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ARTICLE INFO ABSTRACT
Keywords: Road snow accumulation can lead to severe traffic delays, and commonly used deicing agents may pose potential
Concrete pavement environmental risks. Electrically heated concrete pavement systems utilizing heating pipe technology offer a safe

Snow-melting
Snow-free ratio
Electric heating pipe
Finite element

and environmentally sustainable alternative. The snow-free ratio was frequently used as an evaluation index to
evaluate the snow-melting performance in road infrastructure. However, the unique wavy temperature distri-
bution during the snow-melting process of the heating system results in discontinuous melting, making the
existing snow-free ratio inadequate for accurately assessing its performance and effectively guiding the opera-
tional strategy of the heating system. Therefore, this study analyzed the special temperature distribution and
proposed a new calculation method for snow-free ratio based on the average temperature and the temperature
non-uniformity coefficient of the pavement surface. First, the effects of factors such as heating pipe spacing,
embedded depth, heating power, and wind velocity on average temperature and the temperature non-uniformity
coefficient were analyzed using finite element simulation. Prediction models for average temperature and the
temperature non-uniformity coefficient were then established and validated using the response surface method
and experiments. Subsequently, using average temperature and the temperature non-uniformity coefficient as
intermediate variables, a new functional relationship between the snow-free ratio and the four factors was
established, allowing for satisfactory snow-melting performance to be achieved by adjusting the relevant factors
of the heating system. The results show that the error rate between the proposed new calculation method and
simulation results is only 4.44 %. Moreover, it was concluded that adjusting spacing and heating power is the
most effective strategy for heating systems to achieve optimal snow-melting performance.

driving on concrete pavements during nighttime and in snowy weather
conditions is a significant challenge. Implementing Glow-in-the-dark
[27,28] and plastic optical fibers markers [26] can enhance visibility,
while developing effective snow and ice removal strategies can help
maintain safer driving conditions on the concrete pavement during
adverse weather [9,21,8]. This study primarily focuses on researching
advanced snow-melting systems for concrete pavements to address the
problem of road ice and snow accumulation. Global climate change is
expected to cause more frequent extreme winter snowfall events,
significantly impacting commuting by increasing delays and in-
terruptions due to snow, ice, and slush on pavements ([22,25,2], Alsalou
and Hotle. 2024). Traditional snow removal methods using chemicals
and machinery are labor-intensive, time-consuming, and harmful to the

1. Introduction

Concrete pavements play a pivotal role in transportation infra-
structure by serving as key nodes in global connectivity. One of the main
issues currently faced by concrete pavements is the high production
costs and the significant environmental impact due to associated carbon
emissions. To address these challenges, researchers are focusing on
developing and using sustainable materials and enhancing recycling
practices to reduce both the carbon footprint and production costs. For
example, recycling materials such as rice straw ash [23,3], microsilica
[14,35], and industrial waste [24,6] to partially replace cement concrete
aggregates has yielded impressive results. Additionally, the safety of
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Nomenclature compacted snow (K)
M1,42,43  Thermal conductivity of electric heating pipe, concrete and

Ay Ratio of the equivalent snow-free area to the equivalent compacted snow (W/meK)

snow-covered c1, €2, c3 Thermal capacity of the electric heating pipe, concrete and
@ Modified snow-free ratio compacted snow (J/kgeK)
s Embedded spacing of the electric heating pipes (m) p1,P2,P3 Density of the electric heating pipe, concrete and
d Embedded depth of the electric heating pipes (m) compacted snow (kg/m>)
L, Length of the surface layer (m) h Convective heat transfer coefficient (W/m2eK)
L, Thickness of the surface layer (m) v Wind velocity (m/s)
n Number of the heating pipes a1, ay, az Coefficients for convective heat transfer coefficient
Pi1a, Poa, -+, P(n1)a, Pn Points above the pipes calculation
Pig, Pop, -+, P(r1)p Points above the center line between two ¢ Stefan-Boltzmann constant (Wem 2eK ™ #), ¢=5.669x10~8

adjacent pipes Wem 2eK *
Ta Average temperature of the pavement surface (°C) € Surface emissivity
Cn Standard deviation of the pavement temperature (°C) Esky Sky emissivity
da Distance between P; and the i-th pipe (i=1, 2 -, n) Ty Effective sky temperature (K)
dg Distance between P;p and the i-th pipe (i=1, 2 -, n) AT; Temperature difference between T; and T, (K)
Ad Distance difference between da and dg EHCPS-HPT Electrically heated concrete pavement systems utilizing
Dy Thickness of the compacted snow (m) heating pipe technology
p Heating power of the electric heating pipes (W/m) EXP Experimental results
T, Temperature of the environment (K) MCM Monte Carlo Method
To Initial temperature of the model (K) PRE Prediction results
q Rate of heat generation per unit area (W/m?) RSM-MCM Response Surface Method-Monte Carlo Method
t Heating time (s) SIM Simulation results
X,y Coordinate in the model.

T1, T2, T3 Temperature of the electric heating pipe, concrete and

environment and pavement structure, causing issues like concrete
damage, drainage system corrosion, and soil ecological harm [11,7]. To
address these problems, there is growing interest in replacing fossil
fuel-powered operations and equipment with heating alternatives.

The heated concrete pavement systems (HCPS) primarily utilize
heating wires, cables, and pipes as internal heat sources embedded near
the pavement surface to transform electricity into radiant heat for snow
melting. On the one hand, researchers have conducted extensive studies
to investigate the effect of embedded spacing (s), embedded depth (d),
heating power (P) of heating sources, environmental factors, and power
supply methods on the system’s ice and snow melting efficiency and
energy consumption. Zhao et al. [37] developed a concrete slab with
carbon fiber heating wire for bridge deck deicing and concluded that at
ambient temperatures ranging from —8°C to —13°C, the minimum input
power required to completely melt ice layers of 2 mm, 5 mm, and
10 mm thickness within 3 h is 300 W/m?, 550 W/m?, and 800 W/m?,
respectively. Lai et al. [16] investigated the snow-melting performance
of airport pavement with carbon fiber grilles and found that an
embedded depth of 5 cm and a spacing of 10 cm for the heat source are
reasonable. They discovered that when the temperature ranges between
—3°C and —8°C and the input power is 350 W/m?, the pavement tem-
perature can increase by 4.63°C to melt a 2.7 cm thick layer of snow
within 2 h. Liu et al. [20] investigated the operational efficiency of
snow-melting concrete pavement by adjusting the s, d, P of heating
pipes, and wind velocity (v). They concluded that to decrease total
heating time, s, d, and v should all be decreased. To reduce the lost
energy rate, both d and P should be increased, while s and v should be
decreased. Daniels et al. [5] introduced an airport concrete pavement
with embedded heating wires for anti-icing and compared two power
supply methods. The alternating sequence energy supply method
required longer heating times and did not save energy, while the auto-
mated thermostat sequence method achieved temperatures just above
2°C with lower power input. Jiao et al. [12] designed an electrical
thermal pavement system embedded with heating wire and recom-
mended the optimal s and d to be 10 cm and 4 cm, respectively.
Meanwhile, as the heating power rose from 140 W/m? to 200 W/m? and

280 W/m?, the overall energy consumption increased by 22.39 % and
48.92 %, respectively. Conversely, the heating time required decreased
by 21.80 % and 33.97 %, respectively.

On the other hand, to evaluate the snow and ice melting performance
and energy consumption of heating systems, researchers often use the
snow-free ratio (A,) as an evaluation index. Generally, A, represents the
percentage of days without snow cover over a specific period or the
percentage of an area without snow cover over a specific area, with
values ranging from O to 1. It is widely used in the monitoring and
analysis of climate change, and the evaluation of snow-melting perfor-
mance for building and transportation infrastructure. According to
previous research [13,32], it is not necessary to design the heating
system to achieve an A, value of 1, as this would lead to energy waste. It
is recommended that an A, value of 0.5 be used for most heating system
designs because this value provides adequate snow removal for normal
conditions. Recently, Wang et al. [30] investigated the changes in A, of
concrete pavement with embedded heating pipes during the
snow-melting process. They concluded that the melting process includes
a starting period, a linear period, and an accelerated period, and found
that an A, value of 0.6 is reasonable for most traffic conditions. Simi-
larly, Zhao et al. [39] introduced and discussed the impact of different
pipe embedding depths (60, 80, and 100 mm) on the snow-free area
ratio of a heating system with heat pipes at ambient temperatures
ranging from —7.93 to —9.36°C and a snow thickness of 43 mm. They
concluded that 80 mm is the optimal embedding depth, and the critical
snow-free ratio designed for this condition should reach 0.7.

In summary, researchers have extensively studied the impact of
layout parameters and operational parameters of heat source on the
snow melting efficiency of HCPS, and the A, was frequently used as an
evaluation index to control these parameters. In general, the calculation
of the A, typically employs an image processing method to determine
the A, [10]. However, this approach is impractical for large-scale
transportation infrastructure, and directly calculating the A, to control
heating system parameters requires significant time and effort. More-
over, even if a specific A, value is determined, existing research has not
quantified the relationship between A, and EHCPS-HPT operational
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parameters. As a result, it is challenging to directly adjust operational
strategies to achieve the required A,. More importantly, for the currently
developed HCPS, the internal heat source arrangement in a wavy pattern
can lead to faster snow melting in some local areas, resulting in
discontinuous snow melting, as shown in Fig. 1 [38]. This makes accu-
rately determining the snow-free ratio even more challenging. There-
fore, it is essential to establish a method for calculating the snow-free
ratio based on the unique temperature distribution characteristics and
operational parameters of HCPS.

Given that, to bridge the knowledge gap and address technical bot-
tlenecks, this study aims to develop a new method for calculating the A,
for application in practical engineering. As shown in Fig. 2, the first step
is to build a simplified 2D snow-melting finite element model based on
the EHCPS-HPT structure. For this simulation, the pipe’s embedded
spacing (s), embedded depth (d), heating power (P), and wind velocity
(v) are selected as the parameters to investigate their impact on the
average surface temperature T4 and temperature nonuniform coefficient
C, on the surface of EHCPS-HPT. The Monte Carlo Method (MCM) is
used to analyze the sensitivity of these parameters. Based on the simu-
lation results, prediction models for T4 and C, are proposed using the
response surface method, with the applicability of simulation and pre-
diction models validated through experiments and variance analysis.
Then, a new assessment metric ¢ is proposed, and its relationship with
the A, is established to derive a modified snow-free ratio function. The ¢
can be calculated from the simulation results. Finally, using T4 and C, as
intermediate variables, a new functional relationship between the ¢ and
the four factors is established. This relationship is used to evaluate the
snow-melting performance and predict the snow-free ratio of EHCPS-
HPT, thereby guiding its operational strategies. If ¢ is 1, the opera-
tional parameters used in EHCPS-HPT are qualified. If ¢ is —1, it in-
dicates that the above four parameters (s, d, P, and v) need to be adjusted
until they are qualified.

2. Establishment of finite element model and temperature field
indicators of EHCPS-HPT

2.1. Structure of EHCPS-HPT

The schematic of the structure of EHCPS-HPT is shown in Fig. 3. The
top layer is the cement concrete layer, and the electric heating pipes are
evenly embedded in it. The insulating layer is between the cement
concrete layer and the base course. This insulating layer serves to retard
downward heat conduction, thereby minimizing energy loss.

2.2. Simplified model of EHCPS-HPT

To facilitate more efficient calculations, reasonable assumptions are
made about the 3D structure to further simplify the model. Initially, due
to the presence of the insulating layer, the heat transfer primarily occurs
in the concrete layer. In this case, the analysis of the snow melting
performance of EHCPS-HPT only considers the temperature distribution
of the concrete layer. Furthermore, it is assumed that the heat generated
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by the electric heating pipes is uniformly distributed along their length.
Therefore, the 3D structure can be simplified to the 2D model shown in
Fig. 4.

In addition, because the concrete layer is located above the insu-
lation layer and the electric heating pipes are uniformly distributed, the
bottom, left and right boundaries of the model are assumed to be adia-
batic [17,31]. The upper boundary of the model considers thermal
convection and thermal radiation. Meanwhile, the electric heating
pipes, concrete, and snow in the model are assumed to be uniform,
isotropic, and homogeneous. The heat transfer equation in the surface
layer can be written as follows:

62Ti dzT, :Ci 0T,
5 5 _p‘_ _+i 0 1
0x’ gy’

A ot pic B
The initial condition is expressed as Eq. (2).

Ti(x,y,t)[,o=To, i=1,230<x< L, 0<x< Ly+Ds 2

The bottom, left and right conditions are expressed as Eq. (3).

om,
ox

oT;

T, om,
ox

x=Lq 0_}'

The pavement surface conditions with or without a snow layer are
expressed by Egs. (4) and (5) [29].

=0 3

y=0

x=0

oT:
EZHZ =Ty~ T))+e(Thy ~T3) =he ATy +e(Té - T3) (4
T,
B ™ h(T; — T,) +§e( 4~ 7‘3‘) — heAT; +§8<T:ky - Ig)
)
Tay = €50 0 Ta (6)

where T;, T, and T are the temperatures of electric heating pipe, con-
crete layer, and compacted snow, respectively (K); q is the rate of heat
generation per unit area (W/mz); A1 (12.10 W/m-K), 43 (2.15 W/m-K)
and 13 (1.03 W/m-K) are the thermal conductivities of the electric
heating pipe, concrete and snow (W/m-:K); p; (7930 kg/m®), P2
(2500 kg/m3) and p; (600 kg/m3) are the densities of the electric
heating pipe, concrete, and snow (kg/m3), and ¢; (502 J/kg-K), c2
(1004.8 J/kg-K) and c3 (333697 J/kg-K) are the thermal capacities of
the electric heating pipe, concrete, and snow, (J/kg-K) [19]. T, is the
ambient temperature (K); Ty is the initial temperature (K); D; is the
thickness of the compacted snow (m); ¢ is the Stefan-Boltzmann con-
stant (5.669 x 10" 8W-m~2 e K=*); ¢ is the surface emissivity (0.90); Ty
is the effective sky temperature, and h is the heat transfer coefficient,
which can be derived from Eq. (7).

— v as
h—5.678><[a1+a2><(0.304) ] @

when0 <v <488, a; =109, a=023 az=1;

Fig. 1. The melting performance: (a) The discontinuous melting; (b) The melting is completed.
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‘ Develop 2D finite element model of EHCPS-HPT

Parameters: Embedded spacing (s), embedded depth (d), heatilig

Step 1 \

power (P), and wind velocity (v)

Temperature field indicators: Average surface temperature T4

Monte Carlo
A Method
Temperature nonuniform coefficient C,,
Build prediction model |
Response

Tp=i- (5+d+Prvis-d+s-PHsvhd-PrPvis’+d2+P2+v?)
Cn =j- (s+ 3+ Pt vt s-d+s-Prs-vhd-PrPvisi +d?+P2+v? )€ |

Step 2

surface method

I Modified snow free ratio 4, evaluation function |

Step 3

(1, 08<4,-1
$=1-1. 0<4,<038

‘ Establish relatioship between ¢ and four parameters I

@=sgnfi-j- (T2 + T2 + T4+ Cp+Ty-Cp)l
= sgn[i-j - (s*+d*+P*4+v?+ s+ dt P+ v s-dt 5-P+s-vhd-P+P-v)]

Step 4

’ Develop judgment criteria

—

IfoFE-1,
Adjust pagrameters

Step 5 \

If ¢ = 1, the EHCPS-HPT is qualified.

Fig. 2. The flow chart of new calculation method of snow-free ratio of this study.

Cement Concrete layer

Electric supply system
Electric heating pip Insulating layer

Fig. 3. The schematic of the structure of EHCPS-HPT.

A

Y | Heat convection and radiation Snow layer
|

o Ds
df] . Adiabatic
Adiabatic| ! s34 il E——
boundary Electric hsa_ﬁ_ng pipe I ;

L Adiabatic boundary X

Fig. 4. Simplified model of EHCPS-HPT with the snow layer.

when4.88 <v<30.48, a; =0, a;=0.53, a3=0.78 [4].

2.3. Finite element model of EHCPS-HPT

The finite element simulations with different schemes are performed
using ABAQUS, and a detailed FE meshing is constructed, as depicted in
Fig. 5. The response surface method is applied in the scheme design for
the simulation. According to the Specifications for Design of Highway
Cement Concrete Pavement (JTG D40-2011), the s and d of the electric
heating pipe should be 0.10 m-0.25 m and 0.06 m-0.12 m, respectively.
The P was selected as the operational parameter, and v was considered
an environmental factor. The detailed schemes are shown in Table 1. In
addition, the simulations of EHCPS-HPT with different operational pa-
rameters were investigated within a heating time of 6 h and a snow layer
thickness of 10 cm. This is because, if heavy snowfall continues for 6 h,
the accumulated snow will hinder traffic and compromise safety [18].
Therefore, the EHCPS-HPT should start operating at the beginning of
snowfall and should melt the snow to meet traffic requirements within
6 h. If the traffic requirements are not met, the EHCPS-HPT is considered

Heat convection and radiation Snow layer Electric heating pipe

Adiabatic
boundary

Concrete layer

Adiabatic boundary

Fig. 5. Finite element meshing of EHCPS-HPT with the snow layer.
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Table 1
Simulation schemes based on response surface method.

Level Influence factors

s (m) d (m) P (W/m) y (m)
-2 0.10 0.06 20 0
-1 0.14 0.08 60 3.75
0 0.18 0.09 100 7.5
1 0.21 0.11 120 11.25
2 0.25 0.12 180 15
Scheme
1 0.14 0.11 60 3.75
2 0.18 0.09 100 7.5
3 0.21 0.08 60 11.25
4 0.18 0.09 180 7.5
5 0.14 0.11 140 11.25
6 0.14 0.08 140 3.75
7 0.21 0.08 140 3.75
8 0.18 0.09 100 7.50
9 0.14 0.08 60 3.75
10 0.18 0.09 100 0.00
11 0.18 0.09 100 7.50
12 0.18 0.09 20 7.50
13 0.21 0.11 140 3.75
14 0.14 0.08 60 11.25
15 0.18 0.09 100 7.50
16 0.18 0.12 100 7.50
17 0.14 0.08 140 11.25
18 0.10 0.09 100 7.50
19 0.18 0.09 100 150
20 0.21 0.11 60 3.75
21 0.18 0.09 100 7.50
22 0.21 0.08 60 3.75
23 0.25 0.09 100 7.50
24 0.18 0.06 100 7.50
25 0.21 0.11 60 11.25
26 0.14 0.11 60 11.25
27 0.21 0.08 140 11.25
28 0.14 0.11 140 3.75
29 0.21 0.11 140 11.25
30 0.18 0.09 100 7.50

unqualified. Meanwhile, according to previous studies, the thickness of
the accumulated snow is 10 cm after a heavy snowfall for 6 h [18]. In
conclusion, the most unfavorable heavy snow conditions were chosen as
the analysis conditions. The thickness of the accumulated snow (10 cm)
and the heating time (6 h) are chosen for the melting analysis. Similarly,
the conclusions obtained under these conditions can be used to evaluate
and adjust the operational parameters of EHCPS-HPT for moderate and
light snow conditions.

2.4. Development of temperature field indicators

In practical engineering, EHCPS-HPT is characterized by its consid-
erable length and extensive coverage. Consequently, calculating the A,
demands significant time and effort. Moreover, even if a specific A,
value is determined, it is difficult to directly adjust the operation strat-
egy to meet the qualification. Moreover, even if a specific A, is deter-
mined, existing research has not quantified the relationship between A,
and EHCPS-HPT parameters. Therefore, it is difficult to directly adjust
operational strategies to achieve the required A,. More importantly, the
pavement surface of EHCPS-HPT exhibits an uneven snow-melting

A

D' Heat convection and radiation
BaBp BaPp PaPp Py Py oo By B
CH IZLS.V d“% ) |[Adiabatic
Adiabatic| ! : 4 ds

boundary
Electric heating pipe ||L

boundary

L1 Adiabatic boundary

Fig. 6. Schematic of temperature distribution analysis.
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pattern, making it more challenging to accurately determine the snow-
free ratio. This is due to the special layout method of heating pipes in
EHCPS-HPT, as shown in Fig. 6. dj is obviously less than dg. Generally,
the proximity to the heat source determines the amount of energy
absorbed by a given point. Consequently, the temperature of Pja is
higher than that of Pip, resulting in a wavy-like distribution of surface
temperatures on the EHCPS-HPT. This wavy-like temperature distribu-
tion causes the accumulated snow on the low-temperature zones of the
pavement surface to melt slowly or not at all, leading to a discontinuous
snow-melting phenomenon.

In summary, the discontinuous snow-melting phenomenon arises
from the amplitude and wavy-like distribution of temperatures across
the pavement surface. Therefore, it is essential to identify temperature
field indicators that are easy to monitor and can reflect the unique
temperature distribution of EHCPS-HPT, thus indirectly and accurately
calculating A,. In this study, the average temperature T, and the tem-
perature nonuniform coefficient C, were proposed as temperature field
indicators to characterize temperature amplitude and distribution in
finite element simulations. As shown in Fig. 6, points above the pipes
(P1a, P2a, -+, P-1)a, Pn) and points above the centerline between two
adjacent pipes (P1p, Pag, -+, P(5.1)B) were selected. The temperatures of
these points (Tja, Tig, and T,) represent the pavement surface temper-
ature. As shown in Eq. (8), the average value of these points’ tempera-
ture is T4, which reflects the predominant amplitude of the pavement
surface thermal field.

Bl

TA:

Th+ Y (TiA+TiB):|/(2n_1) (8

The standard deviation is commonly employed to quantify the extent
of data fluctuation. Consequently, in this study, the standard deviation
of the selected points’ temperature is defined as the temperature
nonuniform coefficient C,, calculated using Eq. (9). C, serves to illus-
trate the temperature distribution across the thermal energy field on
EHCPS-HPT.

(To— Ta)+ 3 [(Tm — Ta)+ (T — TA)Z]

o1 ) ©

Cn = (

3. Results and discussions
3.1. Effects of the single parameters on the temperature distribution

3.1.1. Embedded spacing

The effect of embedded spacing s on the average temperature T, is
illustrated in Fig. 7(a) and (b). It’s evident that Tp decreases with
increasing s, irrespective of other variables. This trend arises because,
for a fixed pavement size, the number of heating pipes decreases as s
increases. Fewer heating pipes mean less heating energy, leading to a
decrease in T4. However, the loss of energy due to convective heat
transfer also decreases as T, decreases. Consequently, the rate of
decrease in T4 gradually diminishes as s increases.

The effect of s on the temperature nonuniform coefficient C, is
described in Fig. 7(c) and (d). It’s observed that C, initially decreases
and then increases with increasing s, regardless of other variables. This
phenomenon is attributed to the differing degrees of influence between
the superposition of heat sources and the energy difference between Py
and P;g. When s is small, the central zone of the EHCPS-HPT surface
experiences high temperatures due to the heat superposition of the
heating pipes, resulting in a higher C,,. However, as s increases, the effect
of heat superposition gradually weakens, leading to a decrease in C,.
Furthermore, as s continues to increase, the effect of the energy disparity
between Pjs and P;g becomes more pronounced. This energy difference is
closely linked to the disparity in distance between P;y and P and the
heat source. As illustrated in Fig. 5, the distance difference between du
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Fig. 7. The relationship between the characteristic variables and s with d=0.10 m: (a) T, variation with v=5 m/s; (b) T, variation with P=100 W/m; (c) C, variation

with v= 5 m/s; (d) C, variation with P=100 W/m.

and dg is denoted as Ad, as shown in Eq. (10). As Ad increases, so does
the energy difference between P;y and Pp. From Egs. (11)-(12),
Ad/(s)>0 and Ad"(s)>0, indicating that Ad increases with increasing s,
and the rate of increase (Ad) also rises. Consequently, C, initially de-
creases and then increases as s increases.

Md=dy—dy = f@+ (3) ~d a0
Ad(s) =s/4y/d> + (%)2 an
Adr(s) = 42/ d2 + (%)2 / (P4 (%)2)2 12

3.1.2. Embedded depth

The effect of embedded depth d on the average temperature T, is
illustrated in Fig. 8(a) and (b). It is evident that T, diminishes as d in-
creases due to reduced energy absorption by the pavement surface. With
increasing d, T, experiences a gradual decline followed by a rapid
decrease, irrespective of other variables. For example, under conditions
where v = 0 m/s, when d ranges from 0.06 m to 0.10 m, T4 decreases by
1.86°C with every 0.01 m increase in d. Similarly, within the range of
0.10 m to 0.12 m, T4 decreases by 4.39°C for every 0.01 m increase in d.
This trend is attributed to the greater distance between the heat source
and the point of measurement, leading to an accelerated rate of tem-
perature decline [15].

In Fig. 8(c) and (d), temperature nonuniform coefficient C, exhibits a
similar trend to T, but for different reasons. This phenomenon is
attributed to the variation in Ad. As Ad decreases, the energy disparity
between P;js and P;p decreases, consequently causing a decline in C,.
According to Eqgs. (13)-(14), Ad'(d)<0 and Ad”(d)>0. This implies that as
d increases, Ad decreases, and the rate of decrease (Ad) amplifies.
Consequently, C, undergoes a gradual decline followed by a rapid
descent.

Ad(d) = % -1 (13)
@+ (3)
Adr(s) = 5212 + (%)2 JA(d> + 52 4)? 14)

3.1.3. Heating power

The effect of heating power P on the average temperature T4 and
temperature nonuniform coefficient C, is depicted in Fig. 9(a) and (b). It
can be observed that both T4 and C, exhibit a consistent upward trend
with increasing P, regardless of other variables. As P increases, the en-
ergy absorbed by EHCPS-HPT intensifies, leading to a corresponding rise
in T4. This phenomenon stems from the linear relationship between
temperature response and P in an infinite medium when other factors
remain constant. Although the surface of EHCPS-HPT is subject to
convective and radiative heat transfer, which can decrease T4, the
increase in P contributes more significantly to the rise in T, than the
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convective and radiative heat transfer decreases it. As a result, Ta
demonstrates nearly linear growth with increasing P. For the same
reason, Pjy receives more energy than Pj. Consequently, C, also in-
creases almost linearly.
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Fig. 10. The relationship between the characteristic variables and v with
$=0.10 m,: (a) T variation with d=0.06 m; (b) C, variation with d=0.06 m.

3.1.4. Wind velocity

The effect of wind velocity v on the average temperature T4 and C,, is
described in Fig. 10 (a) and (b). It is evident that both T4 and C,
decrease, and this decline becomes less steep as v increases, regardless of
other variables. As v increases, more energy dissipates into the envi-
ronment, resulting in greater energy loss from the high-temperature



F. Wang et al.

zone on the EHCPS-HPT surface. Consequently, the temperature differ-
ence between the high and low-temperature zones decreases, leading to
a decrease in both T4 and C, as v increases. Regarding the rate of
decrease, the higher the v, the more active the heat transfer on the
EHCPS-HPT surface, and the faster T4 and C, tend to stabilize. In other
words, when t is constant, the heat transfer at higher v is closer to a
steady state, so the rate of decrease of T, and C, diminishes as v
increases.

3.1.5. Sensitivity analysis of the parameters

The Response Surface Method-Monte Carlo Method (RSM-MCM) is
utilized to explore the sensitivity of parameters, considering the influ-
ence of their range and randomness [1,36]. This method combines RSM
to establish a prediction model and MCM to evaluate the simulation
results of schemes listed in Table 1. According to Table 1, the parameters
follow a normal distribution. The mean values of s, d, P, and v are
0.18 m, 0.09 m, 100 W/m, and 7.5 m/s respectively, with standard
deviations of 0.03, 0.01, 36.39, and 3.41 respectively. For sensitivity
analysis using RSM-MCM, partial correlation coefficients and contribu-
tion to variance are commonly employed to reflect parameter
sensitivities.

The results of the sensitivity analysis are shown in Fig. 11. It can be
observed that P, v, and s are the primary parameters influencing T4, with
respective influence probabilities of 58.76 %, 23.92 % and 14.51 %.
Additionally, from Fig. 11 (b), it is evident that v is the predominant
parameter affecting C,, with an influence probability of 96.6 %, signif-
icantly surpassing other parameters. In terms of the effects of parameters
on T, and C,, a positive sensitivity value indicates a positive relation-
ship, meaning T, and C, increase with the parameters’ influence.
Conversely, a negative sensitivity denotes a negative change in T, and
C, with the parameter’s influence.

In summary, the sensitivity analysis reveals that the behaviors of
d and P align closely with those observed in the single-parameter anal-
ysis. T4 and C, exhibit negative correlations with d and positive corre-
lations with P. However, discrepancies emerge for s and v between
sensitivity analysis and single-parameter analysis. In sensitivity analysis,
C, shows a negative correlation with s, whereas in single-parameter
analysis, C, initially decreases and then increases with s. Conversely,
C, exhibits a positive correlation with v in sensitivity analysis, con-
trasting with its decrease observed in the single-parameter analysis as v
increases. This disparity may stem from the reliance on single-parameter
analysis on fixed parameters, while sensitivity analysis assesses the
collective influence of all parameters on the output simultaneously [34,
33]. In engineering applications, parameter adjustments often involve
fixing other parameters. Therefore, the measures for parameter adjust-
ment can follow the findings of single parameter analysis, while the
priorities for adjusting the parameters should follow the results of
sensitivity analysis.

. 0.8 0.73
g

é 0.4 Contribution to variance

S

g 0.0+ T .

:: 04 ‘ -0.16 I

= 7036

S ! -0.47

= 0.8+

5_-‘ 1 - Embedded spacing - Heating power

1.2 Bl Embedded depth

(a

- Wind velocity
)

Construction and Building Materials 442 (2024) 137611

3.2. Establishment and validation of prediction models of temperature
distribution

3.2.1. Establishment of prediction models

In this section, a quadratic response surface method is used to
analyze the relationship between T,, C, and four influencing parameters
(s, d, P, v). Based on the outcomes of thermal simulations conducted with
the schemes listed in Table 1, the prediction models for T4 and C, are
obtained using RSM and are shown as follows:

Ty =17.357 — 114.1925 — 79.876d + 0.241P — 1.72v + 313.481s
ed—0.4685e P+3.214sev—0.501d e P+ 3.939d e v — 0.005P
eV +179.0165% — 14.405d*> — 0.000013P2 + 0.05v>

C, = 86.751 — 468.9365 — 1984.346d + 0.041P — 0.27v + 11055.028s
ed—0.1seP+0.699sev—0.117d e P+ 0.585d ¢ v — 0.001P
eV —63.633s% +10950.11d> + 0.06v* — 61139.383s e d>

Fig. 12 shows the comparison between the simulation results and
prediction results. From Fig. 10 (a) and (b), it can be seen that the points
align closely along a straight line, and the R-squared and Adjusted R-
squared values are close to 1.

The analysis of variance (ANOVA) results for T4 and C, are presented
in Table 2. In ANOVA, the F-value and p-value serve as the primary
assessment criteria, with a higher F-value and a lower p-value indicating
greater significance of the corresponding parameter. A p-value less than
0.05 signifies significance, while values below 0.01 and 0.001 indicate
high and extremely high significance, respectively. As shown in Table 2,
the prediction models for T4 and C, exhibit extremely high significance,
with p-values less than 0.0001. In summary, the statistical analysis
outcomes affirm the accuracy and reliability of the prediction models.

3.2.2. Validation of prediction models

To validate both the numerical model and the prediction models,
experiments were conducted using cement concrete slabs to represent
EHCPS-HPT, following the guidelines outlined in JTG D40-2011. The
mix proportions for 1 m® of cement concrete were as follows: Portland
cement (373 kg), limestone coarse aggregates (5-20 mm: 663 kg,
20-30 mm: 588 kg), tap water (153 kg) and quartz sands (373 kg).
Electric heating pipes were embedded in the mold, and the cement
concrete was then cast into the mold. Each slab measured
1 mx1 mx0.25 m. The different embedded schemes of electric heating
pipes are presented in Table 3. Except for the top surface, all sides and
the bottom of the slabs were wrapped with a 50 mm thick heat-
insulating foam layer. Temperature measurement points were marked
with ‘X’ as indicated in Fig. 13(a). The spacing between adjacent
measuring points was s/2. In Fig. 13(a), for identical X coordinates, the
average temperature of the measuring points was considered as the
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Fig. 11. The sensitivity analysis results based MCM: (a) The sensitivity analysis results for T,; (b) sensitivity analysis results for Cy.
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Table 2

Analysis of variance (ANOVA) for T, and C,,.
Type Ta Type Cn

F-value p-value F-value p-value

s 308.0225 < 0.0001 s 8.8873 0.0093
d 53.9657 < 0.0001 d 43.3817 < 0.0001
P 875.8644 < 0.0001 P 166.1503 < 0.0001
v 478.6450 < 0.0001 v 61.233 < 0.0001
s-d 2.1420 0.1640 s-d 0.7136 0.4115
s-P 33.9838 < 0.0001 s-P 20.4207 0.0004
sv 14.0746 0.0019 sV 8.7307 0.0098
d-P 6.2266 0.0247 d-p 4.4733 0.0516
d-v 3.3813 0.0858 d-v 0.979 0.3381
P-v 42.1251 < 0.0001 Pv 5.9724 0.0274
52 7.4843 0.0153 52 12.6724 0.0029
a2 0.0012 0.9724 d? 5.0362 0.0403
P? 0.0485 0.8286 V2 11.9445 0.0035
vz 58.4504 < 0.0001 s-d? 80.2191 < 0.0001
Model 134.5322 < 0.0001 Model 34.4238 < 0.0001

Table 3

Embedded schemes of electric heating pipes.
Slab Embedded spacing s(m) Embedded depth d(m)  Number of pipes
No.l 0.16 0.08 7
No.2  0.20 0.08 5
No.3 0.16 0.10 7
No.4  0.20 0.10 5

surface temperature of the corresponding position in the 2D model
depicted in Fig. 5. The surface temperature was measured every hour
during heating as shown in Fig. 13(b). Snow-melting experiments were
conducted as illustrated in Fig. 13(c). The mass of melted snow was
determined by weighing the water collected in the container.

Fig. 14(a) illustrates the experimental results (EXP) and the simula-
tion results (SIM). Despite some discrepancies between EXP and SIM,

Y(m)

(@)

they exhibit the same overall trend, with an average error of +0.46°C. In
Fig. 14(b), EXP is compared to the prediction results (PRE) of prediction
models, with the red bar indicating the error between EXP and PRE. EXP
aligns with the trend observed in PRE, with average errors of 0.53°C for
T, and 0.14 for C,. The consistency between EXP, SIM, and PRE suggests
that the numerical model and prediction models utilized in this study are
suitable for analyzing the melting performance of EHCPS-HPT.

3.3. New calculation method of snow-free ratio

To assess the snow-melting effectiveness of EHCPS-HPT, the primary
evaluation metric used is the snow-free area ratio A,. This ratio com-
pares the equivalent snow-free area to the equivalent snow-covered
area. In the simulation, A, is calculated as the ratio of the number of
points on the snow layer surface with a temperature greater than 0°C to
the total number of points on the snow layer surface. However, the in-
fluences of the road surface condition, meltwater flow and meltwater
infiltration are not considered in the simulation. Therefore, the simu-
lation results will likely be larger than the experimental results [31]. To
address this discrepancy, a new assessment metric ¢ is proposed, and its
relationship with A, is established to derive a modified snow-free ratio
function, as shown in Eq. (15). The ¢ can be calculated from the simu-
lation results.

15
¢ = _1’

Then using T4 and C, as intermediate variables, a new evaluation
function between ¢ and the four influencing parameters (s, d, P, v) is
shown as follows.

08<A <1

0<A <08 as)

@ = sgn(1.08T; — 0.59C% + 3.96T4C, — 8.10T, — 2.24C,, — 10.82)
=sgnfieje (s’+d*+P*+v* +sed+seP+sev+deP+dev+P

)]

(16

Fig. 13. Cement concrete slab experiments: (a) Temperature measuring points; (b) Temperature measurement; (c) Snow melting.
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Fig. 14. The validation for the thermal simulation: (a) Comparison of the surface temperature between EXP and SIM under the condition that s=0.20 m, d=0.10 m,
P=140 W/m, v=0 m/s, no accumulated snow; (b) Comparison of the T, and C, between EXP and PRE under the condition that P=40 W/m, v=0 m/s.

To further validate the applicability of the new calculation method,
180 schemes were generated by permuting the parameter levels outlined
in Table 1 and introduced into Eq. (16). The calculated results were then
compared with the simulation results, yielding an error rate of only
4.44 %. In Fig. 15, each scheme’s simulation value was compared with
its corresponding value calculated using Eq. (16). When the simulation
value equaled the value from Eq. (16), the black and red points coin-
cided; otherwise, they did not align. The white coordinate zone en-
compasses all comparison results, while the blue zone highlights the
errors. Among the 180 comparisons, only 8 resulted in errors. Conse-
quently, Eq. (16) is deemed a reliable calculation equation for the snow-
free ratio.

In this scenario, an operational strategy can be recommended based
on the new calculation method. Firstly, calculate T4 and C, based on the
layout parameters (s, d), operational parameter (P), and environmental
parameter (v). Next, compute ¢ using Eq. (16). Finally, determine the
qualification of EHCPS-HPT by assessing whether ¢ equals 1 or —1. If ¢
—1, it suggests that T4 and C, need adjustment according to Eq. (16)
and the analysis provided in Section 3.1. Given that adjusting v may be
challenging, focusing on the efficient adjustment of s and P is recom-
mended. This is because both T4 and C, are highly sensitive to changes
in s and P, as discussed in Section 3.1. Adjusting these parameters can
effectively modify T4 and C, to meet the desired criteria.

4. Conclusions

Based on finite element simulations and experimental studies, this
research has developed a new calculation method of snow-free ratio to
address the technical bottleneck left by the traditional use of snow-free
ratio in assessing snow-melting performance, which fails to accurately

o —

PO P Sp— p——

25 30 35 40 45 50 55 60 65

Fig. 15. The comparisons between the results from new calculation method
and the results from the simulation.

10

reflect the unique wavy temperature distribution of EHCPS-HPT. This
new method not only assesses the snow-melting performance of EHCPS-
HPT but also aids in adjusting its operational strategies. These findings
can guide the design and operation of EHCPS-HPT systems under heavy,
moderate, or light snow conditions. The main conclusions can be sum-
marized as follows:

e The finite element model of EHCPS-HPT is established and the effects
of four parameters, including embedded spacing (s), embedded
depth (d), heating power (P) and wind velocity (v), on the average
temperature (T4) and temperature nonuniform coefficient (C,) of the
pavement surface are investigated. In the analysis of the Ty, as the s
and v increases, T, decreases, and the rate of decrease also di-
minishes. As the d increases, T, decreases, and the rate of decrease
accelerates. As the P increases, T, increases linearly. In the analysis
of the C,, except for s, the relationships between C, and the other
factors are similar to those for T4. As s increases, the C, initially
decreases and then increases.

e In addition, the sensitivity analysis of four parameters was conducted
using the Response Surface Method combined with the Monte Carlo
Method. The results indicate that P, v, and s are the key parameters
impacting Ta, with influence probabilities of 58.76 %, 23.92 % and
14.51 % respectively. Meanwhile, it is clear that v is the dominant
parameter affecting C,, with an influence probability of 96.6 %,
which is considerably higher than that of the other parameters.

e The prediction models for Ty and C, are developed based on the
thermal simulation results and the response surface methodology. In
addition, the prediction models and numerical models are validated
through snow-melting experiments. The experimental results and the
simulation results exhibit the same overall trend, with an average
error of + 0.46°C. Meanwhile, experimental results align with the
trend observed in the prediction models, with average errors of
0.53°C for T4 and 0.14 for C,.

e The calculated results obtained from the new method were compared
with the simulation results, yielding an error rate of only 4.44 %. In
addition, adjusting s and P is the most efficient measure to adjust T4
and Cj, thus achieving good snow-melting performance.

This study is merely a starting point for improving the evaluation
methods of heated systems for melting snow and ice, but the results are
encouraging. Based on the significant findings of this research, there are
still many areas worth further exploration to enhance our understand-
ing. For instance, in the development of the finite element calculation
model, the impact of the parameters of the heating system on pavement
temperature, energy dissipation, and utilization rates during the dy-
namic snow melting process should be considered. Moreover, the eval-
uation method of snow-melting performance for electrically heated
concrete pavement systems utilizing heating pipe technology proposed
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in this study requires validation through more practical engineering
projects.
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