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ABSTRACT  
Asphalt concrete overlay is typically designed to be thin to minimise maintenance and rehabilitation 
costs, which makes it challenging to be compacted and may affect its bonding conditions with the 
existing pavement. The short-term preheating involves swiftly heating the pavement surface before 
overlay paving commences, aiming to enhance the bonding conditions between the overlay and the 
existing pavement. Implementing the preheating approach requires a comprehensive understanding 
of thermal behaviours exhibited by existing pavement under short-term preheating and the factors 
affecting it. In this research, the feasibility of using electric heating tubes as short-term preheating 
heat source was analysed, and a finite element (FE) model for analysing the thermal behaviour of 
asphalt pavements under rapid preheating was developed. The key control parameter between the 
heat source and the pavement were determined and calibrated by field tests. Further sensitivity 
analyses of the effects of multiple factors on the thermal response of the pavement during rapid 
preheating were conducted, and a prediction model of the maximum pavement temperature 
achievable through preheating was developed. The established prediction model is expected to 
provide references for implementing short-term preheating in pavement overlay construction.
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1. Introduction

Asphalt pavement undergoes typical distress over time due to 
repeated traffic loads and environmental impacts (Sun 2016, 
Cheng et al. 2021b, Cheng et al. 2022b, Yao et al. 2023). To 
restore the pavement’s serviceability, regular maintenance or 
rehabilitation work is essential (Chen and Scullion 2015). 
Asphalt concrete overlay finds extensive use in pavement 
maintenance and rehabilitation, serving as an effective 
method to enhance performance and extend service life of 
the existing pavement (Koohmishi and Palassi 2015). During 
overlay construction, ensuring a strong bonding between the 
newly placed overlay layer and the existing pavement surface 
is crucial, as this bonding condition directly influences pave-
ment distress such as cracking and debonding (Yang et al. 
2012). However, overlay layers are typically designed to be 
thin to minimise maintenance and rehabilitation costs 
(Labi et al. 2005, Son et al. 2016). The reduced thickness 
makes the hot-mixed asphalt mixture vulnerable to rapid 
paving temperature decline, particularly on windy and cold 
days. This rapid decrease in paving temperature makes it 
challenging to compact the overlay layer to the required 
state (Liang 2022). Additionally, it hinders the formation of 
a satisfactory bonding between the asphalt mixture overlay 
and the existing pavement, increasing the risk of potential 
pavement distress after construction (Al-Hosainat et al. 
2022). Therefore, it is imperative to focus on strategies to 
enhance bonding conditions, aiming to improve the in- 

service performance of pavement overlays (Sun 2016, 
Cheng et al. 2022b).

To enhance the service life of pavement overlays, this 
research introduces a new approach aimed at improving the 
bonding between the overlay and the existing pavement sur-
face through preheating technology (Liu et al. 2020). The pri-
mary concept of this method involves swiftly preheating the 
existing pavement surface for a brief period before overlay pav-
ing commences (Chen and Wang 2024). This short-term pre-
heating process rapidly elevates the temperature of the existing 
pavement within a certain depth, creating a hot supporting 
base for the overlay layer (Byzyka et al. 2022, Chen et al. 
2023). This hot foundation serves a dual purpose: firstly, it 
helps maintain the temperature of the hot-mixed overlay 
materials during paving and aids in the compaction of the 
overlay layer (Qian et al. 2020). Secondly, the elevated temp-
erature of the existing pavement surface holds significant 
potential for fostering better bonding with the overlay layer, 
transitioning the bonding condition between the two layers 
from the conventional ‘cold pavement-hot overlay’ mode to 
a more favourable ‘hot pavement-hot overlay’ mode (Aposto-
lidis et al. 2020, Ghabchi and Dharmarathna, 2022).

The implementation of the preheating approach men-
tioned above in overlay construction requires a comprehen-
sive understanding of the thermal behaviours exhibited by 
existing pavement under short-term preheating (Liu et al. 
2019). These thermal behaviours serve as crucial references 
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for designing preheating devices and optimising the con-
struction process (Shamsaei et al. 2022). Existing research 
on the thermal behaviours of asphalt pavement primarily 
focuses on the field of hot in-place recycling (Gu et al. 
2017). In hot in-place recycling, the old asphalt pavement 
must also be heated to restore the compacted asphalt mixture 
layer to a loose asphalt mixture (Makowska et al. 2017), which 
is then recycled and re-mixed with new aggregate and asphalt 
binder for paving. Various heating methods, such as the infra-
red method (Li et al. 2021), hot-air method (Xiao, 2022), 
microwave method (Sun and Sheng 2020, Maliszewski et al. 
2021), and others, have been utilised by hot in-place recycling 
devices (XU et al. 2018). Researchers have explored the effects 
of multiple factors on the thermal behaviours of old pavement, 
including heating time, heater temperature, and heat source 
types (Du et al. 2013, Ma et al. 2020, Ma et al. 2022). These 
research findings aid in selecting an appropriate heating strat-
egy for the hot in-place recycling of asphalt pavement (Ma 
et al. 2022). However, they provide limited guidance for the 
short-term preheating of asphalt pavement during overlay con-
struction, primarily due to differences in heating duration(By-
zyka et al. 2020). Hot in-place recycling necessitates that the 
temperature of the entire asphalt layer exceeds 100 °C, requir-
ing a slow and prolonged heating process supported by a 
stable heating source from the devices (Li et al. 2016, Noojilla 
et al., 2022). In contrast, preheating old pavement during over-
lay is short-term and focuses on increasing pavement tempera-
ture near the surface (Chen et al. 2024). This brief heating 
period poses challenges, as the pavement temperature is easily 
influenced by environmental factors such as air temperature 
and wind. Moreover, short-term heating complicates the deter-
mination of thermal interaction behaviours between the 
asphalt pavement and heating source during analysis (Liu 
et al. 2024). Previous research assumes that these thermal 
interaction behaviours remain constant throughout the heating 
process (Ma et al. 2016, Li et al. 2023), which may hold true 

for the prolonged and stable heating process of hot in-place 
recycling (Alavi et al. 2014, Huang et al. 2016). However, for 
short-term preheating, these thermal interaction behaviours 
are unlikely to reach a stable state and thus require careful 
investigation to reflect actual conditions. In summary, the 
thermal behaviours of existing pavement under short-term 
preheating still require evaluation to facilitate the application 
of the preheating approach in overlay construction.

This research aims to investigate the thermal behaviours of 
asphalt pavement with short-term preheating for overlay con-
struction. Firstly, the short-term preheating approach and the 
thermal transfer process from heating source to asphalt pave-
ment were analysed. Secondly, the finite element (FE) model 
for analysing the thermal behaviours of asphalt pavement 
under preheating was established and subsequently calibrated 
via field tests. Finally, with the aid of the FE model, the impacts 
of multiple factors (e.g. heating temperature, initial pavement 
temperature, wind speed) on pavement’s thermal responses 
during preheating were analysed. The prediction models for 
the maximum pavement temperature achievable through pre-
heating were also developed. The organisation of the study is 
demonstrated in Figure 1. The findings in this research are 
expected to provide references for implementing short-term 
preheating in pavement overlay construction.

2. Short-term preheating approach and thermal 
transfer process

2.1. Short-term preheating approach

A short-term preheating approach is proposed to rapidly 
increase the temperature of the old pavement surface before 
paving and compacting the overlay materials. For illustrative 
purposes, Figure 2 depicts schematic diagrams of a preheating 
device and the corresponding preheating process. The preheat-
ing device consists of multiple parallel carbon fibre heating 

Figure 1. Flowchart of the research.
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tubes installed in front of the spiral feeder of the paver, posi-
tioned just above the existing pavement. As the paver moves, 
the heating tubes deliver heat to the pavement surface, rapidly 
raising its temperature. Following the preheating process, the 
hot mixed asphalt mixture for overlay construction is quickly 
paved and compacted onto the old pavement, establishing a 
robust ‘hot pavement-hot overlay’ bonding condition. The pre-
heating device can also be mounted on rollers, bulldozers, and 
other construction equipment to accommodate various overlay 
construction projects and environmental conditions.

According to construction specifications, the paver’s mov-
ing speed is typically controlled at 2∼6 metres per minute 
for virgin asphalt mixture, with this speed reduced to 1∼3 
metres per minute for polymer-modified asphalt mixture. 
Consequently, the preheating duration for the pavement typi-
cally ranges from 10 to 60 s, depending on the paver’s moving 
speed. A slower moving speed of the paver results in a longer 
heating duration on the existing pavement. This research 
focuses on investigating the thermal behaviours of the pave-
ment during this short preheating duration. The findings 
from this investigation are expected to inform the design of 
the preheating device and the optimisation of overlay con-
struction procedures under various environmental conditions.

2.2. Thermal transfer process

To assess the thermal behaviours of existing pavement during 
preheating, it’s crucial to understand the detailed thermal 

transfer process from the heating source to the asphalt pave-
ment. This study outlines the thermal interactions between 
the pavement and the heating source in Figure 3. It’s observed 
that three thermal transfer modes exist during preheating: 
convection, conduction, and radiation. As the heating tubes 
approach the road surface, they warm up the air surrounding 
the pavement surface. The heated air then further transfers 
heat to the pavement surface, constituting a thermal transfer 
process known as convection. Meanwhile, a portion of the 
heat is directly transmitted to the pavement surface, leading 
to an increase in pavement temperature, which is defined as 
the thermal radiation mode. As the pavement surface gradually 
absorbs heat and warms up, it further transfers the heat to 
inside pavement, and this process is defined as conduction.

The following section will present the theoretical foun-
dations of convection, conduction, and radiation modes 
involved in the thermal transfer process. This overview 
informs the development of a thermal model for analysing 
pavement temperature and forms the basis for the subsequent 
finite element modelling. Specifically, the thermal convection 
between the pavement and the heater, as mentioned earlier, 
can be quantified using Newton’s cooling law, shown in Eq. 
(1) (Qian et al. 2020):

q = hT (1)

Where, q is the heat flow density, h is convective thermal 
transfer coefficient between the heating source and 

Figure 2. Short-term heating method and equipment.

Figure 3. Thermal transfer modes during short-term heating process.
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pavement, and T is the temperature difference heating source 
and pavement.

The convection process between the pavement surface and 
air can also be calculated using Eq. (1). However, the corre-
sponding thermal transfer coefficient is affected by the wind 
speed (Qin, 2016), and it can be calculated using Eq. (2)
(Zhao et al. 2020):

hwind = 3.7v+ 9.4 (2)

Although convection occurs simultaneously on the pavement 
and between different objects, all of these processes adhere 
to the same physical laws, providing a theoretical basis for sub-
sequent modelling and normalisation. Throughout this pro-
cess, the thermal transfer coefficient (h) determines the 
efficiency of heat transfer, while the temperature difference 
(ΔT) acts as the driving force for the process, also influencing 
its overall efficiency.

For the thermal radiation process, the radiant heat emitted 
by an object above absolute zero per unit time and unit surface 
area can be computed using a modified version of the Stefan– 
Boltzmann law (Qian et al. 2020):

E = 1sT4 (3)

Where, ε is the emissivity of the object, whose value is less 
than 1. σ is the Stefan-Boltz constant, i.e. 5.67 × 10−8W/ 
(m2·K4). T is the thermodynamic temperature of the object. 
Absolute zero is – 273.15 °C. The heat flow density q 
between any two points on different objects can be calculated 
as (Gong et al. 2023):

q =
Fs

1
1A
+

1
1B
− 1
(T4

A − T4
B) (4)

Where, F is the radial angle coefficient, which depends on 
the relative position and distance between the objects. It is 
a function of the geometry or orientation of the two sur-
faces, taking values between 0 and 1. During the heating 
process, the temperature of the pavement surface is typically 
lower than that of the heating tube but higher than the sur-
rounding air temperature. Consequently, the pavement 
surface absorbs radiation emitted by the heating tube 
and simultaneously converts its own thermal energy 
into radiant energy, which is then released to the surround-
ing air.

It is evident that radiation is not linearly related to the 
ΔT between objects. For further analysis, a heating condition 
is simulated using the commercial finite element software 
ABAQUS, where the relevant parameters for thermal 

radiation and convection are specified. The specific values 
of these parameters are not detailed here, as the focus is 
on analysing the relationship between different heat transfer 
modes. The modelling and simulation process will be 
described in detail in the subsequent sections. The magni-
tude of the pavement temperature increase induced by the 
two heat transfer effects under various heating durations is 
calculated using the finite element method, and the results 
are presented in Table 1.

The calculations reveal that during the short heating pro-
cess (lasting less than 60 s), the ratio of pavement tempera-
ture increases due to convection and radiation remains 
relatively constant. This finding indicates that radiant heat 
transfer can be linearly converted into convective heat trans-
fer, allowing for unified modelling in the subsequent phases 
of the analysis.

The thermal conduction from the pavement surface to the 
inside pavement can be analysed via a differential equation 
developed based on Fourier’s law of thermal conductivity 
(Qian et al. 2020). According to the principle of conservation 
of energy, the thermal balance relationship between 
the micromeres at any time interval can be expressed as fol-
lows:

Qimport + Qgenerate = Qexport + Qincrement (5)

Where, Qimport is the total thermal imported into the micro-
meres, Qgenerate is the thermal generated by the heat source in 
the micromeres, Qexport is the total heat exported out of the 
micromeres, Qincrement is the energy increments in the micro-
meres. By dividing the three-dimensional pavement into a 
finite number of microelement bodies, it is denoted that the 
thermal imported through the three microelement surfaces of 
any microelement body at x = xi, y = yi, and z = zi as Fx, 
Fy, and Fzrespectively. Similarly, the heat exported through 
the three microelement surfaces at x = xi + dx, y = yi + dy, 
and z = zi + dz as Fx+dx, Fy+dy, and Fz+dz. Here, l is thermal 
conductivity which is a physical property of material, t is the 
pavement temperature field, τ denotes time, ρ and c are the den-
sity and specific heat capacity of the pavement. The above items 
are calculated by the following formulas:

Fx = − l
∂t
∂x

 

dydz

Fy = − l
∂t
∂y

 

dxdz

Fz = − l
∂t
∂z

 

dxdy

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(6)

Table 1. Temperature increases of pavement induced by different heat transfer effects.

Heating duration (s) Radiation induced t1 (°C) Convection induced t2 (°C)
t2

t1 
(%) t1 + t2 (°C) Coexistence of the two effects t/°C

t
t1 + t2 

(%)

10 52.2 63.6 1.218 115.8 92.9 80.2
20 65.4 79.9 1.222 145.3 119.6 82.3
30 75.1 91.3 1.216 166.4 138.2 83.1
40 83.1 100.4 1.208 183.5 152.8 83.3
50 90.0 108.1 1.201 198.1 164.8 83.2
60 96.0 114.6 1.194 210.6 175.1 83.1
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Fx+dx = Fx +
∂Fx

∂x
dx = Fx +

∂

∂x
− l

∂t
∂x

 

x
dydz

 

dx

Fy+dy = Fy +
∂Fy

∂y
dy = Fy +

∂

∂y
− l

∂t
∂y

 

y
dxdz

 

dy

Fz+dz = Fz +
∂Fz

∂z
dz = Fz +

∂

∂z
− l

∂t
∂z

 

z
dxdy

 

dz

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(7)

As there is no thermal source within the microelement body of 
the pavement structure, the increment of internal energy in 
microelements is expressed as:

Qincrement =
rctdxdydz

t
= rc

∂t
∂t

dxdydz (8)

Substituting Eq. (6), (7), (8) into Eq. (5), the following differ-
ential equation for the thermal conductivity of the internal 
pavement can be derived:

rc
∂t
∂t
=
∂

∂x
l
∂t
∂x

 

+
∂

∂y
l
∂t
∂y

 

+
∂

∂z
l
∂t
∂z

 

(9)

For the purpose of exploring the feasibility and regularity of the 
technology, asphalt pavements with AC-13 mixture are taken 
for analysis and field experiments in this study. The thickness 
of the asphalt layer for the FE modelling of the pavement in 
this study is 4 cm due to the small depth range of the effect of 
short-term preheating on the pavement. This thickness enables 
to fulfil the adiabatic boundary conditions for FE model.

3. Thermal analysis model and parameters

3.1. 3D finite element modelling

Drawing on the theoretical framework of convection, conduc-
tion, and radiation modes in the thermal transfer process, this 
study develops a three-dimensional (3D) finite element (FE) 
model of asphalt pavement to analyse its thermal behaviours 
during preheating. The diagram of the developed FE model is 
presented in Figure 4(a). In the FE model, the carbon fibre heat-
ing tube is cylindrical, with a radius of 0.5 cm and a height of 30 
cm, settled 2 mm above the pavement surface. The asphalt pave-
ment’s dimensions in the FE model are 4 m in length, 4 m in 
width, and 0.4 m in depth. A fine mesh is applied near the 
model centre, while a relatively coarse mesh is utilised for areas 
farther from the centre. The mesh size near the model centre is 
assigned as 1 cm × 1 cm × 0.1 cm, which has been approved to 
meet the convergence requirement (Cheng et al. 2021a, Cheng 

et al. 2021c, Cheng et al. 2022a). The total model is divided 
into 576,000 elements. The thermal DC3D8 element is used to 
build a model for thermal analysis. The FE model allows for 
the adjustment of multiple preheating scenarios, including heat-
ing device temperature, air temperature, initial pavement surface 
temperature, and heating duration, to elucidate the impacts of 
preheating conditions on the thermal behaviours of asphalt pave-
ment. Exemplary calculation results of pavement surface temp-
erature from the FE model are presented in Figure 4(b).

3.2. Determination of key thermal parameters in the FE 
model

Based on the previous analysis, it is established that the heating 
effects of different heat transfer modes on the pavement can be 
linearly transformed and unified during the short-term heating 
process. Therefore, this study adopts the thermal transfer 
coefficient of convection as the key control parameter for 
describing the entire heating process. It is posited that this 
coefficient is influenced by the initial temperature state of 
each object. The measured thermal transfer coefficient, 
obtained through calibration of the experimental data, reflects 
the average behaviour of the entire short-term heating process.

The necessary model parameters are summarised in 
Table 2. Notably, some model parameters can be directly 
determined based on the preheating device and environmental 
conditions. These include the heating tube temperature, initial 
road surface temperature, air temperature, wind speed, and 
heating duration, all of which are explicitly specified in the 
‘Load,’ ‘Interaction,’ and ‘Step’ modules of the software. 
Additionally, thermal parameters related to the radiation pro-
cess, such as the emissivity coefficient and radial angle coeffi-
cient, as well as those pertaining to the conduction process, 
including density, heat capacity, and thermal conductivity, 
can be appropriately defined based on the physical properties 
of the heating device and asphalt mixture. These parameters 
are inputted into the ‘Property’ and ‘Interaction’ modules. In 
contrast, the thermal transfer coefficient between the pave-
ment and the heating device is influenced by multiple factors 
and requires careful determination to accurately represent 
the actual thermal behaviours of asphalt pavement during pre-
heating. The thermal interaction between the pavement and 
the heating device is established in the ‘Interaction’ module, 
where the type is set to ‘Surface-to-surface contact (Standard),’ 
allowing the thermal transfer coefficient to be adjusted for 
simulating various preheating scenarios.

Figure 4. The diagrams of (a) the developed FE model and (b) the model calculation results.
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In this study, field pavement temperature measurements 
during in-situ preheating tests were utilised to calibrate the FE 
model and derive the thermal transfer coefficient. The detailed 
calibration process will be introduced in the next section.

4. Calibration of FE model

4.1. Field preheating test and temperature 
measurements

To calibrate the FE model, field preheating tests were conducted 
on the in-situ asphalt pavement to measure its actual thermal 
behaviours. The preheating device used in the test was a carbon 
fibre heating tube, encased in a high-temperature quartz glass 
outer layer to protect the carbon fibre. The dimensions of the 
heating tube matched those settled in the FE model, with a 
radius of 0.5 cm and a height of 30 cm. Throughout preheating, 
the tube was positioned 2 mm above the asphalt pavement. The 
configuration of the heating tube is illustrated in Figure 5(a).

An electronic thyristor regulator was employed to adjust the 
input voltage of the heating tube, thereby controlling its output 
temperature. The output temperature of the tube was varied 
between 400°C and 550°C to examine its effects on the thermal 
behaviours of the existing asphalt pavement. The schematic of 
the thyristor electronic regulator is depicted in Figure 5(b).

Two heating durations, namely 30s and 60s, were tested in 
the field. During the heating test, an infrared thermal imaging 
camera was utilised to measure the temperature at the asphalt 
pavement’s surface, as illustrated in Figure 5(c). This camera 
facilitated the acquisition of a cloud map showing the tempera-
ture distribution across the pavement surface.

Regarding environmental and pavement conditions in field 
tests, the initial temperature at the pavement surface was 
approximately 20°C, with a wind speed of roughly 1 m/s. 
The temperature field on the pavement surface during the 

preheating process was recorded using the infrared thermal 
imaging camera. Figure 6 presents an exemplary cloud map 
illustrating the distribution of pavement temperatures.

Using the recorded temperature cloud maps, the maximum 
temperatures at the pavement surface after preheating were 
determined and analysed. The changing trends of the maxi-
mum pavement temperatures with the heating tube tempera-
tures and heating durations are depicted in Figure 7. It is 
evident that the maximum pavement temperature increases 
with the rise in the heating tube temperature, as expected, 
due to increased thermal transfer to the pavement. Similarly, 
when the heating tube temperature remains constant, the 
maximum pavement temperature increases with longer heat-
ing durations, as this allows for more thermal interactions 
between the heating tube and the pavement.

4.2. Model calibration

The pavement temperature data obtained from the field pre-
heating test were utilised to calibrate the FE model, ensuring 
its reliability. As outlined in Section 3.2, the thermal transfer 
coefficient within the FE model emerged as a crucial parameter 
requiring precise calibration. Consequently, this study com-
puted pavement temperatures using varying levels of thermal 
transfer coefficients as input, and subsequently compared 
these calculated temperatures with the field-measured ones. 
Figure 8 illustrates the comparisons between the calculated 
and field-measured temperatures, with a noteworthy point 
being that the heating duration for the data in Figure 8 is 30s.

Figure 8 clearly demonstrates the challenge of using a con-
stant thermal transfer coefficient to simulate the thermal beha-
viours of asphalt pavement under different levels of heating 
tube temperature. Conversely, adjusting the thermal transfer 
coefficient in tandem with the changing tube temperature is 

Table 2. Parameters settled in the FE model.

Parameter Unit Value

Heating tube temperature °C Determined according to tube settlements
Initial pavement surface temperature °C Determined according to field conditions
air temperature °C Determined according to field conditions
Thermal transfer coefficient W/(m2·K) Needs to be calibrated
Emissivity coefficient of heating tubes / 0.92
Emissivity coefficient of pavement surfaces / 0.9
Radial angle coefficient / 1
Wind speed m/s Determined according to field conditions
Heating duration s Determined according to preheating settlements
Thermal conductivity of pavement W/(m·K) 1.3
Specific heat of pavement J/(kg·°C) 924.9
Density of pavement kg/m3 2300

Figure 5. Test apparatus and equipment: (a) Carbon Fiber Heating Tube; (b) Thyristor electronic regulator; (c) Infrared Thermal Imaging Camera.
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necessary to generate satisfactory pavement temperature pre-
dictions. This observation underscores the influence of tube 
temperature on the thermal interactions between the heating 
tube and the pavement. Consequently, determining appropri-
ate thermal transfer coefficients in the FE model becomes 
essential for accurately reflecting the thermal impacts of heat-
ing tubes with various temperatures.

Utilising the data from Figure 8, the thermal transfer coeffi-
cients corresponding to different tube temperatures were calcu-
lated using the interpolation method. The calculation results 
are summarised in Table 3. It is evident that the thermal transfer 
coefficient increases as the tube temperature rises, indicating a 
stronger thermal interaction between the tube and the pavement 
with increasing tube temperature. Relationships between the 
thermal transfer coefficients and the tube temperatures were 
also established in this study, as depicted in Figure 9. It is 
observed that the thermal transfer coefficients increase with the 
rise of tube temperatures, following an approximately exponen-
tial function trend. The fitted correlation coefficient reaches 
0.912, indicating a strong correlation between the thermal trans-
fer coefficient and the tube temperature. Based on the exponential 
function illustrated in Figure 9, it is convenient to determine the 
appropriate thermal transfer coefficient in FE model to analyse 
the thermal behaviours of asphalt pavement under preheating.

The thermal transfer coefficients depicted in Figure 9 were 
derived from field pavement temperature measurements 
associated with a preheating duration of 30s. However, as men-
tioned, pavement temperatures with a preheating duration of 
60s were also measured in the field test. Consequently, 

temperature measurements corresponding to a preheating dur-
ation of 60s were utilised further to validate the accuracy of 
these thermal transfer coefficients. Specifically, the thermal 
transfer coefficients were applied in the FE model to predict 
pavement temperatures after 60s of preheating. The predicted 
temperatures were then compared with the field-measured 
ones, and the comparison results are presented in Figure 10.

Evidently, the calculated pavement temperatures closely 
align with the field-measured pavement temperatures, regard-
less of the heating tube temperatures. The average deviation 
between the calculated and field-measured temperatures is 
only 5.72%, confirming that the FE model is capable of gener-
ating accurate simulations of pavement temperatures after pre-
heating. These simulation results also demonstrate that the 
applied thermal transfer coefficients effectively reflect the ther-
mal interactions between the heating tube and the pavement. 
With these thermal transfer coefficients as input, the thermal 
behaviours of asphalt pavement under other preheating scen-
arios can be determined using the FE model.

5. Preheating temperature model sensitive 
analysis

Utilising the FE model and the calibrated thermal transfer coeffi-
cients, the thermal behaviours of asphalt pavement under a wide 
range of preheating scenarios were calculated. These scenarios 
encompass different combinations of heating tube temperatures, 
initial pavement surface temperatures, and wind speeds. The 
computed results provide crucial references for analysing the 

Figure 6. Cloud map of pavement temperature distribution recorded by thermal imaging camera.

Figure 7. Field pavement heating test results.
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impacts of multiple factors on pavement temperatures during 
preheating, thereby guiding the optimisation of the preheating 
procedure to achieve desirable pavement heating states.

5.1. Impacts of heating tube temperatures

Five magnitudes of heating tube temperatures, namely 300°C, 400° 
C, 500°C, 600°C, and 700°C, were considered in this study. Using 
these heating tube temperatures as input, the maximum pavement 
temperatures during 30s of heating were simulated and compared 
in Figure 11. It is noteworthy that the initial pavement temperature 
remains at 20°C, and the wind speed is maintained at 2 m/s.

It is observed that the pavement temperature gradually 
increases with the duration of heating. During the initial 
stage of preheating (i.e. < 5s), the pavement temperature 
experiences a rapid ascent with increasing heating duration. 
However, after this initial stage, the pavement temperature 
rises much more gradually, exhibiting a roughly linear 
relationship with the duration, suggesting that the thermal 
interactions between the heating tube and the pavement 
reach a stable state. Furthermore, the heating tube tempera-
tures notably influence the maximum pavement temperature. 
As the heating tube temperature increases, the maximum 
pavement temperature rises accordingly. This observation 
indicates that increasing the tube temperature constitutes an 
effective means of elevating the pavement surface temperature.

5.2. Impacts of initial pavement temperature

The impacts of initial pavement temperatures on the maxi-
mum pavement temperature after preheating were also 
assessed. Six levels of initial pavement temperatures were 
included for analysis: – 10°C, 0°C, 10°C, 20°C, 30°C, and 40° 

Figure 8. Comparisons between the calculated and the field-measured temperatures.

Table 3. Thermal transfer coefficients for different heating tube temperatures.

Heating tube 
temperature Theater i 
(°C)

Maximum temperature of 
measured road surface 

Tsurface max i (°C)

Thermal transfer 
coefficient hg i (W/ 

(m2·K))

425 84.6 56.06
450 92.1 59.32
490 102.0 62.03
510 117.0 71.41
520 124.6 75.91

Figure 9. Thermal transfer coefficients at different tube temperatures.
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C. Using these initial pavement temperature values as input, 
the pavement temperatures during 30s of preheating were cal-
culated and presented in Figure 12. It is important to note that 
the heating tube temperature was maintained at a constant 
500°C, while the wind speed remained constant at 2 m/s.

As illustrated in Figure 12, the pavement temperature 
demonstrates similar varying trends with the increase in heating 
duration, regardless of the initial pavement temperatures. 
Specifically, the pavement temperature experiences a rapid 
ascent during the initial preheating stage, followed by a 
smoother increase as the preheating continues. The initial pave-
ment temperature noticeably influences its maximum tempera-
ture after 30s of preheating. As the initial pavement temperature 
increases, the maximum pavement temperature rises roughly 
linearly. This phenomenon suggests that conducting the pre-
heating work in warm or hot weather conditions contributes 
to further elevating the pavement surface temperature.

5.3. Impacts of wind speed

The impacts of wind speeds on the maximum pavement temp-
erature are depicted in Figure 13. Five levels of wind speeds 
were considered in this study: 0, 2, 4, 6, and 8 m/s, respectively. 
During calculation, the initial pavement temperature was 
maintained at 20°C, while the heating tube temperature was 

held constant at 500°C. Figure 13 suggests that the effects of 
wind speed on pavement temperatures are less pronounced 
compared to other factors, such as heating tube temperature 
and initial pavement temperature.

As the wind speed increases, the maximum pavement temp-
eratures experience a mild decline. This is primarily due to the 
wind cooling the air near the pavement surface, thereby redu-
cing the pavement temperature. Results in Figure 13 also 
demonstrate that windy weather has minimal impacts on pave-
ment temperatures after preheating. Consequently, heating the 
pavement surface to the required temperature remains feasible 
even under strong wind conditions at the field site.

5.4. Prediction model for the maximum pavement 
temperature

Based on the findings presented in Sections 5.1–5.3, the multi- 
factor analysis of variance (ANOVA) was conducted to evalu-
ate the significance level (P-value) of different influencing fac-
tors, with the results summarised in Table 4. The significance 
level (a) of ANOVAL analysis was set to 0.05 as usual. It is seen 
that the temperature of the heating tube has the most substan-
tial impact on the pavement temperature, with an F-value of 
13,738.90. The initial pavement temperature factor yields an 
F-value of 251.35, indicating that variations in the initial 

Figure 10. Comparison of calculated and field-measured pavement temperatures after 60s preheating.

Figure 11. The maximum pavement temperatures under different heating tube temperatures.
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pavement temperature also significantly affect the final achiev-
able temperature. In comparison, the wind speed generates a 
F-value of 20.40, demonstrating a comparatively slighter influ-
ence on the pavement heating process.

Figure 14 vividly illustrates the fluctuating trends of the 
maximum pavement temperatures following preheating with 
different heating tube temperatures and initial pavement 
temperatures. It is evident that the heating tube temperature 
exerts the most significant influence on the maximum pave-
ment temperature, followed by the initial pavement tempera-
ture. Additionally, it is noteworthy that wind speed also 
impacts the maximum pavement temperature, albeit to a lesser 
extent compared to the tube temperature and initial pavement 
temperature. Consequently, the varying trend of the maximum 
pavement temperatures with the wind speed is not depicted in 
Figure 14. Building upon the insights gained from Figure 14, a 
predictive model was formulated to estimate the maximum 
pavement temperature during preheating, as represented by 
Equation (10).

Tsurface = ki · Tinitial + (kw · vwind + kh · Theater) · ln(d)

+ k0 (10)

Where, Tsurface is the maximum pavement surface temperature 
after preheating (°C), Tinitial,vwind, Theater,d are the initial pave-
ment surface temperature(°C), the wind speed(m/s), the heat-
ing tube temperature(°C) and the preheating duration(s), 
respectively, and ki, kw, kh, k0 are the regression coefficients 
of the corresponding factors.

It is essential to note that the maximum pavement tempera-
ture is correlated with the duration of preheating. A prolonged 
preheating duration leads to a higher pavement temperature. 
In the development of predictive models, six distinct preheat-
ing durations were examined: 10, 20, 30, 40, 50 and 60 s. The 
resulting predictive model for the maximum pavement temp-
erature following different preheating durations is delineated 

Figure 12. The maximum pavement temperatures under different wind speeds.

Figure 13. Temperature increase process of pavement in different wind speed environments within 30s of heating.

Table 4. Results of analysis of variance.

Factor
Sum 

square
Degrees of 

freedom
Mean 

square F P

Heating tube 
temperature (°C)

222714.52 4 55678.63 13738.90 −0.001

Initial pavement 
temperature (°C)

5093.09 5 1018.62 251.35

Wind speed (°C) 330.67 4 82.67 20.40
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in Equation (11). Notably, the correlation coefficient of the 
fitting model is 0.933, indicating the validity of the developed 
models in predicting the thermal behaviour of asphalt pave-
ment with preheating. The model is anticipated to serve as cru-
cial references for estimating pavement temperature during 
the preheating process, thereby facilitating the organisation 
of preheating activities to achieve the desired pavement temp-
erature.

Tsurface = 0.797 · Tinitial

+ (− 0.785 · vwind + 0.121 · Theater) · ln(d)

− 88.671 (11)

6. Analysis of cooling process of pavement

In the aforementioned sections, the thermal behaviour of 
asphalt pavement during the preheating process was compre-
hensively evaluated and analysed. Subsequent to the removal 

of the preheating device, the asphalt pavement undergoes a 
cooling process. This study delves further into investigating 
the cooling process of the asphalt pavement following the cessa-
tion of preheating. The anticipated results of this investigation 
aim to quantify the temperature variation trend of the pavement 
during the cooling process and furnish indispensable references 
for organising subsequent pavement overlay construction.

The cooling process of the asphalt pavement was also simu-
lated using an FE model, with the typical temperature variation 
trends of the asphalt pavement with cooling time illustrated in 
Figure 15. Additionally, detailed pavement temperatures after 
various cooling durations are summarised in Table 5. For this 
simulation case, the heating tube temperature utilised for preheat-
ing was set at 520°C, with a preheating duration of 60 s. The 
initial pavement temperature was 20°C, and the wind speed 
was maintained at 1 m/s. The cooling time was set to 5 minutes.

As depicted in Figure 15, the pavement temperature 
undergoes a rapid decline upon the removal of the preheating 
device, particularly noticeable near the pavement surface. 
Specifically, the pavement surface temperature decreases 
from 157.8°C to 120.1°C after only 4 s of cooling, further 
dropping to below 100°C after approximately 10 s of cooling. 
This observation underscores the necessity of commencing 
pavement overlay construction immediately after the pre-
heating procedure concludes, ensuring that the existing pave-
ment retains its high-temperature state. Conversely, the 
temperature at the bottom of the pavement experiences a 
more gradual decline, with roughly a 10°C decrease after 32 
s of cooling. The findings of this investigation illustrate the 
advantages of the preheating approach proposed in section 
2.1, which is able to significantly reduce heat losses and 
hence reducing energy usage.

7. Conclusions and Recommendations

This research aims to investigate the thermal behaviours of 
asphalt pavement with short-term preheating via finite 
element (FE) model and the calibrated thermal parameters. 
The main conclusions are summarised as follows: 

Figure 14. Road surface temperature after 30-second heating under different 
conditions.

Figure 15. Temperature variations at different depths within the pavement structure during the cooling process.
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(1) Calibrations on FE model reveal that the thermal transfer 
coefficient increases as the tube temperature rises, indicat-
ing a stronger thermal interaction between the tube and 
the pavement with increasing tube temperature. Relation-
ships between the thermal transfer coefficients and the 
tube temperatures were established in this research, to 
guide determining the appropriate thermal transfer coeffi-
cient in FE model for pavement temperature analysis.

(2) The heating tube temperatures and the initial pavement 
temperature notably influence the thermal behaviours of 
asphalt pavement under short-term preheating. As the 
heating tube temperature or the initial pavement tempera-
ture increases, the maximum pavement temperature after 
preheating rises accordingly. By contrast, the wind speed 
shows a less apparent impacts on the thermal responses 
of asphalt pavement.

(3) The prediction models for the maximum pavement 
temperature resulting from preheating were developed. 
The correlation coefficient for the prediction model is 
0.933, indicating the validity of the developed models 
in predicting the thermal behaviour of asphalt pavement. 
The model is anticipated to serve as a crucial reference 
for estimating pavement temperature during the pre-
heating process, thereby facilitating the organisation of 
preheating activities to achieve the desired pavement 
temperature.

(4) Analysis of the cooling process after preheating indicates 
that the pavement temperature undergoes a rapid decline 
upon the removal of the preheating device, particularly 
noticeable near the pavement surface. Specifically, the 
pavement surface temperature decreases from 157.8°C to 
120.1°C after only 4 s of cooling, further dropping to 
below 100°C after approximately 10 s of cooling. This 
observation underscores the necessity of commencing 
pavement overlay construction immediately after the pre-
heating procedure concludes, ensuring that the existing 
pavement retains its high-temperature state.

It is important to mention the limitations of this study. 
First, only the heating effect of a single carbon fibre heating 
tube on asphalt pavement was examined. Additionally, the 
pavement material and structure evaluated in this research is 
limited. Future research is required to cover a broader range 
of asphalt pavement materials and structures to result in 
more general conclusions. These future efforts will be essential 
to further reveal the thermal mechanism of asphalt pavement 
under preheating and optimise the application of this technol-
ogy in pavement overlay construction.
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