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Abstract

Many roads in hot regions of the world are exposed to very high
temperatures especially in desert areas during the summer season,
where the temperature could reach more than sixty Celsius
degrees. Temperature variations cause a lot of distress in flexible
and rigid pavement such as rutting, vertical transverse (i.e.,
thermal) cracking, thermal fatigue damage, blow up/buckling, in
addition to generating warping stresses. Accurate detection of the
surface temperature of flexible pavement is very important for
pavement design analysis. This research presents a new model to
estimate the temperature of flexible pavement layers under
extremely high temperatures as a set of simultaneous equations.
The proposed model included Clear-Sky as sub-model to estimate
the solar energy of beam and diffuse radiation of the pavement
surface. Ambient temperature was calculated by solving the model
depending on the time of the day. The proposed model was
validated via experimental data collected from one-year
measurements at instrumented pavement section in New Sohag,
Egypt. The asphalt surface temperatures were measured for
summer, winter solstices and vernal and autumnal equinoxes. It
was found that the model provides reasonable estimates compared
to the experimental data. The proposed model is deemed
appropriate for estimating pavement layers temperature in hot
regions.

1. Introduction

Pavement performance is substantially impacted by traffic loads and pavement temperature
[1,2]. Reliable estimation of pavement surface temperature and temperature distribution
along layers is essential in pavement analysis and design for both flexible and rigid
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pavement [3]. In flexible pavement, the behavior of asphalt layers in response to traffic
loads is dependent on the temperature profile of asphalt layers. This is caused by the change
in viscoelastic behavior of asphalt, which occurs concurrently with temperature change [4—
6]. Due to temperature variations, thermal fatigue damage may occur in a flexible asphalt
layer [7-9]. The impact of air temperature and the temperature of pavement surface is
mutual where the temperature of pavement surface is affected by weather characteristics and
thermal properties of material layers while the air temperature is also affected by pavement
surface temperature. These interactions are typically referred to as a microclimate system as
illustrated in Figure 1 [10].
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Fig 1. Microclimate system [10]

Pavement temperature has been used as an evaluation measure in some asphalt tests, such as
the structural capacity or the remaining paving life using the falling weight deflectometer
(FWD) test [11-13]. Recently, the amended Empirical Pavement Design Guide incorporated
the effect of pavement temperature on material properties, pavement performance
prediction, and structure responses [14]. Determining pavement surface temperature in cold
regions, where roads are frequently covered by ice, is also an important factor in deciding
on the time to conduct necessary maintenance [15-19]. The main objective of the research
is to develop a mathematical model that is capable of estimating the temperature of
pavement layers according to site location, time of the day, and day of the year. The
suggested model considers the effect of solar flux on asphalt and the effect of heating and
cooling of asphalt during daytime and nighttime. In this model, the effect of heat transfer by
convection and radiation on the asphalt surface as a cooling process was incorporated.

2. Previous Work
Asphalt mixtures are viscoelastic plastic materials where the strength and modulus of

elasticity change with substantial variation in temperature. Severe weather, especially high
temperature, is one of the main factors that may lead to deterioration in flexible pavement

60



JES, Vol. 50, No. 2, Pp. 20-31, March 2022  DOI: 10.21608/JESAUN.2022.104930.1086 Part A: Civil Engineering

layers. As a result, to meet structural and functional requirements, the asphalt mix design
should be dependent on local temperature. Asphalt, for example, becomes hard and brittle in
cold temperatures, exposing the asphalt layers to thermal and fatigue cracking. In high
temperatures, however, asphalt becomes mushy and viscous, making it more prone to
rutting.

Acknowledging its importance, reliable measurement of asphalt layers temperature has
received considerable interest in the existing literature [20]. Different types of regression
models were developed to determine the temperature either within asphalt pavement layers
[Yavuzturk et al., 2005; Lukanen et al., 2000; and Khan et al., 2016] or at the surface
pavement [Islam et al. (2015) and Diefenderfer et al. (2006)]. Most of these models are
based on air temperature besides solar radiation and neglected other factors such as the
effect of speed of wind and its direction and relative humidity. For example, Solaimanian
and Kennedy [21] introduced an analytical model with maximum air temperature and solar
radiation parameters to predict the maximum temperature of the pavement surface, as the
pavement surface temperature attained equilibrium. Several other studies also developed
analytical models to calculate pavement surface temperature [22-25]. The current model
utilizes the energy balance equation and it adds the physical properties of the asphalt layers
to solve the conduction energy equation for each layer. The mathematical model was solved
for pavement layers simultaneously to calculate the temperature of each layer.

Linear and nonlinear regression were also used to determine maximum and minimum
pavement temperature through a pavement layer [7,26]. Nonetheless, the approach is not
deemed accurate due to the nonlinearity of pavement temperature throughout daytime. Islam
(2015) and Asefzadeh et al. (2017) used regression models in the two studies to calculate
layers temperature where only solar radiation and air temperature that were considered. The
model neglected both the effects of thermal properties of asphalt layers and weather
conditions (i.e. wind direction and speed, and relative humidity) [7,26]. Recently, Khan et
al., (2019) developed three linear regression models to calculate asphalt surface temperature
for daytime, 24- hour, and night-time to account for the change in weather conditions,
especially in cold regions. The models included variables such as air temperature, wind
direction and speed, solar radiation, and relative humidity. Despite the inclusion of weather
variables, these models still suffer from the drawbacks of linear regression models. As well,
the models did not take into account the effect of thermal properties of asphalt layers in
addition to emissivity and surface albedo [27]. Adwan et al. (2022) investigated new models
to predict the pavement temperature at specific depth, time, and air temprerture. The
suggested models depended on 7200 measured pavement tempreture at four seasons (i.e.
summer, winter, spring, and autumn, respectively)[28] Then, these models were validated
usind data from field for one year. In later study, Adwan et al. (2022) used artificial neural
networks (ANN) to predict also pavement temperature profile. The new study compared
between the recent obtained results and results from previous models. It showed that the
temperature predictions made by ANN were more accurate than those made by regression
models [29,30]

An early numerical model to calculate asphalt surface temperature was introduced by
Dempsey and Thompson, (1970) where the effect of weather conditions was considered
[31]. Recently, the model was formerly referred to as Mechanistic-Empirical Pavement
Design Guideline (MEPDG) and introduced as the first program to consider weather effect
[32]. Several studies were conducted to predict pavement temperature based on finite
element analysis [33-39] Many of these studies considered mainly the effect of thermal
properties of pavement materials on surface temperature. Thermal conductivity, surface
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albedo, heat capacity, emissivity, and thermal disutility of pavement material were mostly
expressed as thermal properties [40-47]. These properties can be gained directly from
experiments or driven from previous studies [3]. The bearing capacity and the performance
of flexible pavement are clearly affected by variation of modulus of asphalt mixture, which
is significantly affected by pavement temperature.

In another similar context, the impact of temperature on bearing capability, performance,
damage, and life of asphalt pavement was investigated [48,49]. Biswas et al. [50]
investigated the seasonal variation of thermal-induced strain of flexible pavement. The
results from field observation and laboratory tests showed that thermal strain is about 1.4-
2.0 times greater than in warm seasons. Knowledge of regularities for temperature variation
in time in pavement and subgrade are required.

In summary, the relationship between pavement surface temperature and weather conditions
(e.g., solar energy, air temperature, air humidity, and wind speed) and thermal properties of
asphalt layers including emissivity still needs further investigations, especially in hot
regions.

3. Methodology

The cross-section shown in Figure 1 consists of a subgrade layer, sub-base layer, and
pavement layers. The heat transfer between layers depends on the thermal conductivity and
thermal properties of each layer. The surface layer is an absorber of solar radiation, and it is
also open for heat transfer by convection and radiation. The solar energy is absorbed on the
asphalt surface, transferred as conduction heat to the adjacent layer, and sequentially
transferred to other layers. As well, the stored energy in the layers is transferred as
convection heat to the ambient air and radiation heat to the sky from the upper surface. This
model is mathematically expressed as simultaneous sets of system equations to calculate the
temperature of each pavement layer. The model formulation along with its solution, are
described in the following paragraphs.

4. Model Formulation

The analytical model described in this study has two main components: 1) energy balance
and 2) solar energy determination.

4.1. Energy Balance

Environmental elements such as air temperature, sun radiation, asphalt surface radiation,
and wind speed influence the temperature of the pavement surface. The main source of
energy for pavements is short-wave radiation from the sun, and the percentage of sunshine
is one factor used to calculate net short-wave radiation. Long-wave radiation emitted from
the atmosphere, which is another heating source, is sometimes linked to air temperature.
Parts of the input energy are lost due to convection and pavement sur-face radiation. The
process of heat transfer through convection is linked to air temperature and wind speed.
The pavement absorbs the rest of the energy and sends it to the lower layers. The
temperature profile of the pavement is influenced by asphalt material qualities (e.g., surface
short-wave absorption, heat capacity, and thermal conductivity).In the proposed model,
pavement layers are considered thermal systems which receive solar energy and exchange
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the heat with the surrounding reservoir. The road section consists of asphalt, base, and sub-
base layers. Each layer is represented by one system of equations which are solved

simultaneously such that [54]:

{qsr:lr:stl?: = Ggeph Yool — Grad — Frov
Iirl'.sr]i:'r:.se = Qron1 — Geonz

Iirl'.s[‘].m.ei:li:l = Heonz — Heona

P N A, T+ EanOA, o BT

aph asph” “s-asph " amb asph asph

e )
subb

pVC ]
At subg

right hand side matrix

At + Tsi)+ aasph (qsol + qdlﬂ )As—asph

pVC,
At

P
Tsubg

+K A

subg” “subg

1L,

'subg " soil

Equation (4) discretizes the set of systems of equations which shows the

variables and right-hand side matrices.
Where:

asph . asphalt

base . Dase

subb: SUDb-base

q.. energy stored in a layer (w /m?)

'subg

[ (pas hvas hCP )as
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pVC

asph

subb

T

subg

variable matrix

1)
(2)
(3)

(4)

coefficient,

g-.: - total solar energy (beam and diffuse) incident on the pavement surface (w /m?)

a..on . aSphalt surface absorptivity

g..2. longwave radiation heat transfer from pavement surface to sky (w /m*)
q..0- CONVection heat transfer to/from pavement surface(w /m?*)

g..n:. CONAuction heat transfer from asphalt to base (w /m*)
7..n2. cOnduction heat transfer from base to sub-base (w /m?*)

..z CONAuction heat transfer from sub-base to sub-grade (w /m?)

Paspn - density of the asphalt material (kg /m?)
Po: density of the base material (kg/m*)
Ps: density of the sub-base material (kg /m*)

C,: specific heat of material layers (asphalt, base, sub-base) & /kg. &

V .
= specimen base volume (m?)

Vo specimen base volume (m?)
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Vo . specimen sub-base volume (m?)

.on . @Sphalt thermal conductivity (w /m.x)

K.a00 Dase thermal conductivity (w /m. k)

K..zs - SUD-base thermal conductivity (w /m. &)

A: surface area of slab

L..ox. asphalt layer thickness (m)

Ly . DASE layer thickness (m)

L. . SUD-base layer thickness (m)

haenn. NEAt transfer coefficient from asphalt surface (w /m*. k)
T..on. aSphalt layer temperature (K)

T,.c . DAse layer temperature (K)

T.es - SUD-base layer temperature (K)

. Boltzmann constant (w /m?*.k*)

¢. asphalt surface emissivity (-)

Solar Energy Determination

The clear sky solar energy model was used to calculate the solar beam radiation and the
solar diffuse radiation [51].

Geoi = dpn cos Bz + 1 (5)
Iyn = Aexp(—B/cos 8, ) (6)
I =Cly, (7)

Where:

I direct normal beam

1. diffuse irradiance

g.. solar zenith angle

A: apparent solar irradiance at air mass zero

B: atmospheric extinction coefficient

C: diffuse radiation factor

The values of A, B and C vary with season and the atmospheric conditions.

Boundary Conditions

The problem is considered a one-dimensional heat transfer in the z-direction which is
perpendicular to the pavement surface. This can be solved by modeling both convective heat
transfer and radiation heat transfer.

Convective heat transfer consists of convection heat from dry air and convection heat from
vapor of humid air in the atmosphere [54].

Qeov—a — h{rcsrlf': - Tl:ﬂ'.ii'} (8)
Qeov—vr — 'rlﬂ;{.ﬂl,'—:sn?:'rlu = Py—amb hu} (9)

Where:
.00 —a. CONVECtive heat transfer from dry air (w /m?)
.00 —p. CONVeECtive heat transfer from water vapor in the atmospheric humid air (w /m?)
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h=(57+38C,),, km®) [51]
c,. - wind speed (m/s)

h, = (18h/(29C, ,xP

atm

)+ 3.8CW){m£S] 3]

C,_.. alr specific heat(xj/kg.x), P..,, 1S the atmospheric pressure (kPa).
Radiation heat transfer, on the other hand, can be modeled as [46]:

1
OQrad = GT( aiph _Tsiy )
( asph + 1}
&

asph

(W /m*) (20)

Where:

o. Stefan Boltzmann constant (5.67x10°% W/m?K*)
£ason s ASPhalt emissivity

4.2. Model Implementation

Figure 1 shows a typical cross-section consisting of three layers of asphalt, base and sub-
base. The proposed mathematical model is used to estimate the temperature of the three
layers. The conduction heat transfer is the dominant phenomenon in layers thickness and the
convection and radiation heat transfer phenomena were neglected inside the layers. The
energy equations were solved simultaneously to estimate the temperature of each layer
using the thermophysical properties of each layer. The equations were discretized to a
numerical form to solve the mathematical model using an inverse matrix scheme in
MATLAB. An implicit scheme [52] was chosen with a time step of 60 sec which was
checked to ensure no fluctuation in output data. Table 1 shows the thermal parameters used
for each of the three layers.

Table 1. Thermal parameters of different layers

Layer K (W/m °C?) ¢ (kJ/kg/°C) p (kg/m3)
Asphalt layer! 1.8 (1.5-2.0) 0.9 (0.9-1.3) 2210 (2297-2425)
Base base? 1.8 (1.5-1.8) 0.9 (0.7-0.9) 2210 (1792-2405)
Sub-base? 1.5 (0.5-2.0) 0.86 (0.8-0.9) 1560 (1380-1600)
1 Ref. [53]

2 Ref. [54]

3 Ref. [55]

Where:

k (W/m °C-1): thermal conductivity of mediums.
p (kg/ m3): density of mediums.

¢ (J/kg/°C): heat capacity of mediums; and

g (W/m3): the internal heat generation rate
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4.3. Model Validation

4.3.1. Pavement Surface Energy Balance

The surface temperature of the pavement was measured using the installed devices and
compared to the estimated surface temperature as obtained from the proposed model. As
shown in Figure 2, the highest surface temperatures were recorded in summer months where
the measured and the estimated temperatures were very close. Figure 3 shows the validation
results for the sphalt concrete, base, and sub-base layers. The sub-base temperatures are
almost the same, and there are no noticeable differences. This is due to the fact that the
asphalt surface is subject to heat transfer by convection and radiation.
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The daily theoretical data for a day in March is shown in Figure 4. It depicts the ambient,
surface, and layer temperatures, as well as convective, radiation, and solar beam and dif-
fuse fluxes. At this time of day, convective heat transmission takes precedence over
radiative heat transfer. At this time of day, radiative heat transmission takes precedence over
convective heat transfer. From Figure 4 it is clear that the effect of heat transfer by
convection was dominant over the effect of heat transfer by radiation. In addition to the high
value of heat transfer by radiation as well.
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4.3.2. Air and pavement surface temperature

The temperature in highway subgrade points and the mean monthly air temperature were
compared and found to be qualitatively same. As one might imagine, air temperature
variation is the most important element in determining temperature variance in points of
pavement and subgrade on a highway. As a result, air temperature variation must be
analyzed in order to conduct detailed research on the highway's experimental section. The
temperature of the pavement is influenced by the energy balance, particularly on the surface.
The pavement absorbs heat from the sun at a roughly consistent rate throughout its service
life (usually 20-40 years).The albedo (reflection coefficient) of a pavement surface is
important in absorbing solar radiation, and it can have a big impact on the maximum
pavement temperature. Radiation and convection both lose energy from the pavement, and
the magnitude of convective heat loss is affected by air temperature and wind speed. Heat is
transferred from the top layers of asphalt to the layers below. The temperature profile of the
pavement is determined by the heat capacity and thermal conductivity of the paving
components. The re-emission of previously absorbed heat by paved areas, via convection or
radiation, is a significant component to the urban heat island effect; thus, albedo and the
thermal properties of pavement materials are themselves indirect factors to local warming.
In extreme circumstances, when the temperature rises dramatically on a daily/hourly basis,
permanent deformation can develop quickly. Increases in temperature ranges as a result of
climate change are likely to increase thermal stresses in asphalt layers, resulting in greater
thermal cracking. Furthermore, greater temperatures can cause asphalt mixtures to age
faster, and pavements can become more brittle, making them more prone to breaking.4.6.
comparison to previous models

The proposed model was verified with the 24- hour model presented by Khan et al (2019) as
in Figure 5. There is general consistency in the maximum temperature values for the months
of January to February and March and October to December. As for the months of April to
September, there is a more substantial difference in the maximum temperature values. For
the minimum values of temperature, it was found that there is a noticeable difference
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between the proposed mathematical model and the 24- hour model. This is mainly attributed
to the fact that the proposed model takes into consideration the heat transfer by convection
and radiation, where this effect becomes more evident with the absence of sunlight and
night cooling. In general, in the proposed model, heat storage is accounted for, which is
important in studying thermal stress in a realistic manner. According to the heat transfer by
radiation, convection, in addition to thermal storage, the difference between the minimum
values of temperatures between the current model and the 24- model was found between 10
and 15°c(we can leave the numbers and add percentages too!). It is clear from the
comparison between the model-24 and the current model that the current model has actually
taken the effect of the sun’s rays according to the actual real location, as well as the angles
of the sun with the longitude and latitude of the exact location.

A e e e B B e B L B B B L B

24-hour model
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Time (day)
Fig 5. Verification of current model with 24- hour model for year’s months

5. Results

To validate the proposed model, a case study is presented using the data collected over a
year at an instrumented pavement section of a desert rural 2-lane 2-way highway in New
Sohag, Egypt. The pavement section consists of three layers, subbase, base, and asphalt. All
the experimental tests were carried out during daytime, good weather conditions and good
road surface conditions. The following devices were installed on the road section to collect
the data needed to validate the model:

A pyranometer is an actinometer that measures sun irradiation on a flat surface. Within a
wavelength range of 0.3 um to 3um, the gadget detects the solar radiation flux density
(W/m2) from the hemisphere above.

A thermocouple is a temperature sensor made composed of two dissimilar electrical wires
that form electrical connections at different temperatures. Because of the thermoelectric
effect, a thermocouple creates a temperature-dependent voltage, which may be used to
monitor temperature.

Thermometers are devices that are attached to a thermocouple and are used to read the
temperature the thermocouple detects. Wind Anemometer: a device used to measure the
wind speed.
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A hygrometer: an instrument used to measure the amount of humidity and water vapor in
the atmosphere.

One observation was recorded every hour for a whole day (i.e., 24 observations) for each
month in 2020. Noteworthy is that the temperature of base and sub-base layers could only
be measured by drilling multiple holes in the pavement section to capture the temperature
gradient. This approach is time-consuming and deemed impractical. A more practical
approach is to estimate the temperature of base and sub-base layers on correlation with
measurable variables. This method is superior, since it is the only way to get design
estimates for pavements that haven't been built yet [56]. To estimate pavement temperatures
using weather data, several approaches and correlations have been devised. Some are based
on heat-flow theory and calibrated with field data, while others are entirely based on actual
data. Many of the established correlations are based on localized data, and their applicability
in other meteorological circumstances is debatable. As previously stated, the temperature of
the base and sub-base layers can be estimated using the correlation with observable factors.
This method is preferred, as it is the only way to get design temperature estimates for
pavements that haven't been built yet.

6. Conclusions

The current model was able to calculate the temperatures better because it depends on the
angles of the sun and the longitude and latitude of the place. And also, the solution of the
equations was by the direct method using the implicit solution of the inverse matrix. And
this gives the least error of the indirect methods that depend on the assumption and repeated
attempts to solve. The model took into account the thermal energy stored in the material as
well as the night cooling, and all this helped in the more accurate calculations of the
temperature, which is close to the temperatures taken by experimental measurements.
Flexible pavement and weather are interactive. Pavement layers are weather-sensitive
infrastructure elements, where the weather can impact their deterioration rate, subsequent
maintenance, and life-cycle costs. In this paper, a couple heat transfer model was developed
to estimate flexible pavement surface and layers temperatures considering weather and
pavement parameters from one year. The model was implemented in MATLAB, and the
results were generally consistent with experimental data. The proposed model is vital in
highway’s design and analysis because the increase in temperature tends to accelerate
pavement deterioration. The proposed model has an advantage over empirical equations as
it considers the heat storage and heat transfer by convection, radiation, and night cooling.
All these factors have an effect on thermal stress and therefore they should be included in
any temperature estimation model. The radiative heat transfer is the main factor for cooling
asphalt layers until it becomes approximately equal in temperature to the subgrade.
Intuitively, the higher the temperature, the worse the deterioration, and accordingly the
more significant reduction in service life of the pavement. This necessitates earlier
intervention strategies and a significant budget increase for road maintenance. High
temperature is the most influential weather factor on flexible pavement, and its impact can
accumulate over the complete service life. Pavement design methods should consider global
warming which leads to the unexpected higher temperature in the future. Although it is
possible to upgrade asphalt binder to adapt to higher temperatures, its cost-effectiveness is
debatable. As a result of climate change, important road networks will require pavement
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care sooner. Road organizations must be aware of this and be prepared for repair money to
arrive considerably early.
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