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ABSTRACT

ANALYTICAL ESTIMATION OF THERMAL PROPERTIES
AND VARIATION OF TEMPERATURE IN
ASPHALTIC PAVEMENTS

By

Akbar Kavianipour

The recent developments of full-depth asphaltic
pavement for use in heavy duty highways and airports
requires a more comprehensive study of thermal behavior
and variation of temperature in the pavement structure.
The consideration of variation of temperature at various
depths of the pavement is necessary in the study of pave-
ment deflection, load capacity, and rheological charac-
teristics of asphaltic pavements during the winter and
summer months.

The variation of temperature at various depths of
a 19-inch full-depth pavement of Bishop Airport, Flint,
Michigan, was recorded over a period of two years (1969-
70). Similar data from a 7-inch asphaltic pavement was
also employed in this study.

Daily and monthly variations of temperature at
varying depths, due to the change in ambient temperature,

are obtained for different seasons of the year. The
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nonlinear estimation procedure, which is an extension of
least-square analysis, is applied to calculate thermal
properties of pavement material from recorded temperature
data.

Laboratory experiments were performed on samples of
asphaltic concrete and the measured temperature recorded
as the function of time and position. A criterion is
developed to determine the optimum experiment and the
location of the thermocouple. A simple method is derived
for calculating the thermal diffusivity of pavement
material from recorded as well as experimentally measured
temperature data.

A new method is proposed for directly calculating
the thermal conductivity, K, and specific heat from tempera-
ture and heat flux boundary conditions. Calibrations
of pavement temperature, as well as prediction of frost
penetration, requires the knowledge of surface pavement
temperature from air temperature which is related to thc
heat transfer coefficient hc between the air and the pave-
ment surface. A method of obtaining this heat transfer
coefficient, is given, for the case of negligible radiant
heat transfer. Thermal properties of asphaltic concrete
are calculated by the nonlinear estimation method, as well
as the simplified method, and the results are compared

with each other.
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Various methods of calculating temperature in the
pavement are introduced. Temperature in the soil-pavement
system is calculated by using a modified Crank-Nicolson
difference approximation (49) applied to the heat-
conduction equation. A comparison‘between the calcu-
lated and the measured temperatures at various depths of

the pavement is given. Recommendations are made for the

extension of this research.
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INTRODUCTION

Frost is a major source of damage to the structure
of highway and airfield pavements in the northern United
States and the countries in the higher latitudes of the
northern hemisphere. In order to withstand the detri-
mental effect of frost action, some estimate of frost
penetration under the pavements is necessary. The current
approach to the problem of determining the depth of frost
penetration is based on a rational formula named "modified
Berggren formula" (38), which is rooted in the theory of
heat transfer. The data necessary for the solution of
such an analytical equation must be realistic and accurate
in order to properly predict the depth of frost pene-
tration.

It is possible to utilize the analytical procedure
for calculating temperature at various depths of the pave-
ment and predict the depth of frost penetration provided
the thermal properties of pavement elements and the
ambient condition are known.

It was in recognition of the need for a reliable

value of thermal properties that the major portion of this



research was devoted to determining estimates of the
thermal properties of asphaltic concrete.

The thermal properties of soils have been the subject
of numerous investigators,while little effort has been
directed at evaluating the thermal properties of asphaltic
concrete. Literature contains few references to the ther-
mal property of asphaltic concrete. The traditional
approach to property measurement is to create experimental
conditions for which the system behavior is approximated
by a limited form of a fabricated model in the laboratory.
In practice, the application of the thermal properties
obtained under the controlled condition may not be capable
of predicting accurate thermal behavior and temperature
distribution in the pavements under natural conditions.
For these reasons, a method of estimating thermal property
from recorded field temperature data is needed. The
digital computer has made it possible to model complex
physical systems and include numerous coupled phenomena,
which are difficult to combine when conducting laboratory
experiments, to measure individual properties.

In this study a review of various methods of property
measurements in the laboratory or from field data are made
and a method is introduced which embraces both the new
concept and traditional methods.

Extensive available temperature data is utilized to
evaluate the thermal properties of the asphaltic concrete

and results are compared with laboratory values of thermal



properties. The recorded temperature data utilized in
this research were obtained from an existing portion of
pavement at Bishop Airport, Flint, Michigan. The thermo-
couples were installed to record the air temperature and
the temperature in the pavement surface, base, subbase,
and subgrade soils. Temperatures were recorded over a
period of two years (1969-1970). Additional data employed
in this study gave the temperature variation of a 7-inch
thick asphalt pavement in Alger Road, Gratiot County,
Michigan, recorded during the years 1964-1965 (34).

Data for evaluation of climatic factor and ambient
condition was obtained from United States Weather Bureau
records. The method of data collection and analysis is
described, and the results of this study are presented in
tabular and graphical form.

Current knowledge contained in the published litera-
ture is presented in the form of a brief literature

review.



The
following:

l.

PURPOSES

primary purposes of this research are the

To obtain the temperature variations at

various depths of the 19-inch full-depth
asphaltic pavement and underlying subgrade
soils. The available temperature data provide
information verifying the range of temperature
that an actual asphaltic pavement has in the
central Michigan climate during various seasons

of the year.

To approximate the actual pavement condition
with those of the laboratory test and to deter-
mine whether the 140° F standard testing tempera-
ture of asphaltic concrete is applicable to the

central Michigan climate.

To determine the ranges of temperature in various
layers of the pavement (wearing course, binder
course, and hot mix base course) which are
necessary to consider in selecting the mechani-

cal properties of asphaltic concrete.



To determine the minimum temperature in the

subgrades beneath a 19-inch full-depth asphalt
pavement, and a comparison between the tempera-
ture beneath this pavement and a gravel section

during the freezing season.

To advance a method for determining thermal
properties of pavement material through the
field as well as the laboratory temperature
data, with particular regard to asphaltic

concrete.

To calculate temperature distribution at
various depths of the pavement and compare
the calculated temperature with the measured

temperature.



CHAPTER 1

LITERATURE REVIEW

l.1 Introduction

In studying the pavement temperature and frost
action, many influencing factors must be considered. The
various factors which influence the pavement temperature
are divided into two groups: extrinsic and intrinsic
factors (27). Extrinsic factors are those which deter-
mine the ambient conditions. These factors are sum-
marized in the block diagram of Figure 1l.1l.1. Intrinsic
factors are those inherent to the pavement material. They
include various components of a pavement system such as:
paving materials, base, subbase, and subgrade soils, as
well as physical and chemical properties of each component.
More specifically, intrinsic factors include thermal
properties of pavement elements such as thermal con-
ductivity, K, specific heat, C, and thermal diffusivity,
o. These factors are given in Figure 1.1.2.

It is beyond the scope of this study to discuss
each one of these factors separately. However, a syste-

matic approach to increase the knowledge of the subject,
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the separation of the major factors, and the determination
of the relative influence of each one separately, has been
made.

The effect of various extrinsic factors has been
the subject of numerous investigators, but, among the
intrinsic variables, little effort has been directed
toward evaluating thermal properties of pavement materials,
especially asphaltic concrete.

Because of the complexity of the subject matter, an
extensive review is given of the literature dealing with
the thermal properties of pavement material. The material
in this chapter presents first, a brief discussion and
description of governing factors influencing pavement
temperature and finally, the thermal properties of pave-
ment material will be presented in detail.

1.2 Effect of Climate on Pavement
Temperature and Frost Penetration

Among the climate factors, solar radiation, freezing
indices, duration of freeze, and the relationship between
air temperature and pavement temperature are of major
concern in determining pavement temperature and frost
penetration. The above mentioned factors are related to
the climatic characteristic of an area. A brief dis-
cussion of the factors is presented in the following

paragraphs.
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1.2.1 Solar Radiation

Solar radiation consists of two types: (a) short-
wave, and (b) longwave radiation. The shortwave type
makes up the majority of received waves. Solar radi-
ation has a greater heating potential than the air
temperature on varying pavement temperature.

Scott (45) introduced an equivalent air temperature

T' =T_+ T (1.2.1)

where T, and T. are air temperature and equivalent radi-
ation temperature respectively. The influence of radi-
ation effects on the pavement surface temperature is
given by (45):

. 27
Tpr = Mr + Br Ar sin 365 t (1.2.2)

where Mr and Ar are the mean value and amplitude of the
equivalent air temperature, respectively. Br is the
amplitude reduction factor defined by equation (1.2.4).

The amount of radiation received at the surface of
the pavement depends upon the amount of water vapor, time
of year, and location of the area (45). Methods of com-
puting radiation quantities at the earth's surface are
complicated by the presence of the atmosphere which tends
to scatter, absorb, and reflect the radiation as it

passes through.
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Fowle (21) and Kimball (30) conducted studies on the
relationship between the depletion of the incoming radi-
ation and the quantities of agents in the atmosphere.

It is assumed that asphaltic pavement is a black
mass and 10 per cent of the solar radiation is emitted
from the pavement (43). Scott (45) presented methods of
calculation and tabular solar radiation data from which
the total radiation quantity could be determined for
average atmospheric conditions for a black mass for any

given latitude.

1.2.2 Freezing Index

The general method of calculating frost penetration
uses the air freezing index as a measure of the cold
quantity to which the pavement is subjected (38). The
freezing index is the difference between the maximum and
minimum points of the cumulative degree-day plotted for
one year (23).

Index values employed in design are the average
air-freezing indices of the three coldest winters in the
last thirty years of record (23). The design freezing
index should be verified at least once every five years
unless more recent temperature records indicate a signifi-
cant change in thickness design requirements for frost

(23).
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The freezing index calculated from the recorded
temperature data for Flint, Michigan, is given in
Chapter II.

A value of the freezing index equal to 1263 degree-
days has been obtained by Oosterbaan et al. (41) for
Midland, Michigan. Similar data, taken from the Tri-City

Airport, Saginaw, Michigan, was equal to 1622 degree-days.

1.2.3 Correlation Factor "n"
A correlation factor "n" which is the ratio of
pavement surface freezing index to the air freezing index

is referred to as the "n" factor (38):

surface freezing index
air freezing index

n =

The freezing index determined for air temperature about
five feet above the ground is commonly designated as the
air-freezing index, while that determined for temperature
immediately below a surface is known as the surface
freezing index (23). Carlson (12), in a study of data
obtained from a Corps of Engineer installation in Alaska,
determined a correlation factor equal to 0.6, for both
bituminous and portland cement concrete pavements.
Kersten (31) obtained a range of correlation of 0.6
to 0.8 for a bituminous pavement in Minnesota. Aldrich
and Paynter (3) concluded that a value of the air-surface
correlation factor "n", of 0.9 should be adapted for all

pavements until further research has clarified the problem.
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A value of "n"-factor approximately equal to 1.0 is
given by Oosterbaan et al. (41) for Midland, Michigan.
The "n"-factor calculated from the recorded temperature
data for Flint, Michigan is given for comparison purposes

in Chapter II.

1.2.4 Pavement and Air Temperature

The relatively wide range of observed "n"-factors
from references illustrates the complexity of the inter-
relationship between the air and pavement surface tempera-
ture.

The depth of frost penetration, and all subsurface
temperature, is governed by variation in the pavement
surface temperature. The pavement surface temperature
variations are generally unknown, however, while the air
temperatures are available. In studies by Aldrich (2)
and Carlson (l12) it was found that the surface temperature
was generally warmer than the air temperature during both
summer and winter.

The relationship between air and pavement surfaces
may only be obtained through careful theoretical and
experimental consideration of the controlling variables.
Scott (45) conducted a theoretical investigation into the
factors affecting heat transfer at the air-earth interface
with limited results. He assumed a sinusoidal variation
of air temperature and derived the pavement surface

temperature as:
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T =M+ * A ¢+ Sin(wt - §) (1.2.3)
P /’(s + w {2 + w 2
1 1l
where
S w
= 1. = Ju. - -1, 1 .
S = & wy = gt § = tan (6 Y wl),

and M and A are the mean value and amplitude of air tem-
perature fluctuation, respectively. Sl is the heat
transfer coefficient between the air and the pavement
surface. Equation (1.2.3) indicates that variation of
pavement surface temperature is also sinusoidal with a

phase lag equal to:

B = S (1.2.4)

/QS + w 2 + wlz

l)

In order to use Equation (1.2.3) the thermal properties

of the paving material and the coefficient of heat trans-
fer,s, must be known. The value of S1 and the thermal
properties are assumed to be constant. Fewell (19) em-
ployed regression analysis to study the relationship
between air and pavement surface temperature. The result-
ing equation describing the pavement surface temperature

is given by the following expression:

T =2¢C

p 1 + BTa + C

2 Sin(wt +0) (1.2.5)
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where

9n
Cl = (1 - B)M + 5o and C, =B —
1

qn, and q, are the mean value and amplitude of the radi-
ative heat flux, respectively, and 6 is the phase angle
difference between the air temperature and radiation waves.

The results of the studies by Scott (45) and Fewel
(19) indicate that some progress has been made in relating
air and pavement temperature surfaces. However, most
designers still employ the empirical correlation factor,
"n," discussed earlier, to convert air freezing index to
pavement surface freezing index.

1.3 Thermal Properties of Soils and
Pavement Materials

Over the past few decades, many investigators have
presented various techniques both in the laboratory and
field to evaluate thermal properties of soils and pavement
materials. These techniques may be grouped in two cate-
gories: (1) estimated thermal properties based on pub-
lished data, laboratory and existing prediction equations;
and (2) estimated thermal properties based on field
temperature measurements. In the following, we review the
literatures and researches dealing with each technique
separately. The list is by no means complete, but points

out that an extensive number of methods have been proposed
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in the area of thermal properties of soils and pavement
materials.
1.4 Estimated Thermal Properties Based

on Published Data and Existing
Prediction Equations

l.4.1 Thermal Properties of Soils and
Granular Systems

Estimated thermal properties based on published data
can only be used with caution. This is because the ther-
mal properties of soils and pavement materials have a
strong dependency on density, mineral type, grain size,
and moisture content of the materials (31).

The analysis of the published data provides a general
guide to the range of value of thermal properties.

Accepted existing equations for prediction of the thermal
properties frequently include questionable restrictions or
assumptions, and hence the indiscriminate use of these
equations leads to erroneous conclusions (see references
10, 35, and 50).

Many investigators have presented various techniques
which eliminate one or more of these restrictions, but most
of their contributions have been to present a new method
of obtaining specific properties (e.g., thermal con-
ductivity) rather than all the thermal properties (50).

Birth et al. (10) for calculating thermal resis-

tivity of mixed aggregates assumed a series arrangement
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(see Fig. 1.4.1A) for heat flow and effective conductivity

K calculated from:

>
ta

(1.4.1)

Rl

(1
QNLQN

+

=
£ li

The effective conductivity for parallel treatment results

in the equation:

K=KX + KX + KX (1.4.2)
g'g wow s”s

where K and X are the conductivity and volume fraction of
each component and g, w, and s, referred to gaseous
matter, water, and solids, respectively. Mickley (35)
introduced a method of determining thermal conductivity
of a soil mass for moist, saturated, and dry conditions.
Figure (1.4.1B) shows the picture of a three-component
system which is assumed for the soil components.

The thermal property of soils has been related to
its mechanical properties by a number of investigators.
The experimental data obtained by Farouki (18) indicate
that thermal conductivity of cemented granular materials
increases linearly with the compressive strength. For a
granular material Farauki used the following equation

for conductivity, K, (cal/°C cm sec)

K = B(13,555-3,407f + 0.443 Rc) (1.4.3)
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where

Rc = compression strength of the soil (PSI)
f = volume of clay/volume of granular material, and
B depends on density, specific heat, and other
mechanical properties of soil and varies from
0.9 x 10-6 to 3.4 x 10-6 gm/cm2 sec per °C/cm.
Farouki (48) introduced a comprehensive equation for
the thermal conductivity of a generalized soil in terms of
partial volume of its components which has also included
the effect of moisture migration in both the film and the

vapor phase. The overall thermal conductivity, K, of un-

saturated soils is given by:
= o -5
K = KSVs + Kw(Vw 10 °s) + Kava + hL + hV + hw

-5

+ 10 SK (1.4.4)

0

where Vs' Vw’ and Va are the partial volumes of the
solids, water, and air in a given soil; S cmz/cm3 is the
specific surface of the soils; KO is the thermal conduc-
tivity of oriented water; hL’ hV' are the heat trans-
ferred by migrated moisture in liquids and vapor phase;
and hw is the amount of heat conducted by static moisture
in liquid phase.

Equation (1.4.4) is written in a simple form as:

-— L
K =K' + hL + hv + hw (1.4.5)
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where K' contains the terms which consider the effect of
oriented water and volumic fraction of soil components.

Farouki (18) studied the effect of moisture content
on thermal resistivity of a back-fill material and con-
cluded that saturated materials have lower thermal resis-
tivity than those which have been mixed and densified in
the air-dry state. He concluded that, when the material
dries out, the thermal resistivity increases linearly as
the logarithm of the moisture content decreases. However,
the thermal conductivity increases linearly as the logarithm
of the moisture content increases.

Farouki (18) obtained the following relation between
the thermal resistivity, p = 1/K, and the moisture content

w:

lag w =a -

oo

(1.4.6)

where a, and b are positive constants for a given soil.

The binding effect between soil particles has been
also mentioned by Farouki (18) as a cause for variations
of K (Equation 1.4.5) at low moisture content.

Farouki (18) concluded that at high moisture con-
tents, binding effect does not exist while as the material
decreases its moisture content this effect increases,
reaching a maximum in the dry state.

The oriented water around the soil particles has

also been considered as an additional contributor by
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Farouki (18) in obtaining a relation between the thermal
conductivity of soils at various moisture contents.

This review shows the relative significance of
mineral constituents and the strong dependency of phase
composition on the thermal property of a soil system.

The density of the mass system also has a signifi-
cance and governing effect on the thermal properties of
pavement materials. Kersten (31) concluded for a con-
stant moisture content the rate of increase in thermal
conductivity varies from 1.2 to 4.4 per cent for each
one pound per cubic foot of density increase in unfrozen
soils.

For the frozen soils, the values varied from 1.6 to
4.6 per cent increase per additional pound in density.
The relation between thermal conductivity K, and density
is given by equation:

Density

K = a(10)P (1.4.7)

A and B are constant for a particular soil at a constant
moisture content (31).

Kersten (31l) found reliable empirical equations
which express the thermal conductivity of a soil as a
function of its water content for a given density. For

unfrozen soils, he recommended the following equation:

K = A(lag moisture content) + B (1.4.8)
10
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where A is the difference in conductivity between the 1
per cent and 10 per cent moisture content, and B is the
value of thermal conductivity at 1 per cent moisture con-
tent.

For frozen soils, Kersten (31) derived the following

relationship:
K = A + B(moisture content) (1.4.9)

where A and B are constants for the soil at a given
density. Kersten (31) combined Equations (1.4.7), (1.4.8),
and (1.4.9), to derive expressions defining thermal con-
ductivity of soils in terms of soil type, moisture con-
tent, and dry density. For fine-grained soils the follow-

ing equations relate:

(0.9 lag,, w - 0.2)10°°%% va  (1.4.10)

unfrozen K

0.01(10)2-022 4

frozen K

0.008

+ 0.085(10) vyd (w) (1.4.11)

For coarse-grained soils the resulting equations were as
follows:

(0.7 lag) w + 0.4)102-91 14 (1.4.12)

unfrozen K

(0.076 (10) 2- %13 14

frozen K

0.0146

+ 0.032(10) yd (w) (1.4.13)
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The expressions for fine-grained soils are valid
for moisture contents of 7 per cent or more, while
Equation (1.4.12) and (1.4.13) are valid for moisture
contents of 1 per cent or more. These equations are
presented graphically in Figure 1.4.2.

Gemant (22) derived an equation to predict thermal
conductivity of soils in terms of water content, thermal
conductivity of water and solid components, and the dry
density of the soil particles.

Makowski and Mochlinski (33) compared the basic
equations of Kerten (31) and Gemant (22) and presented
a nomograph (Fig. 1.4.3) for rapid solution of determin-
ing thermal conductivity and resistivity of sandy soils.

This nomograph is based on the following equations:

K = (a laglo w + b) x 10 Y/100 watts/cm2 - ¢c/cm
w = moisture content (1.4.14)
Y = dry density

The values of a and b are defined differently for Kersten

(31) and Germant (22) equation as following:

For the Kersten (31l) equation:
a for sand = 1.03; (clay = 1.29)

b for sand = 0.565; (clay = -0.283)



24

s T 1T
3 & — sanov  soiLs
— &.. [»]
T 7 — = SILT & CLAY S0ILS
30 z 1 | 8 °
2
14 > 2
1 ;r Vi P y A o
v Vi ™ S
zo 2 1] ' /
/ o
FAWA Wi 7 Nl * 40
ya vd 4 i - V4 1.‘\
yi . _
10 = VAV * 17 1{ -~ \a0
1 1 A5 =
> _ =
.
o
() 0.8 1.0 .9 2.0 28
kl‘
0.0 0.8 k 10 1.8 2.0 2.8
I 1 L 1 1 1 1 1 l i 1 i 1 1 1 1 1 1 l U U S N |
= L
® k= 3k k)
kf
0 058 1.0 .9 2.0 28
40 T T v — ——
) —— SANDY SOILS
2 ° ,° — — SILT & CLAY SOILS
()
o . /1‘ —°
<L
w // 7 z 7> /\ \o°
20 1T < T 4+ WO
T A 4 e ¢
L le - — ’, (- Lt P'\ - |t|
-]
_..n 6 = ’1 - =g |3°‘_—
7 ~4" 140 =
° L

Figure 1.4.2 Thermal conductivity of soils after
Kersten (31)



(€€) TYSUTTYOOW
pue T}sSMOXep I93Je sTTOs Apues jo sar3xadoad Tewrsyy ¢°p°T °2Inbrd

25

I9 “
{ o9 F 9
114 M v 053 0
10 0 08
(< & o3 - g =
1 3 2 o0
2°19-6¢ E o m 00t
ITRE o %Fon
IR ER 3 m. $13oet
3
S€ 14 ¢g 3 54 0ct
"1 3 EN om
3 o6 3 S ont
$'19 ¢ 3 i 9Ppgs
: s “i¥
9°1 oot E - Pm
3 E 5 mm
vy ot 3 E
. f-omr E Fat
R g3
6’19 gz 3 R
el 3 » erigh
j 7 Bl L
¢Ciom e TR
n_.u\.-w In.ru\n,n

Py Kyysueq £aq



26

For the Gemant (22) equation:

a =

v
L]

1.424 - 0.00465 P

= 0.419 - 0.00313 P and

percentage of clay in the soil

In the nomograph points C and S correspond to the Kersten

(31) data

for clay and sand respectively.

Heat capacity and latent heat of fusion:

The volumetric heat capacity of soils may be ex-

pressed as follows: (16)

For dry soil C = Cyd (1.4.15)

For moist, w

unfrozen soils Cu = Yd(c + 1.0 _33) (1.4.16)

For moist, w

frozen soils Cf = yd(c + 0.5 133) (1.4.17)

The average value w

for moist soils Cavg = Yd(c + 0.75 Tﬁﬁ) (1.4.18)
where

c = specific heat of the dry soil

Yg = dry unit weight

w = moisture content of the soil in the percentage

of dry weight.
The value of ¢ equal to 0.17 BTU/lb °F has been

recommended by most of the investigators including Kersten

(31) and Aldrich (2).
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The latent heat of fusion of water is assumed to be
144 BTU/lb; and it follows that the latent heat of fusion
of a soil, L, may be given by the following expression

(16):

L = 144 vy '1%6‘ (1.4.19)

1.4.2 Thermal Properties of

Asphaltic Concrete

The thermal properties of soils have been the subject
of numerous laboratory and field studies, while little
effort has been directed at evaluating the thermal proper-
ties of bituminous concretes. Although relatively little
information is available in the literature with respect to
the thermal properties of bituminous concrete mixtures,
it appears that there is less variation in magnitude of
the thermal properties of asphalt concrete than for soils
(20) . The purpose of this section is to introduce and
describe the various factors which have the strongest
influence on the thermal properties of asphaltic concrete,
and finally a review of literature and research will be
presented which has been conducted both in the laboratory
and field in the study of thermal properties of asphaltic

concrete.
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1.4.2-1 Factors Influencing Thermal
Properties of Asphaltic Concrete

Bituminous concrete may be defined as a system com-
posed of the solid, semi-solid or liquid, and gaseous
phases, with a temperature dependent thermal properties.
The solid phase is the mineral material consisting of
sand, gravel, crushed stone, slag, and mineral filler.

The semi-solid phase is the visco-elastic asphaltic
material produced from petroleum (or bitumen) in a variety
of types and grades ranging from hard brittle solid to
almost water-thin liquids. The gaseous phase is the air
which fills the voids.

The mineral materials are surrounded and bound
together by asphaltic material.

Thermal properties of bituminous concrete mixtures
vary depending upon the temperature, types of aggregates,
asphalt content, density, porosity, and the presence of
moisture in the voids available in the mixture.

Moisture: Water in either vapor or liquid phase,
enter the bituminous concrete through the voids available
in the mixture. The presence of accessible pores, cre-
vices, and capillary forces results in the penetration
of water into the pores. Bituminous aggregate coatings
are believed to have very small pin holes through which
water may penetrate. In high void ratio mixes, such as
most base course material, water may freely circulate

through the voids. Well compacted hot-rolled asphalt mix,
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has a very low permeability to water, while in open-
graded mixtures water penetrates easily into the asphalt
concrete.

The results of studies by Heley (24) showed that
high moisture content associated with relatively open-
graded bituminous concrete mixed used on many highways
in West Virginia have been responsible for obtaining
higher thermal conductivity of pavement materials.

Aggregates: An increase in thermal conductivity
may be expected depending upon the types of aggregates.
Most of the rock-forming minerals exhibit the conductivity-
temperature behavior which is characteristic of dielectric
solids at high temperature; that is, the thermal conduc-
tivity follows roughly the law K = (AT + B), where K is
thermal conductivity, T is temperature, and A and B are
constants (10). Thermal property of the rocks is affected
by the type rock-forming minerals, porosity, and the
direction of heat flow. Quartz has the highest conduc-
tivity in the direction parallel to its optic axis, while
mica has the lowest value in the direction perpendicular
to the cleavage (10). Thermal properties of aggregates
depend on their parent materials and the state of the
pore spaces inside the aggregate. Thermal conductivity
of aggregates is estimated by Saal (44) and a value of
K=20.7 to 1.4 BUT Ft/ft2,°F, hr has been suggested for

most aggregates.
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Little reliable information is available concerning
specific heat-capacity of aggregates. Hogbin (59) con-
ducted experiments on five common road aggregates, and
a filler, from sources in Great Britain. A value of
C = 0.2 BTU/1lb °F is suggested by Hogbin (59) for most
aggregates.
1l.4.2-2 Changes in Volume and Density

Due to Temperature

A material like asphaltic concrete undergoes volume
change with change in temperature. This volume change has
a significant effect on the thermal property of asphaltic
concrete. A dry mixture of asphaltic concrete may be
assumed as a three-phase system composed of mineral,
asphaltic, and gaseous matter. For a given temperature,
gaseous matter expands more than asphaltic material and
asphaltic material expands more than the mineral materials.
The cubical coefficient of expansion gives a change in
volume of material over a particular temperature range and

can be defined by:

(1.4.20)

in which
Vo = volume at the same reference temperature, and
AV = change in volume due to temperature change,

At, from reference temperature.
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This coefficient for a variety of asphalts is given
in tabulated form by Saal (44) and Abraham (1) with an

average volume change of 8 = 1.08 x 10 >

per °F.
Thermal expansion of asphalts and other forms of

bituminous matter may be calculated from the equation (1l):

- _ _ 2
Vo = Vo[l + A(T - 60) + B(T - 60)°] (1.4.21)

where

A=3.41 x 1072

B=1.0x 10/

\" and V,_,, are the volumes of asphalt at 60°F and

60 T
at a temperature of T°F, respectively. The values of
V60/VT are given in a tabulated form for various tempera-
ture ranges. Abraham (1) established a value of
B = (0.4 - 0.43) x 10-4 per °F for asphaltic material.
For aggregates, the average values of the linear
coefficient of expansion given by Troxell and Davis
(47) and Mitchell (36) is B = 0.135 x 10~ % per °F. Com-
paring the values of thermal expansion for aggregates
with those of asphalts, it can be seen that there is at
least an order of magnitude difference in the expansion
characteristics of these materials.
The cubical coefficient of expansion of asphaltic

mixture may be obtained by including the effect of

aggregate type, asphalt hardness, and asphalt content.
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Disregarding the volume of air voids in a volume of

asphaltic concrete, we may write,

Avmix = Avasph + Avagg (1.4.22)

where

AV_ .. =AV

mix mix 8

mix AT (1.4.23)
Let n be the percentage of asphalt content by volume of
aggregate, then from Equation (1.4.23), the expansion

coefficient of asphaltic mixture will be obtained equal

to:

B + (100 - n) Bag ] (1.4.24)

mix [n Basph g

The coefficient of linear and cubical expansion of
asphaltic concrete has been investigated also by Hook (26)
and Goetz (26). They suggested an average value of
Boix = 1-26 x 1074 per °F for the cubical coefficient of
expansion. The small value of cubical coefficient of
expansion indicates that the density of asphaltic con-
crete is much more insensitive to temperature change than
either thermal conductivity or specific heat; it is thus
assumed to be constant in this study.
1.4.2-3 Thermal Conductivity of

Asphaltic Mixture

Thermal conductivity of soils have been the subject

of numerous laboratory and field studies while little
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effort has been directed at evaluating the thermal con-
ductivity of asphaltic concrete. The United States Army
Corps of Engineers reference gave a thermal conductivity
value of 0.82 BTU/hr ft °F for dry asphaltic concrete.
Aldrich (2) used a value of 0.84 BTU/hr ft °F in calcu-
lation of frost penetration and Barber (5) has suggested
a value of 0.7 BTU/hr ft °F in computation of pavement
temperature.

The significance of asphalt content within the mix-
ture was evaluated by Saal (44) in his empirical equation

for thermal conductivity of the mix:

log Kix =% log Kasph + (1 - x) log Kaggr (1.4.25)
where
Kmix = thermal conductivity of the mixture
Kasph = thermal conductivity of the asphalt
Kaggr = thermal conductivity of the aggregate, and
x = fraction by volume of asphalt.

The thermal conductivity of various asphalt is ob-
tained by Saal (44). A value of 0.09 BTU/ft °F hr is sug-
gested for most asphalts. In general, the thermal con-
ductivity of asphalts decreases as the temperature in-
creases and varies linearly in the range of 0 to 110 °F

(32).
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K = Ko(l - CZAT) (1.4.26)

where C2 is constant for a particular asphalt, and K and
Ko are thermal conductivity of asphalt at particular
temperatures and reference temperature, respectively.

A comparison between obtained values of, K, for
rock and aggregate by Saal (44) and Birch et al (10) indi-
cates that the conductivity of aggregate is approximately
one order of magnitude larger than that of the asphalt.

In deriving Equation (1.4.25), Saal (44) assumed a
value of asphalt content equal to 5 per cent by weight of
mixture. The bituminous concrete is assumed to be dry
and the thermal conductivities of aggregates and bitumen
are assumed to be equal to 1.50 and 0.44, respectively.

The calculation of thermal conductivity of bitumi-
nous concrete, using Equation (1.4.25), have a value of
1.29 BTU/hr ft °F, which is substantially higher than
commonly accepted values.

O'Blenis (40) and Heley (24) attempted to utilize
field temperature data to compute the thermal conductivity
of highway pavement materials. Values of conductivity
obtained by O'Blenis (40) varied from 0.49 to 1.34
BTU/hr ft °F. Heley (24) used field data to calculate
the conductivity of bituminous concrete for various
seasons and concluded that thermal conductivity véried
considerably with the season,with the highest values

occurring during the freezing period.
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1.4.2-4 Specific Heat Capacity of
Asphaltic Mixture

The specific heat capacity of asphaltic mixtures,
like other engineering materials, is not a constant but
is a function of temperature. The literature contains
few references to the specific heat of bituminous con-
crete mixture. Abraham (1) has suggested the following

relationship:

+ X ] (1.4.27)

0
I

0.01[(100 - x) C

. C
mix asph aggr

in which x = per cent by weight of aggregate; and Cm'

ix’

C and C represent the specific heat capacity

asph’ aggr

of asphaltic mixture, asphalt, and aggregates, respectively.
Values for Casph for a series of asphalts over the

temperature range 32 to 570°F were obtained by Saal (44).

These values indicate that the specific heat increases

linearly with temperature by the following equation sug-

gested by Mack (32):

C = Co + ClAT (1.4.28)
where
C = specific heat at a particular temperature,
Co = specific heat at reference temperature (e.g.,
32°F), and
C, = constant for a particular asphalt.
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Abraham (1) suggested the following relationship for

specific heat capacity of asphalt:

= 1 °
CaSph = 7 (0.388 + 0.00045 T) BTU/1lb °F (1.4.29)
where
d = specific gravity of asphalt, and
T = temperature in °F.

A value of 0.4 BTU/1lb °F is suggested for most asphalts.
In cases where asphalt is mixed with various amounts

of solids such as sand, crushed rock, etc., the following

equation is suggested by Abraham (1) for specific heat of

the mixture:

Cn = 0.01[(100 - x)Ca + x Cs] (1.4.30)

where x = percentage by weight of solids, and the sub-
scripts n, a, and s refer to mixture, asphalt, and solid,
respectively.

Hogbin (25) employed a method based on Equation
(1.3.27) to obtain the specific heat capacity of a series
of course materials. An average specific heat value of
C = 0.2 BTU/1lb °F was obtained for wearing and base

courses with various compositions.
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1.5 Estimated Thermal Properties of Pavement
Materials Based on Field Temperature
Measurement

Field temperature measurement in conjunction with
classical periodic wave analysis (13) has been used to

evaluate thermal properties of soils and pavement

materials. Jumikis (28) introduced a method to calculate

temperature distribution at various depths below the
ground surface. The analysis is based on periodic sur-
face temperature variation. He assumed that surface
temperatures vary diurnally and annually about a mean
temperature in a manner which approximates a sine wave.
It is further assumed that the soil beneath the surface
has a constant thermal property and follows the same
temperature function as the surface, but is reduced in
amplitude and delayed in time. In a given cycle the
temperature amplitude at two different depths, Xy and

X,, are given by the two equations:

1 n
Tl = TO e a.—P- (1.5.1)
-X
= . 2 [ m_
T, = T, e 5P (1.5.2)

where a is the thermal diffusivity of the material under
consideration in BTU/hr ft °F and P is the period of the
temperature wave in hour. Solving these two equations

simultaneously for o gives:
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T x1 B x2 2
o=z I——TE7T; (1.5.3)

The general wave equation may also be solved in terms of

time which yields:

2
ﬂ(x2 - xl)
o = ) (1.5.4)

P(62 - 61)

where (62 - Bl) is the phase difference between the two
temperature curves at the two depths. 1If t1 and t2 are
the time of temperature maximum at depth X, and X, in
hour, Equation (1.5.4) may be written in the following
form:

p (%3 - "1)2

o = (1.5.5)
i t, - t17

Equations 1.5.3 and 1.5.5 may be used with either
the diurnal or annual temperature cycle to calculate
theoretically thermal properties of the pavement materials.
[Most investigators agree, however, that the annual cycle
could lead to errors in conclusions, because of the wide
range of weather phenomena experienced during an entire
year.] O'Blenis (40) used the recorded temperature data
obtained at twelve locations in the state of West Virginia
to calculate thermal properties of pavement materials.
He found out that the thermal property obtained by Equations

(1.5.3) and (1.5.5) could be equal if the comparative



39

variation between the depths follows a true sinusoidal
pattern. He selected those days which most closely follow
a sine wave temperature variation. Assuming a sinusoidal

temperature variation at any two depths d and dz, the

ll
Equation 1.5.3 and 1.5.5, for a period of twenty-four

hours is written in the following form:

d, - d 2
o = 7“4_ 12 (1.5.6)
1n Tl/T2
2
(a, - 4,)
o=24_1 2 (1.5.7)
4w (t. - t )2
1 2
O'Blenis (40) equates these two equations with the
resultant expression:
T /1, = e0-262(t) ~ &) (1.5.8)

which is the relationship between the amplitude ratio
and time lag for any two depths. Since Equation (1.5.8)
represented the conditions resulting from a sinusoidal
variation, O'Blenis (40) selected days on which the
amplitude ratio and time lag satisfies this equation,
and then used Equations (1.5.6) and (1.5.7) to calculate
thermal diffusivity.

Voluminous primary data was processed to determine
a few days which approximate a sine wave and satisfies

the criterion given by Equation (1.5.8). Since the daily
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heating cycle is normally other than the simple sine
function, Carson (14) proposed higher harmonics and the
Fourier analysis for daily temperature wave. He recom-
mended a second or third harmonic for a daily temperature
cycle and a single harmonic for the annual temperature
cycle.

Heley (24) programmed the O'Blenis (40) method and
reduced the manual calculation to a great extent. O'Blenis
(40) and Heley (24) concluded that the magnitude of the
daily temperature wave becomes inappreciable at depths
below 18 inches and the application of this method to
layers below the 18-inch depth produces extremely large
values of thermal conductivity. It was concluded that
either the assumptions of the method did not satisfy the
natural conditions or that the method itself was in
error. Chudnovski (15) introduced a method which elimi-
nates the assumption of sinusoidal surface temperature,
but requires a linear temperature distribution with depth.
This method, denoted as "generalized wave method" offered
a definite advantage over the periodic method employed
by O'Brien (40) and Heley (24).

The analysis of Chudnovski (15) is based on the
solution of the general heat equation in a semi-infinite
body with a time variable surface temperature and con-
stant thermal properties which is given by Duhamel's

integral (15):
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2/72 o (t = X)

dx + Ti(x)

(1.5.9)

Where A is a dummy time variable of integration, and
initial temperature 'I‘i is assumed to be uniform at t = 0.
Thermal diffusivity may be obtained by using this
equation for a given temperature variation at a certain
depth. However, it is not practical to determine o
directly from this equation.

Chudnovski (15) transformed this equation by multi-
plying by dx and integrating between the limits X = 0 and

X = », The result may be written:

m S° (T(x,t) - T(x,0))dx

(1.5.10)
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The numerator of Equation 1.5.10 represents the area
between the temperature-depth curve at the instant (t),
and the initial time t = 0 which is determined with a
planimeter. To evaluate the integral in the denominator,
the integral is divided into sub-intervals in each of
these T(0,A) - T(0,0) can be regarded as linear.

Finally the value of diffusivity is determined by

the following expression:
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m /7(T(x,t) - T(x,0))dx
O

o = (1.5.11)
2/E[alsl + ...+ Db t(2/3 -0 ;)]

Where a; and bi are the initial temperature ordinates and
the slope of each time-temperature curve in the sub-
interval, respectively.

The values of s and o; are computed for various
values of dummy time variable (15). The generalized wave
method is utilized to calculate thermal diffusivity of
pavement material subjected to any surface heat pulse.

The requirement for initial condition is met by
selecting the time period to begin just as the daily heat
pulse reaches the upper interface of‘the layer under con-
sideration and is continued until the temperature at the
lower interface begins to rise. This process provides a
linear initial temperature profile. O'Blemis (40) and
Heley (24) employed this method to calculate thermal
properties of pavement materials from field temperature
data. They indicated that the generalized wave method is
best used on those layers having little or no moisture
present and to those layers which are waterproof, such as
the wearing course and waterproof base. The finite differ-
ence method also was employed by Heley (24) to evaluate
thermal conductivity of deeper layers and subgrade soils
in West Virginia. Of all the methods presented, the

numerical method required the least time, but most precise
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raw data. In this method the one dimensional heat
equation approximated by finite difference method and
finally was solved directly for the thermal conductivity

K.

i,3+41 ~ Ti, -1 px?

24t Tivi,3 - 2 %i,5 * Ti-1,3

(1.5.12)

where i and j represent location and time, respectively.
It is observed that when the temperature in the data
point location were such as to have the sum of the upper
and lower values equal to two times the center value, the
denominator of second term in Equation (1.5.12) becomes
zero and the corresponding value of K approached infinity.
Despite the simplicity of the entire procedure the
limited applicability and sensitivity of the method to the
form of data has made it impractical. The thermal proper-
ties obtained by this method are questionable.

1.6 Temperature and Rheological Characteristics
of Asphaltic Concrete

Temperature has a significant influence on the
mechanical and rheological characteristics of asphaltic
concrete. A great deal of laboratory work has been
accomplished concerning temperature dependent properties
of asphalt concrete pavement. These properties include
deflection, stresses and strains, stiffness, and

viscosity.
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The load-carrying capacity and stiffness of the
asphaltic mixtures are much lower during the summer months
than the winter months. There is a possibility of the
pavement rutting under the heavy loads during the summer
months. On the other hand, during the winter months the
pavement does not deflect under heavy loads and cold
temperatures may cause cracking in the asphaltic concrete.
Stress-strain characteristics of asphaltic material are
defined by various coefficients such as dynamic modulus
E*, relaxation modulus, and relation modulus E(t).

The dynamic modulus E*, in compression, tension,

and tension-compression can be determined by (20),

Q

o

€
o

B

where 95 is the applied stress and € is the resultant
strain. The dynamic tension-compression modulus of
asphaltic concrete may be obtained through the application
of a sinusoidal <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>