A
for reference. These values were compared with those available from some
heat transfer textbooks (e.g., [35,43,110,150]) and found correct. This
verifies that the hybrid root finding method and the corresponding R
program developed and used in this study are both valid and effective for
root finding. This ensures a universal, convenient, and fast method of root
finding for the eigenvalue functions for any given Bi (changing with h/k
and specimen size) to obtain the series of eigenvalues xi, which is critical for
the following sections.

6.4.4 Influence of the Number of Terms N on the Solution
To examine the influence of the number of terms N on the solution of
temperature, the temperature solutions obtained from various terms
(N ¼ 1, 3, 5, 10, 30, 50, and 100) in the solution were calculated and
plotted in Figure 6.3 for comparison.

It is noted that there is no significant influence of the number of terms
on the temperature profile for the long time of 5 h (Figure 6.3(a)).
However, as shown in Figure 6.3(b), there is a significant influence of the
number of terms on the temperature at the beginning, especially for only
one term (N ¼ 1) in the solution. One-term approximation (N ¼ 1) might
be used for predicting the temperature after some time from the beginning
(Fo > 0.2 as recommend by most literature such as [35,43]) without large
errors. It indeed will cause big errors for the temperature at the beginning.
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Table 6.2 First 10 terms of x and C for Biot ¼ 5

Infinite plate i 1 2 3 4 5 6 7 8 9 10
xi 1.3138 4.0336 6.910 9.8928 12.935 16.01 19.106 22.213 25.328 28.448
xi/p 0.42 1.28 2.20 3.15 4.12 5.10 6.08 7.07 8.06 9.06
f(xi)

a 1.6E-11 1.2E-12 1.6E-13 8.9E-15 9.3E-14 3.1E-14 �3.0E-14 2.4E-14 �2.4E-14 2.8E-14
Ci 1.2402 �0.3442 0.1588 �0.0876 0.0543 �0.0366 0.0262 �0.0196 0.0152 �0.0121

Infinite cylinder i 1 2 3 4 5 6 7 8 9 10
x 1.9898 4.7131 7.6177 10.622 13.679 16.763 19.8640 22.975 26.0937 29.217
x/p 0.63 1.50 2.42 3.38 4.35 5.34 6.32 7.31 8.31 9.30
f(x)b 4.0E-12 2.0E-13 1.4E-13 8.0E-14 4.7E-14 3.6E-14 �8.9E-16 2.2E-14 �3.4E-14 3.6E-14
Ci 1.5029 �0.7973 0.4842 �0.3220 0.2301 �0.1737 0.1365 �0.1107 0.0920 �0.0780

af(x) ¼ xtan x � Bi.
bf ðxÞ ¼ x

J1ðxÞ
J0ðxÞ � Bi.



In the study conducted by Xu and Solaimanian [144], only one-term
approximation was used to back-calculate thermal properties. This one-
term approximation caused some error, as noticed by the authors (the
simulated temperatures at the beginning were far away from the initial
temperature). Therefore, more than one term should be used in the so-
lution to obtain a whole temperature profile that is accurate over both the
beginning and the following long time, from which the thermal properties
will be back-calculated and described in the following sections. As shown in
Figure 6.3(b), there is no significant difference when the number of terms
in the solution is larger than 10. Therefore, it is recommended that 10 terms
(N ¼ 10) be used in the solution to obtain a temperature profile with
sufficient accuracy.

6.4.5 Simulation Results of Temperature Profiles
For the short cylinder described in the previous section, the temperature
profiles at the center, middle, and surface of the short cylinder were
calculated according to the producer described in the previous sections and
shown in Figure 6.4 together with the normalized temperature profiles.
The normalized temperature and temperature profiles of a 1-D infinite
plate and 1-D infinite long cylinder are also plotted in Figure 6.4 for
comparison. It is shown that the solutions from the 1-D infinite plate and
1-D infinite long cylinder both cause large errors compared to the multi-
dimensional solution for a short cylinder. The temperature profiles at three
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Figure 6.3 Simulated temperature with various numbers of term N in the solution
(center, z ¼ 0 mm, r ¼ 0 mm). (a) 0–5 h, (b) 0–0.3 h.
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Figure 6.4 Simulated temperatures for a short cylinder at different locations. (a)
Center (z ¼ 0 mm, r ¼ 0 mm), along with comparison to solutions from 1-D infinite
plate and 1-D infinite long cylinder. (b) Surface (z ¼ 0 mm, r ¼ 50 mm), along with
comparison to solutions from 1-D infinite plate and 1-D infinite long cylinder.
(c) Comparison of temperatures for three different locations.
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different locations (center, middle, and surface) are different, especially for
the surface. As expected, the center location needs more time to reach the
equilibrium temperature. This implies that the inside center temperature of
a specimen should be considered as a thermal indictor for some laboratory
testing to a certain target temperature.

6.4.6 Sensitivity Analysis of Thermal Property Parameters
on the Solution

To examine the sensitivity of thermal property parameters on the solution,
the center (z ¼ 0 mm, r ¼ 0 mm) temperature of the short cylinder under
different values for each thermal property parameter was calculated and is
shown in Figure 6.5. When the value of one thermal property parameter
varies, the values of the other thermal property parameters stay constant at
the default values as given in the previous section (i.e., k ¼ 2.5 W/(m �C),
c ¼ 920 J/(kg �C), r ¼ 2300 kg/m3; h ¼ 15 W/(m2 �C)).

As mentioned previously, the short cylinder specimen will be heated up
from the initial temperature of T0 ¼ 25 �C and ultimately reaches equi-
librium up to the air temperature of Ta ¼ 55 �C in some time te, through
the convective heat transfer with the surrounding air at a constant tem-
perature of Ta ¼ 55 �C. Therefore, in this case the thermal property pa-
rameters will influence the shape of the temperature profile and thus the
time te that is needed to reach equilibrium, as is shown in Figure 6.5.

The influences of thermal conductivity k, heat capacity c, density r, and
convection coefficient h on the solution of temperature are shown in
Figure 6.5(a)–(d), respectively. It is clearly shown and also easily understood
that the larger values of thermal conductivity k and convection coefficient h
will reduce the time te that is needed to reach equilibrium. In contrast, the
increase in values of heat capacity c and density r will produce a longer time
te. The shape of the temperature profile and the time te are both sensitive to
the values of thermal conductivity k, heat capacity c, density r, and con-
vection coefficient h.

There seem to be four fundamental thermal parameters, thermal con-
ductivity k, heat capacity c, density r, and convection coefficient h, that
determine the solution of temperature in the model and for the case
described in this study. However, they are not completely independent
parameters; there are some relationships between them for determining the
solution of temperature. From the model and the procedure given previ-
ously, the solution for short cylinder temperature T(z, r, t) for a given
location (r, z) and a given time t depends on the Fourier number Fo and the
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Figure 6.5 Sensitivity of thermal property parameters on the solution. (a) Thermal con-
ductivity k (W/(m �C)), (b) heat capacity c (J/(kg �C)), (c) density r (kg/m3), (d) convection
coefficient h (W/(m2 �C)), (e) thermal diffusivity a (m2/s), (f) h/k (1/m).



eigenvalue xi and constant Ci. The Fourier number Fo is determined by
thermal diffusivity a (¼k/rc); the eigenvalue xi and constant Ci are both
obtained from the eigenvalue functions, which are determined by only the
Biot numbers Bi for both infinite plate and cylinder. The Biot numbers Bi
for both infinite plate and cylinder are commonly determined by the ratio
of convection coefficient h to the thermal conductivity k, h/k. This implies
that, if you change the values of the k, c, r, and h in such a way that a and
h/k stay constant, the solution for temperature will stay unchanged.
Therefore, there are only two independent parameters (a and h/k) for
determining the solution for temperature for both infinite plate and
cylinder and thus for both short cylinder and beam, for which the
temperatures are calculated from the solution for temperature for both
infinite plate and cylinder. These give an important implication for the
back-calculation method and uniqueness of thermal parameters, which is
discussed in detail in the following section.

The influences of thermal diffusivity a and the ratio of convection
coefficient h to thermal conductivity k, h/k, on the solution for temperature
are shown in Figure 6.5(e) and (f), respectively. The larger thermal diffu-
sivity will increase the diffusion speed of heat in the specimen and thus
reduce the equilibrium time te. Similarly, the larger ratio of convection
coefficient h to thermal conductivity k, h/k, will enhance the convection
heat exchange between the specimen and the surrounding air and thus
reduce the equilibrium time te, too.

6.4.7 Influence of Specimen Shape and Size on the Solution
To examine the influence of specimen shape and size on the solution,
the predicted temperature profiles for cylinders of three sizes and beams of
three sizes at the center and surface of specimens are shown in Figure 6.6.
The three sizes of cylinder are (height � diameter) 100 � 50, 100 � 100,
and 50 � 100 mm; the three sizes of beams are (length � width � height)
380 � 63 � 50 (standard fatigue test beam), 50 � 63 � 50, and 100 �
100 � 50 mm.

The large cylinder of 100 � 100 mm takes a longer time to reach the
equilibrium of 55 �C than the small cylinders of 50 � 100 and
100 � 50 mm. The diameter D has a larger influence on the temperature
profile and the equilibrium time than the height H for a cylinder. Similarly,
the small beam of 50 � 63 � 50 mm takes a shorter time to reach the
equilibrium of 55 �C than the large beams of 380 � 63 � 50 and
100 � 100 � 50 mm. The surface temperature of specimens of cylinders or
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beams reaches equilibrium faster than the center temperature of a specimen
with the same shape and size, as expected. Therefore, the model and the
procedure for predicting temperature are also sensitive to the specimen
shape and size.

6.5 PROCEDURE FOR BACK-CALCULATION OF THERMAL
PROPERTIES

In the previous section, the model and procedure developed for
predicting the temperature of a cylinder or beam specimen that has
convective heat exchange with the surrounding air of a constant tem-
perature were discussed. The model is sensitive to the thermal property
parameters of the specimen as well as the shape and size of the specimen.
Therefore, it is feasible to employ the model and the procedure as a base
to develop a method and procedure for back-calculating the thermal
properties of a specimen from the measured temperature profile of the
specimen.

6.5.1 Optimization Method
The concept of curve fitting is used for back-calculating the thermal
properties of a specimen, making the predicted temperature profile match
the measured profile as well as possible. The thermal properties are opti-
mized by minimizing the root mean squared error (RMSE), to minimize
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Figure 6.6 Predicted temperature profiles for various specimen shapes and sizes.
(a) Center, (b) surface.
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the overall difference between the predicted results and the measurements
of temperature as shown in the objective function in Eq. (6.24):

min
fr; c; k; hg

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1

�
Tmi � Tpi

�2
N

s
(6.24)

where Tmi is the measured temperature at the ith time point, Tpi is the theo-
retically predicated temperature at the ith time point based on the method
described in the previous sections, N is the total number of measurements,
and c, k, r, and h are thermal properties to be optimized.

6.5.2 Uniqueness of the Back-Calculated Thermal Properties
As discussed previously, the theoretically predicated temperature of a given
specimen, at a given location and time, under the given conditions of T0

and Ta, is ultimately determined only by the two independent thermal
parameters: thermal diffusivity a (¼k/rc) and the ratio of convection co-
efficient h to the thermal conductivity k, h/k. Therefore, if the thermal
properties r, c, k, and h, which are not completely independent for the
predicted temperature, are used for the optimization, as used by Xu and
Solaimanian [144] in their study, the optimized thermal properties r, c, k,
and h might not be unique. In other words, if the values of the r, c, k, and h
are combined in such a way that a (¼k/rc) and h/k remain constant at the
optimized values, the predicted temperature profile will stay unchanged as
the optimized temperature profile closest to the measured one. From this
point of view, we change the optimization variables from r, c, k, and h to
the independent parameters a and h/k, as shown in the new objective
function in Eq. (6.25):

min
fa; h=kg

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1

�
Tmi � Tpi

�2
N

s
(6.25)

where a and h/k are thermal properties to be optimized. The others are
same as in the previous definition.

Once the a (¼k/rc) and h/k are determined through the optimization
process, two of the four parameters r, c, k, and h can be calculated if only the
other two are known. The density r of a specimen can be easily obtained if
the weight and the volume of the specimen are known. The convection
coefficient h can be calculated according to the model shown in Eq. (6.12).

Since it is difficult or even impossible to analytically solve this optimi-
zation problem, a numerical method of trial–comparison was used instead
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to find the optimized solution and is implemented through R program-
ming. During the numerical method of trial–comparison for optimization,
all the possible combinations of the two independent parameters a and h/k
in the feasible ranges are selected with appropriate step lengths to run the
temperature simulations and calculate the corresponding RMSEs of the
predicted temperatures. The combination that gives a minimal RMSE is
the optimized solution of the two parameters. The whole procedure of
back-calculation of thermal properties based on the new objective function
is shown in a flowchart in Figure 6.7.

6.5.3 Initial Range and Step Length of Independent
Parameters

Now we have the objective function for this optimization problem shown
in Eq. (6.25). However, the constraints of the variables (independent

Figure 6.7 Flowchart for back-calculation of thermal properties.

Thermal Resistance Pavements and Thermal Properties 119



parameters a and h/k) are still missing for the optimization problem.
Theoretically, all positive values are possible intervals (or ranges) for both
variables. However, these infinite intervals are not practical, and will be
impossible for the real calculation. To reduce the calculation load (the
number trial iteration), the practical interval of each independent parameter
is roughly determined based on the literature (see Table 6.1). For thermal
diffusivity a, the initial range is set as [1 � 10�7, 1 � 10�5] m2/s; for the
ratio h/k, it is set as [1, 100] 1/m. The initial step lengths used to pick up the
trial values of both parameters are set as 2 � 10�7 m2/s and 5 1/m for a and
h/k, respectively. Using these initial intervals and step lengths, the opti-
mized parameter values can be determined, which give the minimal RMSE
for all trial parameter values.

6.5.4 Adaptive Range and Step Length Method
From the initial range and step length, a set of optimized parameter values
can be determined. However, the accuracy of the obtained optimized
parameter values is highly dependent on the step lengths used. A small step
length will produce an optimized result of high accuracy, but it will also
take a long time to compute. Therefore, an adaptive range and step length
(ARS) method, which is similar to the bisection method for root finding,
was proposed to balance the accuracy and computation. This ARS method
will have adaptive range and step length during the whole optimization
process. After the optimized results are obtained using the initial range and
step length, the optimization will go to the next level of optimization in
which both the new range and the step length are one-half of the previous
range and step length. The iteration optimization will be continued until
either the current range or the step length goes down to a value small
enough, say 1 � 10�9 m2/s and 0.1 1/m for a and h/k, respectively.

6.6 CASE STUDY FOR BACK-CALCULATION OF THERMAL
PROPERTIES

6.6.1 Laboratory Test Results of Temperature
To illustrate the model and the procedure for back-calculating thermal
properties developed previously in this study, two cylinder specimens, one
asphalt (A0) and one concrete (C0), were used to run the test (Figure 6.8).
These two specimens were cored from in-service road pavements in Cal-
ifornia. The materials are standard dense-graded materials commonly used
on highways, streets, and parking lot pavements in California and other

120 Pavement Materials for Heat Island Mitigation



states in United States. The test setup was as shown in Figure 6.8. The
specimens were first heated to a uniform temperature of 38 �C in a tem-
perature chamber. From this initial temperature, the specimens were heated
up to 70 �C through forced convection heat exchange between the spec-
imens and the surrounding airflow of a constant temperature of 70 �C. The
temperature profiles of the specimens at various locations were measured
using thermocouples, and the data were recorded by a data logger. The
detailed specimen parameters and testing condition are listed in Table 6.3.

Concrete C0
Asphalt A0

Thermocouple

Datalogger

Figure 6.8 Test setup for measurement of thermal properties.

Table 6.3 Specimen parameters and testing condition
Specimen
No.

Height
(mm)

Diameter
(mm)

Mass
(kg)

Density
(kg/m3) Air void (%)

A0 63 102 1.238 2405 3.8
C0 222 145 9.095 2481 0.8

Testing temperature condition

Initial specimen temperature
T0 (�C)

38 Air temperature Ta

(�C)
70

Temperature sensor location

Specimen No. Sensor No. 1 2 3 4

A0c za (mm) 3.5 0 0 e
rb (mm) 45 37 17 e

C0 za (mm) 4 �58 82 13
rb (mm) 46 35 37 20

aAxial position.
bRadial distance from the specimen center.
cOnly three sensors were installed on the small specimen A0.
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The measured temperature profiles (T1 to T4) of the asphalt specimen
A0 and the concrete specimen C0 are shown in Figure 6.9, as well as the
temperature profile of air (Ta) in the chamber.

6.6.2 Optimized Thermal Properties and Predicted
Temperature with the Optimized Parameters

The thermal properties were back-calculated according to the ARS opti-
mization method. To illustrate the ARS optimization method, the adaptive
range and step length, optimized parameters, and RMSE for various levels
of optimization of the asphalt specimen A0, as an example, are shown in
Figure 6.10. During the whole process of optimization, the range [a, b] and
the step length D decrease with the level of optimization; the accuracy, as
shown by RMSE, of the optimized parameters (a and h/k) increases with
the level of optimization. This verifies that the proposed ARS optimization
method is effective at balancing the accuracy and efficiency.

The optimized parameters (a and h/k) and the predicted temperature
under the optimized parameters for asphalt specimen A0 and concrete
specimen C0 are shown in Figures 6.11 and 6.12, respectively.

6.6.3 Thermal Properties from the Optimized Parameters
According to the procedure developed previously, the thermal properties
k and c can be calculated from the optimized a and h/k if h and r are
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Figure 6.9 Measured temperatures at various locations for asphalt and concrete
specimens. (a) Asphalt specimen A0; (b) concrete specimen C0.
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known. The density r is known, as shown in Table 6.3. The convection
coefficient h can be calculated from the airflow parameters (at 300 K)
according to the model shown in Eq. (6.12). The convection coefficients h
for the asphalt specimen A0 and the concrete specimen C0 are calculated
and listed in Table 6.4. Using the known h and r, the thermal properties k
and c can be calculated from the optimized a and h/k and are listed in
Table 6.5. There are some differences in the optimized parameters a and
h/k and thus the k and c between locations. The results at location 3 of the
asphalt specimen and locations 2 and 4 for the concrete specimen C0 are
quite different from those of other locations on the same specimen. The
reason for that might be that these locations are closer to the specimen
surface (with large absolute values of z and r, as shown in Table 6.3 and
Figure 6.11). As noticed during the trial testing, the measured temperature
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Figure 6.10 Adaptive range and step length, optimized parameters, and RMSE for
various levels of optimization (A0). (a) Thermal diffusivity a, (b) ratio h/k.
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profiles on the specimen surface and those from the location close to the
surface are not very smooth and might cause error when used to back-
calculate the thermal parameters. Therefore, to reduce the errors and
obtain the back-calculated thermal parameters of high accuracy, the
measured temperature profiles used for back-calculation should be as close
to the center of a specimen as possible.

Based on this observation, the effective averages of thermal properties of
the asphalt and concrete specimens (A0 and C0) were calculated and are
shown in Table 6.5. The thermal conductivity k and heat capacity c of the
concrete specimen are larger than those of the asphalt specimen. These
values are comparable to those found in the literature (Table 6.1). This
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Figure 6.11 Predicted temperature with the optimized thermal properties compared
with measured temperature: asphalt specimen A0 (units: a in m2/s; h/k in 1/m; RMSE
in �C).
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verifies partly that the method and procedure developed here are practical
and valid for measuring the thermal properties of building materials.

6.6.4 Influence of the Length of Testing Time on the
Optimized Parameters

The optimized parameters shown in Figures 6.11 and 6.12, and Table 6.5
were obtained according to the measured temperature profiles, which were
completely developed curves for the transient heat transfer between the
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Figure 6.12 Predicted temperature with the optimized thermal properties compared
with measured temperature: concrete specimen C0 (units: a in m2/s; h/k in 1/m; RMSE
in �C).
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Table 6.4 Parameters for convection coefficient h
Parameter Unit Value Parameter Unit Value

Thermal conductivity k W/(m �C) 2.63 � 10�2 Kinematic viscosity v m2/s 1.59 � 10�5

Heat capacity c J/(kg �C) 1007 Density r kg/m3 1.1614
Thermal diffusivity a m2/s 2.25 � 10�5 Prandtl number Pr e 0.707

For asphalt specimen A0 For concrete specimen C0

Airflow speed U m/s 6 Airflow speed U m/s 6
Specimen diameter D m 0.102 Specimen diameter D m 0.145
ReD e 3.85 � 104 ReD e 5.48 � 104

C e 0.0266 C e 0.0266
m e 0.805 m e 0.805
Nu e 116.44 Nu e 154.56
h W/(m2 �C) 30.02 h W/(m2 �C) 28.03

Note: ReD ¼ UD/v; Nu ¼ CReD
mPr1/3; h ¼ kNu/D; Pr ¼ v/a.
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specimens and the surrounding airflow. The total time was over
12 h, which is a long time. Two questions arise, which are whether the
length of testing time influences the optimized results and what the shortest
time needed to run the test for back-calculation of the thermal properties.

Table 6.5 Thermal properties calculated from the optimized parameters

Asphalt specimen A0

Location 1 2 3 4 Avga St
deva

Thermal
diffusivity a

(�10�7 m2/s)

5.7 6.2 50.2 e 6.0 0.33

Ratio h/k (1/m) 19.3 17.3 2.2 e 18.3 1.4

Density r (kg/m3) 2405
Convection
coefficient h
(W/(m2 �C))

30.02

Thermal
conductivity
k(W/(m �C))

1.56 1.74 13.39 e 1.65 0.13

Heat capacity c
( J/(kg �C))

1133.6 1167.5 1108.2 e 1150.6 24.0

RMSE (�C) 0.18 0.19 0.28 e 0.19 0.01

Concrete specimen C0

Location 1 2 3 4 Avgb St
devb

Thermal
diffusivity a

(�10�7 m2/s)

14.2 70.9 11.0 3.0 12.6 2.2

Ratio h/k (1/m) 5.7 1.0 9.9 93.8 7.8 3.0

Density r (kg/m3) 2481
Convection
coefficient
h (W/(m2 �C))

28.03

Thermal
conductivity
k (W/(m �C))

4.94 28.03 2.83 0.30 3.88 1.49

Heat capacity
c ( J/(kg �C))

1399.9 1592.9 1033.4 405.9 1216.7 259.2

RMSE (�C) 0.33 0.35 0.39 0.34 0.36 0.04
aAverage/standard deviation on locations 1 and 2.
bAverage/standard deviation on locations 1 and 3.
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To answer these questions, taking the asphalt specimen as an example,
the optimized parameters with the measured temperature profiles with
different testing time lengths were back-calculated and plotted in
Figure 6.13. From the plots, it is noticed that the back-calculated param-
eters do change with the length of testing time. When the testing time is
over 4 h, the back-calculated parameters tend to be constant. Therefore,
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Figure 6.13 The influence of testing time on the optimized parameters (A0). (a) a and
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the testing time for back-calculation is recommended to be at least 4 h to
balance the accuracy and cost in terms of both testing time and energy
consumption. Otherwise, some error might occur in the back-calculated
parameters.

6.7 THERMAL PROPERTIES OF SURFACE MATERIALS USED
IN EXPERIMENTAL SECTIONS

The developed and validated procedure was used to measure the thermal
properties of pavement materials, specifically some surface materials used for
the experimental sections in this study. Cylinder specimens made of some
of the materials (mainly concrete and asphalt, both dense graded and open
graded) were tested at various locations (two specimen sizes for concrete:
4 � 6 and 6 � 12 in). Some concrete specimens used for testing and test
setup are shown in Figure 6.14. Results are listed in Tables 6.6 and 6.7.
These values will be used for modeling and simulation of thermal perfor-
mance of pavements in Chapters 11 and 12.

From Table 6.7, it is noted that the dense-graded materials (concrete or
asphalt) have a higher thermal conductivity and heat capacity than the
open-graded materials. This might give a potential explanation for why the
permeable pavement constructed with open-graded materials presents a
higher daytime temperature and a lower nighttime temperature under the
dry condition compared to the impermeable pavement constructed with
dense-graded materials, as observed in Chapter 8. The permeable asphalt
pavement sections (B2 and B3) presented a higher daytime surface tem-
perature than the impermeable pavement (B1) under the dry condition.
This might be because the lower thermal conductivity increases the thermal

Figure 6.14 Example concrete specimens used for testing and test setup.
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Table 6.6 Thermal properties of pavement surface materials at various test locations
Samplea T0 (°C) Ta (°C) Locationb a (m2/s) h/k (1/m) r (kg/m3) h (W/(m2 °C)) k (W/(m °C)) c (J/(kg °C))

C1S4 32.9 60.0 1 7.85E-07 16.5 2203 30.0 1.82 1052
C1S4 32.9 60.0 2 8.27E-07 15.5 2203 30.0 1.93 1059
C1S4 32.9 60.0 3 8.47E-07 17.1 2203 30.0 1.75 938
C1B4 35.6 59.8 1 8.13E-07 15.5 2311 27.8 1.79 953
C1B4 35.6 59.8 2 8.20E-07 15.3 2311 27.8 1.81 955
C1B4 35.6 59.8 3 7.78E-07 14.7 2311 27.8 1.89 1051
C2S1 33.2 60.0 1 7.81E-07 24.6 1866 30.1 1.22 837
C2S1 33.2 60.0 2 7.45E-07 22.3 1866 30.1 1.35 971
C2S1 33.2 60.0 3 9.69E-07 21.3 1866 30.1 1.41 780
C2B4 35.2 59.8 1 7.25E-07 21.1 2065 27.8 1.32 882
C2B4 35.2 59.8 2 7.12E-07 19.3 2065 27.8 1.44 979
C2B4 35.2 59.8 3 7.57E-07 18.4 2065 27.8 1.51 966
C2B4 35.2 59.8 4 6.96E-07 20.0 2065 27.8 1.39 967
C3S1 42.9 54.9 1 7.64E-07 22.8 2051 30.1 1.32 842
C3S1 42.9 54.9 2 7.31E-07 24.9 2051 30.1 1.21 807
C3S1 42.9 54.9 3 7.72E-07 21.7 2051 30.1 1.39 878
C3B4 42.0 54.9 1 8.18E-07 22.1 2176 27.8 1.26 708
C3B4 42.0 54.9 2 8.29E-07 22.1 2176 27.8 1.26 698
C3B4 42.0 54.9 3 7.98E-07 21.3 2176 27.8 1.31 754
C3B4 42.0 54.9 4 8.21E-07 21.6 2176 27.8 1.29 722
B1S1 29.6 59.8 1 8.52E-07 18.2 2399 30.1 1.65 807
B1S1 29.6 59.8 2 8.33E-07 17.5 2399 30.1 1.72 861
B1S1 29.6 59.8 3 8.53E-07 16.5 2399 30.1 1.82 889
B2S1 29.0 59.8 1 7.16E-07 23.4 2269 30.2 1.29 794
B2S1 29.0 59.8 2 7.09E-07 24.5 2269 30.2 1.23 765
B2S1 29.0 59.8 3 7.19E-07 25.4 2269 30.2 1.19 729
B3S1 59.9 79.8 1 7.05E-07 24.2 2239 30.1 1.24 785
B3S1 59.9 79.8 2 7.95E-07 23.3 2239 30.1 1.29 724
B3S1 59.9 79.8 3 6.33E-07 25.8 2239 30.1 1.17 824

T0 ¼ initial specimen temperature; Ta ¼ chamber air temperature; a ¼ thermal diffusivity; r ¼ density; h ¼ convection coefficient; k ¼ thermal conductivity;
c ¼ heat capacity.
aSample.
bLocation.
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resistance and thus the difficulty in conducting heat into deeper pavement
layers, which keeps the heat around the surface. Moreover, because of their
lower heat capacity compared to dense-graded materials, the open-graded
materials will be heated up to a higher temperature with the same amount
of energy absorbed from solar radiation or surroundings during daytime or
hot periods. On the other side, owing to just their lower heat capacity, the
open-graded materials have less thermal energy (or heat) stored in the solid
body around the surface to lose into the cold ambient air during the
nighttime or cold periods. Also, because of their lower thermal conductivity
compared to the dense-graded materials, it is much more difficult for the
open-graded materials to conduct heat to the surface from underlying layers
to supply more energy for loss. These two aspects will significantly increase
the possibility that the open-graded materials will produce a lower surface
temperature when the same amount of heat is lost into the ambient air
during the nighttime or cold periods. This theoretically confirms that the
permeable pavement composed of open-graded materials can be a potential
strategy to counter the nighttime heat island effect because of its lower
surface temperature and less heat released into the ambient air during the
night. However, as mentioned previously, attention should be given to its
potentially higher surface temperature during the daytime under the dry
condition.

In addition, it is noted that concrete materials generally show a slightly
higher thermal conductivity and heat capacity than asphalt materials. This

Table 6.7 Summary of average thermal properties of pavement surface materials

Section Material
Density
(kg/m3)

Thermal
diffusivity
(m2/s)

Thermal
conductivity
(W/(m °C))

Heat
capacity
(J/(kg °C))

C1 Concrete-D 2257
(59)

8.12E-07
(2.61E-08)

1.83 (0.07) 1001 (58)

C2 Concrete-O 1980
(106)

7.69E-07
(9.25E-08)

1.38 (0.09) 912 (80)

C3 Concrete-O 2134
(65)

7.95E-07
(3.74E-08)

1.29 (0.06) 761 (69)

B1 Asphalt-D 2399
(d)

8.46E-07
(1.13E-08)

1.73 (0.09) 852 (42)

B2 Asphalt-O 2269
(d)

7.15E-07
(5.13E-08)

1.24 (0.05) 763 (32)

B3 Asphalt-O 2239
(d)

7.11E-07
(8.15E-08)

1.23 (0.06) 798 (50)

D, dense graded; O, open graded. Standard deviation listed in parentheses.
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implies that when all the other factors and conditions (e.g., albedo, solar
radiation, convection, etc.) are identical, the concrete pavements will still
give a lower daytime surface temperature compared to the asphalt pave-
ments. More details on the effects of thermal properties on pavement
temperature will be discussed in Chapter 12.

6.8 SUMMARY AND CONCLUSIONS

This chapter was devoted to discussion of questions related to the multi-
dimensional modeling and simulation of transient temperatures at any
location on a beam or cylinder specimen of various sizes subject to
convective heat transfer, and back-calculation of the thermal properties of
specimens of various shapes and sizes from the measured transient tem-
peratures profile of the specimen. The effects of thermal properties on the
thermal behavior of thermal resistance pavements are discussed.
1. The model and tool developed can accurately predict transient temper-

ature at any location on a beam or cylinder specimen of various sizes
subject to convective heat transfer. The case studies presented in this
chapter verify that they can also be used, if the thermal properties are
known, to simulate the transient temperature and predict the time it
takes to reach a specified target testing temperature at any location for
specimens of various shapes and sizes, when the specimens are preheated
or precooled in a forced convection oven or temperature chamber for
mechanical or other temperature-related testing.

2. Based on the developed temperature simulation model, the procedure
and tool for back-calculating thermal properties were developed and
validated in part by case studies on both asphalt and concrete materials.
The partly validated procedure and tool can be used to obtain the ther-
mal properties of a specimen of pavement and building materials from its
measured transient temperature profile, regardless of the shape and size of
the specimen. With the fully validated procedure and tool, thermal
properties of novel building materials (various innovative cool materials
such as porous concrete and high-thermal-resistance materials) can be
easily measured and then used for evaluating and modeling the thermal
performance of a built environment composed of these materials.

3. The developed and validated procedure was employed to measure the
thermal properties of pavement materials using cylinder specimens,
particularly some surface materials used for the experimental sections
in this study. It was found that the dense-graded (i.e., nonporous)
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materials (concrete or asphalt) have a higher thermal conductivity and
heat capacity than the open-graded (i.e., porous) materials. Concrete
materials generally show a slightly higher thermal conductivity and
heat capacity than asphalt materials.
The open-graded (i.e., porous) thermal-resistant materials (e.g.,

permeable pavement) could present a higher daytime surface temperature
than the dense-graded (i.e., nonporous) materials (e.g., impermeable
pavement) under the dry condition. This might be because the lower
thermal conductivity increases the thermal resistance and thus the difficulty
in conducting heat into deeper pavement layers, which keeps the heat
around the surface. Moreover, because of their lower heat capacity
compared to dense-graded materials, the open-graded materials will be
heated up to a higher temperature under the same amount of energy
absorbed from solar radiation or the surroundings during the daytime or hot
periods. On the other side, owing just to their lower heat capacity, the
open-graded materials have less thermal energy (or heat) stored in the solid
body around the surface to lose into the cold ambient air during the
nighttime or cold periods. Also, because of their lower thermal conductivity
compared to the dense-graded materials, it is much more difficult for the
open-graded materials to conduct heat to the surface from the underlying
layers to supply more energy for loss. These two aspects will significantly
increase the possibility that the open-graded materials will produce a lower
surface temperature when the same amount of heat is lost into the ambient
air during the nighttime or cold periods. This theoretically confirms that the
permeable pavement composed of open-graded materials can be a potential
strategy to counter the nighttime heat island effect because of its lower
surface temperature and less heat released into the ambient air during the
night. However, as mentioned previously, attention should be given to its
potentially higher surface temperature during the daytime under dry
conditions.
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Evaporation Rate and
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7.1 INTRODUCTION

7.1.1 Background
Cool pavement strategies can be used to mitigate urban heat island effects
and improve outdoor thermal environments in urban areas. Improved
outdoor thermal environments in urban areas could potentially help
reduce the negative impacts of heat islands such as increased energy
consumption for air conditioning of buildings and vehicles and impaired
air quality (ground-level ozone) [32,33,65,66,71,76,141,152–154]. In
addition, as a strategy to reduce vehicle miles traveled by creating
livable and walkable communities, improving the street thermal envi-
ronment is attracting increasing attention from practitioners, academics,
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and competing industries [8–12]. Increased walking or cycling also pro-
vides an opportunity for improving human health and thus improving the
quality of life [6,7].

With respect to the pavement type, the heat island might not just be a
“black or white” issue (asphalt versus concrete, although it is known that
albedo is a function of material microstructure and rugosity, not just color),
but also might be an “impervious or pervious” issue. To mitigate local heat
islands and reduce the associated impacts mentioned previously, some
impervious surface coverage can be replaced by pervious coverage. This is
also a requirement for limiting disruption of natural hydrology according to
LEED (Leadership in Energy & Environmental Design) [155] criteria,
which require various options for project sites with impervious area greater
or less than 50%. Permeable pavement, as a low-impact development, can
help minimize impervious surfaces and could potentially improve the
quality of life in a community and reduce other environmental impacts, for
example, reducing or at least slowing (where there is not full infiltration)
storm-water runoff and associated water pollution, reducing storm-water
management facilities, enhancing on-site infiltration for vegetation
growth, and recharging underground water [56,76,152,156–160].

As one potential cool pavement type, permeable pavements have many
environmental benefits beyond conventional impermeable pavements as
mentioned above (note that asphalt, concrete, and integrated concrete
paver pavements can be considered for applications as permeable pave-
ments). The main potential cooling mechanisms for permeable pavements
are evaporative cooling [161,162], heat resistance [153,161,162], and
reflection and evaporative cooling, if using reflective permeable pavement
[162,163].

Evaporation is energy transmitted away from the pavement surface by
the latent heat of water vapor to achieve the phase change of water from
liquid to gas. Water from moist soil or wet surface changes to vapor when
heated by the sun or other heat sources. Water vapor then rises into the
atmosphere, taking the solar energy with it, resulting in a cooling effect.
The evaporation term also includes evapotranspiration, a more compli-
cated process plants use to keep cool. During evapotranspiration, water is
drawn from the soil by the roots of the plant and evaporates through the
stoma on the plant’s leaves. Both evaporation and evapotranspiration
increase when there is more moisture available, when wind speeds are
greater, and when the air is drier and warmer [2]. The evaporation latent
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heat loss qevap (W/m2) (i.e., theoretical maximum cooling effect) can be
described as follows when water is completely exposed to air:

qevap ¼ L$ER (7.1)

where ER is the evaporation rate and L is the specific latent heat of water
vaporization.

Evaporative cooling could reduce pavement temperature and conse-
quent air temperature through latent heat absorbed during the phase change
of water (from liquid to gas) when moisture exists in the pavement or in the
underlying soil or is sprinkled on the pavement surface. Permeable pave-
ments can provide these benefits. From the equation above, it is seen that
the latent heat loss (qevap) from pavement is linearly and positively correlated
with the evaporation rate (ER) for water exposed to air. The effect of
evaporative cooling of permeable pavement depends highly on the evap-
oration rate of the permeable pavement materials [161,162]. Therefore, it is
of great interest to explore and better understand the evaporation rate for
the various pavement materials used for permeable pavements.

7.1.2 Objective and Scope
The objectives of this study are to measure and compare the evaporation
rates of various pavement materials under outdoor conditions and provide
typical evaporation rate values that will be useful for the modeling and
simulation of the cooling effects of evaporation from permeable pavements
and to explore the first-order factors affecting the evaporation rates of
permeable pavement materials.

7.2 MATERIALS AND METHODS

7.2.1 Description of Test Materials
The materials used for measurement of evaporation rate include water in
six different pavement materials along with fully exposed water for com-
parison. These six pavement materials fall into two categories: permeable
pavement surface-layer materials and base-layer materials or bedding-layer
materials. All these six types of materials are open-graded materials used
in experimental pavement sections constructed at the University of
California Pavement Research Center (UCPRC) test facilities in Davis,
California.

A total of nine experimental pavement sections (A1–A3, B1–B3, and
C1–C3) were constructed for the cool pavement study at the UCPRC.
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These nine test sections include three different pavement surfacing materials,
namely integrated concrete pavers (surfacing type A), open-graded asphalt
concrete (surfacing type B), and Portland cement concrete (surfacing type
C). For each pavement surface type, one impermeable pavement design
(design 1) and two permeable pavement designs (designs 2 and 3, can also be
referred to as porous or pervious depending on the material; the word
permeable is used for convenience in this chapter) were constructed. Six of
the nine sections are permeable pavements. Each section is 4 m by 4 m in
size (see previous chapters and Refs [161–164] for more details).

Three permeable pavement surface-layer materials were chosen for
the evaporation testing in this chapter, which were permeable asphalt B3
and permeable concretes C2 and C3. The permeable asphalt B2 was open-
graded asphalt concrete with a nominal maximum aggregate size (NMAS)
of 9.5 mm and PG 64-10 asphalt binder. The main differences between
permeable concretes C2 and C3 were the gradation and cement type.
Section C2 had a finer gradation, with an NMAS of 4.75 mm and con-
ventional gray cement, while C3 had a coarse gradation with an NMAS of
9.5 mm and a whiter cement. Owing to the whiter cement with much
lighter color, the C3 concrete sample had an albedo of 0.26, which was
larger than that of 0.18 for the C2 concrete sample (see Table 7.1).

The three base-layer materials or bedding-layer materials included
gravel S1 and S2 and sand S3. The gravel S1 was used as open-graded base
aggregate reservoir layers in the six experimental permeable pavement
sections mentioned above. The size of S1 was 19 mm. The gravel S2 was an
ASTM No. 8 aggregate (with an NMAS of 12.5 mm, finer than S1) and
was used as a bedding-layer material for permeable paver sections A2 and
A3. The gravel S3 was an ASTM C33 sand (with an NMAS of 9.5 mm,
finer than S2) and was used as bedding-layer material for impermeable
paver section A1. In addition, a fully exposed water sample, S0, was used
for reference and comparison.

The gradations of these six materials are presented in Figure 7.1.
Section C3 had the same NMAS as B3, which was 9.5 mm. However, C3
was more open graded with coarser aggregate compared to B3, as shown in
Figure 7.1. The gravel S1 was the coarsest material, followed by S2, while
the sand S3 was the finest material.

In addition to the gradation, the albedo, permeability, air void content,
and density of these materials were measured and are listed in Table 7.1
for reference (see Refs [161,163–165] for details on measurements).
The summary of each material along with material designs and other
characteristics is listed in Table 7.1.
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Table 7.1 Characteristics of permeable pavement materials used in this chapter
Material
no. Material type (NMAS)a

Thickness
(mm) Albedo b

Permeabilityc

(cm/s) Air void
Density
(kg/m3)

B2 Asphalt-O (9.5 mm) þ aggregate-O
(19 mm)

60 þ 90 0.08 0.11 12% 2270

C2 Concrete-O (4.75 mm, No. 4) 150 0.18 0.21 15% 1980
C3 Concrete-O (9.5 mm)-white cement 150 0.26 0.29 17% 2050
S1 Aggregate-O (19 mm, wASTM No. 57) 150 0.18 2.5 46% 1650
S2 Aggregate-O (12.5 mm, ASTM No. 8) 150 0.20 1.2 25% 2100
S3 Sand (9.5 mm, ASTM C33) 150 0.30 5 � 10�3 15% 2400
S0 Bare water 150 ed ed ed 1000
aO ¼ open graded.
bUsing dual pyranometer (see Ref. [163]).
cUsing ASTM C1701 method (see Ref. [164]).
d– ¼ Not applicable.
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7.2.2 Experimental Plan
The samples of these materials were put into 100-mm diameter � 150-mm
height plastic cylinder containers (Figure 7.2). The sample of permeable
asphalt B3 was thin (60 mm), and the gravel S1 (19 mm NMAS) was used
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Figure 7.1 Gradations of materials tested in this chapter.

S1
Aggregate

B3
B3 C3 C2

100 mm diameter 
× 150 mm height 

cylinder containers

B3 C3 C2
B3 C3 C2

S1 S2 S3

(a) (b)

(d)(c)

Figure 7.2 Sample preparation (B3, C3, and C2 are dark in (d) because of wetting).
(a) Samples and cylinder containers; (b) Gravel S1 used to fill up the cylinder under B3;
(c) Samples in cylinder containers; (d) Sample in cylinders filled with water.
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to fill up the cylinder (Figure 7.2(b)) under B3, simulating the full
permeable pavement structure (surface layer þ reservoir layer).

Each dry sample and cylinder container were then weighed together
and recorded as m1. The water was then added into each container
slowly, ensuring it was filled up with water (Figure 7.3). The permeable
pavement or aggregate base will not be full of water and only partially
saturated for most of the time and regions. However, to simulate the
permeable pavement just after a heavy rain event or extensive irrigation, the
cylinders were first completely filled with water and the water level was
allowed to drop through evaporation. This provides the opportunity to
monitor well the change in evaporation rate over time and better investi-
gate the effect of water level on evaporation rate. The overflow and surface
water was dried using a towel. Then the total weight of the sample,
container, and water was measured and recorded as m20. After that, the
samples in containers were moved outdoors and placed under the sun for
evaporation (Figure 7.4). The total weight of each sample plus the container
and remaining water was measured over time t and recorded as m2t. The
water weight left in the container at time t would be

mwt ¼ m2t � m1 (7.2)

where mwt is the mass (kg) of water left in the container at time t,
m2t is the total mass (kg) of a sample plus the container and remaining
water at time t, and
m1 is the total mass (kg) of a sample plus the container.
The weight loss (i.e., the water evaporated) over time t for each sample

under outdoor conditions can be calculated as

Dmwt ¼ m20 � m2t (7.3)

B3

C2

C3

Figure 7.3 Adding water to fill up the cylinder containers.
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where Dmwt is the mass (kg) of water evaporated from the container at
time t,

m20 is the initial total mass (kg) of a sample plus the container and
remaining water at time 0, and
m20 is the total mass (kg) of a sample plus the container and remaining
water at time t.
The evaporation rate (ER, in kg/m2/h or mm/h) during the time

period t1 through t2 will be

ER ¼ ðm2t1 � m2t2Þ=½Aðt2 � t1Þ� (7.4)

where ER is evaporation rate, in kg/m2/h or mm/h,
m2t1 is the total mass (kg) of a sample plus the container and remaining
water at time t1 (h),
m2t2 is the total mass (kg) of a sample plus the container and remaining
water at time t2 (h), and
A is the sample surface area, in m2.
The latent heat flux qevap (kJ/m

2/h) lost from evaporation (i.e., cooling
effect) could be calculated as

qevap ¼ L$ER (7.5)

where qevap is the theoretical maximum latent heat flux lost from evapora-
tion (i.e., cooling effect), in kJ/m2/h,

Permeable 
concrete C3

Permeable 
concrete C2

Gravel S1 
(3/4”)

Gravel S2 
(#8)

Gravel S3 
(#33 sand)

Bare water S0

Figure 7.4 Evaporation testing under outdoor conditions.
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L is the specific latent heat for water vaporization, 2260 kJ/kg, and
ER is the evaporation rate of water, in kg/m2/h or mm/h.
In addition, temperatures on the surfaces of the various materials were

also measured using a thermometer. The weather data (including air
temperature, relative humidity, solar radiation, wind speed, rain, and air
pressure) were also monitored using a nearby weather station. The evap-
oration test was conducted on clear summer days in July 2012 (9 to 25 July)
at Davis, California. The weight and the surface temperature for each
sample were manually measured every hour. The weather data were
automatically measured every half hour. The data in the first 3 days (July 9
to July 11) are presented in this chapter (same trends for other days).

7.2.3 Data Analysis and Presentation
The weather data, the surface temperature, the water weight left in the
containers, the evaporation rate, and the latent heat loss of each sample
were plotted using time series plots over the experimental period (9–11
July) to examine the changes in these fundamental variables over time.
In addition, the average evaporation rates over 3 days (9–11 July) and 1 day
(10 July) were statistically analyzed and plotted using box plots for each type
of material, to compare the differences in evaporation rate between ma-
terials and provide average values of evaporation rate for each materials on
clear summer days. The effects of permeability and air void content and the
water level on the evaporation rate are also examined through data plotting.

7.3 RESULTS AND DISCUSSION

7.3.1 Weather Data and Surface Temperature Change over
Time

The weather data during the experimental period of 9–11 July 2012 are
presented in Figure 7.5. The weather was clear and sunny with high air
temperatures of 36 –39 �C. The peak solar radiation intensity around noon
was approximately 1000 W/m2 for all 3 days. The wind speed was lower
than 2 m/s for most of the time. The low daytime relative humidity was
approximately 20% while the nighttime relative humidity was approxi-
mately 80%. The weather conditions during these 3 days were similar,
except the air temperature on the third day (11 July) was slightly higher
than on the other 2 days.

The surface temperatures of each sample are presented in Figure 7.6.
The asphalt sample had the highest surface temperature during evaporation
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Figure 7.5 Weather data during the experimental period (no rain).
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Figure 7.6 Surface temperature change over time.
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testing because of its dark color and low albedo of 0.08 (see Table 7.1),
which absorbs more solar energy compared to the other surfaces with
higher albedos. The peak surface temperature was approximately 50 �C
on the first experiment day (9 July) and reached 60 �C on the third day
(11 July). The gravel sample S3 (sand) shows the lowest surface temperature
owing to its higher albedo of 0.30 (see Table 7.1) and highest evaporation
rate (see below for more details), except for the bare water, S0.

7.3.2 Water Weight Change over Time
The water weight change over time is presented in Figure 7.7. The
bare water (S0) had the most water available and the largest change rate
(slope of the curve). The gravel samples S1, S2, and S3 also had relatively
larger change rates. The permeable concrete samples C3 and C2 and the
permeable asphalt sample B3 had relatively smaller change rates. This im-
plies that the permeable concrete samples C3 and C2 and the permeable
asphalt sample B3 have lower evaporation rates compared to the gravels
(S1–S3) or the bare water (S0). The reason for their low evaporation rates
might be the low air void content and low permeability of these materials
(see Table 7.1), which to some extent block the water evaporation from the
materials. It should be noted that all samples still had more than 200 g of
water available in the container even at the end of the third day (11 July).
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Figure 7.7 Water weight change over time.
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7.3.3 Evaporation Rate and Cooling Effect (Latent Heat
Flux) Change over Time

Figure 7.8 presents the evaporation rate and latent heat loss change over
time for various materials. The evaporation rates of all materials show a
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Figure 7.8 (a) Evaporation rate and (b) latent heat flux (cooling effect) change over
time.
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pattern similar to that of the air temperature, which is high in the daytime
and low in the nighttime. The bare water shows the highest evaporation
rate. The daily peak evaporation rate reaches 2.5 mm/h on the first day and
decreases to 1.5 mm/h on the third day, although the air temperature is
slightly higher on the third day (see Figure 7.5). Excluding the bare water,
the gravel sample S3 (sand) generally has the highest evaporation rate
apparently owing to its ability to move moisture to the surface for evap-
oration through capillary action; its peak evaporation rate drops from
1.8 mm/h on the first day to 1.0 mm/h on the third day. The surface
materials of permeable concrete C2 and permeable asphalt B3 have the
lowest evaporation rates, which are slightly lower than that of permeable
concrete C3. Permeable concretes C3 and C2 and permeable asphalt B3
have much higher evaporation rates (0.5–1.5 mm/h) during the first
experiment day when more water was available near the surface. Evapo-
ration rates are lower (0.1–0.3 mm/h) on the second and third day, with
less moisture available near the surface, although there still is adequate water
available in the lower part of the containers and samples.

7.3.4 Average Evaporation Rates of Various Materials for
Various Periods

The evaporation rates over time during the experimental period (9–11 July
2012) are calculated and plotted in Figure 7.9 using box plots for various
materials, including over the 3 days (9–11 July), over the whole middle day
(10 July), and in the morning, noon, afternoon, and night of the middle
day. In addition, the descriptive statistics, including the number of mea-
surements (N), mean, standard deviation (Std. Dev.), minimum (Min), first
quartile (Q1), median, third quartile (Q3), and maximum (Max), for the
evaporation rate for two main periods (3 days and 1 day) are presented in
Table 7.2 for reference.

Figure 7.9(a) and (b) shows the evaporation rates over the 3 days (9–11
July) and over 1 day (10 July), respectively. Overall, the 3-day average
evaporation rates are slightly higher than the 1-day average owing to the
high availability of water close to surfaces and consequently the high
evaporation rates on the first day (9 July, see Figure 7.7). This suggests that
the availability of water close to surfaces is an important factor that
influences the evaporation rate.

It is noted that the evaporation rate is high during the daytime, especially
in the hot afternoon in summer (Figure 7.9(d) and (e)), and low during the
nighttime and especially in the cold early morning (Figure 7.9(c) and (f )).
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As expected, the air temperature (also air humidity) also plays a vital role in
the evaporation rate of the pavement materials. High air temperature and
low humidity will help enhance the evaporation rate, which is just what is
expected during hot periods.

(a) (b)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Material #

Ev
ap

or
at

io
n 

R
at

e 
(m

m
/h

) B3: Permeable asphalt
C2: Permeable concrete 1
C3: Permeable concrete 2
S1: 19 mm gravel
S2: 12.5 mm gravel
S3: 9.5 mm gravel (sand)
S0: Bare water

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Material #

Ev
ap

or
at

io
n 

R
at

e 
(m

m
/h

) B3: Permeable asphalt
C2: Permeable concrete 1
C3: Permeable concrete 2
S1: 19 mm gravel
S2: 12.5 mm gravel
S3: 9.5 mm gravel (sand)
S0: Bare water

B3 C2 C3 S1 S2 S3 S0 B3 C2 C3 S1 S2 S3 S0

(c) (d)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Material #

Ev
ap

or
at

io
n 

R
at

e 
(m

m
/h

) 00:00 - 10:00B3: Permeable asphalt
C2: Permeable concrete 1
C3: Permeable concrete 2
S1: 19 mm gravel
S2: 12.5 mm gravel
S3: 9.5 mm gravel (sand)
S0: Bare water

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Material #

Ev
ap

or
at

io
n 

R
at

e 
(m

m
/h

) 10:00 - 14:00B3: Permeable asphalt
C2: Permeable concrete 1
C3: Permeable concrete 2
S1: 19 mm gravel
S2: 12.5 mm gravel
S3: 9.5 mm gravel (sand)
S0: Bare water

B3 C2 C3 S1 S2 S3 S0B3 C2 C3 S1 S2 S3 S0

(e) (f)

B3 C2 C3 S1 S2 S3 S0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Material #

Ev
ap

or
at

io
n 

R
at

e 
(m

m
/h

) 14:00 - 18:00B3: Permeable asphalt
C2: Permeable concrete 1
C3: Permeable concrete 2
S1: 19 mm gravel
S2: 12.5 mm gravel
S3: 9.5 mm gravel (sand)
S0: Bare water

B3 C2 C3 S1 S2 S3 S0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Material #

Ev
ap

or
at

io
n 

R
at

e 
(m

m
/h

) 18:00 - 00:00B3: Permeable asphalt
C2: Permeable concrete 1
C3: Permeable concrete 2
S1: 19 mm gravel
S2: 12.5 mm gravel
S3: 9.5 mm gravel (sand)
S0: Bare water

Figure 7.9 Average evaporation rates of various materials. (a) 3-day average (9–11 July).
(b) 1-day average (10 July). (c) Morning (00:00–10:00 h, 10 July). (d) Noon (10:00–14:00 h,
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outside the box are the minimum and maximum values except for outliers. The circles
are outliers defined as being more than 1.5 (Q3 � Q1) from Q1 or Q3.

148 Pavement Materials for Heat Island Mitigation



Table 7.2 Descriptive statistics of the evaporation rate for various periods
Period Sample ID N Mean Std. dev. Min Q1 Median Q3 Max

9e11 July B3 26 0.10 0.13 0.00 0.02 0.05 0.09 0.47
C2 26 0.31 0.48 0.00 0.06 0.11 0.17 1.61
C3 26 0.29 0.32 0.03 0.12 0.22 0.28 1.39
S0 26 1.36 0.67 0.15 0.78 1.45 1.82 2.46
S1 26 0.87 0.57 0.09 0.44 0.74 1.10 2.01
S2 26 0.68 0.61 0.07 0.32 0.49 0.73 2.08
S3 26 0.93 0.51 0.09 0.51 1.00 1.39 1.76

10 July B3 13 0.04 0.03 0.01 0.01 0.05 0.06 0.10
C2 13 0.09 0.05 0.01 0.04 0.11 0.13 0.17
C3 13 0.18 0.10 0.03 0.11 0.22 0.23 0.31
S0 13 1.20 0.69 0.15 0.53 1.36 1.79 2.15
S1 13 0.68 0.40 0.09 0.31 0.72 0.95 1.37
S2 13 0.41 0.21 0.07 0.33 0.47 0.52 0.76
S3 13 0.87 0.50 0.09 0.48 1.05 1.20 1.62
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7.3.5 Effects of Permeability and Air Void Content on
Evaporation Rate

To examine the effects of permeability and air void content on evapo-
ration rate, the medians (highlighted in Table 7.2, which removes the
impact of outliers shown in Figure 7.9(a)) of evaporation rate over the
3 days (9–11 July) were plotted against the permeability and air void
content of the pavement materials (except the bare water), as shown in
Figure 7.10.

Except for S3 (sand) and S0 (bare water), the evaporation rate rank is S1,
S2, C3, C2, and B3. This is the same rank as the air void and permeability
for these materials. Sample S1 (19 mm gravel) has larger air void content
(46%, see Table 7.1) and higher permeability (0.29 cm/s, see Table 7.1) and
the largest evaporation rate (0.8 mm/h, 3-day average) compared to S2,
C3, C2, and B3 (Figure 7.9(a) and (b)). Among S1, S2, C3, C2, and B3,
sample B3 (9.5 mm) has the smallest air void content (12%) and lowest
permeability (0.11 cm/s) and the smallest evaporation rate (0.1 mm/h,
3-day average). This implies that the air void and permeability are positively
correlated to the evaporation rate for these permeable surface layer materials
and permeable gravel materials. A small air void and low permeability tend
to block the water evaporation from the materials and seal the moisture
inside the materials.

As shown in Table 7.1, the fine but well-graded sand S3 material (see
Figure 7.1 for the gradation) has a relatively smaller air void (15%) and low
permeability (5 � 10�3 cm/s) among the six materials (S1, S2, S3, C3, C2,
and B3). However, it has the highest evaporation rate (1.0 mm/h, 3-day
average) among all six materials and its evaporation rate is just lower
than but close to that of the bare water S0 (1.5 mm/h, 3-day average),
as shown in Figure 7.9(a) and (b). The reason for this might be that the
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Figure 7.10 Effects of (a) permeability and (b) air void content on evaporation rate.
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fine sand material has a small pore size and large surface-area-to-volume
ratio and consequently a high capillary effect compared to the materials
with a large pore size (e.g., the permeable concrete C2 or gravel S1). The
high capillary effect of the fine materials will easily move the water from
the bottom of the material to the top or surface, enhancing the water
availability near the surface of the material and the consequent evaporation
rate (see the discussion above). This suggests that improving the pore size
and enhancing the capillary effect of materials could help increase the
evaporation rate. However, reducing the pore size and increasing the
capillary effect might reduce the permeability. Therefore, an optimal
design of material with optimized pore size and adequate permeability is
desired.

All these findings imply again that high water availability near the
surface or moisture exposure to the atmosphere is critical for the evapo-
ration rate of pavement materials, as well as high air temperature and low
humidity. An increase in the air void and the permeability is one way to
improve the water availability near the surface or the moisture exposure to
the atmosphere for the pavement materials. Keeping the surface wet by
enhancing the capillary effect or sprinkling water on the surface is another
way that could increase the evaporation rate and consequently produces a
better evaporative cooling effect. The capillary effect depends on the air
void content and structure of the surface materials and the size of the air
void (i.e., pore size). This needs more experimental and theoretical research
to optimally design the materials, which is out of the scope of this chapter
and will be the next step of the study.

7.3.6 Effect of Water Level Depth on Evaporation Rate
As the water evaporates, the water level depth from the material surface
increases. To explicitly examine the effect of water level depth on
evaporation rate of permeable pavement materials, the relationship be-
tween evaporation rate and water level depth (estimated from remaining
water weight) is plotted in Figure 7.11 for the three permeable surface
materials (B3, C2, and C3, in (a)) and the three gravel materials (S1,
S2, and S3, in (b)). It is clearly shown that the evaporation rate of
permeable pavement materials decreases as the water level depth from
the material surface increases. For the three permeable surface materials
(Figure 7.11(a)), the evaporation rate decreases significantly when the
water level depth is over 20 mm. The evaporation rate decreases signif-
icantly when the water level depth is over 100 mm for the three gravel
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materials (Figure 7.11(b)). This confirms again that the availability of
water or moisture close to the surface is very important for the evapo-
ration rate.

7.4 SUMMARY AND CONCLUSIONS

The evaporation rate is an important factor that influences the evaporative
cooling effect of permeable pavements. It is determined by a complex
system of factors, such as air temperature, relative humidity, water tem-
perature, moisture content, air void content, air void size, and connecting
structure. To take an initial look at this complex system, a simple experi-
mental method was used to measure the evaporation rate and explore the
main factors affecting various pavement materials under hot summer out-
door conditions at a test site in Davis, California. The results can provide
some initial values of evaporation rate for the modeling and simulation of
the cooling effects of evaporation from pavement. Some main findings
from this experimental study include:
1. The peak evaporation rate of bare water is about 2.0–2.5 mm/h during

hot days, with 3-day average of 1.5 mm/h, which is higher than that of
water in any pavement materials tested.

2. The 3-day average evaporation rate of gravel materials (S1, S2, and S3)
is in the range of 0.5–1.0 mm/h. Fine sand with small pore size had a
higher evaporation rate compared to coarse gravel.

3. The permeable asphalt and concrete pavement surface materials have
3-day average evaporation rates in the range of 0.1–0.3 mm/h, which
is lower than the gravel materials because of their smaller air void con-
tent and lower permeability.
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Figure 7.11 Effect of water level depth on evaporation rate: (a) permeable surface
materials and (b) gravel materials.
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4. Evaporation rate of pavement materials is high during the daytime,
especially in the hot afternoon in summer, and low during the night-
time and especially in the cold early morning. High air temperature
and low humidity help enhance the evaporation rate, which is just
what is expected under hot conditions.

5. The air void and permeability are positively correlated to the evapora-
tion rate for these permeable surface layer materials and permeable
gravel materials except for sand. A small air void and low permeability
tend to block the water evaporation from the materials and seal the
moisture inside the materials.

6. Improving the pore size and enhancing the capillary effect of materials
could help increase the evaporation rate.
All these findings imply that high water availability near the surface or

large moisture exposure to the atmosphere are critical for the evaporation
rate of pavement materials, as well as high air temperature and low hu-
midity. Based on the findings, it can be concluded that increasing the air
void and the permeability is one way to improve the moisture exposure to
the atmosphere and enhance the evaporation for the pavement materials.
Keeping the surface wet by enhancing the capillary effect or sprinkling
water on the surface is another way that could increase the availability of
water or moisture close to surfaces and the evaporation rate and conse-
quently produce a better evaporative cooling effect. The capillary effect
depends on the air void content and connecting structure in the surface
materials and the size of the air void (i.e., pore size). More experimental
(e.g., with larger sample size and sample number) and theoretical studies are
recommended to evaluate and optimally design the evaporative cooling
effect of pavement materials with adequate permeability.
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8.1 OBJECTIVES

The objectives of this chapter are to: (1) instrument experimental sections
of various pavement types, (2) observe the thermal behavior of the pave-
ment types in different seasons and under various moisture conditions, (3)
compare the thermal performances of the pavement types, and (4) examine
the factors affecting the thermal performance of the pavements.

8.2 METHODOLOGY

8.2.1 Experimental Sections
The nine 4-m by 4-m (13-ft by 13-ft) experimental sections (see Section 4.3
in Chapter 4), which were constructed during the summer of 2011 at the
University of California Pavement Research Center test facilities in Davis,
California, were used to empirically examine the thermal behaviors of various
pavement types in different seasons and under various moisture conditions.
The experimental sections include three different pavement surfacing ma-
terials, namely interlocking concrete paver (surfacing type A), asphalt con-
crete (surfacing type B), and concrete (surfacing type C). For each pavement
surfacing type, one impermeable pavement design (design 1) and two
permeable pavement designs (designs 2 and 3) were prepared. Both of the
permeable interlocking concrete paver pavements had the same cross-
section, the difference is in the solar reflectivity of the pavers. Both of the
porous asphalt sections had the same surface material, the difference is in the
thicknesses of the surface layers. The two pervious concrete sections had
different thicknesses and concrete surface material mix designs, meaning that
the aggregate gradations, cement contents, and other ingredient proportions
were different. The pervious concrete section C2 was darker than C3, which
resulted in different albedos. More details on the material characteristics,
which were measured previously, are summarized in Table 8.1.

8.2.2 Instrumentation for Experimental Sections
The pavement sections were instrumented for monitoring the temperature,
albedo, weather conditions, and water table. The instruments for the test
sections used for the experiments presented in this chapter and some other
chapters are summarized in Table 8.2.

Eight type T thermocouple sensors were embedded into the pavement
layers and near-surface air for monitoring the temperature of both pavements
and near-surface air on each test section. Examples of the locations of the
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Table 8.1 Summary of material characteristics for test sections
Section no.,/
Layer Material

Hydraulic conductivitya

(cm/s) Albedo
Thermal conductivity
(W/(m �C))

Heat capacity
(J/(kg �C))

Density
(kg/m3)

A-1 Paver-I e 0.28 e e e
A-2 Paver-P 0.62 0.25 e e e
A-3 Paver-P 0.50 0.28 e e e
B-1 Asphalt-D e 0.09 1.73 852 2399
B-2 Asphalt-O 0.11 0.08 1.24 763 2269
B-3 Asphalt-O 0.06 0.08 1.23 798 2239
C-1 Concrete-D e 0.29 1.83 1001 2257
C-2 Concrete-O 0.21 0.18 1.38 912 1980
C-3 Concrete-O 0.29 0.26 1.29 761 2050
Base Aggregate-D e 0.20 e e 2250
Base Aggregate-O e 0.18 e e 1650
Subgrade Soil-U 1.08 � 10�3 0.22 e e e
Subgrade Soil-C 4.95 � 10�4 0.22 e e e

I, impermeable; P, permeable; D, dense graded; O, open graded; U, uncompacted; C, compacted.
aASTM C1701 method used.
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thermocouple sensors for sections B1–B3 are shown in Figure 8.1. Six of eight
thermocouple sensors were embedded into each pavement section tomonitor
the pavement temperature (two for the pavement surface and four for the in-
depth pavement layers at 1.27, 3.81, 6.35, and 25.4 cm (0.5, 1.5, 2.5, and
10 in) below the surface) and two for the near-surface air (at 5.1 and 12.7 cm
(2 and 5 in) above the surface), as shown in Figure 8.1 and Figure 8.2(a).

The temperature data were recorded and collected with a CR-10X data
logger with a time interval of 10 min (Figure 8.2(b) and (c)). In addition to the
temperature data of pavements and near-surface air on the test sections, the
on-site weather data, including air temperature and humidity, solar radiation,
wind speed and direction, rainfall, and air pressure, were monitored as well
with the nearby weather station instruments and recorded using the CR-10X
data logger with a time interval of 30 min, as shown in Figure 8.2(d).

8.2.3 Overall Experiment Plan
The overall experiment plan is presented in Table 8.3, showing the two
main experiments:
1. thermal performance of various pavements (including asphalt, concrete,

and paver; permeable and impermeable) in different seasons;
2. thermal performance of various permeable pavements compared with

impermeable pavements under dry and wet conditions in the summer.

Table 8.2 Instruments used for test sections
Item Type/Made Quantity Note

Thermocouple
wire

8TX20PPa 220 m
(722 ft)

For pavement, near-surface
air, and wall

Data logger CR10Xb 3 each For temperature, albedo, and
weather station

CR1000b 2 each For wall temperature and
thermal properties

Multiplex AM25Tb 5 each For pavement, near-surface
air, and wall

Albedometer 240-8140c 2 each For pavement and other land
covers

Weather station GRWS100b 2 each For test sections and other
on-site pavements

Water table well Tube 6 each One for each permeable
section

aOmega Engineering, Inc.
bCampbell Scientific, Inc.
cNovaLynx Corporation.
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8.3 THERMAL PERFORMANCE OF VARIOUS PAVEMENTS
IN DIFFERENT SEASONS

This section presents the experimental results and discussion regarding the
thermal performance of the pavements (including asphalt, concrete, and
paver; permeable and impermeable) in different seasons, including:
1. overview of temperature profiles at various locations over a hot 3-day

period;
2. diurnal variation of surface temperatures of the various pavements;
3. times of maximum and minimum air temperature, solar radiation, and

pavement surface temperature;
4. seasonal variation of surface temperatures of the pavements;
5. in-depth pavement temperatures (�25.4 cm (10 in) deep);
6. near-surface air temperatures of the various pavements;

Figure 8.1 Cross-sections and sensor locations for the test sections. (a) Section B1.
(b) Section B2. (c) Section B3. Note: D, dense-graded; O, open-graded. 1 in ¼ 25.4 mm.
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7. initial comparison of the thermal performances of permeable and imper-
meable pavements;

8. calculated heat exchange between pavement and near-surface air.

8.3.1 Overview of Temperature Profiles at Various Locations
over a Hot 3-Day Period

This section presents an overview of the temperature profiles at various
locations on the pavements in hot summer, to briefly examine the thermal
behavior of the pavements (asphalt, concrete, and paver).

The 3-day temperature profiles over time in September 2011 at various
locations are plotted in Figure 8.3 for one permeable paver pavement (A3),
one permeable asphalt pavement (B3), and one permeable concrete

(a) (b)

(d)(c)

Figure 8.2 Instrumentation and data collection system. (a) Thermocouple sensors.
(b) Data collection system (inside). (c) Data collection system (outside). (d) Weather
station.
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pavement (C3). The properties of these three pavements are summarized
in Table 8.1. The ambient air temperature (Air Temp. in Figure 8.3),
which was measured from a nearby weather station at around 2 m above
the ground, is plotted as well for comparison. It is noted that the pavement
temperature profiles change over time following the variation pattern of
the ambient air temperature. The highest pavement temperatures
happened at the surface around noon and were about 15–30 �C higher
than the highest ambient air temperature. The lowest pavement temper-
atures happened around the surface in the early morning and were about
3–8 �C higher than the lowest ambient air temperature. The pavement
surface had the largest fluctuation in temperature compared to the other
in-depth locations. As the depth increased, the temperature fluctuation
went down. When the depth was 61 cm (24 in) below the surface, the
temperature (C3_24 in in Figure 8.3(c)) was almost constant at 30 �C over
the whole 3-day period.

The near-surface air temperatures (5.1 and 12.7 cm (2 and 5 in) above
the pavement surface) show a variation pattern similar to that of the
ambient air temperature. Owing to heating by the pavement surface, the
near-surface air temperatures were higher than the ambient air temperatures

Table 8.3 Overall experiment plan for test sections

Experiment
Monitoring
variable

Monitoring
section Date Condition

Thermal
performance
of pavements
in different
seasons

Temperatures
of in-depth
pavement,
surface, and
near-surface
air

All sections
(A1eA3,
B1eB3,
and
C1eC3)

15
September
2011e31
October
2012

As is
(natural) for
different
seasons

Thermal
performance
of permeable
pavements
under dry
and wet
conditions in
summer
(compared
with
impermeable
pavements)

Temperatures
of in-depth
pavement,
surface, and
near-surface
air; thermal
images

All sections
(A1eA3,
B1eB3,
and
C1eC3)

Irrigation
on a hot
day for
each
summer of
2011 and
2012 (21
September
2011 and
10 July
2012)

Dry and
wet
(irrigation
on six
permeable
sections:
A2, A3, B2,
B3, C2, and
C3)
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Figure 8.3 Temperature profiles of various permeable pavements at various locations
in summer 2011. (a) Paver pavement (A3). (b) Asphalt pavement (B3). (c) Concrete
pavement (C3). Air temperature (Air Temp.) was measured from a nearby weather station
at 2 m above the ground. Dates are given as month/day.
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at 2 m above the ground. The daytime temperature differences between
the near-surface air at 12.7 cm (5 in) above the surface and the ambient
air were around 5–10 �C, and the largest differences happened around
4:00–5:00 PM, when the ambient air temperature reached its peak. During
the nighttime, the temperature differences were not that significant, typi-
cally between about 0 and 2 �C at 12.7 cm (5 in) above the surface. The
temperature differences were larger closer to the pavement surface (the
near-surface air temperature at 5.1 cm (2 in) above the surface was higher
than that at 12.7 cm (5 in) above).

8.3.2 Diurnal Variation of Surface Temperatures of Various
Pavements

In the previous section, it was shown that the extreme pavement tem-
peratures happen at the pavement surface. The critical pavement surface
temperatures have a great influence on the near-surface air temperature
and consequently affect human thermal comfort and air quality. This
section is dedicated to further examining the diurnal variation of pavement
surface temperature in different seasons for various pavements (concrete
pavement section C1, paver pavement section A1, and asphalt pavement
section B1).

The surface temperatures of the three different pavements on one clear
sunny day of each season were monitored and are plotted in Figure 8.4.
The weather data (ambient air temperature, wind speed, and solar radia-
tion), which were taken from a nearby weather station at around 2 m above
the ground, are also presented in Figure 8.4 for reference.

It is clearly shown that there are differences in temperature for different
pavements. The darker asphalt pavement (B1) has a higher surface tem-
perature than the concrete (C1) and paver (A1) pavements with light color.
The temperatures of the paver pavement (A1) are slightly higher than those
of the concrete (C1) owing to the slightly lower albedo of the paver (0.28
vs 0.29). The surface temperature of the asphalt pavement (B1) reached up
to almost 70 �C (158 �F) in summer (Figure 8.4(c)), compared to 50 �C
(122 �F) for the concrete pavement (C1). The differences in peak tem-
perature between asphalt (B1) and concrete (C1) pavements were about
10–20 �C, depending on the weather conditions and season. During
nighttime, the surface temperatures of the three pavements were very
close to one another, but still higher than the ambient air temperature by
2–10 �C. The difference in surface temperatures between asphalt and
concrete pavements was determined mainly by the color of pavement
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surface (i.e., the solar reflectivity or albedo, w0.1 for asphalt, 0.18–0.29 for
concrete, 0.25–0.28 for paver, see Table 8.1). The higher the albedo of the
pavement, the more solar radiation is reflected and the less is absorbed by
the surface, which will produce a lower surface temperature. The asphalt
pavement had a darker color and consequently a lower albedo and a higher
surface temperature, compared to the concrete pavement. The difference in
surface temperatures between the concrete and the asphalt was higher
(w20 vs w10 �C) during summer, with a high solar radiation (peak in-
tensity of w1000 W/m2 in Figure 8.4(c)), than in winter, with a low solar
radiation (peak intensity ofw500 W/m2 in Figure 8.4(a)). This implies that
increasing the albedo is an effective strategy to reduce the surface tem-
perature, especially for the climates and seasons with high solar radiation.
The observation discussed above is further confirmed by the diurnal vari-
ation in surface temperatures in 3 days of each season for all nine experi-
mental pavements as shown in Figure 8.5.
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Figure 8.4 Diurnal variation of surface temperature and weather data on 1 day of each
season. (a) Winter. (b) Spring. (c) Summer. (d) Fall. Weather data (air temperature, wind
speed, and solar radiation) were measured from a nearby weather station at around 2 m
above the ground. Dates are given as month/day.
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8.3.3 Times of Maximum and Minimum Air Temperature,
Solar Radiation, and Pavement Surface Temperature

The times when the maximum and minimum air temperatures, solar ra-
diation, and pavement surface temperatures happen in 1 day are important
because they are important for human thermal comfort analysis related to
the use of outdoor space and have a potential influence on the peak power
for building cooling and heating. This section presents an examination on
this issue of times of maximum and minimum for various pavements
(concrete pavement section C1, paver pavement section A1, and asphalt
pavement section B1) in different seasons.

Figure 8.6 presents the times of maximum air temperature, solar radi-
ation, and pavement surface temperature on one sunny day of each season.
The peak solar radiation intensity happens around 13:00 h. The maximum
air temperature happens at 16:00–17:00 h. The peak pavement surface
temperature occurs at around 15:00 h. The times when the minimum air
and pavement surface temperatures happen are very close to each other, at
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Figure 8.5 Diurnal variation in surface temperatures in 3 days of each season. (a) Winter.
(b) Spring. (c) Summer. (d) Fall. Air temperature (Air Temp.) was measured from a nearby
weather station at around 2 m above the ground. Dates are given as month/day.
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around 06:00 h in the early morning. The lowest solar radiation in a day is
zero and happens during night after sunset.

Statistical times of maximum and minimum air temperature, solar
radiation, and pavement surface temperature on each day of 1 year (August
2011–July 2012) are presented using histograms in Figure 8.7. The frequency
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distributions of the times are also shown in Figure 8.7. The median times of
maximum and minimum air temperatures, solar radiation, and pavement
surface temperatures are listed in Table 8.4. This table shows that the solar
radiation peaks first at 13:00 h, and the air temperature reaches its peak at
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Figure 8.7 Statistical times of maximum and minimum air temperature, solar radia-
tion, and pavement surface temperature in 1 year. (a) Min air temperature. (b) Max air
temperature. (c) Max solar radiation. (d) Min pavement surface temperature. (e) Max
pavement surface temperature.
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16:00 h. The pavement surface temperature reaches its peak at 14:30 h,
which is 1.5 h later than the solar radiation and 1.5 h earlier than the air
temperature. The lowest air temperature happens at 06:00 h, which is half
an hour earlier than that of pavement surface temperature (06:30 h). This
information can be used for setting boundary conditions for modeling and
simulation of pavement temperature, which will be addressed later in this
dissertation.

8.3.4 Seasonal Variation of Surface Temperatures of Various
Pavements

This section examines the seasonal change in surface temperatures in 1 year
for various pavements (concrete (C1), paver (A1), and asphalt (B1) pave-
ments), which is of significance to comprehensively evaluate the thermal
performance of the pavements.

The daily maximum and minimum surface temperatures of concrete
(C1), paver (A1), and asphalt (B1) impermeable pavements over 1 year are
extracted and plotted in Figure 8.8, along with daily maximum and min-
imum ambient air temperatures for reference. As observed previously, the
changes in daily maximum and minimum pavement surface temperatures
follow the same pattern as the ambient air temperature. The pavement
surface temperatures are generally higher than the ambient air temperatures
over the year, even for the daily minimum temperature during winter
(Figure 8.8(b)). The daily maximum surface temperature of asphalt pave-
ment (B1) was higher than that of the concrete (C1) and paver (A1)
pavements and the ambient air temperature as well. The temperature dif-
ferences between them were higher during summer than winter owing to
the difference in solar radiation of the different seasons. During summer, the
daily maximum surface temperature of asphalt pavement (B1) was around
20 �C higher than that of the concrete (C1) (owing to the lower albedo of
asphalt pavement compared to concrete pavement, 0.09 versus 0.29 as
shown in Table 8.1) and around 16 �C higher than that of paver (A1)

Table 8.4 Median times of maximum and minimum air
temperatures, solar radiation, and pavement surface temperatures
Item Time of min Time of max

Air temperature 06:00 16:00
Solar radiation ea 13:00
Pavement surface temperature 06:30 14:30
aAll are zero and minimum during nighttime.
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pavement (higher albedo of A1 0.28 as shown in Table 8.1) and about
30 �C higher than the ambient air temperature. During winter, the daily
maximum surface temperature of asphalt pavement (B1) was around 10 �C
higher than that of the concrete (C1) and around 8 �C higher than that of
the paver (A1) pavements and about 15 �C higher than the ambient air
temperature. There were no significant differences in the nighttime daily
minimum surface temperatures between the three pavements for both
summer and winter, and they were about 10 and 5 �C higher than the
ambient air temperature for summer and winter, respectively.
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Figure 8.8 Daily maximum and minimum air temperatures and pavement surface
temperatures over 1 year. Concrete (C1), paver (A1), and asphalt (B1) pavements. Dates
are given as month/day/year. (a) Max temperature. (b) Min temperature.
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8.3.5 In-depth Pavement Temperatures (‡25.4 cm (10 in)
Deep)

This section examines the profiles and seasonal changes in temperature of
the deeper layers of the impermeable and pervious concrete pavements
(C1–C3), providing some understanding of the thermal behavior of
in-depth pavements beyond the pavement surface.

The in-depth temperatures of impermeable and pervious concrete
pavements (C1–C3) at various depths over 3 days of each season are pre-
sented in Figure 8.9. The temperatures at 24 in (C3_24 in) are generally
constant for each season and are around 10, 20, 30, and 25 �C for winter,
spring, summer, and fall, respectively. More detailed in-depth temperatures
can be found from the year-round plot (Figure 8.9(e)). This information
can be used for temperature boundary conditions for modeling and
simulation of pavement temperature, which will be addressed later in this
dissertation.

8.3.6 Near-Surface Air Temperatures of Various Pavements
This section examines the behavior of near-surface air temperatures of
various pavements (concrete pavement section C1, paver pavement section
A1, and asphalt pavement section B1) in different seasons, providing here a
brief understanding of the thermal behavior of the near-surface air above
pavements and thermal interactions between near-surface air and pavement.

The near-surface air temperatures of three different pavements (2 in
above the pavement surface) are presented in Figure 8.10 for 1 day of each
season. The near-surface air temperatures are generally higher than the
ambient air temperature measured at 2 m high, especially during the day-
time. High near-surface air temperatures heated up by pavement surfaces
will potentially have an influence on the air quality (especially the formation
of ground-level ozone) and thermal comfort (especially for children, whose
body mass is closer to the surface). More details about the near-surface air
temperatures and thermal interactions between them and pavement surfaces
will be discussed in Chapter 9.

8.3.7 Initial Comparison of Thermal Performance
of Permeable and Impermeable Pavements

This section comparatively examines the thermal behavior of permeable
and impermeable pavements, under the same weather conditions, due to
the differences in thermal properties (i.e., thermal conductivity and heat
capacity) as shown in Table 8.1. To reduce the influence of differences in
albedo, the permeable asphalt pavement (B3) and impermeable asphalt
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pavement (B1), which have similar albedos (0.08 vs 0.09 as shown in
Table 8.1), were selected for comparison of thermal performance.

The surface temperatures of the permeable pavement (B3) and imper-
meable pavement (B1) are plotted in Figure 8.11 for 1 day of each season,
along with the ambient air temperature for reference. It is observed that the
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Figure 8.9 Variation of in-depth pavement temperatures (�25.4 cm (10 in) deep).
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permeable pavement (B3) shows a higher daytime peak temperature than
the impermeable pavement (B1) by about 5 �C during the dry seasons of
spring (Figure 8.11(b)) and summer (Figure 8.11(c)). However, during the
wet seasons (see Figure 8.12 for rainfall data) of winter (Figure 8.11(a)) and
fall (Figure 8.11(d)), the permeable pavement (B3) shows a slightly lower
daytime peak temperature. In addition, the permeable pavement (B3)
shows a lower temperature during nighttime than the impermeable pave-
ment (B1). This implies that the permeable pavement can help to mitigate
the nighttime heat island effect (usually the heat island intensity, i.e., the
temperature difference, is larger during nighttime than daytime), compared
to the impermeable pavement, although it produces a higher daytime
temperature under dry conditions.

The open-graded materials (in permeable pavement B3) have a lower
thermal conductivity and heat capacity than the dense-graded materials
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Figure 8.10 Near-surface air temperatures of various pavements (2 in (5 cm) above
the pavement surface). Dates are given as month/day. (a) Winter. (b) Spring.
(c) Summer. (d) Fall.
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Figure 8.11 Comparison of thermal performance of permeable (B3) and impermeable
(B1) pavements. Dates are given as month/day. (a) Winter. (b) Spring. (c) Summer.
(d) Fall.
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Figure 8.12 Rainfall data in 1 year (October 2011 to November 2012). Dates are given
as month/day/year. 0:00 indicates midnight.
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(in impermeable pavement B1) (as discussed in Chapter 6 and shown in
Table 8.1). The permeable asphalt pavement section (B3) presented a higher
daytime surface temperature than the impermeable pavement (B1) under
the dry condition. This might be because the lower thermal conductivity
increases the thermal resistance and thus the difficulty in conducting heat
into the deeper pavement layers, which levels and keeps the heat near the
surface. Moreover, because of its lower heat capacity compared to dense-
graded material, the open-graded material will be heated up to a higher
temperature under the same amount of energy absorbed from solar radiation
or the surroundings during the daytime or hot periods. On the other side,
just owing to its lower heat capacity, the open-graded material has less
thermal energy (or heat) stored in the solid body around the surface to lose
into the cold ambient air during the nighttime or cold periods. Also,
because of its lower thermal conductivity compared to the dense-graded
material, it is much more difficult for the open-graded material to
conduct heat to the surface from the underlying layers to supply more
energy to lose into the cold surface and near-surface air. These two aspects
will significantly increase the possibility of the open-graded material pro-
ducing a lower surface temperature when the same amount of heat is lost
into the ambient air during the nighttime or cold periods. This theoretically
confirms that the permeable pavement composed of open-graded materials
can be a potential strategy to counter the nighttime heat island effect
because of its lower surface temperature and the smaller amount of heat
released into the ambient air during the night. However, as mentioned
previously, attention should be given to its potentially higher surface
temperature during the daytime under the dry condition.

To make an initial examination of the thermal performance and cooling
effect of the permeable pavement under wet conditions during summer,
water was irrigated into permeable pavement section B3 from 15:00 h (the
time with highest surface temperature) to 23:00 h on 10 July 2012. The
water flow rate was about 0.35 m3/h during irrigation. The pavement
section was irrigated until it was filled up with water. The surface tem-
peratures of the permeable pavement (B3) are presented in Figure 8.13 for
the period of 9–12 July 2012, which includes 1 day before the irrigation
and 2 days after. The surface temperatures of the impermeable pavement
(B1) are also plotted for reference as well as the ambient air temperature
during the period.

Under the dry condition before irrigation (9 July 2012), the permeable
pavement (B3) produced a higher daytime surface temperature than the
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impermeable pavement (B1), by about 5 �C. However, under the wet
condition after irrigation (11 July 2012), the permeable pavement (B3)
showed a lower daytime surface temperature than the impermeable pave-
ment (B1), by about 5 �C as well, although the peak ambient air tem-
perature under the wet condition (9 July 2012) was about 3 �C higher than
that under the dry condition (9 July 2012). During the irrigation, especially
immediately after the irrigation started (16:00 h on 10 July 2012), the
surface temperature of the permeable pavement (B3) was lowered by over
30 �C. It is also noted that the cooling effect of irrigation into the
permeable pavement vanishes over time as the moisture surface level moves
down inside the pavement owing to evaporation and infiltration into the
subgrade. This is verified by the decreased cooling effect 2 days after irri-
gation (12 July 2012).

These observations imply that irrigation can help to lower the daytime
pavement surface temperature of permeable pavements and consequently
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Figure 8.13 Thermal performance of permeable pavement (B3) with and without
irrigation.
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mitigate the heat island effect and improve thermal comfort. The cooling
effect depends on the availability of moisture around the pavement surface
and will vanish over time as the moisture decreases. Therefore, water can
be irrigated into the permeable pavement during the late afternoons or
evenings in summer. Especially when the weather report forecasts a very
hot day coming, this strategy can be conducted during the night before to
mitigate the heat wave coming the next day and improve thermal
comfort.

8.3.8 Calculated Heat Exchange between Pavement
and Near-Surface Air

This section comparatively examines the thermal interaction (or heat
exchange) between the pavement and the near-surface air and other
surroundings such as walls and buildings, which is another important aspect
to examine in addition to pavement temperatures. The heat released by the
pavement to its surroundings is the focus of this study.

The heat exchange processes include reflected short-wave solar radia-
tion, emitted long-wave radiation, and convective heat. The sum of the
reflected short-wave solar radiation and emitted long-wave radiation from
pavement surface is called radiosity. It is the total radiation (sensible heat)
from the pavement surface that might hit and be absorbed by the
surroundings such as building surfaces or human bodies. The convective
heat is the energy exchanged through convection between the pavement
and the near-surface air.

Based on the theory of heat transfer and radiation (see Chapter 11,
Section 11.3, for more details), the heat flux of these heat exchanges of
pavements were calculated and are presented in Figure 8.14 for one sunny
day in summer. The convective heat of the asphalt pavement (B1) is higher
than that of the other pavements because of its high surface temperature.
This means more convective heat will be released into the near-surface air
by the asphalt pavement than the concrete pavement (C1 and C2) and the
interlocking concrete paver pavement (A1). In addition, more long-wave
radiation is emitted by the asphalt pavement with higher surface temper-
ature. However, the concrete pavement with high albedo reflects more
short-wave solar radiation than the asphalt pavement. The sum of the
reflected short-wave solar radiation and the emitted long-wave radiation,
i.e., radiosity, is higher for the concrete pavement (C1 and C2) than the
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asphalt pavement (B1). This implies that, although the concrete pavement
produces a lower surface temperature and lower emitted long-wave ra-
diation and convective heat owing to the low surface temperature led by
high albedo, it will increase the reflected short-wave solar radiation and
might increase the radiosity, the total sensible energy released by the
surface. The increased radiosity of concrete pavement might hit and be
absorbed by its surroundings, such as building surfaces and human bodies,
leading to increased building energy use for cooling and reduced human
thermal comfort. Therefore, optimal context-sensitive design of the
pavement albedo is of great significance to ensure a net benefit in terms of
energy use or human thermal comfort or both.
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Figure 8.14 Heat flux from pavement surfaces. q_ref is reflected short-wave solar
radiation; q_em is emitted long-wave radiation; q_radio is radiosity and equal to
q_ref þ q_em; q_conv is convective heat. C1 is light concrete pavement; C2 is dark
concrete pavement; A1 is paver pavement; B1 is asphalt pavement. Dates are given as
month/day.
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8.4 THERMAL BEHAVIOR AND COOLING EFFECT OF
PERMEABLE PAVEMENTS UNDER DRY AND WET
CONDITIONS

This section is dedicated to the experimental investigation of the cooling
effect and the uncertainty about permeable pavements. All the permeable
pavements, including porous asphalt, pervious concrete, and permeable
paver, might have similar thermal behaviors and cooling effects compared
to the corresponding impermeable pavements. Since the albedos were close
for the permeable and impermeable asphalt sections in this experimental
study (0.008 vs 0.09 as shown in Table 8.1), they were directly comparable
for examining the cooling effects of permeable compared to impermeable
pavement. Therefore, this section focuses on the three asphalt sections
(B1–B3). The same results can be inferred for concrete pavement and
interlocking concrete paver.

The experimental results on the thermal behavior and cooling effects of
permeable asphalt pavements under both dry and wet conditions compared
to the conventional impermeable asphalt pavements are presented here, and
the factors affecting the thermal behavior of permeable asphalt pavements
are quantified through field measurement on experimental sections.

8.4.1 Wetting/Irrigation Experimental Procedure
Three asphalt sections (B1–B3) were used for this experimental investigation.
B1 was impermeable asphalt pavement used as a control. Both of the porous
asphalt sections (B2 and B3) had the same surface material, the difference was
in the thickness of the surface layers (see Figure 8.1 for cross-sections and
sensor locations). The temperature data of pavements under dry conditions
were recorded from 15 to 21 September 2011. In the late afternoon of 21
September 2011, as a pavement thermal management strategy, water was
irrigated into the two permeable test sections to put the pavements under the
wet condition. Approximately 3.19 and 3.29 m3 of water was irrigated into
sections B2 and B3, respectively. The water levels were then free to drop
under the natural processes of infiltration and evaporation. The temperature
data for these two permeable pavements under the wet condition were
continuously recorded from 21 to 30 September 2011.

8.4.2 Statistical Analysis
First of all, time-series plots were used as an illustrative method to analyze
and interpolate the data of the temperature profiles. This method is a
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convenient way of graphically depicting the variation of temperature over
time for each location and each test section. In addition, a descriptive
statistics analysis was performed for each test section and the mean values of
temperature differences and cooling degree hours and heating degree hours
were used to quantitatively compare the thermal behavior and cooling
effects of the permeable asphalt pavements. Finally, discontinuity-based
ordinary least squares linear regression analysis was performed to quantita-
tively evaluate the cooling effects of the permeable pavements under both
dry and wet conditions.

8.4.3 Results and Discussion
8.4.3.1 Temperature Profiles on Pavements
The temperature profiles of eight locations on each test section (two for
near-surface air at 2 and 5 in (5 and 12.5 cm) above the surface, two for the
pavement surface, and four for in-depth pavement layers at 0.5, 1.5, 2.5,
and 10 in (1.25, 3.75, 6.25, and 25 cm) below the surface) are shown in
Figure 8.15. To more easily compare the temperature profiles, the tem-
perature differences between permeable pavements (section B2 and B3)
and conventional impermeable pavements (section B1) were plotted over
time in Figure 8.16. Generally, under the dry condition, the daytime high
temperatures of the permeable pavements were higher than those of the
impermeable pavement; the nighttime low temperatures of the permeable
pavements were slightly lower than those of the impermeable pavement.
This indicates that the permeable pavement under dry conditions will
produce a worse thermal behavior with higher diurnal fluctuation of
temperature and gradient compared to impermeable pavement. However,
under the wet condition, the permeable pavement will produce a better
thermal behavior with lower diurnal fluctuation of temperature and
gradient, which means it will produce a lower daytime high temperature
and a higher nighttime low temperature. The cooling effect of permeable
pavement depends on the moisture available and the evaporation rate on
the pavement. As discussed in Chapter 7, the water table after irrigation will
drop over time owing to infiltration and evaporation (see Figure 8.21) and
the moisture available near the pavement surface will be reduced, and
consequently the evaporation rate will decrease (see Figure 7.6). Therefore,
the cooling effect of irrigation of the permeable pavement diminishes over
time as the moisture surface level moves down inside the pavement because
of evaporation and infiltration into the subgrade. This implies that irriga-
tion can help to reduce the daytime pavement surface temperature of
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permeable pavements and consequently mitigate the heat island effect and
improve thermal comfort. The cooling effect depends on the availability of
moisture around the pavement surface and will vanish over time as the
amount of moisture decreases. One approach is that water can be irrigated
into the permeable pavement during the late afternoons or evenings in
summer. This is especially beneficial when the weather report forecasts a
very hot day coming; this strategy can be conducted during the night
before to mitigate the heat wave coming the next day and improve thermal
comfort.

Statistical temperature differences (overall cooling effect during the test
period) between the permeable pavements (B3 and B2) and the imper-
meable pavement (B1) under dry and wet conditions are plotted in
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Figure 8.15 Temperature profiles at eight locations on each test section, B1–B3, versus
local standard time (LST). Dates are given as month/day/year.
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Figure 8.17 for each location. It can be seen that the overall average cooling
effect of permeable pavements under dry conditions throughout a day is not
as significant as that under the wet condition (even hotter around noon as
observed previously). This also confirms the findings from the study on
porous concrete pavements conducted by Kevern et al. [61].

8.4.4 Degree Hours for Quantitative Temperature
Comparison over a Period

Degree hours (or degree days) are essentially a simplified representation of
outside air-temperature data. They are widely used in the energy industry
for calculations relating to the effect of outside air temperature on building
energy consumption [166]. Degree hours include cooling degree hours and
heating degree hours.
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Figure 8.16 Temperature differences between permeable pavements (sections B2 and
B3) and conventional impermeable pavement (section B1) versus local standard time
(LST). Dates are given as month/day/year.
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“Cooling degree hours,” or “CDH,” are a measure of how much (in
degrees), and for how long (in hours), outside air temperature is higher than
a specific “base temperature” (or “balance point”). They are used for cal-
culations relating to the energy consumption required to cool buildings.

“Heating degree hours,” or “HDH,” are a measure of how much (in
degrees), and for how long (in hours), outside air temperature is lower than a
specific base temperature. They are used for calculations relating to the
energy consumption required to heat buildings.

In this case, our focus is on the comparison of pavement temperature
profiles over a period, which would affect the near-surface air temperature
profile determining the energy consumption required to cool and heat
buildings and the human comfort. Therefore, cooling and heating degree
hours are employed here as indirect indicators of the energy consumption
required for cooling and heating.

If the average temperature for the hour falls below the heating base
temperature of 18 �C (lower limit for human comfort, see Table 13.2), the
degree hour is recorded as a heating degree hour. A cooling degree hour is
recorded if the average air temperature for the hour rises above the cooling
base temperature of 26 �C (upper limit for human comfort, see Table 13.2).
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Figure 8.17 Statistical temperature difference (overall cooling effect through a day) of
permeable pavements (B2 and B3) compared to conventional impermeable pavement
(B1) under dry and wet conditions over the whole test period. Negative difference
means permeable pavement is cooler.
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Over a period, the total cooling degree hours and heating degree hours are,
respectively, the blue and red area shown in Figure 8.18.

The total cooling degree hours and heating degree hours of sections B1,
B2, and B3 over a period of 7 days (converted to the same period of 7 days
for both dry and wet conditions to allow direct comparison for the hot
weather, and this is an example of the type of analysis that can be per-
formed) are listed in Table 8.5.

The major findings from the results include:
1. Compared to the impermeable pavement B1, the permeable ones of B3

and B2 produce lower CDH and slightly higher HDH under wet con-
ditions owing to evaporative cooling, although the CDH and HDH
generally are slightly higher under dry conditions (owing to lower ther-
mal conductivity and heat capacity).

2. For the two permeable pavement sections B3 and B2, both CDH and
HDH are generally lower under wet conditions than under dry condi-
tions as the effect of water evaporation contributes to more moderate
temperatures of pavement surface and near-surface air.

3. Compared to B3, with a thick asphalt layer (8 in), the thin section
B2 (4 in) has slightly lower CDH and HDH under both dry and
wet conditions as less heat is stored in and later released from thin
pavement.

4. These findings imply that thin permeable pavement can produce more
moderate temperatures of pavement surface and near-surface air and
thus reduce the thermal stress on human bodies and potentially lower
the cooling and heating load of buildings and vehicles.

Figure 8.18 Cooling degree hours (CDH) and heating degree hours (HDH) over a period.
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Table 8.5 Thermal load of cooling and heating degree hours (a) CDH and HDH of various sections in 7 days and (b) differences in CDH
and HDH from B1 in 7 days

(a)
Section Location

Dry Wet

CDH na HDH na CDH na HDH na

B3 (thick asphalt permeable) In-depth B3_10 in 1316 168 0 0 799 168 0 0
B3_2.5 in 1372 168 0 0 967 168 0 0
B3_1.5 in 1297 163 2 5 923 163 3 5
B3_0.5 in 1225 155 19 13 883 153 19 15

Surface B3_Surface1 1652 153 25 15 1239 144 42 24
B3_Surface2 1650 149 31 19 1228 139 59 29

Near-surface air B3_Air2 in 716 124 137 44 541 120 110 48
B3_Air5 in 598 119 161 49 466 115 126 53

B2 (thin asphalt permeable) In-depth B2_10 in 1057 168 0 0 658 168 0 0
B2_2.5 in 1295 168 0 0 894 167 0 0
B2_1.5 in 1308 162 4 6 888 163 4 5
B2_0.5 in 1271 153 28 15 851 151 22 17

Surface B2_Surface1 1514 142 53 26 1072 141 51 27
B2_Surface2 1574 141 54 27 1126 141 49 27

Near-surface air B2_Air2 in 735 123 140 45 531 121 107 47
B2_Air5 in 612 119 159 49 440 117 123 51

B1 (dense control) In-depth B1_10 in 1221 168 0 0 1147 168 0 0
B1_2.5 in 1375 168 0 0 1152 168 0 0
B1_1.5 in 1283 162 4 6 1053 165 2 3
B1_0.5 in 1154 154 26 14 952 159 9 9

Surface B1_Surface1 1474 155 21 13 1243 154 18 14
B1_Surface2 1526 156 20 12 1283 154 19 14

Near-surface air B1_Air2 in 720 124 134 44 551 124 95 44
B1_Air5 in 609 121 148 47 470 121 106 47
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(b)
Section Location

Dry Wet

CDH na HDH na CDH na HDH na

B3 (thick asphalt
permeable)

In-depth B3_10 in 95 0 0 0 �348 0 0 0
B3_2.5 in �4 0 0 0 �185 0 0 0
B3_1.5 in 14 1 �2 �1 �130 �3 1 2
B3_0.5 in 71 1 �7 �1 �69 �6 10 6

Surface B3_Surface1 178 �3 3 3 �4 �11 24 11
B3_Surface2 124 �7 11 7 �55 �14 40 14

Near-surface air B3_Air2 in �4 0 3 0 �10 �4 15 4
B3_Air5 in �11 �2 13 2 �3 �6 21 6

B2 (thin asphalt
permeable)

In-depth B2_10 in �164 0 0 0 �488 0 0 0
B2_2.5 in �81 0 0 0 �258 �1 0 0
B2_1.5 in 25 0 0 0 �166 �3 2 3
B2_0.5 in 117 �1 2 1 �101 �8 14 8

Surface B2_Surface1 40 �13 32 13 �171 �14 33 14
B2_Surface2 48 �15 34 15 �157 �13 31 13

Near-surface air B2_Air2 in 15 �1 7 1 �20 �3 13 3
B2_Air5 in 4 �2 12 2 �29 �4 18 4

aNumber of hours.
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8.4.5 Influence of Weather during the Wet Period
From the results above, it is apparent that the temperatures and degree hours
of permeable pavements during the wet period are somewhat lower than
those in the dry period. The temperatures would be expected to be affected
by the weather conditions (such as air temperature, solar radiation, wind
speed). A change in weather conditions might be the reason for the dif-
ferences in temperatures and degree hours of permeable pavements during
the wet and dry periods (respectively after and before 21:00 h on 21
September 2011). Actually, it is noted from Table 8.5 that there are indeed
some differences in temperatures and degree hours between the wet and the
dry period for impermeable pavement (B1), even though no water irrigation
was applied to B1 at all. This indicates that the weather might change during
the dry and wet periods and influence the thermal behavior of the pave-
ments. Therefore, further exploration is needed of the temperature data
together with the weather data for both dry and wet periods, to isolate and
quantify the cooling effect of wetting from the effect of weather.

8.4.5.1 Weather Data
First, the weather data from the on-site weather station were checked,
including air temperature (at 2 m height), solar radiation (at 3 m height),
wind speed, rainfall (at 2 m height), relative humidity (at 2 m height), and
air pressure (at 2 m height), shown in Figure 8.19. It is noted that, except
for the rainfall, which was always zero, the weather, in fact, did change over
the dry and wet periods (before and after 21 September 2011).

8.4.5.2 Quantifying the Cooling Effect of Wetting
To quantify the cooling effect of wetting, we define a dummy variable wet
for the wet condition as follows,

Wet ¼
�
0; if dry ðbefore 21:00 9=21=2011Þ
1; if wet ðafter 21:00 9=21=2011Þ (8.1)

The empirical framework for the temperature is defined as Eq. (8.2),

TwWetþWeather (8.2)

where T is the temperature for each location and the covariate vector
Weather includes air temperature, solar radiation, wind speed, rainfall, rela-
tive humidity, and air pressure.
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According to the empirical framework above, the discontinuity-based
ordinary least squares (DB-OLS) [167] method was used for the linear
regression on the temperature during the whole period of dry and wet
conditions (16 to 30 September 2011). The results of DB-OLS regression
are listed in Table 8.6. The estimates of the coefficients of wet, air tem-
perature, solar radiation, and wind speed, are all statistically significant at the
level of 0.01 for most locations, and relative humidity is statistically sig-
nificant at the level of 0.1 for most locations. The estimate of the coefficient
of wet indicates the temperature difference between wet (wet ¼ 1) and dry
(wet ¼ 0) conditions under the same weather, which is just the cooling
effect of wetting (wet ¼ 1) alone. From the results in Table 8.6, it is noted
that just the overall cooling effect of wetting alone (wet ¼ 1) for near-
surface air (up to 5 in (12.5 cm) above the surface) is about 0.2–0.45 �C;
for the surface it is about 1.2–1.6 �C, and for the in-depth layers it is about
1.5–3.4 �C.
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Figure 8.19 Weather data during the dry and wet periods (before and after 21:00 h,
21 September 2011). Dates are given as month/day/year.
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Table 8.6 Cooling effect of irrigation from discontinuity-based ordinary least squares regression

Estimate

Std.

error

t

value

Pr

(>|t|) Estimate

Std.

error

t

value

Pr

(>|t|) Estimate

Std.

error t value

Pr

(>|t|) Estimate

Std.

error t value

Pr

(>|t|)

B3 Air 5 in Air 2 in Surface 1 Surface 2

(Intercept) �10.1416 0.722 �14.1 0 �7.6848 0.678 �11.3 0 3.8886 1.582 2.46 0.014 4.648 1.5047 3.09 0.002

Wet �0.2387 0.055 �4.31 0 �0.4484 0.052 �8.61 0 �1.6225 0.122 �13.35 0 �1.6826 0.1156 �14.55 0

Air temperature 1.2939 0.018 71.39 0 1.2366 0.017 72.63 0 1.0907 0.04 27.46 0 1.0411 0.0378 27.55 0
Solar radiation 0.0057 1E�04 46.32 0 0.0082 1E�04 70.45 0 0.0212 3E�04 77.91 0 0.0237 0.0003 91.46 0
Wind speed 0.2028 0.026 7.74 0 0.192 0.025 7.8 0 0.5122 0.057 8.92 0 0.3298 0.0546 6.03 0
Relative
humidity

0.0816 0.006 13.51 0 0.0681 0.006 12 0 �0.0199 0.013 �1.5 0.1338 �0.0232 0.0126 �1.84 0.066

B3 0.5 in 1.5 in 2.5 in 10 in

(Intercept) 3.4154 1.262 2.71 0.0069 7.59 1.485 5.11 0 14.9016 1.675 8.9 0 34.5072 1.0316 33.45 0

Wet �1.5003 0.097 �15.5 0 �1.8304 0.114 �16 0 �2.3555 0.129 �18.31 0 �3.3875 0.0793 �42.74 0

Air temperature 1.1597 0.032 36.58 0 1.1213 0.037 30.07 0 0.9955 0.042 23.67 0 0.1919 0.0259 7.41 0
Solar radiation 0.0065 2E�04 29.79 0 0.0016 3E�04 6.28 0 �0.0051 3E�04 �17.81 0 �0.0111 0.0002 �62.49 0
Wind speed 0.4215 0.046 9.19 0 0.5892 0.054 10.92 0 0.7367 0.061 12.11 0 0.3449 0.0375 9.21 0
Relative
humidity

�0.0126 0.011 �1.19 0.2335 �0.0361 0.012 �2.9 0.0037 �0.071 0.014 �5.07 0 �0.0535 0.0086 �6.19 0

B2 Air 5 in Air 2 in Surface 1 Surface 2

(Intercept) �6.8975 0.767 �8.99 0 �5.8288 0.799 �7.29 0 10.9821 1.923 5.71 0 12.3779 1.9254 6.43 0

Wet �0.3616 0.059 �6.14 0 �0.4472 0.061 �7.28 0 �1.3305 0.148 �9.01 0 �1.204 0.1479 �8.14 0

Air temperature 1.2044 0.019 62.53 0 1.2205 0.02 60.8 0 0.8992 0.048 18.62 0 0.8644 0.0484 17.87 0
Solar radiation 0.006 1E�04 45.19 0 0.0071 1E�04 51.37 0 0.0186 3E�04 56.4 0 0.0204 0.0003 61.66 0
Wind speed 0.136 0.028 4.88 0 0.1254 0.029 4.32 0 0.3234 0.07 4.63 0 0.2499 0.0699 3.57 0.0004
Relative
humidity

0.0609 0.006 9.48 0 0.0465 0.007 6.96 0 �0.085 0.016 �5.28 0 �0.0963 0.0161 �5.97 0

B2 0.5 in 1.5 in 2.5 in 10 in

(Intercept) 6.5495 1.549 4.23 0 11.2298 1.729 6.49 0 16.4804 1.786 9.23 0 34.8946 0.9441 36.96 0

Wet �1.7391 0.119 �14.6 0 �1.8891 0.133 �14.2 0 �1.9875 0.137 �14.49 0 �2.3362 0.0725 �32.21 0

Air temperature 1.0998 0.039 28.26 0 1.055 0.043 24.29 0 0.9544 0.045 21.28 0 0.055 0.0237 2.32 0.0205
Solar radiation 0.0065 3E�04 24.46 0 �0.0004 3E�04 �1.18 0.2383 �0.0063 3E�04 �20.49 0 �0.0073 0.0002 �45.07 0
Wind speed 0.2869 0.056 5.1 0 0.4997 0.063 7.96 0 0.5963 0.065 9.2 0 0.1538 0.0343 4.49 0
Relative
humidity

�0.0429 0.013 �3.31 0.0009 �0.0673 0.015 �4.65 0 �0.0906 0.015 �6.06 0 �0.0464 0.0079 �5.87 0

Note: Rainfall and air pressure are not listed because of statistical insignificance.



8.5 THERMAL IMAGES OF EXPERIMENTAL PAVEMENT
SECTIONS

To confirm the thermal behaviors of the various pavements and cooling
effects of permeable pavements under both dry and wet conditions,
another irrigation experiment was conducted in July 2012. In California,
the summer season is the dry season with almost no rainfall. From
15:00 h on 10 July 2012 to w01:00 h on 11 July 2012, water was irrigated
into the permeable test sections. Approximately 3.5 m3 water
(w0.35 m3/h � 10 h ¼w3.5 m3; 3.5 m3/(4 � 4 m) ¼ 0.22 m3 of water
per square meter of pavement or 48.3 gal/yd2) was irrigated into each of the
six permeable sections (C2, C3, B2, B3, A2, and A3). Thermal images were
taken at various times on 9–11 July 2012 for all the experimental sections
along with optical images (Figure 8.20). The water tables were monitored
using small monitoring wells for the six permeable experimental sections
after irrigation. The weather data were also monitored using a nearby
weather station.

From 15:00 h on 10 July 2012, water was irrigated into the permeable
test sections. The irrigation was continued until each permeable pavement
section was filled up with water at around 01:00 h on 11 July 2012. After
irrigation stopped, the water tables would drop over time owing to the
nature processes of infiltration and evaporation. The water tables and water
temperatures were monitored using small wells for each permeable section
and are presented in Figure 8.21.

The weather data during the experiment period were also monitored
and are shown in Figure 8.22. It is noted that the air temperature was
increasing during the 3 days. The solar radiation was fairly constant for the
period. The wind speed was increasing slightly and the relative humidity
was decreasing slightly.

Figure 8.20 Thermal camera used in the study.
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Figure 8.21 Water tables and water temperatures in the monitoring wells for six
permeable sections. (a) Water tables. (b) Water temperatures. Dates are given as
month/day/year. 0:00 indicates midnight.
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The thermal images at 16:00 h on 9 and 10 July 2012 are presented in
Figures 8.23 and 8.24, respectively, along with the optical images. First, it is
seen that the highest temperatures were given by the asphalt pavements
(w70 �C for B2 and B3 in Figure 8.23) and were 10–25 �C higher than

N
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C: Concrete

B: Asphalt

A: Paver

C2 C3

B1 B2 B3

A1 A2 A3
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44 °C 59 °C 50 °C 

61 °C 66 °C 65 °C 

49 °C 52 °C 50 °C 

(a)

(b)

Figure 8.23 Optical and thermal images of surface temperature of experimental
sections under dry condition on 9 July 2012. (a) Optical images. (b) Thermal images
under dry condition (16:00 h on 9 July 2012). Lighter is hotter.
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Figure 8.24 Optical and thermal images of surface temperature of experimental
sections during watering on 10 July 2012. (a) Optical images. (b) Thermal images of
pavements during watering (16:00 h on 10 July 2012). Lighter is hotter.
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those of the concrete pavements (w45 �C for C1 and w60 �C for C2 in
Figure 8.23). The paver pavements were also cooler than the asphalt
pavements byw20 �C. It is also noted from Figure 8.23 that the permeable
pavements B2 and B3 under dry conditions produced higher surface
temperatures than the impermeable pavement B1 byw10 �C, although the
albedos were nearly equal. The same thermal behavior was shown by the
concrete and paver (note the differences in albedo as shown in Table 8.1).
The reason for the differences in thermal behavior is the differences in
thermal properties (i.e., thermal conductivity and heat capacity) as discussed
previously in Section 8.3.7.

When water was applied into the permeable pavements (Figure 8.24),
the temperatures of the pavement portions with water were as low as
w30 �C, which was much lower than the pavement portion without
water. This implies that watering can be an effective way to lower the
pavement temperature in summer, provided sufficient water is available.

A comparison of thermal images of the six permeable pavements under
dry, watering, and wet conditions is presented in Figure 8.25. As observed
previously, under the watering condition (10 July 2012) the pavements had
much lower temperatures than under the dry condition (9 July 2012). Even
on the third day (11 July 2012) without watering but with higher air
temperature (see Figure 8.22), the pavements still showed lower temper-
atures at 4:00 PM (25 h after watering) (by 2–7 �C compared to the second
day, without considering the higher air temperature on the third day (11
July 2012); see Figure 8.25) owing to evaporative cooling of some moisture
existing in the pavements. This implies that watering with cool water can
effectively lower the pavement surface temperature, and evaporation of
some moisture existing in the pavements also can help produce a low
pavement temperature. As mentioned previously, the specific cooling effect
depends on the evaporation rate on the pavement.

8.6 SUMMARY AND CONCLUSIONS

Through the design, construction, and instrumentation of nine experi-
mental sections of various pavement types, this chapter presented the sea-
sonal thermal behavior and cooling effects of the various pavement types,
with a focus on permeable pavements under both dry and wet conditions,
and investigated factors affecting the thermal behavior and cooling effects of
permeable pavements.
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Figure 8.25 Comparison of thermal images of surface temperature of permeable
pavements under various conditions (16:00 h on 9 through 11 July 2012). Lighter is
hotter.
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The major conclusions drawn from the study presented in this chapter
include
1. Concrete and paver pavements (albedos of 0.18–0.29) in this study

showed lower surface temperatures than asphalt pavements (albedos of
0.08–0.09) by 10–25 �C during hot summer at Davis, California; asphalt
pavement with high albedo, through reflective coating or other treat-
ments, could also produce a low surface temperature.

2. Under the dry condition, owing to the lower thermal conductivity and
heat capacity, permeable pavements (including pervious concrete pave-
ment, permeable interlocking concrete paver, and porous asphalt pave-
ment) are hotter in the daytime but cool faster and consequently get
colder during the night and help mitigate the nighttime heat island
effect, compared to impermeable pavements.

3. Permeable pavements under wet conditions could have lower surface
temperatures than impermeable pavements; the cooling effect highly
depends on the availability of moisture near the surface layer and the
evaporation rate.

4. The peak cooling effect of watering for the test sections was approxi-
mately 15–35 �C on the pavement surface temperature in the early
afternoon during summer owing to the cool water and evaporation;
the evaporative cooling effect on the pavement surface temperature
at 4:00 PM on the third day (25 h after watering) was still 2–7 �C
compared to that on the second day, without considering the higher
air temperature on the third day.

5. The overall average cooling effect of wetting alone (wet ¼ 1) over
1 week after irrigation was approximately 0.2–0.45 �C for near-
surface air on permeable pavements; for the surface it was approximately
1.2–1.6 �C and approximately 1.5–3.4 �C for the in-depth layers.
Based on the findings from this study, compared with impermeable

pavements, permeable pavements (including pervious concrete pavement,
permeable interlocking concrete paver, and porous asphalt pavement) have
the potential to be cool pavements that produce lower temperatures and
help to mitigate local heat island effects. However, attention should be
given to permeable pavements under dry conditions, which might produce
a higher daytime temperature. Watering or irrigation and evaporation can
help to reduce the daytime pavement surface temperature of permeable
pavements and consequently mitigate the heat island effect and improve
thermal comfort. The cooling effect depends on the availability of moisture
around the pavement surface and will vanish over time as the water level
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decreases. As a pavement thermal management strategy, water collected
from rain (where there is rain in summer, not in California) or irrigation can
be irrigated into the permeable pavement during the late afternoons or
evenings in summer. This is especially beneficial when the weather report
forecasts a very hot day coming; this strategy can be conducted during the
previous night to mitigate the heat wave coming the next day and improve
thermal comfort.
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Pavement surfaces could exchange heat with the near-surface air through
reflected short-wave solar radiation, emitted long-wave radiation, and
convection from the pavement surface. These proce3sses of thermal
interaction will influence the temperature profile of the near-surface air and
consequent human thermal comfort and air quality (e.g., ground-level
ozone). Therefore, it is of great importance to investigate the thermal
interaction between pavement and near-surface air.

9.1 OBJECTIVES

The objectives of the study in this chapter are to investigate the thermal
interactions between pavement and near-surface air for various pavement
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types, measure the temperature profile of near-surface air, and explore the
factors affecting the profile.

9.2 MATERIALS AND METHODOLOGY

9.2.1 Pavement Sections for Measurement
Four pavement sections were chosen to conduct the experiments for
measuring the temperature profile of near-surface air above the pavement
surface. Two of them were asphalt pavements and the other two were
concrete pavements. They were of different shapes and sizes. The pavement
sections are summarized in Table 9.1, along with the albedos (solar
reflectivities) measured by an albedometer.

9.2.2 Measurement Method and Equipment
Type T thermocouple wires were used to measure the temperature on the
pavement surfaces and of near-surface air at various heights above the
pavement surface. Thermocouple sensor locations were 0, 2, 5, 10, 20, and
40 in above the pavement surface (Figure 9.1). The data were recorded at
time intervals of 10 min using a CR1000 data logger. Local weather data
were also monitored using an on-site portable weather station.

9.2.3 Correction for Near-Surface Air Temperature
Measured by Thermocouple Sensors

To obtain the temperature profile of the near-surface air, conveniently
conducting multiple measurements of near-surface air temperatures at
various heights above the ground is critical. Using thermocouple wire

Table 9.1 Summary of pavement sections for measurement
Section
no. Type Size Albedo

Measurement date
(month/day/year)

PA1 Asphalt w30 m
diameter

0.06 7/2/2012e7/17/2012

PC1 Concrete 15 m wide �
45 m long

0.26 7/18/2012e7/27/2012

PA2 (B1)a Asphalt 4 m wide �
4 m long

0.08 7/28/2012e8/20/2012

PC2 (C1)a Concrete 4 m wide �
4 m long

0.28 7/28/2012e8/20/2012

aPA2 and PC2 are the experimental test sections B1 and C1 as described previously, respectively.
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(a)

(b)

Figure 9.1 Example experimental setups for temperature profile measurements.
(a) Asphalt pavement (PA1). (b) Concrete pavement (PC1).
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sensors is a simple, convenient, and cost-effective choice to perform these
multiple measurements compared to the air temperature sensors with
radiation shield commonly used in weather stations.

However, unlike the air temperature sensors with radiation shield, the
thermocouple sensors open in the near-surface air would be influenced by
the environmental conditions surrounding the sensors, such as solar radia-
tion, mainly, and possibly wind speed and ambient air temperature. The
near-surface air temperature measured from the thermocouple sensors is
not the real air temperature, but represents a combined effect of these
environmental factors (several efforts were made to create a radiation shield
small enough for the soft thermocouple wires using light materials such as
aluminum foil; however, no good effects were obtained). Usually a higher
(by 1–4 �C) daytime air temperature would be given by the open ther-
mocouple sensors because of the heating effect of solar radiation. Therefore,
the near-surface air temperature measured from the thermocouple sensors
must be corrected for these environmental factors to reveal the real air
temperature, in particular for the daytime air temperature.

To achieve this goal, separate experiments were performed to compare
the air temperature measured with an open thermocouple sensor to that
measured from an air temperature sensor with radiation shield at the same
location and height. A formula for the correction factor was developed
against such simultaneous environmental conditions as solar radiation, wind
speed, and ambient air temperature obtained from a nearby weather station.
The correlation for the correction factor is

CFT ¼ ð�1:152Þ þ 0:003*SR þ ð�0:105*WSÞ þ 0:042*Ta (9.1)

where CFT is the correction factor for near-surface air temperature measured
from an open thermocouple sensor, in �C; SR is the solar radiation measured
at w2 m height, in W/m2, which is the most significant factor for this
correction; WS is the wind speed measured at w2 m height, in m/s; and
Ta is the ambient air temperature measured at w2 m height, in �C. The
raw near-surface air temperature, Traw, measured from the open thermo-
couple sensor, must be less the correction factor CFT to obtain the corrected
real value Tcor, i.e.,

Tcor ¼ Traw � CFT (9.2)

An example spatial profile of near-surface air temperature before and
after correction is presented in Figure 9.2. On a clear sunny day with peak
solar radiation intensity of w1000 W/m2 (10 July 2012), the daytime
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temperatures, specifically the peak value at around 16:00 h, are reduced by
w3 �C after correction. However, the nighttime temperatures do not
change much because there is no solar radiation during the night.

9.3 RESULTS AND DISCUSSION

9.3.1 Example Results on Asphalt Pavement PA1 and
Concrete Pavement PC1

The near-surface air temperatures on asphalt pavement PA1 and concrete
pavement PC1 were monitored at various times from 2 through 17 July
2012 and from 18 through 27 July 2012, respectively. The weather
conditions did not change much during this summer period, especially for
the sunny days. This makes it comparable to examine the effects of asphalt
and concrete pavement on near-surface air temperatures for some clear
days. Some results for PA1 and PC1 are presented in Figures 9.4 and 9.5,
as well as the example weather conditions during the experiment periods
in Figure 9.3.

It is noted that the temporal profiles of near-surface air have patterns
similar to those of ambient air temperature for both asphalt and concrete
pavements. For the spatial profiles, the near-surface air temperatures
gradually decrease as the distance from the pavement surface increases, with
greater slope (change rate) in the first 25 cm above the pavement surface. In
the range close to the pavement surface, the near-surface air temperatures
are much higher than the ambient air temperature (at w2 m height),
especially for the black asphalt pavement, with higher surface temperature
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Figure 9.2 Example spatial profile of near-surface air temperature before and after
correction (PA1). (a) Before temperature correction. (b) After temperature correction.
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Figure 9.3 Example weather conditions during the experimental period for PA1 and
PC1. (a) PA1. (b) PC1. Dates are given as month/day.
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compared to high reflectance concrete pavement. The high near-surface air
temperatures would reduce the human thermal comfort, and they are more
critical for babies and children, who are shorter and closer to the surface. In
addition, the formation of ground-level ozone would be facilitated by these
high near-surface air temperatures when smog (volatile organic compounds
and nitrogen oxides) is emitted from vehicle exhaust pipes that are close to
the pavement surface on roads or parking lots.
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Figure 9.4 Example profiles of near-surface air temperatures on asphalt pavement
PA1. (a) Temporal profile. (b) Spatial profile. Ambient Air is the ambient air temperature
from a sensor on a portable weather station at 67 in (1.7 m). Surface and Air_xin are the
air temperatures at 0 in and x in above the pavement surface, respectively. Dates are
given as month/day/year.
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Figure 9.5 Example profiles of near-surface air temperatures on concrete pavement
PC1. (a) Temporal profile. (b) Spatial profile. Dates are given as month/day/year.
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9.3.2 Temporal and Spatial Variation of Near-Surface Air
Temperatures on Asphalt Pavement PA2 and
Concrete Pavement PC2

The near-surface air temperatures on asphalt pavement PA2 and concrete
pavement PC2 were monitored at the same time from 28 July 2012
through 20 August 2012. This made it easy to directly compare the effects
of asphalt and concrete pavement on near-surface air temperatures. Some
results are presented in Figures 9.7 and 9.8, as well as the example weather
conditions during the experimental period (Figure 9.6).

In addition to the observations similar to those for PA1 and PC1 pre-
sented above, the daytime near-surface air temperatures on asphalt pave-
ment (B1 in Figure 9.8) were much higher than those of the concrete
pavement (C1 in Figure 9.8), although they were under the same weather
conditions. The higher pavement surface temperature would heat up the
near-surface air and produce a higher temperature and a steeper tempera-
ture gradient for near-surface air. However, the temperature profiles for
near-surface air are quite similar for asphalt and concrete pavements during
the nighttime, and the nighttime surface temperatures are close. This im-
plies that pavement surface temperatures play a relatively important role in
the near-surface air temperature profiles, which are critical for human
thermal comfort and air quality.
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Figure 9.6 Example weather conditions during the experiment period for PA2 and
PC2. Dates are given as month/day/year.
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pavement PA2 (B1) and concrete pavement PC2 (C1) on the same 2 days. Dates are
given as month/day/year.
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9.3.3 Influence of Wind Speed on Near-Surface Air
Temperature Profile

Wind speed (air flow velocity) might also significantly influence the near-
surface air temperature and the shape of the profiles of near-surface air
temperature. A separate experiment was performed on asphalt pavement
PA1 to examine the effects of wind speed.

Like other pavement sections, asphalt pavement PA1 was also open to
the wind in a quite large and open space with few barriers to the wind. To
break the wind around the temperature sensors, a box was installed around
them at midnight of 10 July 2012 (i.e., 00:00 h, 11 July 2012) as shown in
Figure 9.9. The temperature profiles of the near-surface air were measured
and compared for both before and after installing the windbreak. The
results are presented in Figures 9.11 and 9.12, along with the weather
conditions during the experiment period in Figure 9.10. Owing to the
lack of a handy windmeter, the specific wind speed in the box was not
measured.

It is noted from Figure 9.11 that the temporal profiles of near-surface air
were changed owing to the installation of windbreak. Just after the instal-
lation of the windbreak (00:00 h, 11 July 2012), the surface temperature and
near-surface air temperatures increased to some extent because of the
reduced wind speed inside the windbreak. During the daytime, the shapes
of the temperature profiles, especially the surface temperature, were also
influenced by the shading caused by the windbreak.

Figure 9.12 presents the spatial profiles of near-surface air before and
after installing the windbreak. The daytime temperature profiles of the
near-surface air became steeper and the temperatures around 50 cm (20 in)

Figure 9.9 Experimental setup for windbreak.
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high increased compared to those without the windbreak. The daytime
temperature profiles of near-surface air did not change significantly.

These findings imply that the wind speed will influence the shape of the
temperature profiles of near-surface air. Lower wind speed will make the
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Figure 9.12 Temperature spatial profiles of near-surface air before and after installing
the windbreak. Dates are given as month/day/year.
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spatial profiles steeper owing to less heat dissipated by wind or airflow. The
near-surface air temperatures at higher distances from the surface will be
influenced by the pavement heat under lower wind speed. This further
implies that the heat effects of pavements will be more critical in the envi-
ronments with lower wind speed, such as highly developed dense urban areas.

9.4 MODELING OF NEAR-SURFACE AIR TEMPERATURE
PROFILE

It is revealed from the findings above that during hot periods the near-
surface air temperatures diminish gradually as the height above the
surface increases, and the slope of temperature versus height decreases. The
shape of the spatial profiles is influenced by the surface temperature,
ambient air temperature, and wind speed.

This section will develop a model to describe the spatial profiles of
near-surface air temperatures, which characterize the effects of surface
temperature, ambient air temperature, and wind speed.

The assumptions for developing the model include:
1. The spatial variation of near-surface air temperature is considered to be

in the range of up to 1 m from the surface.
2. The influences of ambient air temperature and wind speed are charac-

terized by the ambient air temperature and wind speed at w2 m height,
which are usually measured by a nearby weather station.

3. The size effect of the paved area is not explicitly taken into account
here.

9.4.1 Developing the Dimensionless Parameters for the
Model

To simplify the model, the normalized dimensionless parameters are
developed for the model as follows,

Tn ¼ Tz � Tþ

Ts � Tþ (9.3)

zn ¼ Z
Zþ (9.4)

where
Tn is normalized dimensionless temperature, [�1, 1];
zn is normalized height above the surface, [0, 1];
Z is the height above the pavement surface, in m, [0, Zþ];
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Tz is the near-surface air temperature at height Z, in �C;
Zþ is the upper bound of height considered in the model, in m,
assuming Zþ ¼ 1 m;
Tþ is the near-surface air temperature at Zþ, in �C, assuming Tþ ¼ Ta

(Ta is the ambient air temperature at w2 m height, in �C); and
Ts is the surface temperature, i.e., TZ at Z ¼ 0, in �C.
Using the developed normalized dimensionless temperature and height,

the normalized spatial profiles of near-surface air temperature can be
developed. Some examples of normalized profiles of near-surface air
temperature are presented in Figure 9.13, along with the corresponding
original profiles.

9.4.2 Model Development and Obtaining Coefficient C
through Regression on the Model

According to the trends shown by most of the normalized profiles
presented in Figure 9.13, the following simple model is proposed for the
normalized profiles of near-surface air temperature:

Tn ¼ eC$zn (9.5)

where C is constant.
With the developed model for the normalized profiles of near-surface

air temperature, the best-fitting constant C can be obtained through
regression on the normalized profiles at various times. Some examples of
measured and predicted normalized profiles of near-surface air temperature
at various times are presented in Figure 9.14. The obtained constants C for
each time are also shown in Figure 9.14. The constant C is different for the
different times and is correlated to the wind speed at that time.

9.4.3 Correlation between Coefficient C and Wind Speed
As mentioned previously, the spatial profiles of near-surface air temperature
are also influenced by the wind speed in addition to the ambient air
temperature and surface temperature. To quantify the effect of wind speed
on the profile, the obtained constants C at various times with various wind
speeds are correlated to the wind speed at the corresponding time. The
obtained data of constant C and wind speed WS (at w2 m height) are
plotted in Figure 9.15, along with the best-fitting line. The correlation
between coefficient C and wind speed is then proposed as follows,

C ¼ �5:13þ ð�0:57*WSÞ (9.6)
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9.4.4 Application of the Model
With the proposed model described by Eqs (9.3–9.6), the spatial profiles of
near-surface air temperature could be predicted once the surface temper-
ature, ambient air temperature, and wind speed are known. For instance, if
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Figure 9.13 Examples of original and normalized profiles of near-surface air temper-
ature (asphalt B1 and concrete C1, at various times). Dates are given as month/day/
year.

Thermal Interaction between Pavement and Near-Surface Air 213



the surface temperature, ambient air temperature, and wind speed (atw2 m
height) are known as Ts ¼ 65 �C, Tþ ¼ Ta ¼ 38 �C, and WS ¼ 1.0 m/s,
then the normalized profile can be predicted as follows,

Tn ¼ eC$zn ¼ eð�5:13�0:57*WSÞ$zn (9.7)
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Figure 9.14 Examples of measured and predicted normalized profiles of near-surface
air temperature (asphalt B1 and concrete C1, at various times). Dates are given as
month/day/year.
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Tn ¼ Tz � Tþ

Ts � Tþ ¼ eð�5:13�0:57*WSÞ$ Z
Zþ (9.8)

TZ ¼ �
Ts � Tþ�$eð�5:13�0:57*WSÞ$ Z

Zþ þ Tþ

¼ ð65� 38Þ$eð�5:13�0:57*1:0Þ$Z1 þ 38

¼ 27eð�5:13�0:57Þ$Z þ 38

(9.9)

The predicted original and normalized profiles of near-surface air
temperature are presented in Figure 9.16. The contour plots of the profiles
of near-surface air temperature are presented in Figure 9.17. The predicted
profiles of near-surface air temperature can be used for the height-specific
(spatial variation) evaluation of the thermal comfort and air quality (e.g.,
ground-level ozone) and other near-surface air-related issues.

9.5 SUMMARY AND CONCLUSIONS

The study in this chapter investigated the thermal interaction between
pavement and near-surface air for various pavement types, measured the
temperature profiles of near-surface air, and explored the factors affecting
the profiles.
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Figure 9.15 Correlation between coefficient C and wind speed at 2 m height for
modeling normalized profiles of near-surface air.
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It is noted that the temporal profiles of near-surface air have a pattern
similar to that of ambient air temperature for both asphalt and concrete
pavements. For the spatial profiles, the near-surface air temperatures
gradually decrease as the distance from the pavement surface increases, with
greater slope (change rate) at 10 in (25 cm) from the pavement surface. In
the range close to the pavement surface, the near-surface air temperatures
are much higher than the ambient air temperature at w2 m height, espe-
cially for the black asphalt pavement with higher surface temperature
compared to higher reflectance concrete pavement. The high near-surface
air temperatures would reduce the human thermal comfort, and they are
more critical for babies and children, who are shorter and closer to the
surface. In addition, the formation of ground-level ozone would be facil-
itated by these high near-surface air temperatures when smog (volatile
organic compounds and nitrogen oxides) is emitted from vehicle exhaust
pipes that are close to the pavement surface on roads or parking lots.

The wind speed will influence the shape of the temperature profile of
near-surface air. Lower wind speed will make the spatial profile steeper
owing to less heat dissipated by wind or airflow. The near-surface air
temperatures at higher distances from the surface will be influenced by the
pavement heat under lower wind speed. This further implies that the heat
effects of pavements will be more critical in environments with lower wind
speed, such as high-density urban areas, especially those with high-rise
buildings that block prevailing winds.

It is revealed from the findings that during hot periods the near-surface
air temperature diminishes gradually as the height above the surface
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Figure 9.16 Examples of predicted original and normalized profiles of near-surface air
temperature.
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increases, and the slope (change rate) also diminishes. The shape of the
spatial profile is influenced by the surface temperature, ambient air tem-
perature, and wind speed.

A simple model was developed to describe the spatial profile of
near-surface air temperature, which characterizes the effects of surface
temperature, ambient air temperature, and wind speed. The spatial profile
of near-surface air temperature could be predicted once the surface
temperature, ambient air temperature, and wind speed are known.
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Figure 9.17 Examples of spatial contour plots of near-surface air temperatures. (a) Up
to 1 m height. (b) Up to 0.5 m height.

Thermal Interaction between Pavement and Near-Surface Air 217



CHAPTER 10

Thermal Interaction between
Pavement and Building Surfaces
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10.1 INTRODUCTION

Pavement heat can influence near-surface air temperature profiles and
consequently influence human thermal comfort and air quality in hot
periods, as discussed in the previous chapter. In addition to the thermal
impact on near-surface air, pavement heat could potentially also increase
the temperature of the building surfaces as well as producing a reflection of
solar radiation that could be absorbed by building surfaces, consequently
increasing the energy use for cooling the building in hot periods.

The objective of the study presented in this chapter is to evaluate the
thermal interactions between pavement and building walls through
experiments and simulations, characterizing the impacts of various pave-
ment types on building surface temperatures.
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10.2 EXPERIMENTAL MATERIALS AND METHODOLOGY

10.2.1 Experimental Setup
For simplification, two identical building walls (hollow wall box,
2 � 4 � 8 ft (0.6 � 1.2 � 2.4 m), made of commonly used half-inch-thick
plywood, painted with white paint, Figure 10.1) were developed and put
on some of the pavement sections described in Chapter 4 and some other
existing pavements to evaluate the thermal interactions between pavement
and building walls. Thermocouple wires were used to measure the tem-
peratures on the walls at various heights above the pavement surface and

(a)

(c)

(b)

Figure 10.1 Preparation of building walls and example test setup with temperature
sensors. (a) Raw wall. (b) Wall painting. (c) Example test setup with temperature
sensors.
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the temperatures on the pavement surface at various distances from the
walls. Thermocouple sensor locations on the walls were 0, 2, 5, 10, 20, 40,
and 48 in (0, 5, 12.5, 25, 50, 100, and 122 cm) above the pavement surface
(Figure 10.1). Thermocouple sensor locations on the pavement were 5,
10, 20, 30, 40, 50, 60, and 80 in (12.5, 25, 50, 75, 100, 125, 150, and
200 cm) from the walls. Local weather data were also monitored using
a portable weather station. Thermal images of walls and pavements were
taken for some of the pavement sections at various times in a sunny
hot day.

10.2.2 Pavement Sections and Measurement plan
Four pavement sections were chosen to conduct the experiments for
measuring the temperature profiles of both wall and pavement surfaces.
Two of them were asphalt pavements and the other two were concrete
pavements. Two were on small sections and two were in large paved areas.
For the first two large pavement sections (PA1 and PC1), the two walls
were set up on the same sections in the same way, which provided the
chance to directly compare the two walls to make sure they were thermally
identical when installed under some conditions. For the last two sections
(PA2 and PC2), the experiments were performed simultaneously for direct
comparison with one wall on each section (Figure 10.2). The pavement
sections and measurement dates are summarized in Table 10.1, along with
the albedos (solar reflectivities) of both pavement sections and the two walls
measured by an albedometer. The two walls had the same albedo value
of 0.29.

10.3 EXPERIMENTAL RESULTS AND DISCUSSION

10.3.1 Examination of the Two Walls
Both walls were installed on the big asphalt section (see Figure 10.2(a)). As
shown in Table 10.1, the two walls had the same albedo value of 0.29.
Under the same conditions (weather and pavement), these two walls are
expected to give the same or close surface temperatures. The temperatures
at various heights on both walls in one day are presented in Figure 10.3.
The temperatures on both walls at the same height are very close to each
other. This implies that both walls are thermally identical when installed
under some conditions.
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10.3.2 Example Results on Asphalt Pavement PA1 and
Concrete Pavement PC1

The wall and pavement temperatures on asphalt pavement PA1 and con-
crete pavement PC1 were monitored at various periods from 2 through

(a)

(b)

(c)

Figure 10.2 Experimental setup for temperature profile measurement. (a) On asphalt
pavement PA1. (b) On concrete pavement PC1. (c) On small asphalt (PA2 or B1) and
concrete (PC2 or C1) pavements for the same period.
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17 July 2012 and from 18 through 27 July 2012, respectively. The weather
conditions did not change much during this summer period, especially on
the sunny days. This makes it possible to compare the effects of asphalt and
concrete pavement on near-surface air temperatures for clear days. Some
results for PA1 and PC1 are presented below in Figures 10.4–10.7, as well
as the example weather conditions during the experiment periods (see
Figure 9.3).

It is noted that the temporal profiles (Figures 10.4 and 10.6) of both wall
and pavement temperature have a pattern similar to that of ambient air
temperature for both asphalt and concrete pavements. The difference is that
the peak temperatures of wall and pavement came earlier than that of the
ambient air (w14:00 vs w16:00 h). The wall and pavement temperatures
around noon were both much higher than the ambient air temperature on
the sunny summer days. This might cause more energy use and high peak
demand for cooling buildings with air conditioners during hot periods.
While the nighttime pavement temperature stays higher than the ambient
air temperature, the wall temperature drops and stays very close to the
ambient air temperature during nighttime. This is because the pavement is
quite thick (15 cm or thicker) and can absorb and store quite a large amount
of heat during the daytime and maintain a high temperature with the stored
heat during the nighttime. However, the walls used in the experiments
were quite thin (the plywood layer of the wall was only w1.3 cm (0.5 in),
with air in the hollow wall box) and of low heat capacity and thermal
conductivity, and consequently the thin plywood layer could not absorb

Table 10.1 Summary of pavement sections and walls for experimental
measurement
Section
no. Type Size Albedo

Experiment date
(month/day/year)

PA1 Asphalt w30 m diameter 0.06 7/2/2012e7/17/
2012

PC1 Concrete 15 m wide � 45 m
long

0.26 7/18/2012e7/27/
2012

PA2 (B1)a Asphalt 4 m wide �
4 m long

0.08 7/28/2012e8/20/
2012

PC2 (C1)a Concrete 4 m wide �
4 m long

0.28 7/28/2012e8/20/
2012

Wall 1 Plywood 0.6 � 1.2 � 2.4 m 0.29 e
Wall 2 Plywood 0.6 � 1.2 � 2.4 m 0.29 e
aPA2 and PC2 are the experimental test sections B1 and C1 as described previously, respectively.
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Figure 10.3 Temperatures on both walls under the same conditions. Air temper-
ature@H and air temperature@L are ambient air temperatures measured at 1.7 m
(67 in) and 0.3 m (11.8 in), respectively. (a) At 2 in (5 cm) height. (b) At 20 in (50 cm)
height. (c) At 48 in (122 cm) height.
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and store a large amount of heat during the daytime. During the nighttime,
without solar radiation, the wall temperature dropped very quickly and
stayed close to the ambient air temperature. This situation was for simu-
lation and was different from a thick wall or a wall made of materials with a
high heat capacity and high thermal conductivity, such as an aluminum wall
surface.

For the spatial profiles (Figures 10.5 and 10.7), the wall temperatures at
various heights on the wall were relatively constant (slightly higher at the
bottom close to pavement surface) during the nighttime. However, during
the daytime around noon the middle part of the wall presented a higher
temperature under the same weather conditions, such as solar radiation,
ambient air temperature, and wind speed. This indicated that there were
some thermal interactions (through reflected and emitted radiation)
between pavement and building wall. The thermal interactions increased
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Figure 10.4 Example temporal profiles of wall and pavement temperatures on asphalt
pavement PA1. Ambient air is the ambient air temperature from a sensor on a portable
weather station at 67 in (1.7 m). Walli_PS and Walli_xin are wall i surface temperatures at
0 and x in above the pavement surface, respectively. Pavei_xin are pavement i surface
temperatures at x in from the wall. Dates are given as month/day/year.

Thermal Interaction between Pavement and Building Surfaces 225



the wall temperature to some extent and potentially would contribute
increased energy use for cooling buildings in hot periods. The nonuniform
temperature of the pavement surface at various distances from the wall also
confirmed the thermal interactions between pavement and building wall.

10.3.3 Temporal and Spatial Profiles of Wall Temperatures
on Asphalt Pavement PA2 and Concrete Pavement
PC2

The wall and pavement temperatures on asphalt pavement PA2 and con-
crete pavement PC2 were monitored simultaneously from 28 July through
20 August 2012. This made it possible to directly compare the effects of
asphalt and concrete pavement on wall temperatures. Some results are
presented in Figures 10.8 and 10.9, as well as the example weather con-
ditions during the experiment period (see Figure 9.6).

In addition some observations similar to those for PA1 and PC1 pre-
sented above, there were some interesting observations obtained from the
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Figure 10.5 Example spatial profiles of wall and pavement temperatures on asphalt
pavement PA1. Dates are given as month/day/year.
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direct comparison between asphalt and concrete pavements under the same
weather conditions.

The daytime surface temperatures on asphalt pavement (B1 in
Figure 10.8) were much higher than those of the concrete pavement (C1 in
Figure 10.8) (70 �C vs 55 �C), although they were under the same weather
conditions. The nonuniform temperature along the wall implies that the
thermal interaction between pavement and wall exists for both asphalt (B1
in Figure 10.9) and concrete (C1 in Figure 10.9) pavements, especially
during the daytime and around noon with high solar radiation. Although
the concrete pavement (C1) had a lower surface temperature than the
asphalt pavement (B1), the temperatures in the middle part of the wall on
the concrete pavement (C1 in Figure 10.9) around noon were higher and
more nonuniform than those of the asphalt pavement (B1 in Figure 10.9).
The reason for this is that, compared to the asphalt pavement (B1), the
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Figure 10.6 Example temporal profiles of wall and pavement temperatures on concrete
pavement PC1. Ambient Air is the ambient air temperature from a sensor on a portable
weather station at 67 in (1.7 m). Walli_PS and Walli_xin are wall i surface temperatures at
0 and x in above the pavement surface, respectively. Pavei_xin are pavement i surface
temperatures at x in from the wall. Dates are given as month/day/year.
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Figure 10.7 Example spatial profiles of wall and pavement temperatures on concrete
pavement PC1. Dates are given as month/day/year.
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concrete pavement (C1) has higher solar reflectivity (or albedo) and
consequently reflects more solar radiation. Some of the reflected heat will
hit and be absorbed by the building wall and heat it up. This implies that
increased pavement albedo will reduce the pavement surface temperature;
however, the temperature of the building wall will be increased by the
energy reflected from the pavement surface and consequently would
potentially increase the energy use for cooling the building in hot periods.
This risk might not be a big issue in open areas but would tend to be more
significant in high-density urban areas. Therefore, special attention should
be given to the application of high-reflectance pavement for mitigating the
heat island effect, especially in high-density urban areas.

10.3.4 Thermal Images of Walls and Pavements
on B1 and C1

Thermal images of walls and pavements on B1 and C1 were taken on clear
days in summer. Some example thermal images (13:00 h on 15 August
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Figure 10.9 Example spatial profiles for wall temperatures on asphalt pavement PA2
(B1) and concrete pavement PC2 (C1) on 2 days. Dates are given as month/day/year.
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2012) are presented in Figure 10.10. This provides a more direct and
obvious way to compare the thermal impacts of asphalt and concrete
pavements on the walls.

Three thermal images were taken at each time (Figure 10.10(b)): one for
the pavement and wall together (B1/C1-both), one for the pavement only
(B1/C1-pavement), and one for the wall only (B1/C1-wall)). In addition,
the optical images are also presented in Figure 10.10(a). The asphalt
pavement (B1) presented higher pavement surface temperature than the
concrete pavement (C1) (60 vs 45 �C). However, the average temperature
of the wall on the concrete pavement (C1) was higher than that of the
asphalt pavement (B1) (55 vs 52 �C). This verified the results obtained from
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Figure 10.10 Optical and thermal images of walls and pavements on B1 and C1.
(a) Optical images. (b) Thermal images. Average temperatures on wall and pavement are
shown in the thermal images.
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the temperature sensors presented previously. Another more convincing
and quantitative way of verifying the thermal impacts of different pave-
ments on the wall temperature is to use a heat flux sensor (including both
long- and short-wave radiation) to directly measure the heat flux on the
wall surface at various heights and times and to directly compare the
thermal impacts. However, such heat flux sensors are quite expensive (over
$6000 per set of sensors). If more funding is available from any source, the
direct measurement of heat flux (including both long- and short-wave
radiation) on the wall surface at various heights and times can be per-
formed and would definitely give more convincing and quantitative
observations.

10.4 MODELING AND SIMULATION

A simple numerical model and simulation of the heat transfer and thermal
interactions between pavement and wall were developed and performed to
obtain some deeper insights regarding the thermal interactions for a typical
summer climate in a dry and hot region of Sacramento, California.

10.4.1 Integrated Finite Element Method (FEM) Model
Themodel includes three parts: pavement (2 m long � 2 mwide � 2 mdeep,
0.2 m surface layer, 0.3 m base, 1.5 m subgrade), bare soil (2 m long � 2 m
wide � 2 m deep), and wall (2 m long � 0.6 m wide � 2 m high). The in-
tegrated FEM model is shown in Figure 10.11.

The parameters for temperature simulation are listed in Table 10.2.
Detailed heat transfer model development and the parameters are presented
in Chapter 11.

10.4.2 Boundary Conditions
The boundary conditions for this heat transfer model include the solar
radiation heat flux on the pavement/soil/wall surfaces, the surface con-
vection between all surfaces and air, the surface radiation of pavement/soil/
wall, and the upper boundary of the near-surface air.

The solar radiation heat flux varies throughout a day, as defined by the
user subroutine DFLUX() in Abaqus®. Surface convection, which is a
function of the air temperature varying over time and the convection
coefficient varying with wind velocity, is defined by the user subroutine
FILM() in Abaqus®. The effective surface radiation is directly defined
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through surface radiation to the ambient atmosphere using the key word
*Sradiate in Abaqus®. All other boundary conditions are assumed to be
regulated by heat insulation [168].

10.5 SIMULATION RESULTS AND DISCUSSION

Some simulation results are presented below, including temperature pro-
files and view factor. More simulations can be performed with this and/or a
modified and validated model to explore the effects of various parameters
(materials, climates, etc.)

10.5.1 Temperature Profiles
The temperature profiles were extracted for various times on a hot summer
day in Sacramento, California. The results are presented in Figure 10.12.
During the nighttime, the temperature on the wall surface was low and
relatively uniform (Figure 10.12(a) and (c)). However, the daytime tem-
perature on the wall surface was high and nonuniform (Figure 10.12(b)),
and the lower middle part had higher temperature owing to the thermal

Bare soil: 
2m L × 2m W × 2m D 

Wall: 
2m L × 0.6m W × 2m D 

Pavement: 
2m L × 2m W × 2m D 

Figure 10.11 Integrated model for temperature simulation.
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Table 10.2 Parameters for temperature simulation
Thermal and radiative properties and typical parameter values

Parameters Wall (plywood) Bare soil Surface layer Aggregate base Subgrade soil

Thermal conductivity ka (J$(h$m$�C)�1) 432 3600 5000 4600 4200
Specific heat capacity c (J$(kg$�C)�1) 2500 1100 950 920 1300
Density r (kg$m�3) 1600 1700 2200 1900 1800
Solar radiation absorptivity rs 0.30 0.22 0.10 e e
Thermal emissivity ε ¼ as ¼ 1 � rs 0.70 0.78 0.90 e e
Heat convection coefficient hc

a (J$(h$m2$�C)�1) hc ¼ 3600(3.7vw þ 6.1) (vw, wind velocity, m/s)
Absolute zero TZ (�C) �273
StefaneBoltzmann constant sa (J$(h$m2$K4)�1) 2.041092 � 10�4

Typical summer climate data in dry and hot region of Sacramento, CA

Month
Daily peak air
temperature Tmax

a (�C)
Daily lowest air
temperature Tmin

a (�C)
Daily total solar radiation
volume Q (MJ/m2)

Daily effective
sunlight hour c (h)

Daily average wind
velocity vw (m/s)

7
( July)

38 18 30.0 11 1.5

aTime is measured hourly and the related parameters are converted for the simulation analysis at intervals of 1 h.
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Figure 10.12 Temperature (in �C) contours at various times. (a) 4:00 h (b) 13:00 h
(c) 22:00 h.
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interaction between pavement and wall from radiation. This in part verified
the results from the experiments presented previously.

10.5.2 View Factor
The thermal interaction between pavement and wall includes reflected
short-wave radiation and emitted long-wave radiation. The amount of the
radiation impact between pavement and wall depends on the view factor
(the proportion of the radiation that leaves one surface and strikes another
surface) between the surfaces. The view factor between pavement and wall
surfaces is simulated and presented in Figure 10.13. The view factor is
higher in the lower and middle parts of the wall and is lower for other parts.
This helps to explain the temperature difference on the wall obtained from
both experimental and simulation results presented above.

10.6 SUMMARY AND CONCLUSIONS

This chapter preliminarily evaluated the thermal interaction between
pavement and building walls through both experiments and simulations, to
characterize the impacts of various pavement types on building surface
temperatures.

Figure 10.13 View factor contour.
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Four pavement sections were selected to conduct the experiments for
measuring the temperature profiles of both wall and pavement surfaces.
Experimental results from temperature sensors and thermal images indicated
that there are some thermal interactions (through reflected and emitted
radiation) between pavement and building walls. The thermal interactions
increase the wall temperature to some extent (w2–5 �C around noon) and
potentially will contribute increased energy use for cooling the building in
hot periods. The nonuniform temperature of the pavement surface at
various distances from the wall also provided some confirmation that there
are thermal interactions between pavements and building walls.

Experimental results implied that increased pavement albedo will reduce
the pavement surface temperature; however, the temperature of the
building wall will be increased by the reflected energy from the pavement
surface and consequently would potentially increase the energy use for
cooling the building in hot periods. This risk might not be a big issue in
open areas but would tend to be more significant for high-density urban
areas where walls are next to the pavement. Therefore, special attention
should be given to the application of high-reflectance pavement for miti-
gating the heat island effect, especially in high-density urban areas. It also
should be noted that the importance of thermal interactions between
pavement and other surfaces depends on various factors, such as pavement
size, distance of the walls from the pavement, the albedo of both pavement
and wall, and the thermal resistance of the wall.

A simple numerical model and simulation for the heat transfer and
thermal interaction between pavement and wall was developed and per-
formed to obtain some deeper insights into the thermal interactions be-
tween pavements and walls for a typical summer climate in the dry and hot
region of Sacramento, California.

Some simulation results were presented, including temperature profiles
and view factor (the proportion of the radiation that leaves one surface and
strikes another surface). More simulations can be performed with this and/
or a modified and validated model to explore the effects of various
parameters (materials, climates, etc.).

During the nighttime, the temperature on the wall surface is low and
relatively uniform; however, the daytime temperature on the wall surface is
high and nonuniform, and the lower middle part has higher temperature
owing to the thermal interactions between pavement and wall. This in part
verified the results from the experiments presented previously.
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The view factor is higher in the lower and middle parts of the wall and is
lower for other parts. This helps to explain the temperature difference on
the wall obtained from both experimental and simulation results presented
above.

Another more convincing and quantitative way of verifying the thermal
impacts of various pavements on wall temperature is to use a heat flux
sensor (including both long- and short-wave radiation) to directly measure
the heat flux on the wall surface at various heights and times and to directly
compare the thermal impacts. However, such heat flux sensors are quite
expensive (over $6000 per set of sensors). If more funding is available from
any source, the direct measurement of heat flux (including both long- and
short-wave radiation) on the wall surface at various heights and times can be
performed and would definitely produce quantitative and more convincing
observations.
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11.1 INTRODUCTION

The objective of this chapter is to develop an integrated local microclimate
model that includes both the pavement structure and the near-surface air
and considers coupled processes of radiation, convection, conduction,
shading, and evaporation. The model will be numerically implemented
and used to simulate the temporal and spatial distribution and variation of
both pavement temperature and near-surface air temperature in the
summer in a hot region (Sacramento, California) for validation against the
measurements from the experimental test sections presented previously in
this dissertation.

11.2 OVERVIEW OF THE INTEGRATED LOCAL
MICROCLIMATE MODEL

As mentioned above, the major task of this chapter is to develop, numerically
implement, and validate the local microclimate model to simulate the
outdoor thermal environment, which will be used in the following tasks to
analyze the effects of various cool pavements on the outdoor thermal
environment.

To accomplish this specific task, several subtasks need to be undertaken,
including (1) theoretical development of a local microclimate model, (2)
numerical implementation of the model, and (3) model validation.

11.2.1 Theoretical Development of Local Microclimate
Model

Urban climate models vary substantially in many aspects including physical
basis, model scale, temporal and spatial resolution, input and output
quantities, etc. The focus of this study will be on the effects of street design
(mainly street layout and pavement type) on the street thermal environment
and the corresponding thermal comfort of humans walking or cycling on
the street. Hence, a street-level local microclimate model, which couples
different processes in transient heat transfer, will be developed to describe
the major processes in the near-ground atmosphere and to analyze the key
meteorological factors and later their corresponding impacts on human
thermal comfort within the pavement area, with a special emphasis on the
zone near the ground surface where most human activities of interest to the
study occur (up to 2-m above ground). Based on well-founded physical
phenomena (i.e., the fundamental laws of heat transfer), the model will seek
to reproduce the major processes in the near-ground atmosphere, including
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simulation of temperature, air flow, and radiation fluxes and shading and
evaporation effects. This new integrated model will allow simulation of
local microclimate dynamics on the basis of a 24-h daily cycle for various
time frames (weeks, months, or years). It can be used for complex built
environments including various street layouts, pavement types and struc-
tures, vegetation/trees, and building shapes and heights in various climate
regions. In addition, the model can provide flexible spatial and temporal
resolutions to balance the accuracy and computation cost for understanding
the local microclimate at the street level for different seasons (hot summers
and cold winters).

The local microclimate model to be developed should consider the
following major items:
• Energy balance on the pavement surface;
• Thermal interactions between the pavement and other surfaces;
• Coupled processes of radiation, conduction, convection, shading, and

evaporation.
To achieve the objectives of this study under controlled complexity, this
simplified full three-dimensional street-level local microclimate model will
include the following submodels.

Pavement/soil model, which will formulate and calculate the temperatures
on the pavement surface and at various levels to a depth of about 2 m for
the whole model area, including the major thermodynamic processes, such
as conduction, convection, radiation, evaporation, and moisture diffusion,
which vary according to the individual pavement/soil thickness and
properties (e.g., thermal conductivity, specific heat, density, albedo, emis-
sivity, convection coefficient, etc.) [169–173]. In addition, the evaporation
model [174] for the evaporative cooling strategy and vegetation/trees
(including shading) will be associated with this pavement/soil model.

Thermal interaction model, which will explicitly consider both reflected
radiation and emitted radiation interactively from pavement surfaces and
other surfaces (e.g., building surfaces), to more accurately evaluate the
effectiveness of alternative design strategies for improving the thermal
environment. The focus is on reflective pavements with high albedo
installed in the context of high-density surroundings, since they will
potentially influence the energy balance on the surfaces and thus influence
the their own temperature and those of the surroundings.

Near-surface air model, which will consider changes in the air temperature,
airflow (speed and direction), and radiation fluxes (including short-wave
solar radiation, long-wave pavement and building surface radiation, etc.).
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It will be based on the fundamental laws of fluid dynamics and thermo-
dynamics (i.e., equations of conservation of mass, momentum, and heat)
(e.g., Refs [175,176]), to simulate the main atmospheric variables that vary
spatially and temporally.

11.2.2 Numerical Implementation of the Model
The numerical implementation will be achieved by numerically solving the
corresponding partial differential equations governing each process through
a coupled finite difference and finite element method [177,178]. All these
processes will be numerically implemented using subroutines/plug-in
packages integrated into the commercially available numerical simulation
platform, Abaqus®, to limit the expensive but less meaningful efforts related
to preprocessing and postprocessing of complex three-dimensional geom-
etries (e.g., various street/building shapes and layouts, etc.) and some other
fundamental numerical processes. The initial and boundary conditions of
the developed model include the profiles (temperature, wind speed, or
pressure) of inflow and outflow of the model, solar radiation, etc. These
initial and boundary conditions of the local microclimate model will
be given based on available local climate data, with partial calibration
and validation using the field measurements conducted in this dissertation
study.

11.2.3 Model Validation against Field Measurement
As described previously in this dissertation, nine test sections (4 � 4 m
(13 � 13 ft) each section) were built at the University of California at Davis
Advanced Transportation Infrastructure Research Center located in Davis,
California. Some data from the field measurements on the test sections will
be used to validate the developed model, as well as for empirically verifying
the effectiveness of some cool pavement technologies and management
strategies that were presented in previous chapters.

The thermal properties and radiative and evaporative characterization
(e.g., thermal conductivity, heat capacity, solar reflectivity, evaporation rate,
etc.) of the pavement materials used in these test sections and other
commonly used pavement materials were obtained through laboratory
testing and field measurements and are presented in previous chapters
(Chapters 4–7) in this dissertation. These measured material properties, with
some other secondary parameters from the literature, will be used for the
implementation of the simulation model.
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11.3 DEVELOPMENT OF A FRAMEWORK FOR THE
GENERAL LOCAL MICROCLIMATE MODEL

11.3.1 Energy Balance on Pavement Surface
The energy balance method is usually used for microclimates in an urban
canopy. The major processes involved in the energy balance are illustrated
in Figure 11.1. The energy balance equation is based on the first law of
thermodynamics, which states that the energy flowing into and out of any
surface must be conserved. In the case of a pavement surface, this general
equation is written as [2]:

Net Radiationþ Anthropogenic Heat �
ðConduction=Storageþ Convectionþ EvaporationÞ ¼ 0

(11.1)

in which

Net Radiation ¼ Incoming Radiation�Reflected Radiation

� Emitted Radiation (11.2)

11.3.1.1 Conduction/Storage
Conduction/storage depends on three properties of materials: thermal
conductivity, heat capacity, and density. Thermal conductivity determines

Figure 11.1 Energy balance on a pavement surface (same as Figure 1.7).
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the speed and ease of conduction heat transfer, which occurs from the hot
part to the cold part within a material owing to the interactions of
microscale energy carriers (e.g., electrons or phonons in a solid; molecules
in a gas or a liquid) [110]. Conduction heat transfer can be characterized by
Fourier’s law, which relates the heat flux in any direction to the temper-
ature gradient in that direction [110]. For example,

qcond ¼ �k
vT
vz

(11.3)

where qcond is the conduction heat flux per unit area in the z direction and
k is the thermal conductivity of the material.

Heat capacity c and density r determine the amount of energy needed
to heat up the material to increase the temperature by a certain DT and then
store it in the material. The internal specific heat energy U stored per unit
volume of the material with temperature T could be described as

U ¼ rcT (11.4)

where r and c are the density and the specific heat capacity of the material,
respectively.

Materials with high thermal conductivity are more able to direct heat
into their depths. Materials with high heat capacity and density can store
more heat in their bulk and also need more energy to heat them up.

The governing differential equation for a semi-infinite solid (e.g.,
pavement) can be derived from the principle of energy balance within a
control volume of the semi-infinite solid that is differential in the z
direction. The governing equation for conduction heat transfer in a
semi-infinite solid is

a
v2T
vz2

¼ �vT
vt

(11.5)

where a is the thermal diffusivity, a ¼ k
rc :

11.3.1.2 Convection
Convection refers to heat transfer between a surface and a moving fluid
(i.e., a liquid or gas) with macroscale bulk motion. In this study, it is the
convection from/to pavement or building surfaces to/from the near-surface
air above them. The equation that characterizes the rate of convective heat
transfer (qconv) per unit contact area is Newton’s law of cooling [110]:

qconv ¼ hcðTs � TNÞ (11.6)
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where hc is the convective heat transfer coefficient and Ts is the surface tem-
perature that is exposed to air with temperature TN. Note that the convec-
tion coefficient is not a material property, but rather a complex function of
the geometry, fluid properties, and flow condition, as well as the roughness
of the surface [110]. Generally, convection increases when wind speeds are
higher, when air becomes more turbulent over a rougher surface, and when
the temperature difference between the surface and the air is higher [2].

For the heat transfer problem within a stationary medium, such as in
pavement, energy transport within the material of interest occurs entirely by
conduction and is governed by Fourier’s law (Eq. 11.5). Convection is
considered only as the boundary condition for the relatively simple ordinary
or partial differential equations that govern conduction problems. As
mentioned above, convection is the transfer of energy to a moving medium,
most often a liquid or gas flowing through a duct or over an object, in this
case, air flowing over pavements driven by wind. The transfer of energy in a
flowing fluid is due not only to conduction (i.e., the interactions between
microscale energy carriers) but also to the enthalpy carried by macroscale
flow. Enthalpy is the sum of the internal energy of the fluid and the product
of its pressure and volume. The pressure–volume product is related to the
work required to move the fluid across a boundary. The term of the internal
energy can be addressed by heat transfer within the context of thermody-
namics. The addition terms in the energy balance related to the fluid flow
complicate the convection problems substantially and link the heat transfer
problem to an underlying fluid dynamic problem. The complete solution to
many convection problems related to the pavement–air intergraded system
of interest therefore requires advanced computational fluid dynamic tools
[110,179,180]. This will be detailed below.

11.3.1.3 Net Radiation
Net radiation, as listed above, encompasses three separate radiation processes
taking place at the pavement surface: incoming radiation, reflected radia-
tion, and emitted radiation.

Incoming radiation represents the amount of energy radiating from the sun
to the (pavement) surface, including direct radiation and diffuse radiation.
This obviously varies based on the latitude, the season, the time of the day
(zero during night), the amount of cloud cover, and the atmospheric
pollution levels. Incoming solar rate per unit area qsola can be represented as

qsola ¼ Idire þ Idiff (11.7)
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where Idire and Idiff are direct solar radiation and diffuse solar radiation,
respectively.

Reflected radiation is the amount of solar energy reflected from a sur-
face, based on the solar reflectance or albedo of the surface material.
A surface with high solar reflectance, such as bright white materials (e.g.,
snow and ice), reflects most of the solar radiation that falls on it, whereas
dark surfaces such as black asphalt pavement absorb most of the solar
radiation. The reflected solar radiation rate per unit area qrefl can be
represented as

qrefl ¼ rqsola (11.8)

where r is the solar reflectivity or albedo of the material.
Emitted radiation is heat radiation emitted from a surface itself. This term

is highly dependent on the temperature of the surface itself and the sur-
roundings. A warmer surface would radiate more energy to its surround-
ings. For a pavement, the surface at temperature Ts interacts with the
surroundings at temperature Tsurr (e.g., air, other surfaces, etc.); thus the
effective surface radiation rate per unit area qemit can be represented as

qemit ¼ sε
�
T 4
s � T 4

surr

�
(11.9)

where s and ε are the Stefan–Boltzmann constant (5.67 � 10�8 W/m2 K4)
and the emissivity of the surface material, respectively. Here both Ts and
Tsurr must be expressed as absolute temperature (i.e., in unit K rather
than �C) in the above equation.

11.3.1.4 Anthropogenic Heat
Anthropogenic heat represents “human-made” heat generated by build-
ings, vehicles, machinery, or people. In many areas, especially rural and
suburban areas, the amount of anthropogenic energy is small compared to
the other terms in the balance equation. In densely urban areas, the
anthropogenic term might be larger and can be a significant influence on
heat island formation. This item is usually small and thus can be neglected.

11.3.1.5 Shading from Solar Radiation
Shading, produced by trees or walls, will block the incoming solar radiation
from hitting some surfaces, including paved surfaces and a human body
surface. The sky view factor (SVF) could be used to characterize the
shading. For a surface that is completely shaded, SVF ¼ 0; for a surface that
is barely shaded, SVF ¼ 1. Some trees might partly allow solar radiation to
pass through, and SVF on the ground surface or a human body under the
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trees could be somewhere between 0 and 1, e.g., 0.3. Then the effective
incoming radiation incident on a shaded surface with the SVF can be
described as

qsola;e ¼ SVF$qsola (11.10)

11.3.1.6 Evaporation
Evaporation is energy transmitted away from the pavement surface by the
latent heat of water vapor owing to phase change (from liquid to gas).
Water from moist soil or wet surfaces changes to vapor when heated by
solar heat or other heat sources. Water vapor then rises into the atmosphere,
taking the solar energy with it. The evaporation term also includes
evapotranspiration, a more complicated process plants use to keep cool.
During evapotranspiration, water is drawn from the soil by the roots of the
plant and is evaporated through stoma on the plant’s leaves. Both evapo-
ration and evapotranspiration increase when there is more moisture avail-
able, when wind speeds are greater, and when the air is drier and warmer
[2]. Some measurements of evaporation rate for various materials were
conducted and presented in Chapter 7. The evaporation latent heat qevap
(W/m2) can be described as follows:

qevap ¼ L$ER (11.11)

where ER is the evaporation rate, in g/(s m2) or 10�3 � mm/s and L is the
specific latent heat of water vaporization, in 2260 J/g.

11.3.2 Thermal Interactions between Pavement and Other
Surfaces

From a thermodynamic perspective, thermal energy can be transferred
across a boundary (i.e., heat transfer can occur) by three mechanisms:
conduction, convection, and radiation. As mentioned above, conduction is
the process in which energy exchange occurs owing to the interactions of
molecular (or smaller)-scale energy carriers within a material. The con-
duction process is intuitive; it is easy to imagine energy carriers having a
higher level of energy (represented by their temperature) colliding with
neighboring particles and thereby transferring some of their energy to them.
Convection is the process in which the surface of a solid (or liquid or gas)
material exchanges thermal energy with a fluid. Although convection is
commonly treated as a separate heat transfer mechanism, it is more properly
viewed as conduction in a substance that is also undergoing motion.
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The energy transfer by conduction and fluid motion is coupled, making
convection problems more difficult to solve than conduction problems.
However, convection is still an intuitive process since it can be explained by
interactions between neighboring molecules with different energy levels.
Radiation is a very different heat transfer process because energy is trans-
ferred without the benefit of any molecular interactions. Indeed, radiation
energy exchange can occur over long distances through a complete
vacuum. The solar energy that our Earth receives from the sun is a result of
radiation exchange [110].

In addition, all substances emit energy in the form of electromagnetic
radiation as a result of molecular and atomic activity; molecular electronic,
vibrational, or rational transitions result in the emission of energy in the
form of radiation. The characteristics and amount of radiation emitted by a
substance are dependent on its temperature as well as its surface properties.
Energy is exchanged between a system and its surroundings by radiation
even when they are at the same temperature. In this case, however, the net
energy exchange is zero. The rate at which the system is emitting radiation
is equal to the rate at which it is absorbing the incident radiation that was
emitted from its surroundings [110].

The net rate of radiation heat transfer to a surface is the difference
between the rate of radiation that is emitted by the surface and the rate at
which the radiation that is incident on the surface is absorbed. The amount
of incident radiation is determined by the radiation emitted by other sur-
faces and their geometric orientation with respect to the surface of interest,
which is mainly concerned with calculating view factors. View factors are
dimensionless ratios that characterize the degree to which two surfaces
“see” one another in terms of radiation amount and therefore how
efficiently they exchange radiation [110]. For the pavement and a building
surface with an included angle of q, the average view factor will be
F1,2 ¼ 1�sin(q/2). For the case of a horizontal pavement surface and a
vertical building surface, q ¼ 90, thus the average view factor is F1,2 ¼ 0.3.
This means 30% of the radiation emitted by a pavement surface will be the
incident radiation hitting the building surface. The amount of this incident
radiation that will be absorbed by the building surface is dependent on the
reflectivity and transmissivity of the building surface [110].

To better understand the thermal interactions between pavements
and building surfaces, several concepts need to be introduced, including
specular and diffuse surfaces, reflected and emitted radiation and radiosity,
and radiation exchange processes between surfaces.
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11.3.2.1 Specular versus Diffuse Surface
Surfaces generally can be classified into two types according to the radiative
characteristics: specular surface and diffuse surface [110]. For specular sur-
faces (Figure 11.2(a)), radiation is reflected only at the incident angle, e.g., a
mirror or highly polished metal surface. For diffuse surfaces (Figure 11.2(b)),
however, radiation reflected from the surface is angularly uniform and
completely independent of the direction of the incident radiation, e.g.,
rough pavement/building surfaces or general surfaces with diffuse coating
[110]. General pavement/building surfaces of interest in this study are
diffuse surfaces and will reflect the radiation angularly uniformly in every
direction.

11.3.2.2 Reflected and Emitted Radiation and Radiosity
Pavement, as a diffuse gray surface, has a constant emissivity ε at all
wavelengths and emits radiation uniformly in all directions as does the
reflected radiation [110]. The sum of the reflected and emitted radiation per
unit area is called radiosity (Figure 11.3); it is the rate of radiation that is
leaving surface i per unit area [110]. The radiosity will be an important
variable to determine the energy balance on related surfaces and evaluate
the effectiveness of high-albedo pavements for heat island mitigation in
terms of human thermal comfort and building energy use.

11.3.2.3 Radiation Exchange between Surfaces
An example of the complete thermal interactions (radiation exchange)
between relevant surfaces is illustrated in Figure 11.4. The amount of
radiation exchange depends on the radiosity and view factor of each
surface.

Figure 11.2 Specular versus diffuse surface. (a) Specular reflection. (b) Diffuse
reflection.
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To reduce the radiation of one surface to another, one method is to
reduce the absorbed energy by increasing the reflected energy. However,
this will increase the risk of more energy being absorbed by other surfaces
unless most of the reflected energy is reflected directly back into far space
and not reflected onto and absorbed by other building or vehicle surfaces
or human bodies. Therefore, there should be an optimal balance of
reflectivity among thermally interactive surfaces, especially in high-density
urban areas.

11.4 SIMPLIFIED MODEL FOR THERMAL INTERACTIONS
BETWEEN PAVEMENT AND NEAR-SURFACE AIR

To model the thermal interaction between pavement and near-surface air
with a focus on the important pavement surface temperature, a simplified
and specific model was extracted from the full model above to simulate
the temperatures of pavement and near-surface air. The simulation results
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Figure 11.4 Thermal interactions between pavement and other surfaces. Fi,j is the
fraction of radiation that leaves surface i and subsequently hits surface j, i.e., the
effective view factor.

Figure 11.3 Reflected and emitted radiation and radiosity on a pavement surface.
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were compared with the results measured from the field experiments
on test sections presented in previous chapters, in part to validate the
model.

In addition to shading and evaporation, there are three primary thermal
interactive processes between pavement and near-surface air: conduction,
convection, and radiation [181,182]. The total heat energy that flows into
the pavement is indicated as

qT ¼ qs � qr � qc � qe (11.12)

where
qT is the total energy flowing into the pavement;
qs is the solar radiation absorbed by the pavement;
qr is the effective surface radiation to the ambient atmosphere;
qc is the convective heat loss to the ambient atmosphere; and
qe is the evaporative heat loss from the pavement.

11.4.1 Conduction
Heat conduction is the transfer of heat by direct contact of particles of
matter. Conduction defines the constitutive behavior of the system for heat
transfer analysis (in terms of specific heat and conductivity). It determines
the total internal energy of the heat transfer system and drives the system to
reach a heat energy balance. The pavement conduction heat transfer
equation is defined as follows [181,183]:

v2Ti

vz2
¼ rici

ki

vTi

vt
¼ ai

vTi

vt
(11.13)

where
Ti is the temperature of the ith layer of material, �C;
z is the depth from the surface, m;
t is the time of day, 0–24 h;
ri is the density of the ith layer of material, kg/m3;
ci is the heat capacity (or specific heat) of the ith layer of material,
J/(kg �C);
ki is the thermal conductivity of the ith layer of material, W/(m �C); and
ai is the thermal diffusivity of the ith layer material, m2/s, ai¼ki/rici.
Heat transfer by conduction occurs between the layers of pavement as

well as in the air above the pavement:

qcond ¼ �k
vT1

vz

��
z¼0

(11.14)
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11.4.2 Convection
Convection is the transfer of thermal energy by the movement of mole-
cules from one part of a material to another. It is one of the boundary
conditions for the heat transfer system, which can be specified as surface
heat flux per area or as volumetric heat flux per volume. Convection de-
termines the heat exchange between pavement and near-surface air.

The rate of convective heat transfer per area qc is given by [181,183]:

qc ¼ hc
�
T1

��
z¼0

� Ta

�
(11.15)

where hc is the convection (film) coefficient, T1jz¼0 is the surface temper-
ature, and Ta is the ambient air temperature.

If the hourly data of ambient air temperature are not available or a
reduced data set is needed to save storage space even if they are available,
the ambient air temperature changes over a day can be calculated
from the daily peak air temperature and daily lowest air temperature,
usually available from general weather record data, using the following
formula [184]:

Ta ¼ Ta þ Tm

�
0:96 sin uðt � t0Þ þ 0:14 sin 2uðt � t0Þ

�
(11.16)

where
Ta is the daily average air temperature, �C, Ta ¼ 1

2 ðTmax
a þ Tmin

a Þ;
Tm is the daily air temperature vibration amplitude, �C,
Tm ¼ 1

2 ðTmax
a � Tmin

a Þ;
Tmax
a and Tmin

a are the daily peak air temperature and daily lowest air
temperature, respectively;
t is the time of day, 0–24 h;
t0 is the initial phase position, t0 ¼ 11 (peak at 16:00 h, see Section 8.3.3
in Chapter 8); and
w is the angular frequency, w ¼ 2p/24 rad.

11.4.3 Radiation
Radiation is the transfer of heat energy through empty space via electro-
magnetic waves. All objects with a temperature above absolute zero radiate
energy at a rate equal to their emissivity multiplied by the rate at which
energy would radiate from them if they were a black body.

There are two radiation processes in the pavement heat transfer system:
solar radiation to pavement and effective surface radiation to the ambient
atmosphere (including pavement radiation both to atmosphere and in the
opposite direction).

252 Pavement Materials for Heat Island Mitigation



Similar to the ambient air temperature above, the hourly data of solar
radiation flux might not be available sometimes. Even if they are available,
sometimes a reduced data set might be needed for some situations. In these
cases, solar radiation flux to the pavement at various times over a day
q(t) can be calculated from the daily total solar radiation volume (peak
at 13:00 h, see Section 4.3.3 in Chapter 3) using the formula shown below
[184]:

qðtÞ ¼

8>>>>>>><
>>>>>>>:

0 0 � t < ts0 � c
2

q0 cos muðt � ts0Þ ts0 � c
2
� t � ts0 þ c

2

0 ts0 þ c
2
< t � 24

(11.17)

where
q0 is the peak solar radiation at noon, q0 ¼ 0.131m$Q, in J/h;
Q is the daily total solar radiation volume, in J;
m is the distribution coefficient for solar radiation, m ¼ 12/c;
c is the daily effective sunlight hour, h;
t is the time of day, 0–24 h;
ts0 is the peak position, ts0 ¼ 13 (peak at 13:00 h, see Section 8.3.3 in
Chapter 8); and
w is the angular frequency, w ¼ 2p/24 rad.
The effective incoming radiation qe(t) incident on a shaded surface with

the SVF can be described as

qeðtÞ ¼ SVF$qeðtÞ (11.18)

The solar radiation absorbed by pavement qs can be calculated as

qs ¼ as$qeðtÞ (11.19)

where as is the solar radiation absorptivity of the pavement surface (¼1 � r;
r is the solar reflectivity).

Equation (11.17) is not smooth and continuous, but rather results in
discontinuities across time in temperature calculations. Therefore, the
Fourier series (k ¼ 30 yields an accurate estimate) is used to address this
problem as below [185]:

qðtÞ ¼ a0
2
þ
XN
k¼1

ak cos
kpðt � 12Þ

12
(11.20)
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where a0 ¼ 2q0
mp ;

ak ¼

8>>><
>>>:

q0
2m

k ¼ m

q0
p

�
1

mþ k
sinðmþ kÞ p

2m
þ 1
m� k

sinðm� kÞ p

2m

�
ksm

(11.21)

The effective surface radiation to the ambient atmosphere, a boundary
condition for the pavement heat transfer system, can be defined as
[168,181]:

qr ¼ εs
h�
T1jz¼0 � TZ

�4 � �
Ta � TZ

�4i
(11.22)

where
qr is the effective surface radiation, W/(m2 �C);
ε is the thermal emissivity;
s is the Stefan–Boltzmann constant, 5.6697 � 10-8 W/(m2 K4);
T1jz¼0 is the temperature at the pavement surface, �C;
Ta is the temperature of the air atmosphere, �C; and
TZ is absolute zero, �273 �C.

11.4.4 Evaporation
Evaporation is energy transmitted away from the pavement surface by the
latent heat of water vapor owing to phase change (from liquid to gas).
Water from moist soil or wet surface changes to vapor when heated by solar
heat or other heat sources. Some measurements of evaporation rate for
various materials were conducted and presented in Chapter 7. The evap-
oration latent heat qe (W/m2) can be described as follows:

qe ¼ L$ER (11.23)

where
ER is the evaporation rate, in g/(s m2) or 10�3 � mm/s and
L is the specific latent heat of water vaporization, in 2260 J/g.

11.5 MODEL VALIDATION

Some data from the field measurements on the test sections are used to
partly validate the developed model. More detailed and complete validation
could be performed with more data from field measurements of the test
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sections and from other different and complex contexts (climates, sur-
roundings). The validation includes both asphalt and concrete pavements
for 10 typical hot summer days in a row. Some validation results, with a
focus on the key surface temperatures, are presented below.

11.5.1 Pavement Structures and Model Parameters
Two asphalt pavement sections and two concrete pavement sections (B1
and B3, C1 and C3, with different structures and materials; see Chapter 4)
were used for validation of the simplified model for 10 sunny days in
summer (20–30 July 2012). The key material properties for the surface
asphalt layer (albedo, thermal conductivity, heat capacity, density) are from
the experimental measurements presented previously (Tables 4.4, 6.7, and
8.1). Some other secondary material properties (e.g., thermal properties of
the base materials and subgrade soil that will not heavily influence the
results) are from the literature (e.g., [181,182,184,186,187]). Some key
parameters for temperature simulation for validation are summarized here in
Table 11.1. Other information (e.g., numerical implementation, boundary
conditions, etc.) can be found in Section 12.1 of Chapter 12.

11.5.2 Weather Data
The local hourly weather data (ambient air temperature, solar radiation and
wind speed) for the 10 sunny days in summer (20–30 July 2012) were
available and used for the simulation, as shown in Figure 11.5.

11.5.3 Validation Results for Asphalt Pavements
The simulated and measured results for the two asphalt pavements (B1 and
B3) are presented in Figure 11.6. The simulated and measured results
generally agree very well with one another. The comparison of the
simulated and the measured results for the asphalt pavements is presented in
Figure 11.7. This indicates that the developed model can be used to
simulate the temperatures for asphalt pavements under various weather
conditions.

11.5.4 Validation Results for Concrete Pavements
The simulated and measured results for the two concrete pavements (C1
and C3) are presented in Figure 11.8. The simulated and measured results
generally agree well with one another, with relatively larger errors at the
low temperatures for C3. The comparison of the simulated and the
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Table 11.1 Parameters for temperature simulation for validation

Layer Material
Thickness
(cm) Albedo

Thermal
conductivity
(W/(m �C))

Heat
capacity
(J/(kg �C))

Density
(kg/m3)

Thermal
emissivity

B-1 surface Asphalt-D 10 0.09 1.73 852 2399 0.80
B-3 surface Asphalt-O 20 0.08 1.23 798 2200 0.80
C-1 surface Concrete-D 10 0.29 1.83 1001 2257 0.80
C-3 surface Concrete-O 20 0.26 1.29 761 2050 0.80
Base Aggregate 15 e 1.40 920 1800 e
Subgrade Soil e e 1.30 860 1700 e
Air Air 200 e 0.00257 1006 1.205 e

D, dense graded; O, open graded; U, uncompacted; C, compacted.
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measured results for the concrete pavements is presented in Figure 11.9.
This indicates that the developed model can be used to simulate the
temperature for concrete pavements for various weather conditions.

11.6 SUMMARY AND CONCLUSIONS

This chapter developed a framework for a general local microclimate
model. This integrated local microclimate model includes both pavement
structure and near-surface air and considers coupled processes of radiation,
convection, conduction, shading, and evaporation. A simplified model was
extracted from the general model to simulate the temporal and spatial
distribution of temperatures of pavement and near-surface air. It can be
used for various pavement structures under various climate conditions for
various time frames.

The model was numerically implemented using the finite element
method and the finite difference method and used to simulate the temporal
and spatial distribution and variation of both pavement temperature and
near-surface air temperature in the summer in a hot region (Sacramento,
California) for validation against the field measurements from experimental
test sections presented previously in this dissertation. The model was
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Figure 11.5 Weather data for the 10 sunny days in summer (20–30 July 2012). Dates
are given as month/day/year. 0:00 indicates midnight.
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Figure 11.6 Simulated and measured surface temperatures for asphalt pavements.
Dates are given as month/day/year. 0:00 indicates midnight. (a) B1. (b) B3.
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Figure 11.7 Comparison of simulated and measured results for asphalt pavements.
(a) B1. (b) B3.
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Figure 11.8 Simulated and measured surface temperatures for concrete pavements.
Dates are given as month/day/year. 0:00 indicates midnight. (a) C1. (b) C3.
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Figure 11.9 Comparison of simulated and measured results for concrete pavements.
(a) C1. (b) C3.
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validated against field measurements for both asphalt and concrete pave-
ments (with different materials and structures) and under various weather
conditions. The simulated and measured results generally agree well with
one another for both asphalt and concrete pavements with different
materials and structures and under various weather conditions. This
indicates that the developed model can be used to simulate the temperature
for asphalt and concrete pavements for various weather conditions.
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Simulation of Thermal Behavior
of Design and Management
Strategies for Cool Pavement
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This chapter uses the validated model to run the temperature simulation for
various factors and then identifies the significant factors affecting thermal
behavior. Depending on the identified significant factors affecting the
thermal behavior, effective potential alternative design strategies are then
proposed.

12.1 SIMULATION USING THE SIMPLIFIED MODEL

The validated model was used first to run some simulations for a typical
pavement in a hot climate; then based on the simulation, a sensitivity
analysis on the model was performed for key model factors, which is
presented in the following section.
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12.1.1 Pavement Structure and Integrated Local Modeling
A typical asphalt pavement structure (as shown in Figure 12.1) was chosen
for the numerical simulation of the temperature field. The simplified in-
tegrated local model (as shown in Figure 12.2) was used for the heat transfer
analysis between pavement and near-surface air. This integrated modeling
includes the pavement structure and the near-surface air (w2 m above the
pavement surface).

Surface Layer (AC) 20 cm (8 in) 

Base Layer (AB) 60 cm (24 in) 

Subgrade (SG) 

Figure 12.1 Typical asphalt pavement structure for temperature simulation.

  2mNear-suurface Air   

Surfacee Layer      0.2m

Aggreg  0.6mate Base    

1.2mSubgrade

Figure 12.2 Integrated modeling for temperature simulation.
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12.1.2 Thermal Property Parameters and Climate
Conditions

The thermal properties and the typical parameter values for temperature
simulation are shown in Table 12.1 and were determined from experi-
mental measurements presented previously (Tables 4.4, 6.7, and 8.1). Some
other material properties (e.g., thermal properties of the base materials and
subgrade soil that will not heavily influence the results) are from the
literature (e.g., [181,182,184,186,187]). The hot climate conditions in
summer (July) in Sacramento, California [188], as shown in Table 12.1,
were used to set up the boundary conditions (convection and radiation) for
the integrated local model implemented in the finite element analysis
software Abaqus® [168].

12.1.3 Initial and Boundary Conditions
The initial condition includes the predefined temperature field for the
whole model, which was set at 25 �C.

The boundary conditions for this simplified heat transfer model include
the solar radiation heat flux on the pavement surface, the surface convection
between pavement surface and air, the surface radiation of pavement and
upper boundary of near-surface air, and the temperature boundary for the
upper boundary of near-surface air.

The solar radiation heat flux (calculated from Eq. (11.20)) varies
throughout a day, as defined by the user subroutine DFLUX() in Abaqus®.
Heat loss by evaporation is integrated into the surface heat flux with
DFLUX() in Abaqus®. Surface convection, which is a function of the
ambient air temperature (calculated from Eq. (11.16)) varying over time
and the convection coefficient varying with wind velocity, is defined by the
user subroutine FILM() in Abaqus®. The effective surface emitted radiation
is directly defined through surface radiation to the ambient atmosphere
using the key word *Sradiate in Abaqus®. The temperature boundary for the
upper boundary of near-surface air at 2 m height was set as the ambient air
temperature. All other boundary conditions are assumed to be regulated by
heat insulation [168].

12.2 EXAMPLE SIMULATION RESULTS

Using the integrated model developed and validated above (Figure 12.2),
the temperatures of pavement and near-surface air under the typical climate
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Table 12.1 Parameters for temperature simulation in Sacramento, California
Thermal properties and typical parameter values

Parameters Air Asphalt concrete Aggregate base Subgrade

Thermal conductivity ka (J$(h$m$�C)�1) 92.5 5400 5040 4680
Density r/(kg$m�3) 1.205 2200 1800 1700
Specific heat capacity c ( J$(kg$�C)�1) 1006 950 920 860
Surface solar radiation absorptivity as 0.90
Thermal emissivity ε 0.80
Heat convection coefficient hc

a (J$(h$m2$�C)�1) hc ¼ 3600(3.7vw þ 6.1) (vw, wind velocity, m/s)
Absolute zero TZ (�C) �273
StefaneBoltzmann constant sa (J$(h$m2$K4)�1) 2.041092 � 10�4

Hot summer climate data in hot region of Sacramento, California

Month

Daily peak air
temperature
Tmax
a (°C)

Daily lowest air
temperature
Tmin
a (°C)

Daily total solar
radiation volume
Q (MJ/m2)

Daily effective
sunlight hour c (h)

Daily average
wind velocity vw (m/s)

7 (July) 38 18 30.0 11 4
aTime is measured in hours and the related parameters are converted for the simulation analysis at intervals of 1 h.
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conditions in July in Sacramento, California (Table 12.1), were simulated
and the results are shown in Figures 12.3 and 12.4.

12.2.1 Temperature Over Depth
The lowest surface temperature occurs at w4:00 h (4:00 in Figure 12.3).
The maximum temperature for the whole model reaches to approximately
55 �C, which occurs on the pavement surface at w14:00 h (14:00 in
Figure 12.3). At this time, away from the pavement surface, the tempera-
tures both down in the pavement and up in the near-surface air decrease
with increasing distance from the pavement surface.

During the noon and afternoon hours (e.g., 12:00, 14:00, and 16:00 in
Figure 12.3), the highest temperatures occur on the surface, while the
highest temperatures of both pavement and near-surface air occur at some
distance from the surface during nighttime (e.g., 18:00 and 20:00 in
Figure 12.3). This dynamic is driven by daytime solar radiation. Also, the
temperature gradient is higher in the area close to the surface than some

Figure 12.3 Temperature of whole model over depth at various times.
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distance away from the pavement surface. This high temperature gradient is
driven by heat transfer between the pavement and the air around the
surface. The resultant higher temperature level and temperature gradient
are adverse to both pavement life and human comfort and health in areas
near pavement surfaces.

12.2.2 Temperature Over Time
The temperature fluctuations of pavement and near-surface air at various
depths/heights over one day are shown in Figure 12.4, along with ambient
air temperatures from weather data (T_Air@2.0m (Ambient)) for
comparison.

Figure 12.4 shows that the area close to the pavement surface, i.e., the
top of the asphalt concrete (AC) surface, and the near-surface air at a height
of 0.5 m above the surface have higher peak temperatures during the
daytime and higher fluctuations over the day. The temperatures in the area
some distance away from the pavement surface (i.e., the bottom of the
aggregate base (AB) and the subgrade (SG) and the near-surface air at 1.5 m
above the surface) change little over time.

Also, the temperatures of both pavement and near-surface air at most
depths and at most times of the day are higher than the ambient air tem-
perature (T_Air@2.0m (Ambient)). Especially around noon, the highest
temperatures of the pavement surface and near-surface air (0.5 m high) are
approximately 20 and 10 �C higher than the ambient air temperature,

Figure 12.4 Temperature over time at various locations.
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respectively. Even during the night, the pavement temperatures at most
pavement depths (Figure 12.4) are still much higher than the ambient air
temperature. The heat energy absorbed by and stored in the pavement is
released into the near-surface air and then into the ambient atmosphere
during the nighttime, increasing the temperature of the near-surface air as
well as of the ambient atmosphere. This process of heat exchange occurring
during the nighttime can have negative impacts on building energy use and
human comfort and health in hot climates but can be a positive in cold
climates.

12.3 SIMULATION-BASED SENSITIVITY ANALYSIS USING
THE SIMPLIFIED MODEL

The effects of various parameters on pavement and near-surface tempera-
ture were investigated using the simplified model, to explore the specific
effects of each factor and identify the significant factors. The factors used for
sensitivity analysis include surface material thermal properties, solar radia-
tion absorptivity, thermal emissivity of pavement, and the heat convection
coefficient, as well as solar radiation, wind speed, and evaporation rate. In
addition to the base case (C0 in Table 12.2), four additional values (C1–C4
in Table 12.2) for each factor were chosen based on the experimental
measurements presented previously and some literature for the simulation
of temperature fields.

For sensitivity analysis, in each case only one factor was changed in the
simulation run, as shown in Table 12.2. All the other parameters were kept
constant with the values shown in Table 12.1, which was set as the refer-
ence base case. The temperature distributions along the depth in the upper
pavement (0.2 m AC þ 0.6 m AB,�0 on the y axis) and in the near-surface
air (w1.0 m above the surface, þ0 on the y axis) were extracted at 14:00 h
(at 14:00 in Figures 12.5–12.9 ) and 4:00 h (at 4:00 in Figures 12.5–12.9) to
compare the effects of each factor on both daytime high temperatures and
nighttime low temperatures.

12.3.1 Thermal Conductivity
As the thermal conductivity of the pavement surface layer material in-
creases, the heat exchange between the pavement and the near-surface air
is facilitated by conduction. The increased thermal conductivity reduces
the high near-surface air temperature at 14:00 h during daytime (at 14:00
in Figure 12.5) with more heat flux from the air into the pavement, while
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increasing the low near-surface air temperature at 4:00 h during the night-
time (at 4:00 in Figure 12.5) with more heat flux from the pavement into the
air. This provides an opportunity to moderate the near-surface air temper-
ature through easier heat exchange between the pavement and the near-
surface air.

The increased thermal conductivity of the pavement surface layer facilitates
heatflow intodeeppavement layers fromupper pavement layers.This results in
higher temperatures of deeppavement layers at both thehigh temperature peak
time (14:00 h) and the low temperature time (4:00 h), but a slightly reduced
temperature in the upper pavement layer immediately close to and on the
pavement surface. The ways to increase the thermal conductivity include
using a high-conductivity aggregate, carbon filler, steel fiber, etc.

Table 12.2 Factors for sensitivity analysis

Factor

C0 C1 C2 C3 C4

(Base
case)

(Low
case)

(Slightly
low case)

(Slightly
high case)

(High
case)

Thermal
conductivity
k (J$(h$m$�C)�1)

5400 3240 4320 6480 7560

Specific heat
capacity
c (J$(kg$�C)�1)

950 570 760 1140 1330

Density
r (kg$m�3)

2200 1320 1760 2640 3080

Solar radiation
absorptivity as

0.9 0.5 0.6 0.7 0.8

Thermal
emissivity ε

0.8 0.5 0.6 0.7 0.9

Heat convection
coefficient,
slope Aa

3.7 2.2 3.0 4.4 5.2

Daily total solar
radiation Q
(MJ/m2)

30 18 24 36 42

Daily average wind
velocity (m/s)

4 2 3 5 6

Evaporation rate
(mm/h)

0 0.2 0.5 1 1.5

All material properties are of the surface.
ahc ¼ 3600(A$ vw þ 6.1) (vw, wind velocity, m/s).
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12.3.2 Specific Heat
Similar to the heat conductivity, the increased specific heat of the surface
layer can reduce the daytime high near-surface air temperature (negative
correlation) and increase the nighttime low near-surface air temperature
(positive correlation). Unlike thermal conductivity, which has a positive
correlation with both high and low pavement temperature, the increased
specific heat not only increases the nighttime low pavement temperature
but also reduces the daytime high pavement temperature, moderating the
temperatures. The ways to increase the specific heat include using
aggregate and filler with high specific heat or adding some phase-change
admixture.

(right arrow) Positive correlation
(left arrow) Negative correlation
(dashed line) Low Temperature
(solid line) High Temperature

increasing thermal conductivity

increasing thermal conductivity

Figure 12.5 Temperature versus thermal conductivity.
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12.3.3 Density
The density also shows similar effects on the temperature for both the
pavement and the near-surface air as with specific heat above. The mecha-
nism is that more energy is needed because of an increased total mass of the
surface layer to reach the energy balance. Using materials with higher density
for pavement can moderate the temperature for both the pavement and the
near-surface air, but the effect is limited, as in the case of specific heat.

12.3.4 Solar Absorptivity
Figure 12.6 shows that the daytime high temperature of both the pavement
surface and the near-surface air substantially decreases as the solar absorptivity
(which equates to 1 � reflectivity) of the pavement surface goes down, with
less solar energy absorbed by the pavement. Also, the drop in the daytime
high temperatures of both pavement and near-surface air is more

increeasing solar a

     (right arro
     (left arrow
      (dashed li
      (solid line

absorptivity

ow) Positive c
w) Negative co
ine) Low Tem
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orrelation 
orrelation 

mperature 
perature 

Figure 12.6 Temperature versus solar radiation absorptivity (¼ 1 � albedo).
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pronounced than the drop in the nighttime low temperature, especially the
pavement surface temperature. In Figure 12.6, the highest temperature of
the pavement surface (14:00 h) drops by about 12 �C (from 54 to 42 �C)
when the solar absorptivity decreases from 0.9 to 0.5 (reflectivity increases
from 0.1 to 0.5). However, the lowest temperature of the pavement surface
(4:00 h) remains roughly constant. This implies that, using materials with
low absorptivity (high reflectivity) such as light-colored aggregate or coating
on pavement could reduce the high pavement temperatures but would
probably not have a strong effect on the lowest pavement temperatures.
Adding this characteristic would probably improve pavement properties
under high-temperature conditions while not increasing the possibility of
pavement low-temperature distresses (such as cracking).

From the near-surface air at 0.5 m height (Figure 12.6) it can be seen
that the daytime high temperature (14:00 h) drops by about 7 �C (from 40
to 33 �C) as the solar absorptivity goes down from 0.9 to 0.5. However,

inccreasing ther
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Figure 12.7 Temperature versus thermal emissivity.

Simulation of Thermal Behavior of Design and Management Strategies for Cool Pavement 273



the low temperature of the near-surface air (4:00 h) also does not change
much, by only about 2 �C. Reducing the near-surface air temperature, by
reducing solar absorptivity with high reflectivity pavement materials,
would probably contribute to mitigating the urban heat island effect, thus
potentially reducing energy consumption for cooling by people living and
driving in urban areas during summer and increasing the thermal comfort
of people walking/driving on and/or living near pavements in hot seasons
and a hot climate. However, on the side of heat flux of radiation, the
reflected radiation might hit the building surfaces and human bodies and
be absorbed by these surfaces. This will increase the chance of causing
negative impacts of the high-reflectivity pavement materials in terms of
human comfort and building energy use, as mentioned previously in the
experiments.

(right arrow) Positive correlation
(left arrow) Negative correlation
(dashed line) Low Temperature
(solid line) High Temperature

increasing convection coefficient slope

Figure 12.8 Temperature versus convection coefficient slope.
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12.3.5 Thermal Emissivity
The temperature distributions of pavements with various thermal emis-
sivities and the corresponding near-surface air temperatures are shown in
Figure 12.7.

Higher thermal emissivity results in lower temperatures in both the
pavement (�0 in Figure 12.7) and the near-surface air (þ0 in Figure 12.7),
with more heat energy emitted/radiated to the near-surface air and then to
the whole ambient atmosphere. Similar to solar absorptivity, thermal
emissivity has a greater effect on the pavement surface temperature than on
the near-surface air temperature. An increase in thermal emissivity from 0.5
to 0.9 causes the highest temperature of pavement surface (at 14:00 h) to
drop by about 4 �C (from 57 to 53 �C) and the high near-surface air
temperature at 0.5 m height to drop by about 2 �C (from 42 to 40 �C).

Although the effect of thermal emissivity is not as marked as that of solar
absorptivity, using materials with high thermal emissivity can still reduce the

increasinng solar radia
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Figure 12.9 Temperature versus solar radiation.
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temperatures of both the pavement surface and the near-surface air,
resulting in cooler pavement and bringing all the benefits of it. However,
increased thermal emissivity also reduces the nighttime low temperatures (at
4:00 h) of both pavement and near-surface air. This might have a negative
effect on building energy use, thermal comfort, and pavement life during
nighttime or winter time and in cold regions. In addition, effectively
changing the thermal emissivity might be difficult for pavement materials.
Nano-materials might provide the opportunity to modify the thermal
emissivity of surface materials.

12.3.6 Convection Coefficient–Slope A
The heat convection coefficient, the most important parameter for the
convection process, is dependent on not only the wind velocity (the speed
of air convection near the pavement surface) but also the pavement surface
characteristics (roughness) [189,190]. Faster wind velocities correspond to
larger convection coefficients and lead to a reduction in the temperatures of
both the pavement surface and the near-surface air during summer. Rough
surfaces have a higher convection coefficient than smooth ones under
constant wind velocity, owing to more effective surface area exposed to air
and the enhanced air turbulence over the pavement [3].

Therefore, the convection coefficients (given by slope A in Table 12.2)
were used to simulate the effect of convection on the temperatures of
pavement and near-surface air. The results are shown in Figure 12.8.

Higher convection coefficients imply lower pavement temperatures and
near-surface air temperatures. This is because more heat energy is trans-
ferred to the ambient atmosphere through convection as air moves over the
hot pavement. The daytime high temperature of the pavement surface
drops approximately by 5 �C (from 57 to 52 �C) as the slope of the con-
vection coefficient increases from 2.2 to 5.2, compared with a drop of
about 3 �C (from 42 to 39 �C) for the near-surface air temperature at 0.5 m
height.

Therefore, pavements can be built with rougher surfaces, such as
permeable pavements, chip seals, etc., to increase their effective surface area
and create air turbulence over the pavement, thus reducing the tempera-
tures of both pavement and near-surface air. However, “while this
roughness can increase convection and cooling, it may also reduce a sur-
face’s net solar reflectance” [3]. More empirical and modeling studies are
needed to investigate and confirm the detailed effects of pavement surface
roughness on heat convection and pavement temperature.
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12.3.7 Wind Speed
Wind speed shows an effect on the temperature near the pavement surface
that is similar to that of slope A of the convection coefficient. Increased
wind speed significantly reduces the daytime high temperature of near-
surface air almost without impact on the nighttime low temperature.
Also, increased wind speed enhances convection between the pavement
and the air, which can moderate the pavement temperature. A reduced
daytime high temperature and increased nighttime low temperature in
pavement can be explained by this mechanism. Therefore, enhancing
natural ventilation, especially in high-density urban areas, could improve
the thermal condition of pavements and near-surface air.

12.3.8 Solar Radiation
As shown in Figure 12.9, solar radiation has a significant impact on the
temperature of both the pavement and the near-surface air, especially
during the daytime high temperature period. When total solar radiation
decreases by about 50% (from 42 to 18), the high temperature on the
pavement surface decreases by about 20 �C (from 64 to 44 �C). However,
the nighttime lowest temperatures do not decrease much. This suggests that
shading of some solar radiation using trees, canopies (e.g., photovoltaic
panels) [65], or buildings could help to significantly reduce the daytime
high temperature of both pavements and the near-surface air, potentially
without impact on nighttime low temperatures.

12.3.9 Evaporation
Evaporation of water can consume some solar radiation/heat absorbed by
the pavement through latent heat loss, which is insensible (unable to be
perceived by the senses), unlike the sensible reflected and emitted radiation
loss. The insensible latent heat loss will not influence the energy balance of
the surroundings (e.g., building surface or human bodies, etc.) while
reducing the effective solar radiation absorbed by the pavement and
consequently reducing the pavement temperature. Therefore, enhancing
evaporation from the pavement will influence the pavement thermal
behavior and consequently effectively improve the thermal environment.
However, as indicated by the findings from evaporation rate and field
measurement of temperature presented in Chapters 7 and 8, to effectively
reduce the pavement temperature through evaporative cooling, moisture
needs to be available on or just below the pavement surface. Otherwise, the
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evaporation rate will be very low and the consequent effect of evaporative
cooling will be minor.

12.3.10 Summary of Sensitivity Analysis
A sensitivity analysis based on simulation was conducted on some variables.
Findings on the specific effects of some factors are listed in Table 12.3. The
table shows complex correlations between these factors and temperatures of
pavement and near-surface air. Findings from the sensitivity analyses based
on the simulation indicate that temperatures are highly sensitive to solar
reflectivity (1 � absorptivity) and solar radiation and shading. Temperatures
show relatively high sensitivity to wind speed, convection coefficient,
evaporation, thermal conductivity, and thermal emissivity. Temperatures
present low sensitivity to specific heat and density. This implies that
increasing the solar reflectivity and reducing the incident solar radiation
(e.g., shading, etc.) could be effective ways to reduce the pavement tem-
perature. Other strategies, such as enhancing ventilation and evaporation
and using thermal-resistance materials, also can help reduce the temperature
to some extent. In addition, the potential benefits provided by these po-
tential cool pavement strategies might vary with climate. Different climate
regions might need different strategies for heat island mitigation.

12.4 SUMMARY AND CONCLUSIONS

The validated model was used to simulate temperature for a typical
pavement structure under typical climate conditions in summer (July) in
Sacramento, California, a location with high summertime temperatures.
Sensitivity analysis based on the simulation was conducted on some vari-
ables. Findings on the specific effects of some factors show complex cor-
relations between these factors and pavement and near-surface air
temperatures.

Findings obtained from the sensitivity analysis indicate that temperatures
are highly sensitive to solar reflectivity (1 � absorptivity) and solar radiation
and shading. Temperatures show relatively high sensitivity to wind speed,
convection coefficient, evaporation, thermal conductivity, and thermal
emissivity. Temperatures present low sensitivity to specific heat and density.
This implies that increasing solar reflectivity and reducing incident solar
radiation (e.g., shading, etc.) could be effective ways to reduce pavement
temperatures. However, application of high-reflectivity pavement materials
might increase the chance of causing negative impacts in terms of human
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Table 12.3 Effect of factors on temperature of pavement and near-surface air (summer in hot region)

Factors

Pavement surface and
deeper layers Near-surface air

Order of sensitivity
Daytime high
temperature

Nighttime low
temperature

Daytime high
temperature

Nighttime low
temperature

Solar absorptivitya þ þ þ þ Very high
Shading � � � � Very high
Solar radiation þ þ þ þ Very high
Evaporation rate � � � � High
Thermal conductivity �/þ* þ/�* � þ High
Wind velocity �/þ* �/þ* � � High
Convection coefficient �/þ* �/þ* � � High
Thermal emissivity � � � � High
Density � þ/�* � þ Low
Specific heat � þ/�* � þ Low

Note: þ denotes positive correlation; � denotes negative correlation; *�/þ denotes a correlation for upper layer and lower layer, respectively.
aSolar absorptivity ¼ 1 � solar reflectivity.
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thermal comfort and building energy use owing to the reflected solar
radiation, which will be explored in the following chapters.

According to the identified significant factors affecting the pavement
thermal performance, potentially effective strategies include technologies
such as high-reflectance and thermal-resistance pavement materials with
low thermal conductivity, i.e., they conduct heat very poorly and leave the
heat only near the surface, e.g., porous materials for permeable pavements,
and management strategies such as shading, ventilation, and evaporation,
and the combined use of these technologies and management strategies.
The effectiveness these strategies at improving the thermal environment at
the street level when applied to a specific context can be evaluated using the
model developed and validated previously in this study.

It should also be noted that while the technologies (e.g., modifying
thermal variables, etc.) that cool down the pavement and near-surface air
potentially provide a positive effect on pavement life, building energy use,
and human thermal comfort during hot times (especially in daytime during
hot summers) and in hot climates, they might also lead to negative effects in
terms of the same factors during cold seasons (e.g., nighttime in the winter)
or in cold climates. Therefore, comprehensive consideration of both pos-
itive and negative effects of cool pavements should be given to ensure that
the overall net benefits are positive. These will be addressed in the
following chapters with respect to human thermal comfort and building
energy use.

Any effects on the larger scale of the microclimate of cities are outside
the scope of this work, but should be considered before making any de-
cision based on the results presented in this dissertation, which is focused on
near-surface effects of individual paved areas.
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CHAPTER 13

Impacts of Pavement Strategies
on Human Thermal Comfort
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The objectives of this chapter are to investigate the impacts of various
pavement technologies and management strategies on human outdoor
thermal comfort.

Some important concepts will be first introduced for a better under-
standing of human thermal comfort, such as mean radiant temperature
(MRT), thermal comfort index, and energy balance of human body.
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13.1 MEAN RADIANT TEMPERATURE

13.1.1 Definition
The MRT is defined as the uniform temperature of an imaginary enclosure
(or environment) in which the radiant heat transfer from the human body
is equal to the radiant heat transfer in the actual nonuniform enclosure
(or environment) [191,192].

MRT is the most important parameter governing human energy
balance, especially on hot sunny days. MRT also has a strong influence on
thermophysiological comfort indexes such as physiological equivalent
temperature (PET) or predicted mean vote (PMV) (discussed in Section
13.3) [191,192].

13.1.2 Difference between Mean Radiant Temperature and
Air Temperature

Radiant heat can play a significant role in achieving thermal comfort,
promoting a healthier environment and lowering building heating costs in
the winter. To understand how radiant heat makes these benefits possible
we must first clarify the difference between ambient air temperature and the
mean radiant temperature. The ambient air temperature is a measure of
the average air temperature in the environment, while the mean radiant
temperature is a measure of the net radiant heat gain and loss in the
environment.

Most people are familiar with how fluctuations in air temperature affect
their perception of comfort, but relatively few people are conscious of how
their comfort is affected by mean radiant temperature differences. Living
human skin has extraordinarily high emissivity and absorptivity, making it
very sensitive to radiant heat loss and gain. Radiant heat loss or gain is not
dependent on the air temperature. For example, when you stand in the sun
on a cold winter day you feel radiant heat gain from the sun even though
the air temperature is cold. On the other hand, when you open the freezer
door on a hot summer day you feel radiant heat loss to the interior of the
freezer. In both cases your thermal comfort is being largely affected by
difference in radiant heat gain or loss, not air temperature.

Further, it is important to understand that you can experience heat gain
from a warm surface and heat loss to a cold surface at the same time. In
other words, your skin can simultaneously absorb heat from a warm surface
and emit heat to a cold surface. Depending on the strength of the radiation
of heat from the warm surface to your skin and the absorption or heat from
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your skin to the cold surface you will feel either a net gain or a net loss of
heat energy. The mean radiant temperature measures this combined net
radiant heat loss and gain [191,192].

13.1.3 Calculation of Mean Radiant Temperature
To calculate the MRT (Tmrt, in �C), the relevant properties and di-
mensions of the radiating surfaces and the sky view factors as well as the
posture of the human body (e.g., seated or standing, etc.) need to be
known. The entire surroundings of the human body are divided into n
thermal surfaces with the temperatures Ti (in �C) and emissivity εi, to
which the view factors VFi are to be assigned as weighting factors (i ¼ 1, 2,
3, ., n) [191,192]:

Tmrt ¼
"
1
s

Xn

i¼1

�
Ei þ ahb

Di

εhb

�
VFi þ Fhbahb

SVFhbI
sεhb

#0:25

� 273 (13.1)

where
Ei is the emitted long-wave radiation from each surface, which can be
calculated as (s is the Stefan–Boltzmann constant, 5.67 � 10�8 W/m2 K4)

Ei ¼ εisðTi þ 273Þ4 (13.2)

Di is the diffuse short-wave radiation from each surface, mainly the
diffusely reflected global radiation. It can be calculated as (I is the total
global radiation; SVFi is the sky view factor of surface i; ai is the absorp-
tivity of the surface i for the short-wave radiation)

Di ¼ ð1� aiÞSVFiI (13.3)

ahb is the absorptivity of the human body surface for the short-wave
radiation (standard value 0.7); εhb is the emissivity of the human body
surface (standard value 0.97); and SVFhb is the sky view factor of human
body. Fhb is the human body surface projection factor, which is a
function of the incident radiation direction and the body posture. For
practical application in human biometeorology, it is generally sufficient
to determine Fhb for a rotationally symmetric person standing up or
walking. Fhb ranges from 0.308 for 0� of the solar angle and 0.082 for
90� [191,192].
More details associated with determining the view factors VFi are

discussed in ASHRAE Fundamentals 2001 and radiation literature. In the
case of large flat surfaces without any restriction of the horizon, for
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instance, a large paved parking lot, the problem of determining VFi is
reduced to an upper and a lower hemisphere with a view factor of 0.5 for
each [191,192].

13.2 SHADING

Shading, produced by trees or walls, will block solar radiation from hitting
some surfaces, including paved surfaces and human body surfaces. The sky
view factor (SVF) could be used to characterize shading. For a surface that is
completely shaded, the SVF ¼ 0; for a surface that is barely shaded, the
SVF ¼ 1. If some trees might partly allow solar radiation passing through,
the SVF on the ground surface or human body under the trees could be
somewhere between 0 and 1, e.g., 0.3.

13.3 THERMAL COMFORT INDEX

Generally, thermal comfort is influenced by a large number of factors,
such as the surrounding thermal environment (temperature, humidity,
radiation flux, air flow, etc.) and people’s activity, clothing, and percep-
tion about how hot an area is. Assessing comfort outdoors is not simple,
because of the complexity and methodological differences observed in the
related literature, which make any comparison with available results
difficult. Generally, comfort can be assessed by means of comfort indices.
There are a large number of indices referred to in the literature, such as
PMV, index of thermal stress (ITS), perceived temperature (PT), operative
temperature (OP), MRT, standard effective temperature (SET), and PET
(e.g., [89–103]).

Compared to other thermal comfort indices such as ITS, PT, and OP,
which are more suitable for indoor thermal environments, the SET and
PET are more rational for evaluating outdoor thermal environments. Both
SET and PET are based on the human body energy balance, for which a
two-node model (skin and core nodes) is used to model the thermal
conditions of the human body in a physiologically relevant way. Both SET
and PET are defined as the air temperature at which, in a typical indoor
setting, the heat budget of the human body is balanced with the same core
and skin temperatures as under the complex outdoor conditions to be
evaluated. To better understand these two indices, human body energy
balance modeling should be first introduced and understood.
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13.4 HUMAN BODY ENERGY BALANCE MODELING

The heat exchange between the human body and the thermal environ-
ment is illustrated in Figure 13.1. The total energy gain or loss of the
human body can be described by the following heat balance equation
[191,192]:

M þW þ C þ R þ Esw þ Cres þ Eres ¼ S (13.4)

M is the metabolic rate (W/m2), W is the rate of mechanical work (W/m2),
C is the sensible heat gain or loss by convection (W/m2), R is the sensible
heat gain or loss by emitted radiation (W/m2), Esw is the total evaporative
latent heat loss from the skin by sweat (W/m2), Cres is the convective heat
gain or loss by respiration (W/m2), Eres is the evaporative heat loss by respi-
ration (W/m2), and S (W/m2) is the total storage of heat flow in the body.
All the terms are positive (body heating) when heat is produced in the body
and gained from the environment and negative (body cooling) when heat is
lost to the environment.

In the heat balance equation, the storage of heat flow in the body, S,
means body heating when positive and cooling when negative. When S is
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Figure 13.1 Illustration of heat budget on the human body. Ts, a, and ε, are tem-
perature, albedo, and emissivity of pavement or other vertical surfaces, respectively. Ta,
SR, WS, RH, and SVF are air temperature, total solar radiation, wind speed, relative
humidity, and sky view factor, respectively.
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equal to 0 the amount of heat produced in the body and gained from the
environment is the same as that lost to the environment, and the body
temperature is in a steady state.

For the two-node model, the energy balance at the core and skin nodes
may be written as follows:

S ¼ Scr þ Ssk (13.5)

Scr ¼ M þW þ ðCres þ EresÞ �Hc�s (13.6)

Ssk ¼ Hc�s þ ðC þ R þ EskÞ (13.7)

Scr ¼ mcr c
Ahb

dTcr

dt
(13.8)

Ssk ¼ mskc
Ahb

dTsk

dt
(13.9)

where Scr is the net heat flow to (positive, heating) or from (negative, cooling)
the core (in W/m2); Ssk is the net heat flow to (positive, heating) or from
(negative, cooling) the skin (in W/m2); mcr and msk are the masses of the
body core and the skin, respectively (in kg); c is the body heat capacity
(in J/kg �C); Ahb is the body surface area (in m2); Tcr and Tsk are the
transient temperatures of the body core and the skin, respectively (in �C);
and t is the exposure time for assessment of the human body in the thermal
environment (in s).

13.4.1 The Mass and Body Surface Area
The mass at the core and skin nodes is calculated using the fraction of the
total mass, also called the effective shell thickness (a), following Gagge et al.
[191,192]:

mco ¼ ð1� aÞWt (13.10)

msk ¼ aWt (13.11)

where Wt is the total body weight (kg).
The body surface area is calculated from DuBois [191,192]:

Ahb ¼ 0:203Ht0:725Wt0:425 (13.12)

where Ht is the body height (m).

13.4.2 Thermal Signals of the Human Body
The thermoregulation processes are controlled through feedback thermal
signals by deviations in the skin, core, and body temperatures. The thermal
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signals for the skin (TSsk, in �C), core (TScr in �C), and body (TShb in �C)
are calculated following Gagge et al.:

TSsk ¼ Tsk � 34:1 (13.13)

TScr ¼ Tcr � 36:6 (13.14)

TShb ¼ aTSsk þ ð1� aÞTScr (13.15)

The numeric values (34.1 and 36.6) in the above equations are the set
points for the skin and core nodes in the two-node model. The thermal
signals from the skin and core are either warm (positive) or cold (negative)
signals to control vasodilation, vasoconstriction, blood flow, and shivering,
while the body thermal signal is used only for warmth to regulate sweating
along with the skin thermal signal for warmth.

13.4.3 Skin Blood Flow
The skin blood flow (L/m2 h) is calculated following Stolwijk and Hardy:

vbl ¼ ð6:3þ 75TScrÞ=ð1� 0:5TSskÞ (13.16)

The skin fraction of the total body mass (a) is a factor that increases
with vasoconstriction and decreases with vasodilation. It is calculated in the
two-node model following Gagge et al. [192]:

a ¼ 0:0418þ 0:7425
vbl þ 0:5854

(13.17)

13.4.4 Sensible Heat Exchange from the Skin Surface
The heat exchange by convection (C, W/m2) and radiation (R, W/m2)
from the clothed body are calculated from the following equations:

C ¼ FclhcðTa � TclÞ (13.18)

R ¼ FclhrðTmrt � TclÞ (13.19)

where hc is the convective heat transfer coefficient (W/m2 �C), Tcl is the
clothed body surface temperature (�C), Ta is the air temperature (�C), hr
is the radiant heat transfer coefficient (W/m2 �C), Tmrt is the mean radiant
temperature (�C), and Fcl is the clothing surface area increase factor from
body surface area.

The clothing surface area factor Fcl is calculated in the model from (ISO
7730:2005):

Fcl ¼
�
1:00þ 1:290Icl; if Icl � 0:078 m2K=W

1:05þ 0:645Icl; if Icl > 0:078 m2K=W
(13.20)
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where Icl is the clothing insulation, in m2 K/W (1 clo ¼ 0.155 m2 K/W).
The convective heat transfer coefficient is calculated as follows:

hc ¼
�
3:3; if vw � 0:1 m=s

8:6vw
0:53; if vw > 0:1 m=s

(13.21)

where vw is relative wind speed (or air velocity), in m/s.
The radiant heat transfer coefficient is calculated as follows:

hr ¼ rerεhbs
ðTmrt þ 273Þ4 � ðTcl þ 273Þ4

Tmrt � Tcl
(13.22)

where rer is the ratio of the body’s effective radiation area to the whole body
area, which is 0.73 for standing, 0.7 for sitting, and 0.9 for lying down.
Other variables are defined previously.

13.4.5 Latent Heat Exchange from the Skin Surface by
Sweat

Heat exchange by evaporation at the skin surface is mainly through the
sweat secretion process and controlled by the feedback thermal signal for
warmth from the skin and body nodes. The sweat evaporation heat
exchange (W/m2) is calculated as follows:

Esw ¼ wheðPa � Psk;sÞ (13.23)

where w is the total skin wetness including wetness due to regulatory sweat-
ing (wsw) and diffusion through the skin (wdif):

w ¼ wsw þ wdif ¼ wsw þ 0:06ð1� wswÞ ¼ 0:06þ 0:94wsw (13.24)

he is the evaporative heat transfer coefficient (W/m2 �C). It is calculated
from:

he ¼ Fpclkhc (13.25)

where k is the Lewis ratio and equals 2.2 �C/mm Hg at sea level. hc is the
convective heat transfer coefficient as defined previously. Fpcl is the perme-
ation efficiency factor for water vapor evaporated from the skin surface
through clothing to the ambient air and is calculated as:

Fpcl ¼ 1
ð1þ 0:92IclhcÞ (13.26)

Pa (mm Hg) is the ambient vapor pressure, which is calculated as:

Pa ¼ Pa;s$RH (13.27)
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where RH is the relative humidity of ambient air. Pa,s (mm Hg) is
the saturated vapor pressure at ambient air temperature Ta and is calcu-
lated as:

Pa;s ¼ e

�
18:67�4030:18

Taþ235

�
(13.28)

Psk,s (mm Hg) is the saturated vapor pressure at mean skin temperature
Tsk and is calculated as:

Pa;s ¼ e

�
18:67� 4030:18

Tskþ235

�
(13.29)

The regulatory sweat signal or sweat rate (Rsw, g/m
2 s) is calculated

through body and skin signals for warmth by the following equation
[191]:

Rsw ¼ 0:047TShbe
ðTSsk=10:7Þ (13.30)

where the body and skin thermal signals are set to zero if negative.
The regulatory signal is then used to estimate the wetness due to

regulatory sweat (wsw) as follows [192]:

wsw ¼ minðL$Rsw

�
Esk;max; 1Þ (13.31)

where L is the latent heat of water evaporation, 2260 J/g. Esk,max (W/m2) is
the maximum evaporation heat loss when w ¼ 1 in Eq. (13.23).

13.4.6 Heat Exchange through Respiration
The dry and latent heat exchange (W/m2) through respiration are esti-
mated as follows [191]:

Cres ¼ 0:0014MðTa � 34Þ (13.32)

Eres ¼ 0:0023MðPa � 44Þ (13.33)

13.4.7 Heat Transfer from Core to Skin
The heat transfer from core to skin node, including conduction through
tissue and blood flow, is estimated as follows [192]:

Hc�s ¼ ðK þ cbvblÞðTcr � TskÞ (13.34)

where K is the conductance of body tissues (5.28 W/m2 �C) and cb is the
blood thermal capacity (1.163 J/L �C).
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13.4.8 Metabolic Rate
By the oxidation of the constituents of food (carbohydrates, fat, or pro-
teins), energy is transformed into heat in the body. The metabolic heat
production rate (M) is primarily dependent on physical activity. Some
examples of metabolic rates are listed in Table 13.1 (ISO 8996).

With the system of the equations above, all relevant heat fluxes and
thermophysiological body parameters can be calculated for any given
climatic condition considering all relevant meteorological parameters. Also,
comfort indices, such as SET and PET, can be calculated from these models
for steady state or dynamic state.

The ASHRAE SET index is defined as the equivalent air temperature of
an isothermal environment at 50% relative humidity in which a subject,
while wearing standardized clothing for the activity concerned, would have
the same heat stress (skin temperature Tsk) and thermoregulatory strain (skin
wetness, w) as in the actual environment being evaluated. The isothermal
environment refers to the environment at sea level in which the air tem-
perature is equal to the mean radiant temperature and the air velocity is
zero.

The PET was developed by a German research group headed by Peter
Hoppe and is recommended as a thermal index by the German Association
of Engineer’s VDI guidelines (German guidelines for urban and regional
planners). PET is defined as the equivalent air temperature at which, in a
typical indoor setting (Tmrt ¼ Ta; VP ¼ 12 hPa; v ¼ 0.1 m/s), the heat
balance of the human body is maintained with core and skin temperatures
equal to those under the actual complex conditions being assessed.

Both SET and PET have a thermophysiological background and
therefore they give the real effect of the sensation of climate on a human

Table 13.1 Metabolic rates for various activities

Activity
Metabolic
rate (met)

Metabolic
rate (W/m2)

Reclining 0.8 46
Seated, relaxed 1.0 58
Standing, light activity 1.6 93
Standing, medium activity 2.0 116
Walking on level ground, 2 km/h 1.9 110
Walking on level ground, 3 km/h 2.4 140
Walking on level ground, 5 km/h 3.4 200

1 metabolic unit ¼ 1 met ¼ 58 W/m2.
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being. Moreover, they both have the unit degree Celsius (�C) and can
therefore be more easily related to common experience and interpreted by
planners for design purposes. Therefore, both SET and PET can be used to
evaluate the outdoor thermal environment. For this study, the PET is
selected as the main thermal index to evaluate the effects of various
pavement technologies and management strategies on the outdoor thermal
environment. The thermal comfort model and thermal index are imple-
mented and calculated using R programming.

13.5 EXAMPLE CALCULATION OF PHYSIOLOGICAL
EQUIVALENT TEMPERATURE

To demonstrate the heat balance model of a human body, the heat flux,
body temperature, and PET were calculated for a typical hot outdoor
condition and illustrated in Figure 13.2. In this case, an adult of 1.80 m
height, of 75 kg weight, and wearing light clothes of 0.5 clo
(1 clo ¼ 0.155 m2 K/W), is walking at the speed of 2 km/h on a street
paved with black asphalt and without shading. The weather conditions are
Ta ¼ 38 �C, RH ¼ 50%, and vw ¼ 0.5 m/s. The mean radiant temperature
(Tmrt) of the surroundings is 55 �C, which is very hot. The clothing
temperature Tcl is up to 41.85 �C, the mean skin temperature Tsk is

Heat Balance on Human Body
Activity: walking at 2 km/h (1.9 met =110 W/m2), exposure time: 60 min

Weather: Tmrt =55°C, Ta=38°C, RH=50%, vw=0.5 m/s

Metabolic rate M: 110  W/m2

Rate of mechanical work W: 0 W/m2

Convention heat C: -2 W/m2

Net emitted radiation R: 76.1 W/m2

Sweat evaporative heat Esw: -227.4 W/m2

Respiration convective heat Cres: -0.62 W/m2

Respiration evaporative heat Eres: -4.84 W/m2

Skin heat storage heat Ssk: -173.6 W/m2

Core heat storage heat Scr: 103.0 W/m2

Total heat storage heat S: -70.6 W/m2

Body parameters: 1.80 m, 75 kg, 0.5 clo

PET: 42.0 °C

Clothing temperature Tcl: 41.85 °C

Mean skin temperature Tsk: 37.94 °C

Core temperature Tcr: 38.44 °C

Sweating rate Rsw: 0.14 g/m2s:

Skin wittedness w: 1 

Skin blood flow vbl: 90 L/m2hr

Figure 13.2 Illustration of energy balance model on a human body.
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37.94 �C, and the core temperature Tcr is 38.44 �C. The sweating rate Rsw is
estimated at 0.14 g/m2 s. The PET the adult feels is 42.0 �C for this
assumed context, which is very hot.

The thermal sensation or subjective thermal perceptions are related to
PETs. Previous studies (e.g., [193–196]) indicated that occupant thermal
sensations and preferences vary for various regions owing to the differences
in behavioral adjustment, physiological acclimatization, and psychological
habituation or expectations. This may lead to different thermal comfort
ranges. Table 13.2 lists the thermal sensation classification for various re-
gions. The PET ranges for Taiwan and western/middle European countries
are from some survey studies conducted in these regions [194–196]. The
comparison of the thermal sensation classifications for these two regions
demonstrates that the thermal comfort range in western/middle European
countries (18–23 �C PET) is lower than that of Taiwan (26–30 �C PET).
People living in western/middle European countries cannot tolerate
temperatures as high as those tolerated by people living in Taiwan, with a
hot climate. The climate in Davis, California, is not as hot as that in Taiwan
but is hotter than that in western/middle European countries. Therefore,
the thermal sensation classification is estimated for Davis, California, based
on those for Taiwan and western/middle European countries, as listed in
Table 13.2. A more accurate local thermal sensation classification for Davis,

Table 13.2 Thermal sensation classifications for various regions

Thermal
sensation PMV

PET range
for Taiwana

(°C PET)

PET range for
western/middle
Europeb (°C PET)

PET range
for Davis,
CA (°C PET)

Very hot >3.5 >42 >41 >40
Hot 2.5e3.5 38e42 35e41 35e40
Warm 1.5e2.5 34e38 29e35 30e35
Slightly
warm

0.5e1.5 30e34 23e29 26e30

Neutral �0.5 to 0.5 26e30 18e23 19e26
Slightly
cool

�1.5 to �0.5 22e26 13e18 16e19

Cool �2.5 to �1.5 18e22 8e13 12e16
Cold �3.5 to �2.5 14e18 4e8 6e12
Very cold <�3.5 <14 <4 <6
aLin and Matzarakis [196].
bMatzarakis and Mayer [194,195].
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California, could be obtained from an outdoor field study and survey (e.g.,
[196,197]) to establish the correlation between thermal sensation and PET
for local occupants.

13.6 EVALUATION OF OUTDOOR THERMAL
ENVIRONMENT USING PHYSIOLOGICAL EQUIVALENT
TEMPERATURE

A large flat paved area (e.g., parking lot, playground, etc.) is used to
evaluate and compare the effects of various pavement technologies and
management strategies on the outdoor thermal environment for three
climates (Sacramento and Los Angeles in California and Phoenix in
Arizona). The pavement technologies and management strategies to be
evaluated include high reflectance, evaporation, and both high reflectance
and evaporation, as well as shading. The summer (July) and winter (January)
climate data for those three locations are used for assessment.

13.6.1 Climate Data in the Three Chosen Regions
The air temperature data across a year for the three regions, namely
Sacramento and Los Angeles in California and Phoenix in Arizona, are
presented in Figure 13.3. The Sacramento and Phoenix areas have inland
climates with large air temperature fluctuations across the seasons, whereas
the Los Angeles region has a coastal climate with much smaller air tem-
perature fluctuations across the seasons. Phoenix has a very hot climate
during the summer. Los Angeles, with the coastal climate, is cool during
summer. Sacramento has a cold winter compared to the other two regions.
The typical summer (July) and winter (January) climate data for these three
locations are listed in Table 13.3 and were used for assessment.

13.6.2 Pavement Strategies and Surface Temperatures
The scenarios of pavement technologies and management strategies to be
evaluated include high reflectance, evaporation, and both high reflectance
and evaporation, as well as shading. The parameters for each pavement
scenario are listed in Table 13.4.

For the assumed large flat paved area in an open area, the surroundings
of a human body include the pavement ground and the sky with the view
factor VF of 0.5 for each (see Eq. (13.1)). The first critical step is to estimate
the mean radiant temperature (Tmrt) for this surrounding. The pavement
surface temperature plays an important role in estimating the MRT.
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Figure 13.3 Comparison of the climate data in three regions: Sacramento and Los
Angeles in California and Phoenix in Arizona. (a) Average high air temperature.
(b) Average low air temperature.
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Table 13.3 Typical summer and winter climate data for three regions

Season

Daily peak air
temperature Tmax

a
(°C)a

Daily low air
temperature
Tmin
a (°C)a

Daily total solar
radiation volume Q
(MJ/m2)b

Daily effective
sunlight hour
c (h)b

Daily average
wind velocity vw
(m/s)c

Sacramento, California

Summer
(July)

34 16 28.3 11 4.0

Winter
(January)

13 5 6.3 8 3.2

Los Angeles, California

Summer
(July)

29 18 22.6 10 2.8

Winter
(January)

20 9 9.7 8 2.2

Phoenix, Arizona

Summer
(July)

40 25 27.4 11 3.2

Winter
(January)

19 4 11.4 9 2.4

Note: data obtained from:
ahttp://www.weather.com/weather/wxclimatology.
bhttp://rredc.nrel.gov/solar/old_data/nsrdb.
chttp://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/hourly/list_by_state.html#C.
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To calculate the pavement surface temperatures, the simplified model
developed and validated in Chapter 11 was used for the three different
climates (Table 13.3) and five different pavement scenarios (Table 13.4).
A typical pavement structure (10 cm surface þ15 cm base) was used for
analysis and simulation. The other parameters for estimating the pavement
temperatures are listed in Table 13.5 and are approximately typical mid-
range values (Table 6.1).

Example results of the pavement surface temperatures for the three
climates are presented in Figure 13.4.

Table 13.4 Pavement scenarios used for analysis

Parameter

Pavement scenario

Baseline
High
reflectance Evaporation

High
reflectance þ
evaporation Shading

r 0.1 0.5 0.1 0.5 0.1
ER
(mm/h)

0.00 0.00 1.0 1.0 0.00

SVF 1 1 1 1 0

Changed parameter is underlined for each scenario. r, solar reflectivity; ER, evaporation rate;
SVF, sky view factor.

Table 13.5 Parameters for temperature simulation in Sacramento, California
Thermal properties and typical parameter values

Parameters Air
Asphalt
concrete

Aggregate
base Subgrade

Thermal conductivity ka

(J$(h$m$�C)�1)
92.5 6228 5040 4680

Density r (kg$m�3) 1.205 2257 1800 1700
Specific heat capacity c
(J$(kg$�C)�1)

1006 852 920 860

Solar radiation
absorptivity as

0.90

Thermal emissivity ε 0.80
Heat convection coefficient
hc
a (J$(h$m2$�C)�1)

hc ¼ 3600(3.7vw þ 6.1) (vw, wind velocity, m/s)

Absolute zero TZ (�C) �273
StefaneBoltzmann constant
sa (J$(h$m2$K4)�1)

2.041092 � 10�4

aTime is measured in hours and the related parameters are converted for the simulation analysis
at intervals of 1 h.
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13.6.3 Mean Radiant Temperature and Physiological
Equivalent Temperature

The maximum pavement surface temperatures were extracted from
modeling and simulation of pavement temperatures to analyze the thermal
environment along with the corresponding weather data. Then the
information on the thermal environment was used to calculate the corre-
sponding mean radiant temperature Tmrt and thermal comfort index PET
using the thermal comfort model for the three locations for both summer
and winter.

13.6.3.1 Results for Summer
The results for summer are summarized in Table 13.6 and illustrated in
Figures 13.5 and 13.6. Using the high-reflectance pavement will definitely
reduce the pavement surface temperatures (Ts) for all three locations.
However, using the high-reflectance pavement would increase the MRT
owing to the increased reflected radiation hitting the human body.
The increased MRT would produce a higher PET compared to the
baseline by 7.8, 8.4, and 5.3% for Sacramento and Los Angeles in California
and Phoenix in Arizona, respectively. This indicates that using high-
reflectance pavement will reduce the pavement surface temperature and
consequently might help decelerate the formation of ground-level ozone

Figure 13.4 Example results of the pavement surface temperatures for the three
climates (baseline, summer). Sac, Sacramento; LA, Los Angeles, Pho, Phoenix.
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Table 13.6 Temperature results for various pavement scenarios in three regions (summer)

Pavement scenario
Parameter
altered

New
parameter
value

Max. surface
temperature
Ts (°C)

Mean radiant
temperature
Tmrt (°C) PET (°C)

PET Change from
baseline (%)

Sacramento, California

Baseline e e 51 47 37.0 0.0
High reflectance r 0.5 42 58 39.9 7.8
Evaporation ER (mm/h) 1.5 37 41 35.5 �4.1
High
reflectance þ evaporation

R þ ER
(mm/h)

0.5 þ 1.5 34 55 39.2 5.9

Shading SVF 0 31 16 28.5 �23.0

Los Angeles, California

Baseline e e 47 40 32.4 0.0
High reflectance r 0.5 38 50 35.1 8.3
Evaporation ER (mm/h) 1.5 33 35 31.0 �4.3
High
reflectance þ evaporation

R þ ER
(mm/h)

0.5 þ 1.5 30 47 34.3 5.9

Shading SVF 0 27 12 23.5 �27.5

Phoenix, Arizona

Baseline e e 59 52 42.4 0.0
High reflectance r 0.5 49 62 44.7 5.4
Evaporation ER (mm/h) 1.5 44 46 41.0 �3.3
High
reflectance þ evaporation

R þ ER
(mm/h)

0.5 þ 1.5 40 58 43.8 3.3

Shading SVF 0 37 21 35.3 �16.7
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Figure 13.5 Calculated results for various pavement scenarios at three regions:
pavement surface temperature Ts, mean radiant temperature Tmrt, and PET (summer).
(a) Sacramento, CA. (b) Los Angeles, CA. (c) Phoenix, AZ.
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and help improve the air quality; however, increasing the pavement
reflectance will increase the risk of reducing human thermal comfort during
hot periods by approximately 5–8% in the three locations analyzed in this
study. Therefore, high-reflectance pavements should be applied only after
very careful examination of the potential negative impacts of reflected
radiation.

Enhancing the evaporation from pavement will help reduce both the
pavement surface temperature (Ts) and the MRT (Tmrt) and also help
reduce the PET and improve the human thermal comfort in hot periods by
4.1, 4.3, and 3.3% for Sacramento and Los Angeles in California and
Phoenix in Arizona, respectively. This implies that enhancing the evapo-
ration from pavement will be an effective way to reduce both the pavement
surface and the near-surface air temperatures and the PET, helping improve
human thermal comfort in hot periods by approximately 3–4% in the three
locations analyzed in this study.

Owing to the increased solar reflectance, the high-reflectance plus
evaporation strategy will also produce an increased MRT and a higher PET
compared to the baseline by approximately 3–6% in the three locations
analyzed in this study, although it will reduce the pavement surface
temperature.
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Figure 13.6 Comparison of PET for various pavement scenarios at three regions
(summer).
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Shading alone will considerably reduce both the pavement surface
temperature and the MRT and thus significantly reduce the PET and
improve human thermal comfort in hot periods by 23, 27.5, and 16.7% for
Sacramento and Los Angeles in California and Phoenix in Arizona,
respectively. This indicates that enhancing the shading with trees or other
ways over pavement will be a very effective strategy to reduce both the
pavement surface temperature and the PET, helping to improve human
thermal comfort in hot periods by approximately 17–28% in the three
locations analyzed in this study.

13.6.3.2 Results for Winter
The results for winter are summarized in Table 13.7 and illustrated in
Figures 13.7 and 13.8. As mentioned above, using the high-reflectance
pavement will definitely reduce the pavement surface temperatures (Ts)
for all three locations. However, using the high-reflectance pavement
would increase the MRT (Tmrt) owing to the increased reflected radiation
hitting the human body. This is not desired in hot summer but is desired in
cold winter. The increased MRT would produce a higher PET compared
to the baseline by 15, 10.4, and 12.6% for Sacramento and Los Angeles in
California and Phoenix in Arizona, respectively. This indicates that using
high-reflectance pavement will reduce the pavement surface temperature;
however, increasing the pavement reflectance will increase the human
thermal comfort during cold periods by approximately 10–15% in the three
locations analyzed in this study. Therefore, high-reflectance pavements can
be applied to cold regions to improve the human thermal comfort in
winter.

Enhancing the evaporation from pavement will help reduce the PET
and improve the human thermal comfort in hot summer periods as shown
previously. However, pavement evaporation will also reduce the PET and
lower the human thermal comfort in the already cold winter period by 8.7,
6.6, and 6.8% for Sacramento and Los Angeles in California and Phoenix in
Arizona, respectively. This implies that enhancing the pavement evapora-
tion might reduce human thermal comfort in the winter in cold regions by
approximately 7–9% in the three locations analyzed in this study.

Owing to the increased solar reflectance, the high reflectance plus
evaporation strategy will also produce an increased mean radiant temper-
ature and a higher PET compared to the baseline by approximately 7–12%
in the three locations. This is desired to improve human thermal comfort in
winter in cold regions.
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Table 13.7 Results for various pavement scenarios in three regions (winter)

Pavement scenario
Parameter
altered

New
parameter
value

Max. surface
temperature
Ts (°C)

Mean radiant
temperature
Tmrt (°C) PET (°C)

PET change from
baseline (%)

Sacramento, California

Baseline e e 18 9 12.7 0.0
High reflectance r 0.5 15 14 14.6 15.0
Evaporation ER (mm/h) 1.5 13 6 11.6 �8.7
High
reflectance þ evaporation

R þ ER
(mm/h)

0.5 þ 1.5 12 13 14.2 11.8

Shading SVF 0 11 �4 8.1 �36.2

Los Angeles, California

Baseline e e 30 21 21.2 0.0
High reflectance r 0.5 24 27 23.4 10.4
Evaporation ER (mm/h) 1.5 21 17 19.8 �6.6
High
reflectance þ evaporation

R þ ER
(mm/h)

0.5 þ 1.5 19 25 22.7 7.1

Shading SVF 0 17 3 14.6 �31.1

Phoenix, Arizona

Baseline e e 29 21 20.6 0.0
High reflectance r 0.5 22 28 23.2 12.6
Evaporation ER (mm/h) 1.5 19 17 19.2 �6.8
High
reflectance þ evaporation

R þ ER
(mm/h)

0.5 þ 1.5 17 26 22.4 8.7

Shading SVF 0 16 2 13.6 �34.0
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Figure 13.7 Calculated results for various pavement scenarios at three regions:
pavement surface temperature Ts, mean radiant temperature Tmrt, and PET (winter).
(a) Sacramento, CA. (b) Los Angeles, CA. (c) Phoenix, AZ.
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As shown previously, shading alone can considerably reduce both the
pavement surface temperature and the mean radiant temperature and thus
significantly reduce the PET and improve human thermal comfort in hot
summer. It also significantly reduces the PET and thus lowers human
thermal comfort in cold winter by 36.2, 31.1, and 34% for Sacramento and
Los Angeles in California and Phoenix in Arizona, respectively. This in-
dicates that enhancing the shading with trees or other ways over pavement
could reduce both the pavement surface temperature and the PET,
lowering human thermal comfort in cold periods by approximately 31–36%
in the three locations analyzed in this study.

Using cool pavement strategies might improve human thermal comfort
during the hot summer periods. However, it also might cause some
negative impacts during cold winter times. The results obtained for winter
did demonstrate this concern. For some areas such as Sacramento, Cali-
fornia, it is hot in summer and cold in winter. Some cool pavement
strategies used to improve the summer thermal environments might make
the PET slightly colder in winter, as shown in Figures 13.7 and 13.8. On
the other hand, some cool pavement strategies such as reflective pavement
could improve human thermal comfort in cold winter while reducing
human thermal comfort in hot summer. Therefore, a strategy that can help
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Figure 13.8 Comparison of PET for various pavement scenarios at three regions
(winter).
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reduce the summer hot temperatures but will not reduce the winter cold
temperature is desirable, such as evaporation only in summer and deciduous
tree shading only in summer, etc.

13.7 SUMMARY AND CONCLUSIONS

The study in this chapter investigated the impacts of various pavement
technologies and management strategies on human outdoor thermal
comfort. Some concepts and models related to human thermal comfort
index, mean radiant temperature, and the human body energy balance
model were introduced in this study. The physiological equivalent
temperature was selected as a human thermal comfort index to evaluate
and compare the effects of various pavement strategies on the outdoor
thermal environment for three climates (Sacramento and Los Angeles in
California and Phoenix in Arizona). The pavement strategies evaluated
include high-reflectance pavement, evaporation cooling (permeable
pavement), both high reflectance and evaporation, and shading along
with a baseline for control (conventional pavement). The summer (July)
and winter (January) climate data for those three locations were used for
assessment.

Using high-reflectance pavement or a high-reflectance plus evaporation
strategy will definitely reduce pavement surface temperatures for all three
locations. However, using high-reflectance pavement would increase
MRT because of the increased reflected radiation hitting the human body.
The increased MRT would produce a higher PET compared to the
baseline (conventional pavement). This indicates that using high-reflectance
pavement will reduce the pavement surface temperature and consequently
might help decelerate the formation of ground-level ozone and help
improve the air quality; however, increasing the pavement reflectance
(especially by a large amount) will increase the risk of reducing human
thermal comfort during hot periods by approximately 3–8% in the three
locations. Enhancing the pavement evaporation will help reduce both
pavement surface temperature and MRT and also help reduce PET and
improve human thermal comfort in hot periods by approximately 3–4% in
the three locations. Shading alone will considerably reduce both pavement
surface temperature and MRT and thus significantly reduce PET and
improve human thermal comfort in hot periods by approximately 17–28%
in the three locations. This indicates that enhancing the shading with trees
or other ways over pavement will be a very effective strategy to reduce both
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the pavement surface temperature and the PET, helping improve human
thermal comfort during hot periods.

Using cool pavement strategies might produce some benefits during hot
summer periods, such as improving human thermal comfort. However, it
also might cause some negative impacts during cold winter times. For some
areas such as Sacramento, California, where it is hot in summer and cold in
winter, some cool pavement strategies (e.g., pavement evaporation or
shading) used to improve the summer thermal environments might make
the cold winter slightly colder. On the other hand, some cool pavement
strategies such as reflective pavement could improve human thermal
comfort in cold winter while possibly reducing human thermal comfort in
hot summer. Therefore, a strategy that can help reduce the summer hot
temperatures but will not reduce the winter cold temperature is desirable,
such as enhanced evaporation only in summer and tree shading only in
summer. This chapter provides useful insights for the use of cool pavement
strategies in urban areas to improve the thermal environment and mitigate
heat island effects. More pavement strategies can be evaluated using the
model developed in this study to examine the effect on human thermal
comfort for existing or new built environments in urban areas with different
climates.
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14.1 OBJECTIVE AND SCOPE

The objective of this chapter is to develop a framework and preliminary
model for evaluating the impacts of pavement strategies on building energy
use, which can be used to provide a first-order preliminary estimate of the
effectiveness of cool pavements at reducing building energy use if the
model is validated with measured data. The primary pavement data needed
for the model are cooling and heating degree hours near the intake to the
heating, ventilation, and air conditioning (HVAC). Data measured from the
nine test sections in Davis, California (see Figure 4.3), were used to provide
a preliminary indication of pavement type effect. Other input variables and
a rigorous check of the building energy use model are outside the scope of
this dissertation and are recommended for future improvement studies. The
results from this type of study can provide insights for designers and policy-
makers on the effectiveness of applying cool pavement strategies for
mitigating near-surface heat island effects, from the viewpoint of building
energy demand.

The preliminary model developed in this study is a simplified one based
on near-surface air temperatures, assuming that they are controlled by the
pavement surrounding the building, and did not consider the radiation
interactions between building and pavements. The intention of this model
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is to provide a first-level estimate of the potential benefit from energy
savings for cooling and heating in buildings on an annual basis.

14.2 PRELIMINARY MODEL

Energy use for cooling and heating in buildings is determined by a large
number of factors, such as the climate, building size, efficiency of the
cooling and heating system, ventilation, insulation, roof type, orientation,
thermal preference of the occupants, time duration of using cooling and
heating, etc. [5,16,17,106,107]. With simplification but without loss of
generality and first-order accuracy, this model is can be used to estimate
the building energy use for cooling and heating based on the first law of
thermodynamics, i.e., energy balance.

Assumptions for the simplified model include:
1. The building is a one-floor residential building simplified as a rectan-

gular box with an average height of 2.5 m.
2. Air is continually being pumped, at a certain rate, from the outside at an

average height of 2.5 m.
3. Corrected factors are used for considering loss of cooling and intrusion

of heat related to insulation.
4. The air conditioning (A/C) works for cooling or heating when the

near-surface air temperatures surrounding the building are higher or
lower, respectively, than the thermostat set-point temperatures (comfort
range) for cooling and heating.

5. The thermostat set-point temperatures (comfort range) for cooling and
heating are 26 and 18 �C, respectively.

6. Near-surface air temperatures surrounding the building are controlled
by the pavement surrounding the building.
The total energy cost and total energy use for cooling and heating a

building are determined using a simplified model developed for this study,
which is defined by the following equations:

C ¼ Cc þ Ch ¼ pcEc þ phEh (14.1)

E ¼ Ec þ Eh (14.2)

Ec ¼ Ac
1
mc
mcc$CDH (14.3)

Eh ¼ Ah
1
mh

mhc$HDH (14.4)
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mc ¼ ð1þ rcÞrAH (14.5)

mh ¼ ð1þ rhÞrAH (14.6)

CDH ¼ 30
X12

m¼ 1

X24

t¼ 1

�
Ts
mt � Tc

�
for Ts

mt > Tc;

t ¼ 1; 2;.; 24;m ¼ 1; 2;.; 12

(14.7)

HDH ¼ 30
X12

m¼ 1

X24

t¼ 1

�
Th � Ts

mt

�
for Ts

mt < Th;

t ¼ 1; 2;.; 24; m ¼ 1; 2;.; 12

(14.8)

hc ¼ 30
X12

m¼ 1

X24

t¼ 1

hcmt; where hcmt ¼ 1 if Ts
mt > Tc;

hcmt ¼ 0 otherwise

(14.9)

hh ¼ 30
X12

m¼ 1

X24

t¼ 1

hhmt; where hhmt ¼ 1 if Ts
mt < Th;

hhmt ¼ 0 otherwise

(14.10)

Ts
mt ¼

�
Ts
mmax þ Ts

mmin

�

2
þ

�
Ts
mmax � Ts

mmin

�

2
�
0:96 sinp

12 ðt � 11Þ þ 0:14 sinp
6ðt�11Þ

�;

t ¼ 1; 2;.; 24;m ¼ 1; 2;.;

(14.11)

Ts
mmax ¼ a1T

a
mmax þ a2r þ a3ER (14.12)

Ts
mmin ¼ a4T

a
mmin þ a5r þ a6ER (14.13)

where
C and E are the total energy cost ($) and total energy use (kWh) for
cooling and heating by the A/C, respectively;
pc and ph are the unit energy price for cooling and heating ($/kWh),
respectively;
mc and mh are the air mass for cooling and heating (kg), respectively;
c and r are the heat capacity ( J/(kg �C)) and density of air (kg/m3),
respectively;
A and H are the building floor area (m2) and average height (m),
respectively;
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mc and mh are the energy efficiency for cooling and heating (-),
respectively;
CDH and HDH are the annual cooling degree-hour (�C h) and heating
degree-hour (�C h) for the cooling and heating load of the A/C,
respectively;
Ac and Ah are adjustment coefficients (-) for the energy use for cooling
and heating, respectively, accounting for other related factors such as
additional energy use for other thermal mass of the building itself;
Ts
mt is the (average) near-surface air temperature (�C) surrounding the

building at time t in a day for month m;
Tc and Th are thermostat setting point temperatures (�C) (comfort range)
for cooling and heating, respectively;
hc and hh are total hours for cooling and heating (h), respectively;
hcmt and hhmt are dummy variables (-) for the hours that require cooling
and heating, respectively;
rc and rh are air exchange rates (1/h) for cooling and heating,
respectively;
Ts
mmax and Ts

mmin are the maximum and minimum near-surface air
temperatures (�C) surrounding the building in a day for month m,
respectively;
Ta
mmax and Ta

mmin are the maximum and minimum global air tempera-
tures (�C) in the urban area climate region where the building is located
in a day for month m, respectively;
r is the solar reflectivity (-), one of the most important thermal proper-
ties of pavement adjacent to the building; and
ER is the evaporation rate of water (mm/h) in the pavement adjacent to
the building (in cm/h).
Determining the near-surface air temperature of the pavement is

complicated in that it is determined from multiple factors including
climate (i.e., ambient air temperature, solar radiation, wind speed, and
humidity), pavement thermal properties (i.e., solar reflectivity, solar
emissivity, heat capacity, and thermal conductivity), pavement area and
distance from the pavement to the building, evaporation rate, shading over
the pavement, etc. [20,66–71,73,74]. To simplify this calculation, the
model considers only the solar reflectivity (r) and evaporative cooling rate
(ER) variables for the cool pavements, with all other pavement factors
constant [115].

A one-floor residential building with floor area A ¼ 185 m2 (2000 ft2)
and average height H ¼ 2.5 m (8.2 ft) is assumed for the model calculations.
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The cool (reflective pavement or evaporative pavement or both) pavement
is installed on a pavement segment on the street near the building
(for example, w2 m from the building). Other parameters for the model
that are based on values obtained in the literature [181,182,184], or are
assumed based on experience and need to be validated using measured or
other simulated data, are shown in Table 14.1.

14.3 THERMAL LOAD

From the model framework developed above, it is known that the thermal
load (CDH and HDH) is the most important factor influence the building
energy use. Since the model developed is not validated, only an example
thermal load is calculated from the measured data of near-surface air
(5 in (12.5 cm) above surface) temperatures on the nine test sections in
Davis, California, built for this dissertation study (see Figure 4.3).

The base cooling and heat temperatures were selected as 26 and 18 �C
(the estimated comfort range for Davis, California, see Table 13.2). The
example measured near-surface air temperatures at 5 in (12.5 cm) above the
surface on various pavements (paver, asphalt, and concrete) are presented in
Figures 14.1–14.4 for March and July. The thermal loads (CDH and HDH
and total ¼ CDH þ HDH) of each month in a year are calculated and
presented in Table 14.2 and plotted in Figures 14.5 and 14.6. The CDH is
high in summer and low in winter; the HDH is high in winter and low in
summer, as expected. The total thermal load (CDH þ HDH) is generally
high in summer and slightly low in winter in Davis, California. Different
pavement types have influence on the CDH and HDH, but not very

Table 14.1 Model parameter values suggested for future
analysis (not validated)
Parameter Value Parameter Value

A (m2) 185 r (kg/m3) 1.205
H (m) 2.5 c ( J/(kg �C)) 1006
pc ($/kWh) 0.15 ph ($/kWh) 0.15
Tc (�C) 26 Th (�C) 18
mc 0.7 mh 0.7
Ac 1.2 Ah 1.2
rc (/h) 0.125 rh (/h) 0.0625
a1 1.2 a4 1.1
a2 �15 a5 �3
a3 �25 a6 �4
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Figure 14.1 Example near-surface air temperatures at 5 in (12.5 cm) above the surface
on various impermeable pavements (A1, B1, and C1) in March. (a) Paver. (b) Asphalt.
(c) Concrete.
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Figure 14.2 Example near-surface air temperatures at 5 in (12.5 cm) above the surface
on various impermeable pavements (A1, B1, and C1) in July. (a) Paver. (b) Asphalt.
(c) Concrete.
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Figure 14.3 Example near-surface air temperatures at 5 in (12.5 cm) above the surface
on various permeable pavements (A3, B3, and C3) in March. (a) Paver. (b) Asphalt.
(c) Concrete.
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Figure 14.4 Example near-surface air temperatures at 5 in (12.5 cm) above the sur-
face on various permeable pavements (A3, B3, and C3) in July. (a) Paver. (b) Asphalt.
(c) Concrete.
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Table 14.2 Thermal load of different pavement sections in different months for near-surface air at 5 in (12.5 cm) above surface
Section Paver A1 Paver A2 Paver A3 Asphalt B1 Asphalt B2 Asphalt B3 Concrete C1 Concrete C2 Concrete C3

Month CDH HDH Total CDH HDH Total CDH HDH Total CDH HDH Total CDH HDH Total CDH HDH Total CDH HDH Total CDH HDH Total CDH HDH Total

January 0 183 183 0 180 180 0 183 183 8 181 189 0 176 176 0 181 181 0 177 177 0 182 182 0 181 181
February 27 132 159 12 133 145 18 134 152 24 130 154 11 128 139 15 131 146 22 125 147 17 131 148 11 130 141
March 25 131 156 20 134 154 16 135 151 24 130 154 21 131 152 25 133 158 17 128 145 20 132 152 24 132 156
April 73 106 180 66 108 173 67 112 179 65 101 167 70 104 175 70 106 176 65 100 165 70 103 173 69 104 173
May 90 77 166 88 81 169 90 82 172 86 73 159 93 77 170 103 78 181 85 74 159 95 79 174 97 80 178
June 108 60 168 110 65 175 113 65 178 110 58 168 115 61 177 121 61 182 107 60 167 118 63 181 124 64 187
July 131 52 183 135 58 193 132 57 189 138 49 187 141 53 194 147 51 198 130 51 181 138 56 194 146 56 201
August 146 58 205 149 63 212 146 64 210 162 52 214 153 57 210 163 59 221 146 54 200 154 60 214 159 62 220
September 126 65 191 125 71 196 120 72 192 139 60 199 126 66 193 142 67 209 120 61 181 128 69 197 131 70 201
October 73 54 127 70 59 129 69 59 128 95 81 176 79 87 166 94 89 183 81 82 163 82 88 170 82 89 171
November 10 143 153 9 142 151 11 143 154 21 140 161 10 139 148 13 141 154 5 135 140 13 138 151 10 138 148
December 0 183 183 0 184 184 0 186 186 0 182 182 0 181 181 0 184 184 0 180 180 0 182 182 0 186 186
Annual 810 1244 2054 783 1277 2060 783 1291 2073 873 1237 2110 820 1261 2081 892 1280 2172 778 1227 2006 834 1284 2119 853 1290 2143

Unit for thermal load (CDH, HDH, total): �C h.
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Figure 14.5 Thermal loads (CDH and HDH and total ¼ CDH þ HDH) for near-surface
air at 5 in (12.5 cm) above the surface for each month in a year for each type of
pavement. (a) Paver. (b) Asphalt. (c) Concrete.
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Figure 14.6 Thermal loads (CDH and HDH and total ¼ CDH þ HDH) for near-
surface air at 5 in (12.5 cm) above the surface for each month in a year for com-
parison between types of pavement. (a) Impermeable pavements (paver A1,
asphalt B1, and concrete C1). (b) Permeable pavements (paver A2, asphalt B2, and
concrete C2).
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significantly. Moreover, the influence on the thermal load of pavement
types is not constant (for example, positive on CDH and negative on
HDH, positive in summer and negative in winter). The correlation of
annual thermal load and albedo is listed in Table 14.3 and plotted in
Figure 14.7. The increased albedo reduces the CDH but increases slightly
the HDH and reduces the total thermal load on an annual basis. All these
impacts are not very significant for the test site in the open area in Davis,
California. These figures are examples of the types of input data that could

Table 14.3 Annual thermal load for various pavement sections
Section Albedo CDH HDH Total

A1 0.28 810 1244 2054
A2 0.25 783 1277 2060
A3 0.28 783 1291 2073
B1 0.09 873 1237 2110
B2 0.08 820 1261 2081
B3 0.08 892 1280 2172
C1 0.29 778 1227 2006
C2 0.18 834 1284 2119
C3 0.26 853 1290 2143

Unit for thermal load (CDH, HDH, total): �C h.

y = -322.86x + 889.32
R² = 0.5225

y = 7.1232x + 1264.4
R² = 0.0007
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Figure 14.7 Annual thermal load versus albedo.
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be developed for future use to aid building designers in selecting pavement
types and ground-level HVAC locations. They would need inclusion of
the reflected solar radiation where applicable using data similar to those
shown in Chapters 10 and 11and from research done by other groups
(e.g., [154,198]).

14.4 LIMITATIONS

The model presented will provide only a first-level analysis of the potential
benefit from energy savings for cooling and heating in buildings using very
simple assumptions based on near-surface air temperatures, assuming that
they are controlled by the pavement surrounding the building. Radiation
from the pavement onto building wall surfaces and solar radiation onto
roofs should also be considered, as their influence on building energy use
might be more important than the influence of the near-surface air tem-
perature. In addition, city-wide urban heat island air temperature changes
contributed by individual pavement sections in the city should also be
considered.

No impact is priceless, however; and no option is costless. Even though
benefits from net energy savings can be gained from constructing cool
pavements, the potential costs of removal of old pavement and installation
of the new pavement and extra expenditures on the new materials and/or
equipment for the new cool pavements should be taken into account in a
comprehensive cost–benefit analysis over the whole lifetime of the pave-
ment to ensure that a positive net benefit will be obtained [121,199]. The
complete cost–benefit analysis should consider both the benefits to the
building owners and occupants and the costs to the authorities or the same
owners who are responsible for the pavements. In addition to the benefits
from energy savings, other potential impacts associated with cool pavements
should also be considered, including reducing cooling energy demand in
the vehicles driving on the pavements, improving human thermal comfort
and health (potentially increasing walking and bicycling), and improving air
quality (reduced ground-level ozone). These potential impacts, although
difficult to quantify, should be taken into account when performing a
complete multidimensional cost–benefit analysis [48,49] for a given project.
An even more complete analysis would consider additional environmental
impacts such as greenhouse gas emissions and categorized pollutant emis-
sions of both cool and baseline pavements, and the same environmental
impacts from the source of the energy used for both heating and cooling,
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which will vary widely, particularly depending on the method used to
generate electricity for A/C use (coal, gas, hydroelectric, nuclear, etc.) and
the method used to heat the buildings (gas, oil, electric, etc.).

Additional research is needed to validate and apply the model, better
define its limitations, develop guidance for users, and provide guidance for
developing inputs for a more comprehensive analysis of the life cycle costs
and environmental impacts considering the pavement as well as the
buildings.

14.5 SUMMARY AND CONCLUSIONS

Cool pavements have been identified by the U.S. Environmental Protection
Agency as a major strategy to mitigate heat island effects, with one of the
main benefits being that they could lower air temperatures and conse-
quently reduce cooling-related energy use and associated greenhouse gas
emissions. Some applications have been implemented in a number of states
in the United States with promotion from various levels of government.
On the downside, cool pavements can also potentially increase energy use
and greenhouse gas emissions if more heating is required during cold pe-
riods. A simple model has been developed for use to assess whether cool
pavements reduce building energy use based only on near-surface air
temperature and with no consideration of city-wide urban heat island
effects on the ambient air temperature change. Models of this type, once
better developed and validated, can be used to estimate the energy used in
buildings for both cooling and heating on an annual basis for a given
project.

An example thermal load was calculated from the measured data of
near-surface air (5 in (12.5 cm) above the surface) temperatures on the nine
test sections built for this dissertation study. The CDH is high in summer
and low in winter; the HDH is higher in winter and lower in summer, as
expected. The total thermal load (CDH þ HDH) is generally higher in
summer and slightly lower in winter in Davis, California. Various pavement
types have influence on the thermal load (CDH and HDH), but not very
significantly. Moreover, the influences on the thermal load of pavement
types are not constant (for example, positive on CDH and negative on
HDH, positive in summer and negative in winter). The correlation of
annual thermal load and albedo was examined. The increased albedo re-
duces the CDH but increases slightly the HDH and reduces the total
thermal load on an annual basis. All these impacts are not very significant
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for the test site in the open area in Davis, California. These figures are
examples of the types of input data that could be developed for future use
to aid building designers in selecting pavement types and ground-level
HVAC locations. They would need inclusion of the reflected solar radia-
tion where applicable using data similar to those shown in Chapters 10 and
11 and provided by some research by other groups (e.g., [154,198]).

Careful project investigation and location- and technology-specific
designs are required before policy requirements are set and there is wide
implementation, to provide better assurance that there will be a net benefit
from cool pavements in terms of building energy use savings. A “do
nothing/no change” alternative should always be included as one of the
policy options for mitigating heat island effects using cool pavements until
such time as the net benefits have been proven and all uncertainties have
been reduced to an acceptable level.
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15.1 SUMMARY AND CONCLUSIONS

15.1.1 Field Measurement of Albedo for Reflective
Pavement

Nine 4-m by 4-m (13-ft by 13-ft) experimental sections were designed and
constructed at Davis, California, including asphalt pavement, concrete
pavement, and interlocking concrete paver, with a focus on permeable
structures with impermeable pavements as controls. These specifically built
test sections (with some other existing pavements) were used to measure the
fundamental material properties, including albedo, permeability, thermal
properties, and evaporation rate (for some of the materials used in the
experimental sections) and to empirically examine the thermal behavior of
various pavement types in various seasons and under various moisture
conditions and their impact on near-surface air and building surfaces, the
results of which were presented in Chapters 4–10 and are summarized here.
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Field measurements of albedo for the various pavement materials were
performed on experimental test sections and other existing pavements
(presented in Chapter 4). The albedos for the materials were compared, and
the factors affecting the field measurement of albedo and the diurnal and
seasonal changes in albedo were examined. The effect of albedo on
pavement temperature was also examined using measured data of albedo
and pavement surface temperatures. Three developments were achieved to
enable the research on pavement albedo and thermal performance: (1) a
new albedo measurement system, (2) new data documenting differences in
albedo across pavement types and over pavement surfaces, and (3) a cor-
relation between the cooling effects of increased albedo and solar radiation.
The main conclusions drawn from the study include:
1. A new albedo measurement system using a dual pyranometer and

automatic data collection system was developed. It can be used to
conveniently measure albedo in the field and perform long-term
monitoring of albedo when connected to a data acquisition system.

2. Albedo was measured for commonly used paving materials, including
asphalt, concrete, and interlocking concrete paver surfacing materials,
with various designs. These new data enhance the basic knowledge of
albedo values for pavements as well as the other land-cover types
measured (gravel, soil, and lawn), which can help reduce the uncertainty
in understanding, evaluating, and modeling their thermal behavior and
their consequences for human thermal comfort and building energy use.

3. This study found that the measured albedo of pavement materials is high
in the early morning and in the late afternoon when the solar angle is
low; it is low and constant over time at midday. This suggests that
the albedo should be measured at midday on a clear day to obtain a
stable and conservative value. No significant seasonal variation in albedo
was found. Pavement albedo will change over time under weathering
and trafficking, especially in the first month after construction. Cloud
cover will negatively influence the measured albedo value. No impact
of wind speed or air temperature on albedo was observed.

4. Albedo has great influence on the pavement surface high temperatures
in the daytime (6 �C per 0.1 albedo change on a hot sunny day with
solar radiation of 1000 W/m2) and no significant impact on pavement
low temperatures in the nighttime. An empirical relationship between
the cooling effect of increased albedo on a pavement high temperature
and solar radiation was developed. The cooling effect has a positive
correlation with the peak solar radiation intensity in the daytime.

324 Pavement Materials for Heat Island Mitigation



This simple correlation can help estimate the cooling effect of increased
albedo or heating effect of reduced albedo on pavement for various
climates and seasons with different solar radiation.

15.1.2 Field Measurement of Permeability for Permeable
Pavement

The permeability of test sections was comparatively measured for porous
asphalt, pervious concrete, and permeable interlocking concrete paver
pavements using both the American Society for Testing and Materials
(ASTM) C1701 and the National Center for Asphalt Technology (NCAT)
methods (using constant-head and falling-head methods, respectively; see
Chapter 5). The conclusions drawn from the study include:
1. For accurate permeability measurement, regardless of the method of

measurement, water leakage must be prevented. It was found that
silicone gel is superior for water sealing compared with the plumber’s
putty recommended by both methods.

2. Both the ASTM C1701 and the NCAT permeameter measurement
methods can effectively be used to measure the permeability of all sur-
face pavement types and their mix design will not significantly influence
the measurement accuracy.

3. Aweak correlation (withR2 ¼ 0.52) was observed between permeability
measurements made by the NCAT permeameter and the ASTM C1701
method across all pavement surface types. The correlation was stronger
(R2 ¼ 0.72 through 0.9) when the measured permeability values were
for a single type of pavement surface material.

4. The permeability measured by the ASTM C1701 method was more
conservative (i.e., lower than that with the NCAT permeameter) and
on average about 25% of the values measured by the NCAT permea-
meter method.

5. The larger ring size used in the ASTM C1701 method or the double-
ring method could reduce the variability of the permeability
measurement.

15.1.3 Laboratory Measurement of Thermal Properties for
Thermal Resistance Pavement

A multidimensional model for simulation of the transient temperature
at any location on beam or cylinder specimens of various sizes subject
to convective heat transfer was developed, and the thermal properties
of specimens of various shapes and sizes were measured thorough
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back-calculation from the measured transient temperatures profile of the
specimen (in Chapter 6).
1. The model and tool developed can accurately predict the transient tem-

perature at any location on beam or cylinder specimens of various sizes
subject to convective heat transfer. It can also be used, if the thermal
properties are known, to simulate the transient temperature and predict
the time it takes to reach a specified target testing temperature at any
location for specimens of various shapes and sizes, when the specimen
is preheated or precooled in a forced-convection oven or temperature
chamber for mechanical or other temperature-related testing.

2. Based on the temperature simulation model developed, the developed
and validated procedure for back-calculation can be used to easily obtain
the thermal properties of a specimen of pavement material from its
measured transient temperature profile, regardless of the shape and
size of specimen. With this procedure, the thermal properties of novel
pavement materials (various innovative materials such as porous con-
crete and high thermal resistance materials) can be easily measured
and then used for evaluating and modeling the thermal performance
of the built environment composed of these materials.

3. The developed and validated procedure was employed to measure the
thermal properties of pavement materials using cylinder specimens,
particularly some surface materials used for the experimental sections
in this study. It was found that the dense-graded (i.e., nonporous)
materials (concrete or asphalt) have a higher thermal conductivity and
heat capacity than the open-graded (i.e., porous) materials. Concrete
materials generally show a slightly higher thermal conductivity and
heat capacity than asphalt materials. It should be noted that aggregate
source will also influence the thermal properties, which was not
examined in this study.

4. The lower thermal conductivity of open-graded porous materials
increases the thermal resistance and thus the difficulty in conducting
heat into in-depth pavement layers, which keeps the heat around the
surface. Moreover, because of their lower heat capacity compared to
dense-graded nonporous materials, the open-graded porous materials
will be heated up to a higher temperature under the same amount of
energy absorbed from solar radiation or the surroundings during
daytime or hot periods. On the other side, just because of their lower
heat capacity, the open-graded porous materials have less thermal
energy (or heat) stored in the solid body around the surface to lose
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into the cold ambient air during the nighttime or cold periods. Also,
because of their lower thermal conductivity compared to the dense-
graded nonporous materials, it is much more difficult for the open-
graded materials to conduct heat to the surface from the underlying
layers to supply more energy for loss. These two aspects will signifi-
cantly increase the possibility that the open-graded porous materials
will produce a lower surface temperature when the same amount of
heat is lost into the ambient air during the nighttime or cold periods.
This theoretically confirms that the permeable pavement composed of
open-graded porous materials can be a potential strategy to counter
the nighttime heat island effect because of its lower surface temperature
and less heat released into the ambient air during the night. However,
attention should be given to its potentially higher surface temperature
during the daytime under dry conditions.

15.1.4 Outdoor Measurement of Evaporation Rate for
Evaporative Cooling

The evaporation rate is an important factor that influences the effect of
evaporative cooling of permeable pavements. It is determined by a com-
plex system of factors, such as air temperature, relative humidity, water
temperature, moisture content, air void content, size, and structure. To
avoid the complex system, a simple experimental method was used to
measure the average evaporation rates of various pavement materials under
outdoor conditions at the test site in Davis, California (presented in
Chapter 7). Based on the findings from this experimental study, the peak
evaporation rate of bare water is about 2.0–2.5 mm/h during hot days in
July at Davis California. During the first experiment day when more water
was available near the surface of permeable materials, the evaporation
rate ranged from 0.5 to 1.5 mm/h, which was much higher than that
(0.1–0.3 mm/h) on the second and third day with less moisture available
near the surface.

The findings imply that keeping the water near the surface by
enhancing the capillary effect or sprinkling water on the surface or injecting
water into the pavement to keep the water head near the surface will
increase the evaporation rate and consequently produce a better evaporative
cooling effect. The capillary effect depends on the air void content and
structure of the surface materials and the size of the air voids. More
experimental and theoretical studies are recommended to evaluate and
optimally design the evaporative cooling effect of pavement materials.
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15.1.5 Field Measurement of Thermal Performance of
Various Pavements

Through the design, construction, and instrumentation of nine experi-
mental sections of various pavement types at Davis, California, the seasonal
thermal behavior and cooling effects of the pavement types were observed,
with focus on the permeable pavements under both dry and wet conditions.
Factors affecting the thermal behavior and cooling effect of permeable
pavements were investigated in Chapter 8. Through measurements of the
temperatures of pavement, surface air, and near-surface air, the thermal
performance of the various pavements in different seasons (including
asphalt, concrete, and paver; permeable and impermeable) was explored,
and the thermal performance of the various permeable pavements under
both dry and wet conditions in summer (compared with impermeable
pavements) was comparatively examined.

The major conclusions drawn from the study presented in Chapter 8
include:
1. Concrete and paver pavements (albedos of 0.18–0.29) in this study

showed lower surface peak temperatures than asphalt pavements (albedos
of 0.08–0.09) by 10–25 �C during hot summer in Davis, California;
asphalt pavement with a high albedo, through reflective coating or
other treatments, could also produce a low surface temperature.

2. Under the dry condition, owing to the lower thermal conductivity
and heat capacity, permeable pavements (including porous asphalt,
pervious concrete, and pervious paver) were hotter in daytime but
cooled faster and consequently got colder during the nights and helped
mitigate the nighttime heat island effect, compared to impermeable
pavements.

3. Permeable pavements (including porous asphalt, pervious concrete, and
pervious paver) under the wet condition can have lower surface temper-
atures than impermeable pavements; the cooling effect depends highly
on the availability of moisture near the surface layer and the evaporation
rate.

4. The peak cooling effect of watering for the test sections was approxi-
mately 15–35 �C on the pavement surface temperature in the early
afternoon during summer owing to the cool water and evaporation.

5. The overall average cooling effect of wetting alone (Wet ¼ 1) over
1 week after irrigation was approximately 0.2–0.45 �C for the near-
surface air on permeable pavements; for the surface it was approximately
1.2–1.6 �C and approximately 1.5–3.4 �C for the in-depth layers.
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Based on the findings from this study, compared with impermeable
pavements, permeable pavements (including pervious concrete pavement,
permeable interlocking concrete paver, and porous asphalt pavement) have
the potential of being cool pavements that produce lower temperatures and
help to mitigate the local heat island effect. However, attention should be
given to permeable pavements under dry conditions, which might produce
a higher peak daytime temperature. Watering or irrigation and evaporation
can help to reduce the daytime pavement surface temperature of permeable
pavements and consequently mitigate the heat island effect and improve
thermal comfort. The cooling effect depends on the availability of moisture
around the pavement surface and will vanish over time as the water level
decreases. As a pavement thermal management strategy, water collected
from rain (where there is summertime rain, not in California) or irrigation
can be injected into the permeable pavement during the late afternoons or
evenings in summer. This is especially beneficial when the weather report
forecasts a very hot day coming; this strategy can be conducted during the
previous night to mitigate the heat wave coming the next day and improve
thermal comfort.

15.1.6 Thermal Interactions between Pavement
and Near-Surface Air

To investigate the thermal interactions between pavement and near-surface
air for various pavement types, the temperature profiles of near-surface air
were measured and the factors affecting the profiles were explored in
Chapter 9.

It is noted that the temporal profiles of near-surface air have a pattern
similar to that of ambient air temperature for both asphalt and concrete
pavements. For the spatial profiles, the near-surface air temperatures
gradually decrease as the distance from the pavement surface increases,
with greatest slope (change rate) in the 10 in (25 cm) just above the
pavement surface. In the range close to the pavement surface, the near-
surface air temperatures are much higher than the ambient air tempera-
ture at w2 m height, especially for the black asphalt pavement with
higher surface temperature compared to higher reflectance concrete
pavement. The high near-surface air temperatures would reduce the
human thermal comfort, and they are more critical for babies and
children, who are shorter and closer to the surface. In addition, the
formation of ground-level ozone would be facilitated by these high near-
surface air temperatures when smog (volatile organic compounds and
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nitrogen oxides) is emitted from vehicle exhaust pipes that are close to
the pavement surface on roads or parking lots.

The wind speed will influence the shape of the temperature profiles of
near-surface air. Lower wind speed will make the spatial profiles steeper
owing to less heat dissipated by wind or airflow. The near-surface air
temperatures with even higher distances from the surface will also be
influenced by the pavement heat under low wind speed. This further
implies that the heat effects of pavements will be more critical in envi-
ronments with low wind speed, such as high-density urban areas, especially
those with high-rise buildings that block prevailing winds.

It is revealed from the findings that during hot periods the near-surface
air temperatures diminish gradually as the height above the surface in-
creases, and the slope (change rate) also diminishes. The shapes of the spatial
profiles are influenced by the surface temperature, ambient air temperature,
and wind speed.

A simple model was developed to describe the spatial profiles of near-
surface air temperatures, which characterizes the effects of surface tem-
perature, ambient air temperature, and wind speed. The spatial profiles
of near-surface air temperature could be predicted once the surface
temperature, ambient air temperature, and wind speed are known.

15.1.7 Thermal Interactions between Pavement and
Building Surfaces

The thermal interactions between pavement and building walls was
preliminarily evaluated through both experiments and simulations, char-
acterizing the impacts of various pavement types on building surface
temperatures (presented in Chapter 10).

Four pavement sections were selected to conduct the experiments for
measuring the temperature profiles of both wall and pavement surfaces.
Experimental results from temperature sensors and thermal images indicated
that there are some thermal interactions (through reflected and emitted
radiation) between pavement and building walls. The thermal interactions
increase the wall temperature to some extent and potentially will contribute
increased energy use for cooling the building in hot periods. The
nonuniform temperature of the pavement surface at various distances from
the wall also provided some confirmation that there is thermal interaction
between pavement and building walls.

Experimental results implied that increased pavement albedo will reduce
the pavement surface temperature; however, the temperature of the
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building wall will be increased by the reflected energy from the pavement
surface and consequently would potentially increase the energy use for
cooling the building in hot periods. This risk might not be a big issue in
open areas but would tend to be of greater significant for high-density
urban areas where walls are next to the pavement. Therefore, special
attention should be given to the application of high-reflectance pavement
for mitigating the heat island effect, especially in high-density urban areas.

A simple numerical model was developed and used to simulate the heat
transfer and thermal interaction between pavement and walls to obtain
typical summer climate data in the dry and hot region of Sacramento,
California.

Some simulation results were presented, including temperature profiles
and view factor (i.e., the proportion of the radiation that leaves one surface
and strikes another surface). More simulations can be performed with this
and/or a modified and validated model to explore the effects of various
parameters (materials, climates, etc.).

During the nighttime, the temperature on the wall surface is low and
relatively uniform; however, the daytime temperature on the wall surface is
high and nonuniform, and the lower middle part has a higher temperature
owing to the thermal interactions between pavement and walls. This in part
verified the results from the experiments presented previously.

The view factor is higher in the lower and middle parts of the wall and is
lower for other parts. This helps to explain the temperature difference on
the wall obtained from both experimental and simulation results.

Another more convincing and quantitative way of verifying the thermal
impacts of various pavements on wall temperature would be to use a heat
flux sensor (including both long- and short-wave radiation) to directly
measure the heat flux on the wall surface at various heights and times and to
directly compare the thermal impacts. However, such heat flux sensors are
quite expensive (over $6000 per set of sensors). If more funding is available
from any source, the direct measurement of heat flux (including both
long- and short-wave radiation) on wall surfaces at various heights and
times can be performed and would definitely produce quantitative and
more convincing observations.

15.1.8 Numerical Simulation of Thermal Behavior of Cool
Pavement Strategies

A framework for a general local microclimate model was developed using
the finite element method and the finite difference method (in Chapters 11
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and 12). This integrated local microclimate model includes both the
pavement structure and the near-surface air and considers coupled processes
of radiation, convection, conduction, shading, and evaporation. A simpli-
fied model was extracted from the general model to simulate the temporal
and spatial distribution of temperatures of pavement and near-surface air. It
can be used for various pavement structures under various climate condi-
tions and time frames.

The model was numerically implemented and used to simulate the
temporal and spatial distribution and variation of both pavement temper-
ature and near-surface air temperature in the summer in a hot region
(Sacramento, California) for validation against the field measurements from
experimental test sections presented previously in this dissertation. The
model was validated against field measurements for both asphalt and con-
crete pavements (with different materials and structures) and under various
weather conditions. The simulated and measured results generally agree
with one another for both asphalt and concrete pavements with different
materials and structures and under various weather conditions. This
indicates that the developed model can be used to simulate the temperature
for the asphalt and concrete pavements for various weather conditions.

The validated model was then used to simulate temperature for a typical
pavement structure under typical climate conditions in summer (July) in a
hot region. Sensitivity analysis based on simulation was conducted on
some variables. Findings about the specific effects of some factors showed
complex correlations between these factors and the temperatures of
pavement and near-surface air.

Findings obtained from the sensitivity analysis indicate that the tem-
peratures of pavement and near-surface air are very sensitive to solar
reflectivity (1 � absorptivity), solar radiation, and shading. The tempera-
tures show relatively high sensitivity to wind speed, convection coefficient,
evaporation, thermal conductivity, and thermal emissivity. Specific heat and
density present low sensitivity. This implies that increasing solar reflectivity
and reducing incident solar radiation (e.g., by shading, etc.) could be
effective ways to reduce the pavement temperature. However, application
of high-reflectivity pavement materials might increase the chance of causing
a negative impact in terms of human thermal comfort and building energy
use owing to reflected solar radiation.

According to the identified significant factors affecting the pavement
thermal performance, potentially effective strategies include technologies
such as high-reflectance pavement and thermal-resistance pavement
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(materials with low thermal conductivity conduct heat very poorly and
leave the heat near the surface, e.g., porous materials for permeable
pavements); management strategies such as shading, ventilation, and
evaporation; and the combined use of these technologies and management
strategies. The effectiveness of these strategies at improving the thermal
environment at the street level when applied for a specific context can be
evaluated using the model developed and validated in this study.

It should also be noted that while the technologies (e.g., modifying
thermal variables, etc.) that cool down the pavement and near-surface air
potentially provide a positive effect on pavement life, building energy use,
and human thermal comfort during hot times (especially in the daytime
during hot summers) and in hot climates, they might also lead to negative
effects in terms of the same factors during cold seasons (e.g., nighttime in
the winter) or in cold climates. Therefore, a comprehensive assessment of
both positive and negative effects of cool pavements should be performed
to ensure that the overall net benefits are positive.

15.1.9 Impacts of Cool Pavement Strategies on Human
Thermal Comfort

The impacts of various pavement technologies and management strategies
on human outdoor thermal comfort were investigated in Chapter 13. Some
concepts related to the thermal comfort model and the human body energy
balance model and thermal comfort index were introduced. The physio-
logical equivalent temperature (PET) was then selected to evaluate and
compare the effects of various pavement technologies and management
strategies on the outdoor thermal environment for three climates (Sacra-
mento and Los Angeles in California and Phoenix in Arizona). The
pavement technologies and management strategies evaluated include high
reflectance, evaporation, and both high reflectance and evaporation, as well
as shading. The summer (July) and winter (January) climate data for those
three locations were used for assessment.

Using the high-reflectance pavement or the high reflectance plus
evaporation strategy will definitely reduce the pavement surface tempera-
tures for all three locations. However, using the high-reflectance pavement
would increase the mean radiant temperature owing to the increased
reflected radiation hitting the human body. The increased mean radiant
temperature would produce a higher PET compared to the baseline. This
indicates that using high-reflectance pavement will reduce the pavement
surface temperature and consequently might help decelerate the formation
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of ground-level ozone and help improve the air quality; however,
increasing the pavement reflectance will increase the risk of reducing
human thermal comfort during hot periods.

Enhancing the evaporation from pavement will help reduce both the
pavement surface temperature and the mean radiant temperature and also
help reduce the PET and improve the human thermal comfort in hot periods.
This implies that enhancing the evaporation from pavement will be an
effective way to reduce both the pavement surface temperature and the PET,
helping improve both air quality and human thermal comfort in hot periods.

Shading alone will considerably reduce both the pavement surface
temperature and the mean radiant temperature and thus significantly reduce
the PET and improve human thermal comfort in hot periods. This indicates
that enhancing the shading of pavement with trees or in other ways
(e.g., canopy and solar panel) will be a very effective strategy to reduce both
the pavement surface temperature and the PET, helping improve both air
quality and human thermal comfort in hot periods.

Using cool pavement strategies might produce some benefits during hot
summer periods, such as improving human thermal comfort and air quality.
However, they also might have some negative impacts during cold winter
times. The results obtained for winter did demonstrate this concern. For
some areas such as Sacramento, California, it is hot in summer and cold in
winter. Some cool pavement strategies used to improve the summer
thermal environments might make the cold winter even colder. Therefore,
a strategy that can help reduce the summer hot temperatures but not reduce
the winter cold temperature is desirable, such as evaporation only in
summer or tree shading only in summer, etc.

15.1.10 Impact of Cool Pavement Strategies on Building
Energy Use

A simplified model framework has been developed for assessing whether
cool pavements reduce energy use for a very simple building, considering
only the use of a heater/air conditioner (presented in Chapter 14). Models
of this type (but it is hoped more sophisticated than the model used in this
dissertation) can be used to estimate the energy use in buildings for both
cooling and heating on an annual basis.

With validation, the model can be used to evaluate energy use in various
locations with various climates under one baseline and three alternative
pavement scenarios (high reflectance, evaporation, and high reflectance plus
evaporation).
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An example thermal load was calculated from the measured data of
near-surface air temperatures at 5 in (12.5 cm) above the surface on the nine
test sections built for this dissertation study. The cooling degree hour
(CDH) is high in summer and low in winter; the heating degree hour
(HDH) is high in winter and low in summer, as expected. The total thermal
load (CDH þ HDH) is generally high in summer and slightly lower in
winter in Davis, California. Various pavement types have influence on the
thermal load (CDH and HDH), but they are not very significant. More-
over, the influences on the thermal load of pavement types are not constant
(for example, positive on CDH and negative on HDH, positive in summer
and negative in winter). This makes the annual thermal loads (CDH, HDH,
and total) not significantly different for different pavements. The increased
albedo reduces the CDH but increases slightly the HDH and reduces the
total thermal load on an annual basis. All these impacts are not very
significant for the test site in the open area in Davis, California. These
results are exclusively for near-surface air temperature effects and ignored
radiation from the surface to the building and city-wide urban heat island
effects on air temperature. The relative environmental impact of pavement
near buildings from near-surface effects depends on building technologies
and energy sources used for cooling and heating.

15.2 RECOMMENDATIONS FOR THE APPLICATION OF
COOL PAVEMENT STRATEGIES

Based on the findings from this dissertation study, some preliminary rec-
ommendations for the application of cool pavement strategies for mitigating
near-surface heat island effects and improving the outdoor thermal
environment are given as follows:
1. Pave less and plant more. For some areas such as parking lots and alleys,

the sites could be partly paved, and more grass and/or trees could be
planted on the sites to reduce the negative impacts, with examination
of the potential negative impacts of the application of grass and/or trees.

2. Pave smart if it has to be paved. Permeable pavements (integrated with
irrigation systems during hot dry seasons), including porous concrete
pavement, porous asphalt pavement, and permeable interlocking
concrete paver, as well reinforced grass paver, could be good alternatives
for paving, if applicable, to both manage the storm-water runoff and
potentially help mitigate the heat island effect and improve the thermal
environment.
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3. Care should be taken with the application of high-reflectance pave-
ments. High-reflectance pavements can be used in open areas to help
mitigate the heat island effects. However, special attention should be
given when applied in high-density areas or areas with frequent walking
and cycling human occupancy.

4. Consider evaporation and shading. Evaporation and shading (using tree,
canopy and solar panel, etc.) could be very effective strategies to help
improve the thermal environment in hot climates, if effective evapora-
tion and shading can be achieved on pavements.

15.3 RECOMMENDATIONS FOR FUTURE STUDY

Recommendations for the future study on this topic include, but are not
limited to:
1. Conduct a life cycle cost analysis and/or cost–benefit analysis, as well as

an environmental life cycle assessment, on various cool pavement
strategies. These can help answer the following important questions
for implementation: (1) which one(s) has the lowest life cycle costs?
(2) Which one(s) produces the lowest cost–benefit ratio? (3) Which
one(s) has the lowest life cycle environmental impact (including mate-
rials production, construction, maintenance, use phase, and end-of-use)?

2. Do more in-depth quantitative analysis of potential impacts that are
discussed in this dissertation, such as energy use (e.g., buildings and
vehicles), air quality (ground-level ozone), water quality (e.g., pollution
and temperature influence on some species), pavement life (e.g., rutting,
fatigue, aging, etc.), and other potential unintended influences (e.g.,
rainfall), using experimental and modeling investigations, to achieve a
relatively comprehensive evaluation on the impacts of cool pavement
strategies.

3. Evaluate further technologies of cool pavements, including evaporation
rate/water retention in permeable pavements (porous materials), various
reflective coating/colorful binders (including cooling effect and
durability and cost), and experimental testing on combined effects of
different strategies, such as thermal resistance (low thermal conductivity),
evaporative cooling and high reflectance, or shading.

4. Measure the thermal properties for more construction materials and
investigate the factors affecting the thermal properties (including
aggregate type and source, different fillers and admixture).
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5. Conduct multiscale (including local street level, block, and city)
simulation studies to evaluate the cooling effects of various cool pave-
ment strategies on urban heat islands, integrating both pavements and
buildings/vehicles as well as near-surface air.

6. Guidelines should be developed for the application of various cool
pavement strategies under various contexts after completion of the first
five recommendations listed above.
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APPENDIX

Table A.1 x for various biot numbers (first 10 terms)
(1) Infinite plate

Bi x1 x2 x3 x4 x5 x6 x7 x8 x9 x10

0.01 0.0998 3.1448 6.2848 9.4258 12.5672 15.7086 18.8501 21.9916 25.1331 28.2747
0.02 0.1410 3.1479 6.2864 9.4269 12.5680 15.7092 18.8506 21.9921 25.1335 28.2750
0.04 0.1987 3.1543 6.2895 9.4290 12.5696 15.7105 18.8517 21.9930 25.1343 28.2757
0.06 0.2425 3.1606 6.2927 9.4311 12.5711 15.7118 18.8527 21.9939 25.1351 28.2765
0.08 0.2791 3.1668 6.2959 9.4333 12.5727 15.7131 18.8538 21.9948 25.1359 28.2772
0.1 0.3111 3.1731 6.2991 9.4354 12.5743 15.7143 18.8549 21.9957 25.1367 28.2779
0.2 0.4328 3.2039 6.3148 9.4459 12.5823 15.7207 18.8602 22.0002 25.1407 28.2814
0.3 0.5218 3.2341 6.3305 9.4565 12.5902 15.7270 18.8655 22.0048 25.1447 28.2849
0.4 0.5932 3.2636 6.3461 9.4670 12.5981 15.7334 18.8707 22.0093 25.1486 28.2885
0.5 0.6533 3.2923 6.3616 9.4775 12.6060 15.7397 18.8760 22.0139 25.1526 28.2920
0.6 0.7051 3.3204 6.3770 9.4879 12.6139 15.7460 18.8813 22.0184 25.1566 28.2955
0.7 0.7506 3.3477 6.3923 9.4983 12.6218 15.7524 18.8866 22.0229 25.1606 28.2991
0.8 0.7910 3.3744 6.4074 9.5087 12.6296 15.7587 18.8919 22.0275 25.1645 28.3026
0.9 0.8274 3.4003 6.4224 9.5190 12.6375 15.7650 18.8971 22.0320 25.1685 28.3061
1 0.8603 3.4256 6.4373 9.5293 12.6453 15.7713 18.9024 22.0365 25.1724 28.3096
2 1.0769 3.6436 6.5783 9.6296 12.7223 15.8336 18.9547 22.0815 25.2119 28.3448
3 1.1925 3.8088 6.7040 9.7240 12.7966 15.8945 19.0061 22.1259 25.2510 28.3797
4 1.2646 3.9352 6.8140 9.8119 12.8678 15.9536 19.0565 22.1697 25.2896 28.4142
5 1.3138 4.0336 6.9096 9.8928 12.9352 16.0107 19.1055 22.2126 25.3276 28.4483
6 1.3496 4.1116 6.9924 9.9667 12.9988 16.0654 19.1531 22.2545 25.3650 28.4820
7 1.3766 4.1746 7.0640 10.0339 13.0584 16.1177 19.1992 22.2954 25.4016 28.5151
8 1.3978 4.2264 7.1263 10.0949 13.1141 16.1675 19.2435 22.3351 25.4374 28.5476
9 1.4149 4.2694 7.1806 10.1502 13.1660 16.2147 19.2862 22.3736 25.4724 28.5794
10 1.4289 4.3058 7.2281 10.2003 13.2142 16.2594 19.3270 22.4108 25.5064 28.6106
20 1.4961 4.4915 7.4954 10.5117 13.5420 16.5864 19.6439 22.7131 25.7923 28.8800
30 1.5202 4.5615 7.6057 10.6543 13.7085 16.7691 19.8361 22.9098 25.9896 29.0754
40 1.5325 4.5979 7.6647 10.7334 13.8048 16.8794 19.9576 23.0394 26.1250 29.2143
50 1.5400 4.6202 7.7012 10.7832 13.8666 16.9519 20.0392 23.1287 26.2206 29.3148

(2) Infinite cylinder

Bi x1 x2 x3 x4 x5 x6 x7 x8 x9 x10

0.01 0.1412 3.8343 7.0170 10.1745 13.3244 16.4712 19.6164 22.7605 25.9041 29.0472
0.02 0.1995 3.8369 7.0184 10.1754 13.3252 16.4718 19.6169 22.7610 25.9044 29.0475
0.04 0.2814 3.8421 7.0213 10.1774 13.3267 16.4731 19.6179 22.7618 25.9052 29.0482
0.06 0.3438 3.8473 7.0241 10.1794 13.3282 16.4743 19.6189 22.7627 25.9060 29.0489
0.08 0.3960 3.8525 7.0270 10.1813 13.3297 16.4755 19.6199 22.7636 25.9068 29.0496
0.1 0.4417 3.8577 7.0298 10.1833 13.3312 16.4767 19.6210 22.7645 25.9075 29.0503
0.2 0.6170 3.8835 7.0440 10.1931 13.3387 16.4828 19.6261 22.7689 25.9114 29.0537
0.3 0.7465 3.9091 7.0582 10.2029 13.3462 16.4888 19.6311 22.7733 25.9153 29.0572
0.4 0.8516 3.9344 7.0723 10.2127 13.3537 16.4949 19.6362 22.7777 25.9191 29.0606
0.5 0.9408 3.9594 7.0864 10.2225 13.3611 16.5009 19.6413 22.7820 25.9230 29.0640
0.6 1.0184 3.9841 7.1004 10.2322 13.3686 16.5070 19.6464 22.7864 25.9268 29.0675
0.7 1.0873 4.0085 7.1143 10.2419 13.3761 16.5130 19.6515 22.7908 25.9307 29.0709

Continued
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Table A.1 x for various biot numbers (first 10 terms)dcont'd
(2) Infinite cylinder

Bi x1 x2 x3 x4 x5 x6 x7 x8 x9 x10

0.8 1.1490 4.0325 7.1282 10.2516 13.3835 16.5191 19.6566 22.7952 25.9345 29.0744
0.9 1.2048 4.0562 7.1421 10.2613 13.3910 16.5251 19.6617 22.7996 25.9384 29.0778
1 1.2558 4.0795 7.1558 10.2710 13.3984 16.5312 19.6667 22.8040 25.9422 29.0812
2 1.5994 4.2910 7.2884 10.3658 13.4719 16.5910 19.7172 22.8476 25.9806 29.1155
3 1.7887 4.4634 7.4103 10.4566 13.5434 16.6499 19.7671 22.8908 26.0187 29.1496
4 1.9081 4.6018 7.5201 10.5423 13.6125 16.7073 19.8160 22.9334 26.0564 29.1834
5 1.9898 4.7131 7.6177 10.6223 13.6786 16.7630 19.8640 22.9754 26.0937 29.2168
6 2.0490 4.8033 7.7039 10.6964 13.7414 16.8168 19.9107 23.0165 26.1303 29.2498
7 2.0937 4.8772 7.7797 10.7646 13.8008 16.8684 19.9560 23.0567 26.1664 29.2824
8 2.1286 4.9384 7.8464 10.8271 13.8566 16.9179 19.9999 23.0959 26.2017 29.3144
9 2.1566 4.9897 7.9051 10.8842 13.9090 16.9650 20.0422 23.1340 26.2362 29.3459
10 2.1795 5.0332 7.9569 10.9363 13.9580 17.0099 20.0829 23.1710 26.2698 29.3767
20 2.2880 5.2568 8.2534 11.2677 14.2983 17.3442 20.4037 23.4749 26.5561 29.6457
30 2.3261 5.3410 8.3771 11.4221 14.4748 17.5348 20.6020 23.6762 26.7568 29.8435
40 2.3455 5.3846 8.4432 11.5081 14.5774 17.6508 20.7284 23.8100 26.8957 29.9853
50 2.3572 5.4112 8.4840 11.5621 14.6433 17.7272 20.8136 23.9026 26.9942 30.0885
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A
Adaptive range and step length (ARS)

method, 120, 123f, 125e127
Air pollutants, elevated emissions of,

8, 9f
Air temperature
distinguished from mean radiant

temperature, 282e283
influence on albedo, 71e73, 72f

Air void content, effect on pavement
materials, 150e151, 150f

Albedo, 47e78
diurnal variation of, 66, 67fe68f
effect on pavement temperature,

73e75, 73f, 75f
experimental sections, design and

construction of, 49e51, 50f,
52t, 53f

influence
air temperature influence on, 71e73,

72f
cloudiness influence on, 69e71, 71f

of land-cover materials, 63e66, 65f
measurement
ASTM C1549 test method for, 51
dual-pyranometer test method for,

54e56, 58f
pavement materials for, 56e58, 57f,

59t, 63e66, 65f
plan for, 58e61, 60t
pyranometer test method for, 53e54

of nine test sections, 61e63, 62fe63f,
64t

of pavement materials, 17e19, 34e35
for reflective pavement, field

measurement of, 323e325
seasonal variation of, 66e68, 69fe70f
over time, change of, 68e69, 70f
wind speed influence on, 71e73, 72f

Albedometer test method, 54e56, 58f
Anthropogenic heat, 246
ASHRAE SET index, 290

Asphalt pavement, 18
materials, albedo of, 65e66, 65f
near-surface temperatures effects on,

203e205, 204fe206f
temporal and spatial variation of, 206,
207f

structure, for temperature simulation,
264f

thermal modeling, 255
wall temperatures on, 222e226,

225fe226f
temporal and spatial profiles of,
226e229, 228fe229f

thermal image of walls and
pavements on, 229e231, 230f

ASTM C1549 test method, 51
ASTM C1701 test method, 83e84, 83f
and NCAT field permeameter,

correlation between, 90e92, 91f,
92t

ASTM C177 test method, 98

B
Best management practices (BMPs), 20
Building energy use, pavement strategies on
cool pavements, 334e335
model framework for, 307e322
limitations of, 320e321
objective and scope, 307e308
preliminary model, 308e311, 311t
thermal load, 311e320, 312fe315f,
316t, 317fe319f, 319t

Building surfaces and pavement, thermal
interaction between, 219e238,
330e331

asphalt pavement, 222e226,
225fe226f. See also Asphalt
pavement

temporal and spatial profiles of,
226e229, 228fe229f

thermal image of walls and
pavements on, 229e231, 230f
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Building surfaces and pavement, thermal
interaction between (Continued)

concrete pavement, 222e226,
227fe228f. See also Concrete
pavement

temporal and spatial profiles of,
226e229, 228fe229f

thermal image of walls and
pavements on, 229e231,
230f

experimental setup, 220e221, 220f
modeling and simulation,

231e232
boundary conditions, 231e232
integrated FEM model, 231, 232f,
233t

pavement sections and measurement
plan, 220e221, 222f, 223t,
224f

simulation results, 232e235
temperature profiles, 232, 234f
view factor, 235, 235f

C
Cloudiness, influence on albedo, 69e71,

71f
Concrete block pavement, 18
Concrete pavement, 18
near-surface temperatures on, 203e205,

204fe206f
temporal and spatial variation of, 206,
207f

thermal modeling, 255e257
thermal performance, field measurement

of, 328
wall temperatures on, 222e226,

227fe228f
temporal and spatial profiles of,
226e229, 228fe229f

thermal image of walls and
pavements on, 229e231, 230f

Conduction/storage, 243e244
Convection, 244e245
coefficient, 274f, 276

Cooling degree hour (CDH), 182e183,
183f, 184t, 308e322, 316t,
317fe319f, 319t, 335

Cooling effect, 21e23
of permeable pavements. See also

Evaporation rate, of pavement
materials

of wetting, 184t, 186e187
Cool pavement, 12e13, 15e42
air and pavement, convection between,

22e23, 25te26t
convection coefficient, 274f, 276
defined, 16
density, 272
design and management strategies for,

thermal behavior simulation of,
263e280

initial and boundary conditions, 265
pavement structure and integrated
local modeling, 264, 264f

thermal property parameters and
climate conditions, 265, 266t

energy use, 38e40
energy demand, surface and
near-surface air temperature
influences on, 38

energy models, building, 38e40, 39f
evaporation of pavements,

enhancements of, 19e22,
25te26t, 275f, 277e278

permeable pavements, 20e22
water-retentive pavements, 22

heat energy, reducing, 23e24,
25te26t

shading pavements, 23e24, 24f
life cycle assessment, 40e41

cost analysis for, 41
environmental, 41

literature of, 27te29t
near-surface air temperature effects on,

24e36
albedo surface, 34e35
different regions, 36
low temperatures during nighttime
and wintertime, 35

site-level effects, 35e36
temperature gradient, 35

pavement materials, modification of
thermal properties of, 16e19,
25te26t
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heat capacity, 17
surface reflectance, 17e19
thermal conductivity, 17
thermal emissivity, 19

research and knowledge gaps in, 41e42
environmental performance, 42
implementation issues, 42
life cycle analysis, 42

solar absorptivity, 272e274, 272f
solar radiation, 275f, 277
specific heat, 271
strategies
application of, recommendations for,

335e336
on building energy use, impacts of,

334e335
on human thermal comfort, impacts

of, 333e334
thermal behavior, numerical

simulation of, 331e333
temperature
over depth, 265e269, 267f
over time, 267e268, 268f

thermal comfort, 36e37
thermal comfort index, 37
thermal conductivity, 269e270,

271f
thermal emissivity, 273f,

275e276
wind speed, 277

Curve fitting, 117e118

D
Density, of cool pavement, 272
Diffuse surface and pavement, thermal

interactions between, 249, 249f
Diurnal variation
of albedo, 66, 67fe68f
of surface temperatures of pavements,

163e164, 164fe165f
DOE-2 building energy simulation

program, 39e40
Dry conditions, permeable pavements

under, 178e187
quantitative temperature comparison,

degree hours for, 181e183, 183f,
184t

statistical analysis, 178e179
temperature profiles on, 179e181,

180fe182f
weather, influence of, 186e187
wetting/irrigation experimental

procedure, 178
Dual-pyranometer test method, 54e56,

58f

E
Emitted radiation, 246, 249
Energy balance, 11, 12f
heat islands effect on, 12t
on pavement surface, 12f, 243e247,

243f
anthropogenic heat, 246
conduction/storage, 243e244
convection, 244e245
evaporation, 247
net radiation, 245e246
shading from solar radiation,
246e247

Energy demand, surface and near-surface
air temperature influences on, 38

Energy models, building, 38e40, 39f
Energy use, heat islands impact on, 7e8
Enthalpy, 245
Environmental life cycle assessment, 41
Evaporation, 247, 275f, 277e278
latent heat loss, 136e137

Evaporation rate, of pavement materials,
135e154

air void content on, 150e151, 150f
average, 147e148, 148f, 149t
background of, 135e137
cooling effect (latent heat flux) change

over time, 146e147, 146f
materials and methods, 137e143
data analysis and presentation, 143
experimental plan, 140e143,
140fe142f

test materials, description of,
137e138, 139t, 140f

permeability effects on, 150e151,
150f

surface temperature change over
time, 143e145, 144f
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Evaporation rate, of pavement materials
(Continued)

water level depth, effect of,
151e152, 152f

water weight change over time, 145,
145f

weather data change over time, 143,
144f

Evaporative cooling, 17, 45e46, 79.
See also Evaporation rate, of
pavement materials

evaporation rate for, outdoor
measurement of, 327

Evapotranspiration, 136e137, 247

F
First law of thermodynamics, 103
Fourier law, 103, 245

G
Gravel surfacing, 53e54
Greenhouse gases, elevated emissions of,

8, 9f
Ground-level ozone, air temperature

effect on, 8, 9f

H
Heat capacity, of pavement materials, 17
Heat energy in pavements, reducing,

23e24
Heat exchange
through respiration, 289
from skin surface, 287e288
by sweat, 288e289

Heating degree hour (HDH), 182e183,
183f, 184t, 308e322, 316t,
317fe319f, 319t, 335

Heat islands, 1e14
causes of, 11
effect, 4e5, 4f
impacts of, 5e10
air pollutants and greenhouse gases,
elevated emissions of, 8, 9f

compromised human health and
comfort, 6e7, 6f

on energy balance, 12t
impaired water quality, 8e10

increased energy use, 7e8
pavement life, 10
pavementeenvironment interaction,
open systems for evaluating,
10, 11f

Human body energy balance modeling,
285e291, 285f, 291f

heat exchange through respiration,
289

heat transfer from core to skin, 289
latent heat exchange from skin surface

by sweat, 288e289
mass and body surface area, 286
metabolic rate, 290e291, 290t
sensible heat exchange from skin

surface, 287e288
skin blood flow, 287
thermal signals of human body,

286e287
Human health, heat islands impact on,

6e7, 6f
Human thermal comfort, pavement

strategies impact on, 281e306
cool pavements, 333e334
human body energy balance modeling,

285e291, 285f, 291f
heat exchange through respiration,
289

heat transfer from core to skin,
289

latent heat exchange from skin
surface by sweat, 288e289

mass and body surface area, 286
metabolic rate, 290e291, 290t
sensible heat exchange from skin
surface, 287e288

skin blood flow, 287
thermal signals of human body,
286e287

mean radiant temperature,
282e284

calculation of, 283e284
definition of, 282
distinguished from air temperature,
282e283

physiological equivalent temperature,
291e293, 292t
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outdoor thermal environment using,
evaluation of, 293e305, 294f,
295te296t, 297f, 298t, 299fe300f,
302t, 303fe304f

shading, 284
thermal comfort index, 284

I
Incoming radiation, 245e246
In-depth pavement temperatures, 170,

171f
Infiltration rate, 83e84
Infinite long cylinder
initial and boundary conditions, 105
temperature distribution, analytical

solution for simulation of, 106
Infinite plate (plane wall)
initial and boundary conditions, 105
temperature distribution, analytical

solution for simulation of, 106
Integrated local microclimate model,

240e242
numerical implementation of, 242
theoretical development of, 240e242
validation against field measurement,

242
Interlocking concrete paver. See

Concrete block pavement

J
Japan, water-retentive pavements in, 22

K
Kuss field permeameter, 80
Kuss vacuum permeameter, 80

L
Land-cover materials, albedo of, 63e66, 65f
Latent heat, 19
Latent heat flux, 142e143
Lawrence Berkeley National Laboratory

(LBNL), 2, 7, 38e39
Leadership in Energy & Environmental

Design (LEED), 2, 21e22, 136
Life cycle assessment (LCA), 40e42
cost analysis for, 41
environmental, 41

Low-impact development (LID), 20

M
Mean radiant temperature, 282e284
calculation of, 283e284
definition of, 282
distinguished from air temperature,

282e283
outdoor thermal environment using,

evaluation of, 297e305, 298t,
299fe300f, 302t, 303fe304f

Metabolic rate, 290e291, 290t
Mortality, heat-related, 6, 6f

N
National Center for Asphalt Technology

(NCAT)
and ASTM C1701 test method,

correlation between, 90e92, 91f,
92t

field permeameter, 80e83, 82f
Near surface air
asphalt pavement, 203e205, 204fe206f
temporal and spatial variation of, 206,
207f

concrete pavement, 203e205,
204fe206f

temporal and spatial variation of, 206,
207f

and cool pavement, thermal interactions
between, 24e36

albedo surface, 34e35
different regions, 36
low temperatures during nighttime
and wintertime, 35

site-level effects, 35e36
temperature gradient, 35

local microclimate model, 241e242
materials and methodology, 200e203
measurement method and
equipment, 200, 201f

pavement sections, measuring, 200,
200t

temperature measurement using
thermocouple sensors, 200e203,
203f

and pavement, thermal interactions
between, 170, 172f, 176e177,
177f, 199e218, 250e254,
329e330
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Near surface air (Continued)
cool pavements, 279t
conduction, 251
convection, 252
radiation, 252e254
evaporation, 254

temperature profile, modeling,
211e215, 213f

application of, 213e215,
216fe217f

coefficient through regression,
obtaining, 212, 213fe214f

dimensionless parameters,
development of, 211e212

wind speed
and coefficient, correlation between,
212, 215f

influence of, 208e211, 208fe210f
Net radiation, 245e246
Nighttime, low temperatures of

pavements during, 35
Nominal maximum aggregate size

(NMAS), 138

O
Open-graded asphalt friction course

(OGFC)
albedo of, 65e66, 65f
asphalt rubberized OGFC, literature,

100te101t
Outdoor thermal environments,

improving, 2e3

P
Pavement
Cool. See Cool pavement
life, heat islands impact on, 10
permeable. See Permeable pavements
system, 5, 5f
temperatures
albedo effect on, 73e75, 73f, 75f
effect on urban hear islands, impact
of, 3

thermal performance, field measurement
of, 328e329

Pavement/soil local microclimate model,
241

Pavementeenvironment interaction,
open systems for evaluating,
10, 11f

Pavement thermal modeling, 239e262
framework development, 243e250

energy balance on pavement surface,
243e247, 243f

integrated local microclimate model,
240e242

numerical implementation of, 242
theoretical development of, 240e242
validation against field measurement,
242

model validation, 254e257
asphalt pavements, validation results
for, 255

concrete pavements, validation results
for, 255e257

pavement structures and model
parameters, 255

weather data, 255
near-surface air and pavement, thermal

interactions between, 250e254
conduction, 251
convection, 252
evaporation, 254
radiation, 252e254

pavement and other surfaces,
thermal interactions between,
247e250

emitted radiation, 249, 250f
radiation exchange between surfaces,
249e250, 250f

radiosity, 249, 250f
reflected radiation, 249, 250f
specular versus diffuse surface, 249,
249f

Paver pavements, 63. See also Permeable
pavements

concrete, 49e50, 50f, 53f, 56e58, 96,
136, 156, 192e194, 196

thermal performance, field measurement
of, 328

Permeability. See also Permeable
pavements

effects on pavement materials,
150e151, 150f
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measurement, operator influence on,
90, 91f

for permeable pavement, field
measurement of, 325

Permeable asphalt pavement, 22
Permeable pavements, 20e22, 79e96, 136
ASTM C1701 test method, 83e84, 83f
under dry and wet conditions,

178e187
quantitative temperature comparison

over a period, degree hours for,
181e183, 183f, 184t

statistical analysis, 178e179
temperature profiles on, 179e181,

180fe182f
weather, influence of, 186e187,

187f, 188t
wetting/irrigation experimental

procedure, 178
experimental plan and data collection,

84e85, 85t
measurement variability in, 89e90, 89f
NCAT field permeameter, 80e83, 82f
and ASTM C1701 test method,

correlation between, 90e92, 91f,
92t

nonvegetated, 20e21
permeability field measurement for, 325
review and background, 80e81
ring type and size on, implications of,

92e95, 93fe95f
statistical analysis of, 85e89, 86f,

87te88t
thermal comfort of, 36
thermal performance, field measurement

of, 328
vegetated, 21

Pervious brick or block pavers, 22
Pervious cast pavement, 22e23
Pervious concrete pavement, 20e22
cast, 20e21
interlocking, 20e21

Physiological equivalent temperature
(PET), 282, 291e293, 292t,
333e334

outdoor thermal environment using,
evaluation of, 293e305

climate data, 293, 294f, 295t
mean radiant temperature and,
297e305, 298t, 299fe300f, 302t,
303fe304f

pavement strategies and surface
temperatures, 293e296, 296t, 297f

Polymer-modified asphalt (PMA), 52t
albedo of, 65e66, 65f

Porous asphalt pavements, 20e21
Portland cement, 19, 22e23
Predicted mean vote (PMV), 282
Problem statement, 43e44
Pyranometer test method (ASTM

E1918), 53e54

Q
Quality
impaired air quality, 1e2, 135e136,

163
global mesoscale conditions, 35e36
cool pavement on, 39f
reduced ground-level ozone,
320e321, 336

impaired water quality, 1e2, 8e10
regulations, 20e21

of life, 135e136
Quantitative temperature comparison,

degree hours for, 181e183, 183f,
184t

R
Radiation exchange between surfaces,

249e250, 250f
Radiosity, on pavement surface, 249,

250f
Reflected radiation, 246, 249
Reflective pavements and albedo,

47e78
air temperature influence on, 71e73,

72f
cloudiness influence on, 69e71, 71f
diurnal variation of, 66, 67fe68f
effect on pavement temperature,

73e75, 73f, 75f
experimental sections, design and

construction of, 49e51, 50f, 52t,
53f
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Reflective pavements and albedo
(Continued)

of land-cover materials, 63e66, 65f
measurement
ASTM C1549 test method for, 51
dual-pyranometer test method for,
54e56, 58f

pavement materials for, 56e58, 57f,
59t, 63e66, 65f

plan for, 58e61, 60t
pyranometer test method for, 53e54

of nine test sections, 61e63, 62fe63f,
64t

of pavement materials, 17e19,
34e35

for reflective pavement, field
measurement of, 323e325

seasonal variation of, 66e68, 69fe70f
over time, change of, 68e69, 70f
wind speed influence on, 71e73, 72f
albedo field measurement for,

323e325
Respiration, heat exchange through, 289
Rubberized warm mix asphalt

(RWMA), albedo of, 65e66, 65f

S
Saturated hydraulic conductivity, 81e82
Seasonal variation of albedo, 66e68,

69fe70f
Second law of thermodynamics, 103
Shading
effects on human thermal comfort, 284
pavements, 23e24, 24f

Short beam, temperature distribution,
analytical solution for simulation
of, 107

Short cylinder, temperature distribution,
analytical solution for simulation
of, 106

Site-level (local microscale) effects, of
heat islands, 35e36

Skin
blood flow, 287
heat transfer from core to, 289
surface
sensible heat exchange from,
287e288

by sweat, latent heat exchange from,
288e289

Sky view factor (SVF), 246e247, 284
Solar absorptivity, of cool pavement,

272e274, 272f
Solar radiation
effect on pavement materials

on cool pavement, 275f, 277
thermal performance, 165e168,
166fe167f, 168t

shading from, 246e247
Solar reflectivity. See Albedo
Specific heat, effect on cool pavements,

271
Specular surface and pavement, thermal

interactions between, 249, 249f
Surface reflectance, of pavement

materials, 17e19
Surface temperatures, of pavement

materials
diurnal variation of, 163e164,

164fe165f
seasonal variation of, 168e169, 169f
times of, 165e168, 166fe167f, 168t

Sustainable urban development (SUDs), 20

T
Temperature gradient, in pavement

structure, 35
Temperature simulation, theoretical

model for, 102e105
governing equations, 103e104
initial and boundary conditions, 105

infinite long cylinder, 105
infinite plate (plane wall), 105

Thermal comfort, near-surface air
temperature effects on, 36e37

Thermal comfort index, 37, 284
Thermal conductivity
of cool pavements, 269e270, 271f
of pavement materials, 17

Thermal emissivity
of cool pavements, 273f, 275e276
of pavement materials, 19

Thermal images, of experimental
pavement sections, 189e194,
189fe193f, 195f
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Thermal interaction model, 241
Thermal load, 311e320, 312fe315f,

316t, 317fe319f, 319t
Thermal performance, of pavement

materials, 155e198
in different seasons, 159e177
in-depth pavement temperatures,

170, 171f
maximum and minimum air

temperature, times of, 165e168,
166fe167f, 168t

near-surface air temperatures, 170,
172f

pavement and near-surface air, heat
exchange between, 176e177,
177f

permeable and impermeable
pavements, initial comparison of,
170e176, 173f, 175f

solar radiation, times of, 165e168,
166fe167f, 168t

surface temperature. See Thermal
performance of pavement
materials, and surface temperature

temperature profiles at locations over
hot 3-day period, 160e163,
162f

methodology, 156e158
experiment plan, 158
experimental sections, 156, 157t
instrumentation for, 156e158, 158t,

159fe160f
permeable pavements under dry and

wet conditions, 178e187
quantitative temperature comparison

over a period, degree hours for,
181e183, 183f, 184t

statistical analysis, 178e179
temperature profiles on, 179e181,

180fe182f
weather, influence of, 186e187,

187f, 188t
wetting/irrigation experimental

procedure, 178
thermal images, of experimental

pavement sections, 189e194,
189fe193f, 195f

Thermal performance of pavement
materials, and surface
temperature

diurnal variation of, 163e164,
164fe165f

seasonal variation of, 168e169, 169f
times of, 165e168, 166fe167f, 168t

Thermal resistance pavements, 97e134,
100te101t

back-calculation of thermal properties,
117e120

adaptive range and step length
method, 120

independent parameters, initial range
and step length of, 119e120

laboratory test results of, 120e122,
121fe122f, 121t

optimization method,
117e118

from optimized parameters,
122e125, 126te127t

predicted temperature with optimized
parameters, optimized thermal
properties of, 122, 123fe125f

testing time length, influence on
optimized parameters, 124fe125f,
125e129, 127t, 128f

uniqueness of, 118e119, 119f
background of, 98e102
surface materials, thermal properties of,

129e132, 129f, 130te131t
temperature distribution, analytical

solution for simulation of,
106e107

infinite long cylinder, 106
infinite plate (plane wall), 106
short beam, 107
short cylinder, 106

temperature profiles, simulation of,
107e117

eigenvalue function, roots finding
for, 109e110, 110f, 111t

input parameters for, 107
number of terms N on solution,
influence of, 110e112, 112f

procedure for, 107, 108f
results of, 112e114, 113f
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Thermal resistance pavements (Continued)
specimen shape and size on solution,
influence of, 116e117, 117f

thermal property parameters on
solution, sensitivity analysis of,
114e116, 122f

temperature simulation, theoretical
model for, 102e105

governing equations, 103e104
initial and boundary conditions, 105

thermal properties for, laboratory
measurement of, 325e327

temperature profiles, simulation of,
107e117

eigenvalue function, roots finding
for, 109e110, 110f, 111t

input parameters for, 107
number of terms N on solution,
influence of, 110e112, 112f

procedure for, 107, 108f
results of, 112e114, 113f
specimen shape and size on solution,
influence of, 116e117, 117f

thermal property parameters on
solution, sensitivity analysis of,
114e116, 122f

Thermal signals, of human body,
286e287

Thermodynamics
first law of, 103
second law of, 103

Tree shading, in pavements, 24, 24f

U
U.S. Environmental Protection Agency

(EPA), 12e13
cool pavement, definition of, 16

U.S. Green Building Council,
Leadership in Energy &
Environmental Design, 2

Urban heat islands (UHI), 2, 7. See also
Heat islands

pavement temperatures, impact of, 3

V
Vegetation shading, in pavements, 24

W
Water level depth, effect on pavement

materials, 151e152, 152f
Water-retentive pavements, 22
thermal comfort of, 36

Weather during wet period, influence
of, 186e187, 187f, 188t

Wet conditions, permeable pavements
under, 178e187

quantitative temperature comparison
over a period, degree hours for,
181e183, 183f, 184t

statistical analysis, 178e179
temperature profiles on, 179e181,

180fe182f
weather, influence of, 186e187
wetting/irrigation experimental

procedure, 178
Wind speed
effect on cool pavement, 277
influence on

albedo, 71e73, 72f
near-surface air temperature profile,
208e212, 208fe210f, 215e217

Wintertime, low temperatures of
pavements during, 35
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