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An FEM-predictive tool for simulating the cooling characteristics of freshly paved asphalt
concrete layers

Hussein Kassem, Ghassan Chehab and George Saad*

Department of Civil and Environmental Engineering, American University of Beirut, P.O. Box: 11-0236, Riad El Solh, Beirut 1107,
Lebanon

(Received 3 April 2014; accepted 25 April 2014)

Accurate simulation of the cooling characteristics of newly paved asphalt concrete (AC) layers is of particular significance
due to its potential use in efficient planning and scheduling of paving works. This study builds on principles of
thermodynamics and heat transfer to develop a finite element framework that simulates the actual cooling of newly paved
AC layers. For a given set of climatic conditions, such as wind, solar flux and air temperature, the presented model
incorporates the effects of conduction, convection and radiation to predict the cooling rates of the pavement. The model is
first validated using data acquired from laboratory and field set-ups. Then, the model is used to assess the effect of critical
parameters such as layer thickness, time of paving, and material properties on asphalt cooling rates and their impact on
paving operations.

Keywords: finite element method; asphalt concrete; heat transfer; thermal properties; pavement rehabilitation

Introduction

Reduction of costs associated with traffic disruption during

new construction or rehabilitation of highway and airfield

pavements has always been a critical item for transportation

agencies and contractors. This issue has become more

pressing in light of the increase in traffic volumes, and

amount of paving works, in addition to rising financial and

environmental costs associated with user delays and

interruption of operation services during roadmaintenance.

From that perspective, one approach often adopted to

minimise the impact of road closure is to perform the work

in a piecewise sequential manner and within a tight

schedule of few hours a day during the off-peak period. It is

also common to adopt a partial roadway closure approach

by establishing work zones where only one or more lanes

are closed at a time to conduct the required work. Whether

total or partial closure methodologies are adopted, the

corresponding traffic disruption results in user-delay costs

that in some instances could exceed the direct costs

associatedwith the rehabilitationworks (Chien et al. 2002).

The topic of designing the work zone and planning its

timing is not new. Chen and Schonfeld (2007) developed an

optimisation model for two-way multiple lane highways

with alternate route and time constraints. Abaza (2002) did

similar work that focused on the development of a flexible

pavement life-cycle model that produces an optimum

maintenance and rehabilitation plan with focus on work

zone considerations. In addition, a simulation model:

Construction Analysis for Pavement Rehabilitation Strat-

egies was developed by Lee and Ibbs (2005) to estimate the

maximum length of a highway that can be rehabilitated

during a closure timeframe taking into consideration the

balance among project constraints such as scheduling,

materials, design, logistics, resources and traffic flow.

One of the critical parameters affecting the completion

time of the paving operations is associatedwith the required

cooling time for the freshly compacted asphalt concrete

(AC) layer. Enough time needs to be given for the AC layer

to cool and gain stiffness. If the paved section is opened too

soon, layer stiffness may not be high enough to allow it to

effectively carry traffic loading without being subjected to

permanent deformation (rutting). If the required cooling

time can be accurately estimated prior to construction, the

planning and scheduling of the paving operations can be set

more efficiently. Predicting the cooling time of AC,

however, is not simple due to its dependence on several

factors such as layer thickness, air temperature, location,

time of day and presence of wind, among other factors. This

study aims at developing an accurate and mechanistic

predictive tool for AC cooling that explicitly incorporates

the various factors influencing the heat transfer process.

Researchers and practitioners have worked on and

developed estimates and tools for cooling rate prediction

of freshly laid AC layers using both experimental and

numerical methods (Chadbourn et al. 1998, Timm et al.

2001, Yavuzturk et al. 2005, Chang et al. 2009, Vasenev

et al. 2012, Dı́az and Timm 2014). Experimental

procedures either rely on trial sections tested before hand

or on in situ measurements obtained during the actual

construction stage. Such processes require the installation
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of thermocouples, infrared sensors, and global positioning

system units whose readings during lay down phase and

early cooling are used to develop empirical models to

predict future temperature changes at any location and

time. The drawbacks of such approaches are manifested in

the difficulty of their adoption as prediction tools that can

be utilised for various weather and construction conditions

during planning stages of the project (Vasenev et al. 2012).

On the other hand, numerical tools aim at representing the

physical problem mathematically via a set of governing

equations based on the principles of thermodynamics.

These equations are idealisations of the physical problem

that are typically highly complex and nonlinear in nature.

Therefore, the accuracy of the numerical predictions is

contingent on the accuracy of the calculated numerical

solution. Many simplified models have been developed

and are currently being used by practitioners (Timm et al.

2001, Yavuzturk et al. 2005, Vasenev et al. 2012). For

instance, PaveCool utilises a pavement-cooling model and

a knowledge-based expert system developed to calculate

the cooling rate of a single layer of freshly laid AC for cold

temperature paving (Chadbourn et al. 1998). This tool was

enhanced and re-launched as CalCool, also known as

MultiCool, which can be used for multiple-lift operations.

It was initially developed to address paving operations in

the warm ambient conditions of California (Timm et al.

2001, Dı́az and Timm 2014). MultiCool can be used to

predict cooling of freshly paved AC layers using the finite

difference method for a one-dimensional (1D) pavement

structure. The software simplifies the inputs in which

values of thermal conductivities and capacities of the AC

are built-in and cannot be modified by the user (Timm

et al. 2001, Dı́az and Timm 2014). However, a study by

Dı́az and Timm (2014) shows that it is necessary to use

mix-specific thermal conductivity and heat capacity values

to improve the accuracy of the cooling rate prediction

instead of using default values. This observation becomes

highly relevant with the increased use of new types of

unmodified binders, recycled aggregates such as reclaimed

asphalt pavement, recycled asphalt shingles, industrial by-

products and fibres in asphalt mixtures (Daniel and

Ghassan 2008, Daniel et al. 2009, Dı́az and Timm 2014).

The numerical tool presented in this paper allows for

predicting required cooling time for a laid-down AC layer

under various environmental and construction conditions.

The presented finite element-based tool provides pave-

ment engineers and contractors the ability to more

efficiently plan and schedule paving operations given

environmental and time constraints to minimise both user-

delay and construction costs. The developed model is

validated using temperature measurements obtained from

scaled models and field sections. The study presents results

for a suite of runs conducted to study the functionality of

the proposed tool and the impact of some critical factors on

the cooling behaviour of AC.

Overview of heat transfer theory

The cooling of asphalt pavements is mainly controlled by

the ambient environmental conditions at which it is

located. This phenomenon is governed by the principle of

heat energy transfer that occurs within the pavement itself

and between the pavement and its surrounding. Heat

transfer occurs once there is a temperature gradient

between any two points in the space of the pavement

system (Ding 2005). Three thermodynamic principles

govern the process of heat transfer in AC pavements:

conduction, radiation and convection.

Conduction is the thermal energy transported by the

random collision of adjacent atoms and molecules within

the solid medium of the pavement (Adkins and Merkley

1990) represented by the AC layer and its underlying base,

sub-base and sub-grade layers. The general equations

governing the two-dimensional (2D) transient heat

conduction in an AC pavement is given by

2
›qx
›x

þ ›qy
›y

� �
¼ rC

›T

›t
; ð1Þ

qx ¼ 2k
›T

›x
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T2 2 T1

x2 2 x1
ð2Þ

and

qy ¼ 2k
›T

›y
¼ k

T2 2 T1

x2 2 x1
: ð3Þ

where qx and qy are heat fluxes in the x and y directions per

unit area perpendicular to the direction of transfer (W/m2),

r is the material density ðkg=m3), C is the heat capacity of

the material (J/kg/8C), T is the temperature (8C), t is the

time (s) and k is the thermal conductivity (W/(8Cm)).

Radiation is the transfer of the internal energy

embedded in the pavement by means of electromagnetic

waves or photons (Åke 2004). The net radiation heat

transfer from the pavement surface in the vertical direction

in air, per unit area, can be expressed as

qrad ¼ 1s T4
s 2 T4

sur

� �
; ð4Þ

where Tsur is the pavement surface temperature (8C), T s is

the ambient air temperature (8C), 1 is the emissivity of the

pavement surface and s is the Stefan–Boltzmann

constant ¼ constant relating the energy emitted by a

black body to its temperature ¼ 5.67 £ 1028W/m2 8C4

(Moore 2002).

Convection is the process of transferring internal

energy into or out of a certain body by the movement of a

fluid on its surface (Elert n.d.). The convective transfer can

be either free or forced. The free convection occurs

spontaneously due to buoyancy forces induced by the

variation of the air temperature above the pavement. On

the other hand, forced convection is generated by the wind
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moving relative to the surface. As the wind speed

increases, the convection heat-transfer coefficient ‘h’

increases implying a higher forced convection.

Convective heat transfer can be estimated using the

Newton’s law (Åke 2004, Elert n.d.):

qc ¼ h Ts 2 Tairð Þ; ð5Þ
where qc is the intensity of convective heat transfer (W/m2)

calculated in the vertical direction, Ts is the pavement

surface temperature (8C), Tair is the air temperature (8C) and
h is the convection heat-transfer coefficient (W/m2 8C).

Several researchers have developed empirical models

to estimate ‘h’. A commonly used model was developed by

Alford (1939):

h ¼ 7:4þ 6:39v 0:75: ð6Þ
Another model was derived by Jürges (1924):

h ¼ 4:0vþ 5:6 v , 5; ð7aÞ

h ¼ 7:1v0:78 v . 5; ð7bÞ
where v is the speed of air (m/s).

Furthermore, the pavement’s surface receives solar

heat flux in the form of short waves (Åke 2004). The net

heat gained due to the combination of solar, radiation and

convection fluxes is conducted inside the pavement. As

such, the main processes considered in modelling the heat

transfer in the pavement are the solar heat flux as a load,

and thermal radiation and convection as boundary

conditions occurring at the model boundaries in contact

with air. These processes are schematically presented in

Figure 1. Thus, the governing partial differential equation

that describes the problem of pavement cooling is that of

heat transfer by conduction occurring inside the AC, base,

sub-base and sub-grade layers:

›

›x
k
›T

›x

� �
þ ›

›y
k
›T

›y

� �� �
þ qsolar ¼ rC

›T

›t
: ð8Þ

Methodology

The finite element method (FEM) is adopted for the

computational analysis and formulation of the model using

the Automated Dynamic Incremental Nonlinear Analysis

(ADINA) package (ADINA 2010). The ADINA-thermal

(ADINA-T) module is used to analyse the heat transfer

phenomena to be modelled. This method allows for the use

of variable material properties that can vary spatially and

temporally (Alford 1939). The approximated numerical

solution can approach the exact solution by adaptive

refinement of the mesh discretisation and by considering

automatic time stepping (ATS) for transient analysis. The

feature of ATS is efficient for the solution of nonlinear

thermal properties where the iteration fails to converge for

one time step and thus ADINA-T automatically reduces a

time step when faced with convergence difficulties

(Defraeye et al. 2011).

The dynamic nonlinear analysis is carried out on a 2D

axisymmetric model using implicit Euler backward

method for time integration. The developed model is

meshed using three node linear elements for convection

and radiation and nine node quadrilateral elements for

conduction. Adaptive refinement is used to optimally

select the appropriate mesh size, and the required time step

for the transient analysis integration parameters. The

Figure 1. Schematic representation of heat transfer in a pavement.
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milling and resurfacing are simulated using the options of

element birth and death in ADINA-T. The elements

presenting the newly added AC layer are initially inactive

before a particular solution time ‘tbirth ’ when the surface,

which is defined by a set of elements, becomes active and

contributes to the conductivity and capacity matrices.

These elements remain active thereafter, unless the death

option is used later to remove or inactivate them. In

addition, in order to simulate the changing ambient

conditions, time functions are used to represent how the

environmental temperature, wind speed and solar radiation

on the top of the pavement are varying during construction.

Table 1 presents the material thermal properties

commonly documented in the literature (Farouki 1981,

Beziat et al. 1992, Ding 2005, Stempihar and Pourshams-

Manzouri 2012).While the tabulated properties are used for

the base, sub-base and sub-grade layers, it was decided to

experimentally validate the hot mix asphalt (HMA) layer

properties due to their significance for the current study.

The experimental study consisted of fabricating a

30 cm £ 30 cm £ 5 cm HMA slab in a wooden box in a

controlled environment with an ambient temperature of

278C and in the absence of any wind current. Thus, the

convection can be considered as free with the convection

coefficient ‘h’ set to 10W/m2 8C. The HMA mix is

fabricated from local limestone aggregates and a 3.9% by

weight PG 64-22 asphalt binder. The temperature of the

HMA while cooling was measured by installing three

thermocouples at a depth of 2.5 cm below the surface and

another three at the bottom of the slab. Readings were

collected at increments of 5min for a period of 7 h after

which the HMA temperature equilibrated with the room

temperature. Also, the surface temperature of the HMA

was simultaneously measured using an infrared ther-

mometer. The wood used in this experiment has the

following measured properties:

k ¼ 0.12 W/m 8C,
C ¼ 1700 J/kg 8C,

1 ¼ 0.82 and

r ¼ 536 kg/m3.

The experimental set-up is modelled using FEM, with

the measured data used to calibrate the HMA model

parameters: conductivity, heat capacity and emissivity.

Based on a sensitivity analysis and comparing simulated

versus measured data, the following HMA properties were

obtained:

k ¼ 1.6 W/m 8C,
C ¼ 930 J/kg 8C,
1 ¼ 0.93 and

r ¼ 2047 kg/m3 (measured).

These values for the thermal properties are within the

ranges presented in Table 1. In this study, they are used for

both the old and newly added AC layers in the model.

Moreover, it was assumed that the pavement material has

an isotropic conductivity (k), constant heat capacity (C)

and constant emissivityð1Þ. On the other hand, the material

convection is selected as time dependent, with ‘h’ varying

as a function of the measured wind speed and evaluated by

taking the hourly average of the values obtained via

Equations (6) and (7).

Model validation

The developed FEM tool was validated by comparing

simulated and measured cooling rates for both a controlled

laboratory set-up and open-field conditions. In the

laboratory, a small-scaled 20-cm-thick HMA slab with

an area of 1m £ 1m was constructed inside a steel mould

as shown in Figure 2(a). The pavement section consists of

a 12-cm aggregate base course topped with an 8-cm-

thick HMA layer compacted using a plate compactor.

Figure 2(b) shows the location of the thermocouples

placed at various slab depths: one at the middle of the

aggregate layer, another between the HMA layer and the

aggregate layer, two at a depth of 4 cm in the HMA layer

and two at a depth of 2 cm in the HMA layer.

In the HMA, the thermocouples were placed in couples

for the sake of redundancy. In addition, the air

temperature, wind speed and solar flux were measured

using a weather station installed next to the slab. The

measured and predicted temperature profiles at a depth of

2 cm are plotted in Figure 3.

The field validationwas conducted at a construction site

in Bekaa, Lebanon. This project consisted of overlaying a

3.5-m-wide low-volume road with a 12.5-mm dense-

graded HMA mix composed of a PG 58-16 binder and

limestone aggregates. The overlay consisted of a 4.5 cm

(1.800) layer placed on top of an existing 5-cm-thick HMA

layer. This was modelled by FEM using a measured initial

temperature of the underlying HMA surface of 218C, a
measured ambient temperature of 188C, a measured wind

Table 1. Thermal properties of typical road materials.

Material

Thermal
conductivity

(k)
(W/(8Cm))

Heat
capacity

(C)
(J/kg/8C)

Density
(r)

(kg=m3)
Emissivity

(1)

Sub-grade/
sand

1.22 900 2200 –

Aggregate
base

0.373 960 1643 –

Aggregate
sub-base

0.304 960 1698 –

HMA 0.8–2.9 897–2277 2000–2450 0.88–0.93
PHMA 0.4 800 2146 0.91

Note: 2 , Not required.
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speed of 3m/s and a measured solar flux of 875W/m2. This

layer was compacted starting from a laydown temperature

of 1708Cand the surface temperature of the added layerwas

measured using an infrared thermometer. To compare the

efficiency of the presented FEM tool with existing currently

used AC cooling software, the cooling rate for this project

was also simulated via MultiCool. The project’s latitude

and construction time were input for the program to

calculate the solar flux, the sky condition was selected to be

partly cloudy and the mix selected as dense graded. The

FEM-predicted curve, the MultiCool-predicted curve and

themeasured curve are presented in Figure 4. The FEM and

the measured curves start from a temperature of 1708C and

drop sharply to a temperature of 1568C within a period of

3min.Afterwards, the FEM tool yields a higher cooling rate

than the measured. Overall, there is a close match between

the predicted andmeasured values taking into consideration

uncertainties associated with the thermal properties of the

layers. MultiCool yielded a fast cooling rate compared with

the actual one and that predicted by FEM. The cooling

curve predicted by MultiCool is lower than the measured

one with a difference that reaches 208C. Considering a

target temperature of 808C (Lee et al. 2002) for the time to

open to traffic (ToT), MultiCool estimates it as 28min after

laydown compared with 50min based on both the surface

measured temperature and FEM prediction.

Comparison between FEM tool and MultiCool

MultiCool is widely used as a pre-construction tool to help

practitioners predict the cooling curves for paving

projects. While it is a simple, user-friendly and readily

available tool, it offers little flexibility in modelling

different paving scenarios for critical projects that require

rigorous pre-planning. The use of FEM allows for more

modelling flexibility and thus renders more accurate

results, but this comes at a relatively higher computational

cost. Table 2 presents a detailed comparison between

MultiCool and the FEM tool.

Numerical application

The developed FEM tool is applied to predict the cooling

rate for the rehabilitation of a 30-m-wide AC roadway

Figure 3. Measured versus predicted temperatures for the constructed slab.

Figure 2. (a) Experimental set-up showing the constructed slab
with weather station along-side. (b) Schematic showing the
location of thermocouples in the constructed slab.
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section. The roadway consists of three lanes in each

direction, a median and a shoulder on each side. The

corresponding pavement structure consists of a 15-cm

existing HMA layer on top of a 40-cm aggregate base layer,

a 40-cm aggregate sub-base layer and 60 cm of sub-grade.

The proposed rehabilitation process involves milling and

repaving the top asphalt layer. The 15-cm-thick layers need

to be totally milled and repaved in two lifts of 7.5-cm thick

each. Due to the lack of data about the temperature profile

within the underlying layers, the simulation is started before

the launch of the rehabilitation works. This step is carried

out to better present the temperature profile of these layers

using the air temperature at night as an initial temperature

for these layers. So, the temperature of the underlying

layers is simulated with the change of the environmental

conditions before the launch of the rehabilitation.

A sensitivity analysis was carried out and the starting

time of simulation was selected to be 1 am of the day of

paving.Moreover, it is assumed thatmilling of theAC layer

is completed by 8:30 am, after which pavers, working in

parallel, finish the paving operation by 11 am.

A weather station located at a latitude/longitude of

N338 500 0.20400/E368 00 0.00300 in the American University

of Beirut in Lebanon was used to collect values of air

Figure 4. Measured versus predicted surface temperature of freshly paved HMA at paving site.

Table 2. Comparison between MultiCool and FEM.

MultiCool FEM

Thermal properties (k, C, r and 1) Built in values selected from database for selected
material types

User input (selected from the literature or
measured in laboratory)

Incoming solar radiation Calculated based on latitude and the start time of
the simulation

The user can input the varying incoming solar
radiation over the simulation time based on
measured data or climatic databases

Underlying surfaces Allows entry of the existing surface temperature
and type

Allows defining multiple underlying layers
with the initial temperatures of each

Ambient air temperature Constant, at the start time of the paving Variable, the user can enter the ambient
temperature’s variation over the entire simu-
lation period

Wind speed Constant, at the start of the paving of each layer Variable, through convection coefficient
which can be varying over the simulation time

End of prediction The user has to define a stop temperature The user has to define the end time of the
simulation

Geometry The user can input only the layer’s thickness Any 3D geometry could be modelled
Milling Not applicable Applicable
Output Graphical and tabular output of the spatial average

lift temperature
Graphical and tabular output of the
temperature at any location in the layer

Computation time Fast Depends on the dimensions and the
complexity of the model
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temperature, wind speed and solar heat flux. The data for

hottest day of the year 2012, 24 June, was used for

simulating the cooling of the freshly paved AC. Figure 5

shows the variation of the air temperature, solar wind flux

and wind speed on 24 June 2012.

Figure 6 presents snapshots of the simulation model

showing the variation of the temperature within the

pavement at different times: with the launch of the

rehabilitation works, after milling and after repaving

the new 7.5-cm AC layer. The spatial variation of pavement

temperature across the width of the section signifies the

importance of the presented method as compared with 1D

predictive models. The variations in pavement temperatures

during the day at different depths below surface are plotted in

Figure 7. The temperature at 2.5mm from the surface is

selected to characterise the surface temperature, while the

temperature at 3.75 cm below the surface corresponds to

mid-depth of the layer. The analysis shows that for the

considered environmental conditions, there is low

variability between temperatures at various depths. The

rate of cooling is very high during the first 2 h after

construction, but slows down during the afternoon due to

the increase in air temperature and solar radiation. The

cooling resumes at a rapid rate in the late afternoon and

early evening as the solar flux drops all the way to zero.

It is interesting to note that deeper locations cool quicker

than those at the surface when solar heat flux is high, and

the reverse becomes true as the solar heat flux diminishes.

The average pavement temperature reaches 708C after 6 h

for the case analysed.

Sensitivity analysis

Effect of the construction end time

A suite of FEM runs was conducted to investigate the

sensitivity of cooling rate to various model parameters.

Figure 5. (a) Plot of temperature and solar heat flux versus time for Beirut–Lebanon on 24 June 2012. (b) Plot of wind speed versus time
for Beirut–Lebanon on 24 June 2012.
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Because cooling rate is a function of air temperature and

solar flux, it follows that the cooling rate will be directly

affected by the time at which construction ends. Figure 8

shows the mid-depth temperature cooling characteristic

curves for the different end of construction times. The

results show that the rate of cooling during the first hour

after end of construction is the same irrespective of the

time of day. Approximately, and for the conditions of the

case analysed, a drop of approximately 458C occurs within

the first hour. Beyond that, the cooling rate becomes

dependent on the time of day, more specifically on the

magnitude of solar flux. ToT, assuming 808C temperature

as maximum allowable (Lee et al. 2002), varies from

approximately 90min for a 4-pm construction end time to

8 h for an 8-am construction end time.

Effect of the time of the year on cooling rate

Due to the change in solar flux and air temperature from

1 day to the other, it is expected that cooling time changes

with the change in construction date. Predicting cooling

time could thus help in planning and scheduling paving

operations. Air temperature, solar flux and wind speed data

were obtained from the weather station located at the

American University of Beirut in Lebanon for 21 March,

21 May, 24 June and 21 September of year 2012 and are

used to simulate the different cooling scenarios. As seen in

Figure 9, cooling rates for the case used in this study varies

from 1 month to the other. The presented results show that

the cooling rates are fasted for relatively cold months,

March. The cooling curves for moderate months, May and

September, are relatively slow and they get very slow for

the month of June, probably due to the severity of the

climatic conditions. Other months between October and

March are not included because Lebanon has cold weather

in this period and asphalt plants are closed.

Effect of the thickness of the layer on cooling rate

The thicker the pavement layers, the longer the time

needed for it to cool. Temperatures at mid-depth of paved

layers are predicted for various layer thicknesses. The

results presented in Figure 10 show that the cooling times

required to reach 808C for a 7.5-, 10- and 12-cm-thick

layers are 4, 5 and 6 h, respectively.

Comparison of the cooling rates of HMA, WMA and
PHMA

Cooling rates can be evaluated for different mixtures using

the FEM prediction tool. As an illustration, results of runs

for dense-graded HMA, warm mix asphalt (WMA) and

porous HMA (PHMA) are presented, with all environ-

mental conditions kept fixed. The temperature at laydown

for both HMA and PHMA is 1358C, whereas it is

considered 1008C for WMA. The same thermal properties

were used for WMA and HMA, and thus the initial cooling

At 2:00 pm  

85°C 

68°C 

66°

55°C 
40°C 
35°C 

62°C 

At 8:00 pm 

52°C 

36°C 

45°C 
49°C 

32°C 
27°C 

42°C 

At 7:30 am (before milling) 

22°C 

24°C

30°C

At 8:30 am (after milling) 

22°C 

24°C 
30°C

At 11:45 am (after repaving the 1st layer) 

107°C 
40°C 

25°

56°C 
70°C

Figure 6. Temperature variation within the pavement during
the time of simulation by ADINA.

H. Kassem et al.164



rate is the same. The thermal properties for PHMA

(Table 1) are different thus causing the asphalt layer to

cool faster than that with HMA. As seen in Figure 11,

because initial temperature of WMA is 1008C, it only

needs 1 h to reach 808C compared with 4 h for HMA. In

turn, PHMA needs 3 h to reach 808C. However, further
research is still needed for comparison of the cooling

characteristics of WMA with those of HMA. Such study

will need to address whether the thermal properties of

WMA are different than those of HMA and will also

address the stiffness versus temperature relationship of

WMA. Considerations will also be given to the

incorporation of a limiting stiffness as a requirement for

ToT as compared with limiting temperature.

Conclusions and recommendations

This study presented the use of the FEM for the

development of a robust predictive tool for simulating

the AC cooling rates. The presented tool will allow for the

efficient planning and scheduling of paving operations as it

enables paving project stakeholders to know a priori

required cooling times for a given construction date, time

and location. The longer the cooling process takes, the

greater the user costs accrued due to road closure delays.

In addition, if highway agencies allocate a limited time

window during which a road can be closed to traffic, then

the amount of paving that can be accomplished is

tantamount on the time necessary for cooling. The longer

the cooling time, the less distance that can be paved.

Figure 7. Variation of pavement temperature at different depths.

Figure 8. Temperatures during cooling at mid-depth of a 7.5-cm-thick HMA layer for various construction end times.
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Figure 9. Temperatures during cooling at the mid-depth of a 7.5-cm thick layer for various dates.

Figure 10. Temperatures at mid-depth of asphalt layer, for various layer thicknesses.

Figure 11. Cooling curves for different asphalt mixtures.
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The effectiveness and benefits in predicting the cooling

rate using the developed tool are illustrated by running a

host of scenarios to address factors thought to be critical in

their impact on cooling time, such as paving time and date,

thickness of the AC layer and mixture type: HMA, WMA

and PHMA. This tool allows the simulation based on the

exact conditions of each project, its location and material

properties. Even though some basic knowledge of heat

transfer principles and FEM is required by users to start

using the presented tool, an ADINA step-by-step tutorial

can be easily developed to guide the average user, with no

FEM background, to efficiently use it. Finally, it is

important to note that although this study demonstrated the

use and effectiveness of the FEM tool using ADINA, with

some effort an open-source FEM package can be

developed to achieve similar goals.
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