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ABSTRACT. A 3-D) finite clement model (FEM) was developed o calculate the temperature of an
asphalt rubber pavenent locuted in the Northeast of Portugal. The goul of the case study
presented [ this paper is to show the good accuracy temperature prediction that can be
obtained with this model when compared with the field pavemeni thermal condition obtained
during « year. Input data fo the model are the hourly values for solar radiation and
temperatitre and the mean daily values of wind speed obtained from a meteorological siation.
The thermal response of « mudtilayered pavement structure is modelled using « FEM
transient thermal analysis and each analvsis was (nitiated with the full depth constant initial
temperature obtained from  field measurements. For cach analvsed day, the pavement
temperatire was measured al a new pavement section, located in IP4 main road. near
Braganga, in the north of Portugal. At this location, seven thermocouples were installed in
it depths. These pavement

the asphalt rubber and conventional mix layers, at seven differe
data was used 1o validate this simulation model, by comparing model calculated datea with
measured pavement temperatures. As conclusion, the 3-D finite-element analysis proved to be
an inferesting tovl 1o simulate the transient behavior of asphalt pavements. The presented
simulation. model can predict the pavement temperature a different levels of bituminous

laverswiih good accuracy.

KEYWORDS: asphalt rubber mix, temperature variation, thermal mixes behaviour, numerical
analysis
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1. Introduction

Temperature variations have an important influence in.he pavement thermal
state. Depending on the temperature variation, stresses are induced in the overlay in
two different ways, which need (o be distinguished: through restrained shrinkage of

the overlay and through the existing movements of slabs. due to the thermal
shrinking phenomenon,

In order to calculate the pavement thermal effects and the asphalt concrete mix
thermal response, it is necessary to evaluate the temperatures distribution at many
depths of bituminous layers throughout typical twenty-four hours periods. The
temperature distributions obtained for different hours, during the day, allow the
calculation of thermal effects in the pavement, mainly in the overlay for
rehabilitation studies.

The time variation of pavement thermal state is controlled by: climatic
conditions, thermal diffusivity of the materials, thermal conductivity, specific heat,
density and the depth below the surface {Sousa er al., 2002).

The temperature distribution in a pavement structure can be obtained through
field measurements, using temperature-recording cquipment (Datalogger associated
with thermocouples) or estimated by using mathematical models. The option of
using the field measurement is desirable because actual temperature can be reliably
measured and used in stress calculation models, However, this method is relatively
slow and only provides information about temperatures in the observed period. On
the other hand, a temperature theoretical model may suffer slightly due to lack of
accuracies but will give a temperature distribution quickly and cheaply, and can be
used to predict temperature distributions under a wide range of conditions, including
any unusual or extreme conditions.

The simulation model proposed in this paper is based on Finite Element Method,
mvolving weather data as input. The simulation model simulation was done by
comparing the calculated temperatures with measured pavement temperatures,
obtained in field since January 2004 until December 2004, The model computes the
pavement temperatures by using measured climate data values as input.

Although this thermal approach may have a nature of a one-dimensional problem
of the heat conduction in the vertical direction. given the mnfinite nature in the
horizontal direction. the suggested model was developed in a three-dimensional
basis. having in view its future compatibility with & 3-D mechanical reflective
cracking model used by the authors in other projects,

The pavement temperatures prediction model is based on few basic principles.
Once the hourly temperature distribution is governed by heat conduction principles
within pavement and by energy interaction between the pavement and its
surroundings, in the following chapter the main principles adopted in the proposed

model are presented.
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2. Thermal model

Conjugating the first law of the thermodynamics, which states that thermal
enerpy is conserved, and Fourter’s Taw, that refates the heat flux with the thermal
pradient. the problem of heat transfer by conduction within the pavement is solved.
For an wotropic medium and for constant thermal conductivity, this adopted
principle is expressed as follows (Dewit, 1996 and Ozisik. 1985):
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. K= Thermal diffusivity:
k = thermal conductivity:

p — density;

C - spectlic heal;

- lime.

On a sunny day the heat transter by energy interaction between pavement and its
surroundings consists of racdhiation balance and of exchunges by convection. The
radiation balance (or thermal radiation) involves the consideration of outgoing
longwave radiation, longwave counter radiation and the shortwave radiation (or
solar radiation) (Hermansson, 2001).

The earth surface is assumed to emit longwave radiation as a black body. Thus,
the outgoing longwave radiation follows the Stefan-Boltzman law (Dewit, 1996 and
Hermansson, 2001 ):

C/w = LC(O‘T\
where: g, - outgoing radiation;
&, — emission coefficient;
o — Stefan-Boltzman constant:
T, — pavement surface temperature.

As the atmosphere absorbs radiation and emits it as longwave radiation to the
earth, this counter radiation absorbed by the pavement surface is calculated as
proposed by (Dewit, 1996 and Hermansson, 2001):

i (3]

(/(I = (E‘“O*l““
where: ¢, — absorbed counter radiation;,
&, — pavement surface absorptivity for longwave radiation and the amount
of clouds;
T — alr temperature.
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Several authors (Danath er ar., 2002 and Picado-Santos L. 1994) consider the
longwave radiation intensity balance (or thermal radiation) through the following
expression:

— 7 14
q, =T, -T,) 4]
where: ¢, - longwave radiation intensity balance:
h; — thermal raciation coefficient.

The expression used to obtain h, is the following (Donath er at., 2002):

h =coll, +T, )(.]W + T,"’.)

Hr i

where: £ — emissivity of pavement surface.

Part of the high frequency (shortwave) radiation emitted by the sun is diffusely
scattered in the atmosphere of the earth in all directions and the diffuse radiation that
reach the earth is called diffused incident radiation. The radiation from the sun
reaching the eurth surface, without being reflected by clouds or absorbed or
scattered by atmosphere, is called direct incident shortwave radiation. The total
incident radiation (direct and diffused) can be estimated using the following
equation (Dewit et al,, 1996, Ozisik, 1985 and Donath et al., 2002):

g, =18 cosd {6}
where:  g; — thermal incident solar radiation;
o~ loss facter accounting for scattering and absorption of shortwave

radiation by atmosphere:
Se—solar constant assumed 1o be 1353 W/m~
J = Tactor accounting the eecentricity of carth orbit:
0 — zenith angle.
The effective incident solar radiation absorbed by pavement surface may be
determined by the equation (Hermansson, 2007 1;
o=y, |
where ¢, — incident solar radiation absorbed by pavement surface;
0, — solar radintion absorption coefticient.

In the model suggested in this paper, shortwave radiation is given as mput data

obtained from measured values.

The convection heat transfer between the pavement surface and the air
immediately above is given as (Hermansson, 2001 and Donath et al.. 2002):

g =hT,, ~7,) %)

where: ¢, - convection heat transfer;
h. = convection heat transfer coefficient.
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The convection heat transter coefficient can be calculated as proposed by
(Hermanssof. 2001 and Donath et al.. 20025

= 698,24 (144107 7 U e o 70 (0, 1, ] 9]
wherer T —average temperature given by p = (7 -7 170!

U — wind speed.

3. Finite Element Method

This study is based on the use of the fimte-element method in the prediction of
femperature distributions in puvements. In the last years. this methodology hus
revealed to be a tool of great applicability in the pavements research domain. Thus,
the theoretical basis of this methodology and the applhication for proposed simulution

model, ure described.

The first law of thermodynamics, which states that thermal energy is conserved,
was used to build the solution of pavement thermal problem through finite elements
Considering a differential contrel volume ol a pavement, in that methodology Hh
conservation of thermal energy 1s expressed by:

| 141]

where: p -~ density;

C - specific heat;

T — temperature = T(x.y.z,0));

t—time;
v
dx
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\Vc/J — hcal flux vector.
It should be noted that the term {[/}f{q Cmay also be interpreted as V4 \(/ where

V represents the divergence operator. Fourier’s law can be used (o relate the heat

flux vector to the thermal gradients through the following expression:

Dl [
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I”\/“ 0 0 o ‘
where: U)}:. 0 K. 0 - conductivity matrix;
[ 0 0 &

Ko Ky Ky, — thermal conductivity in the element x, y and z directions,
respectively.

Expanding Equation [10] to its more familiar form:

pcﬁ?_:j(,\ﬂﬁi),%_i k)9 _9_7_.) 2]
Jor  odx\ dx ) oxi Yoy ) oxl 7oz
Considering the isotropy of material (K=Kxx=Kyy=Kzz):
. { -
preLh K,J(_alj Lofory, B[LTJI (13
ar ox 1 ox) axlay ) oxl 9z [

Three types of boundary conditions, which cover the entire model, were
considered: heat flow acting over the model surface limits; surface convection
applied in the superior surface of model and the radliant energy between the model
superior surface and its surroundings.

Specified heat flow acting over a surface follows the general expression:

where: {17} —unit outward normal vector; )
q* — specified heat flow.

Specified convection surfaces heat flows acting over a surface follows the
general expression:

fol =, (1, -1,,) (sl

where  hy— convection coefficient:
T ~ temperature at the surface of the model:
Ty — bulk temperature of the adjacent fluid.

Radiant energy exchange between a surface of the model and its surroundings Is
translated by the following expression, which gives the heat transfer rate between
the surface and a point representing the surroundings:

=oelr? —14) [16)
g, =oetl,, ~T,,
where @ — Stefan-Boltzman coefficient:
& — effective emissivity:
g, — heat flux loss of surface.
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4. 3-D FEM Pavement thermal model

The 3-D Finite-Element Method was used for modelling the thermal behaviour

of pavement. The pavement structures traditionally are idealized as a set of
norizontal Jayers of constant thickness. homogeneous. continuous and infinite in the
horizontal direction, resting on a subgrade, semi-infinite in the vertical direction.
The thermal configuration of the pavement model was defined in basis of those
principles and is presented in Figure 1. This model considers the possibility of
thermal data transfer for a mechanical model with the same mesh.

Figure 1. Finite element mesh for thermal model

The adopted mesh was designed also for study of the reflective cracking
phenomenon due to the traffic loading and represents an existing pavement, where a
crack is simulated through an element with zero-stiffness, and a layer on top of the
existing pavement representing an overlay. This mesh was described in other works
of the authors (Minhoto ef al., 2003 and Minhoto et al., 2005).

The finite element model used in numerical thermal analysis was performed
using a general finite elements analysis source code, ANSYS 7.0. This analysis is a
3-D transient analysis, using a standard finite element discretization, in space. In the
design of the thermal finite-element mesh, the compatibility of mesh with other
mechanical models was observed.

The designed mesh has 13538 elements. For three-dimensional thermal analysis,
3-D solid element, SOLID70, was used. This element, applicable to a three-
dimensional transient thermal analysis, has capability for three-dimensional thermal
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conduction, according with previous explanation. The element has eight nodes with
o single degree of freedom, defined as temperature, at each node.

The thermal properties of pavement material, such as thermal conductivity,
specific heat and density, for each pavement layer, were defined in the “material
properties” of this element, when the model was developed.

For surface effect applications, such as radiation exchanges by convection heat
transfer, the surface element SURF152 was used. The geometry, node locations, and
the system coordinates for this element are shown in the Figure 2.

M(Extranode)

Figure 2. 3-D Surface Thermal element (SURF152)

he element is defined by four nodes and by material properties. An extra node
(away from the base element) is used for simulating the effects of convection and
radiation and represents the point where the hourly air temperature is introduced as
representative of the atmosphere. This element was overlaid onto an area face of 3-D
thermal element SOLID70. located near top of model (pavement surface) as it shows

in Figure 3.

Figure 3. SURF152 and SOLID70 coupling
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The element is applicable to three-thmensional thermal analysis and alfows these

load types and surface effecrs. such as heat fhixes. 1o exist siruliancousty.

cace elements were placed on entive surface S8 (Fleure 1),

In the mn«.h,mi\*xt\’ matriy caleutation. for considering surface convection. the
convection coefficient (or film coefficienti must be used. When extra node s used.

iy temperature [K‘um’}os the air temperatire. This clement allows for yadiation

fxoused

e surface and the extra node “M7. The emissivity of the surface
helwed

the
the conductivity matrix caleudation, for conside

vine suriace radiation, and the

Seelun-Bolizman constant is also used for the conductivity matrix calentation.

The solar radintion iy considered as a heat Mux that s apphied on surlace I
arder o define the boundary conditions o null heat fu s apphicd onsurfaces L
1.3, 14 and ST opresented w the Frgure 1
5. Pavement Temperature prediction — case study

The main goal of this study is to show the good accuracy temperature pxu!u fon

that can be obtained with the model presented in lhlS paper \.\'hx n compured 1o the
field pavement thermal condition in several representative days of the year.

Firstly, a FEM numerical analysis for the temperature distribution in a pavement
of a trial section was performed for the weather conditions {(air temperature, solar
radiation and wind speed) obtained from January 2004 to December 2004 (Minhoto
ef ul., 2005), The model validation was made by statistical analysis between the
F
presented in Minhoto et al. (2005).

M numcrlml temperature results and the ficld-measured temperatures and

"

In this study. a set of thermal daily data was selected to perform a study about
the accuracy of the temperature prediction that can be obtained with this model. This
set of days was selected along the year and have typical daily air temperatures
evolution, characterized by a combination of maximum and minimuwm femperature.
The adopted values for the maximum temperatures were the following: 35°C, 30°C,
25°C, 20°C, 25°C and 10°C. The adopted values for minimum emperatures werce:
20°C, 15°C, 10°C, 5°C, 0°C and -5°C. The combination of these two (emperatures
allowed to define 24 days which were studied 1n the work.

For each selected day, the thermal howrly data was used by the 3-D FEM model.
as input data, and. as result, the howrly temperature in all nodes was computed. Then,
the obtained value for nodes. that represents the pavemnent observed points, wus
compared with the measured field temperatures at those focalions,
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5.4 Field data collection

During a year (January 2004 to December 2004), pavement temperaturcs were
measured at a newly pavement section, located at IP4 main road. near Braganca, in
the northeast of Portugal. At that location, seven thermocouples were installed in the
pavement layer, at seven different ¢ depths: at surface, 27.5 mm, 55 mm, 125 mm. 165
mim, 220 mm and 340 mm. The top one was installed just at the pavement surface,
The depths for the other six were chosen to give a ﬂoml representation of the whole

asphalt layers. Pavement temperatures were recorded every hour, every day during
the year.

With respect to short-term temperature response. it can be argued that subgrade
temperature at 2.0 m depth is reasonably constant over a given months.

From a meteorological station, located near the test pavement section, it was
obtaimed the hourly measurements of weather parameters, such as air temperature,
solar radiation intensity and wind speed. These measurements were used as mput
data in the simulation models. to carry out temperature distribution prediction in a
340-mm full-depth pavement.

5.2. Input data to simulation

The pavement surface thermal emussivity for estimaling the longwave radiation
intensity balance was equal to 0.9 and the solar absorption coefficient was equal ©
0.95. Table 1 presents the values for puvcmcm material thermal propertics adopted

this study. The parameters were adapted to give a good correspondence between
calculated and measured pavement tes 1’1;’)&‘1';1(111‘0& The adopted values follow the
typreal values for those pal"lmctcrs‘ suggested on bibliography by de Bondt (2000),
A Shalaby er af. (1990) and Hermansson (2001).

Table L. Lavers Thermal Properties

‘ [hld\m xxg K : C dcn;\'il:\' :
, Coom) \’v/"( ) | (Wos/ke °C) 1 (kg/m?)
[Overlay -asphaltrubber mix | 0055 | 15| 850 | 2550
§7<>\u ay —conventiond mix | 0.070 | 1. 5 860) [ 2350
0215 | 1s 850 | 2350
L0300 | 15 80): L2370 )
79 T a0 2200 |

As expressed in the conclusions obtained from simulation made by Hermansson
(2001 the influence of the thermal conductivity of the pavement s marginal for the
pavement temperatures close o the surlace. Thus. no further effort was made in this
paper. to study the influence of thermal co u[m tvity variation,
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2 3. Analysis procedure

The thermal response of FEM simulation model, representing a multdayvered
pmfcmcm ctructure, was modelled using o transient thermal analysis Tor a severa
daily dme-period. representing the selected representatives duys. It is assumed that
the pavement hourly temperature profile depends entirely on hourly air temperature

value, hourly solar radiation value and wind speed dutly mean value.
Vi N v E
The analysis procedure involves a multiple 3-D finite-element runs and was

initiated with the full depth at constant inttal temperare, obtained from meuasured
field temperatures. The analysis procedure was carried oul for a periodicity of one

hour.

5.4, Resulls

As a measure of error, the difference between caleulated and measured pavement
temperatures were caleulated for every hour, for every depth and for each sclected
day. Also the average difference was determined for all pavement depths and for
cach computed situation of a sclected day. Table 2 presents the result of this
procedure and presents the average errors and the standard deviation of errors where
one can conclude that the proposed model allowed to obtain excellent temperature
sence of an asphalt rubber mixture in the

prediction mainly in the top layers. The pre
top of the pavement analysed did not affect the temperature prediction in the other
pavement layers and depths.

Figures 4 to Figure 7 present the temperature evolution for four representative
days (2™ March, 24™ April, 24" July and 16" October), each one for each season of
the year, and a comparison between the FEM calculated lemperature and the in
pavement measured temperature 1s made.

These figures allow to conclude that the temperature model used to predict the
pavement temperature presents a good accuracy n the prediction of the temperature
in the first layers of the pavement where the differences between calculated and
observed temperatures are too small.

As the depth in the pavement increases, the model presents some problems in the
prediction of the pavement temperature. For 0.340 m the temperature difference can
reach 4 °C. Some important differences can also be
mainly in the summer, where 8 °C was found.

found in surface for hot days,

tool to predict the pavement

However, the presented model is an interesting
rubber mix laver in the top of

temperature until 0.30 m. The presence of an asphalt
the pavement did not affect the pavement temperature prediction.
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Table 2. Average errors and standard deviation in the temperatiire prediction

r Air Termperature (*C) | Temperature error (°C) Average @ a al pavemen! depths
Day-fionth Season | maximum | minimum average | s.deviation | 0.00m |0.0275m| 0.055m | 0.125m | 0.165m | 0.220m | 0 340:‘;
21 Jan Winter 10.6 5.1 1.208 1.104 2.237 1.912 1.779 1.792 0.915 0.295 0.387
12 Feb Winter 16.8 -3.7 0.155 1.149 1.402 1.711 0.830 0.517 0.861 0.276 0.483
2 Mar Winter 9.3 -7.8 -0.673 1.800 1.041 1137 0.776 1.391 1.836 1.874 2779
31 Mar Spring 10.5 5.2 0.444 1.059 1.372 1.229 0.803 0.314 0.553 0.256 1.152‘
14 Apr Spring 5.2 -0.3 -2.515 3.080 3.440 3.300 3.687 3.607 2.337 3.999
23 Apr Spring 18.8 -0.2 -2.324 2613 3.017 2831 3170 3.309 2.123 3.936
24 Apr Spring 22.7 2.1 -2.338 2.696 3.189 2.900 3.149 3.186 1.740 4.352
May Spring 15.2 5.5 -1.261 1.547 0.983 1.276 1.115 1.992 2.447 2.433 1.801
ay Spring 18.7 10 -2.758 2473 3559 3.094 3113 3.633 3.630 3.805 2.278
31 May Spring 258 4.7 -2.925 2.800 4.308 2.301 3.541 3.468 3.541 2.904 3.856
4 Jun Spring 294 9.6 -3, 3.497 5.660 4816 4.579 4.155 4.562
30 Jun Suminer 30.3 14.8 -2.846 3.386 5.029 4121 3.984 3.500 4.163
9 Jui Summer 207 5.8 -3.228 2.985 5.593 4.647 4.392 3.4056 1171
24 Jui Summer 345 15.5 -3.156 2.848 4.623 3.762 3.877 3.622 4.497
26 Jul Summer 32.1 12.8 -3.466 3428 5,360 4.605 4.480 4.092 4.689
2 Ago Summer 29 17.3 -1.806 3.035 3.348 2.780 2.583 2.578 4.095
4 Summer 25.2 14.8 -3.568 3.129 3.986 3.540 3.794 4.293 3.666
g Summer 20.9 15.2 -0.427 2.627 1.738 1,785 1.199 1.391 5.102
26 Autumn 249 4.6 -2.845 1.896 2.901 2.451 2.506 3.046 3.342
| Auturmn 27.8 5.3 -1.498 1.635 4 2.011 2.019 1.584 0.584
16 Autumn 14.5 9.7 0.414 0.627 1.006 0.887 0.841 0.346 (.307
19 Autumn 5.6 -0.4 -0.743 0.8%1 1.425 1.222 0.951 0.719 0.791
201 Auturnin 10.3 -0.3 -0.682 1.425 1.610 06.752 1.197 0.933 0.921
7 E Autimn 4.3 -3.8 -0.722 0.828 0.757 0.539 0.639 0.808 0.699
25 2
| Surface
20 0
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5 /
Ty 8 w2 e wooa o2 :
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Figure 6. Comparison between caleulated and observed temperature for 24" July
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Figure 7. Comparison between calculated and observed temperature for 16"
October

6. Conclusion

The 3-D finite-element analysis has proved to be an interesting tool to simulate
the transient behaviour of asphalt concrete pavement temperature. According to
comparisons performed with field measurements, the suggested simulation model
can model the pavement temperature at different levels of bituminous layers with
good accuracy. At close to the surface depths the measured and calculated
temperatures presents better correlation than far to from the surface.

To obtain this distribution, a series of climatic data is needed as input to the
model. The use of the results for other FEM mechanical models constitutes a great
advantage of the proposed model.

When comparing measured and calculated temperature data for every hour for
every day, one has concluded that in cold months, the average error is less than in
hot months. Thus, in the cold months, the developed model presents bettef
performance than in hot months.

The presence of an asphalt rubber mix layer in the top of the pavement seems ©
have no influence in the pavement temperature prediction and this type of material
can be modelled with the specific heat and thermal conductivity coefficient identical
to the ones used for conventional mixtures.
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