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Abstract

:

The internal temperature variation of ballastless track is very complicated under the effect of a sunlit environment, and there are serious transverse and vertical temperature gradients, which will cause cracking and deformation of the structure. In this paper, an ANSYS temperature effect analysis model for ballastless track, considering box girder structure, is established based on the environmental information of the bridge and the characteristics of the structural system. The model considers the influence of solar radiation intensity, wind speed, air temperature, geographical location, bridge orientation, material parameters, and other factors on the boundary conditions, and can meet the needs of the daylight temperature response analysis and calculation of any complex bridge structure. On this basis, the effect and applicability of a solar reflective coating on ballastless track cooling are studied. The results showed that the calculated results of the finite element model agree well with the measured results. Under the high-temperature conditions in summer, sunlight and ambient temperature mainly have significant effects on the temperature and temperature gradient of the track slab, and the maximum vertical temperature gradient reaches 74.48 °C/m. The reflective coating can significantly reduce the track slab’s temperature and vertical temperature gradient, with a maximum temperature gradient reduction of 34%. The transverse temperature gradient of the track slab can be reduced by up to 54% by further application of the side reflective coating. This study can promote the application of reflective coatings on high-speed railway track structures.
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1. Introduction


With the development of high-speed railways, the stability and deformation of track structures are more strictly controlled [1], and priority is given to long bridge and ballastless tracks in the design and construction [2]. However, the ballastless track, as a kind of long linear structure, especially the ballastless track on a bridge, is exposed to the atmospheric environment all year round and has the complexity of environmental use. Coupled with the low heat transfer rate of concrete [3], solar radiation and heat exchange cause complex temperature distribution in ballastless track [4], and there are vertical and horizontal nonlinear temperature differences inside, which can lead to the deformation and cracking of structures.



In comparison with the unitary ballastless track, the continuous ballastless track has better integrity and smoothness [5], but it is more affected by temperature [6], and the internal temperature stress is large. Due to the low tensile strength of concrete, this causes cracks in the track’s structure [7]. Meanwhile, ballastless track is used as the basic structure to guide and support high-speed vehicles and has been in a high-frequency vibration environment for a long time [8], which further aggravates concrete cracking. Such a cyclic effect will inevitably affect the durability, stability and security of the structure. Thus, given the current operating environment of continuous ballastless tracks, it is of great significance to study the temperature distribution and cooling measures of these tracks.



In the face of the long exposure to sunshine and high solar radiation energy in summer, control measures such as reducing the speed of high-speed trains and adjusting the train’s running track are usually adopted [9]. These initiatives are detrimental to sustainability and result in more emissions of harmful gases such as carbon dioxide [10]. The rational utilization of solar energy has attracted a great deal of scholarly research [11]. At present, scholars have developed studies on the effects of reflective coating types [12], thickness [13], and the layout optimization of the reflective coatings on structures such as buildings [14], roads [15], track slabs [16], and cement-asphalt mortar layers, etc. The results of such research show that applying a thin layer of reflective coating on the top surface of structural concrete is an effective cooling measure.



For the temperature distribution of ballastless track, the research methods include field experiments, numerical simulation, and theoretical analysis. (1) For field test research, the temperature distribution rule for the simple-supported box girder bridge of high-speed rail is studied under three working conditions: summer, winter, and extremely high temperatures [17]. (2) For the finite element numerical simulation, six types of nonlinear finite element models have been developed, which can accurately simulate the interlayer peeling and damage law of track structures under thermal conditions [18]. (3) For theoretical analysis, a bilinear resistance model was proposed, which can be used to study the interface of large-span bridges under the action of heat [19].



The effect of temperature on the track is mainly related to three major types of factors, such as material factors, climatic factors, and special factors, involving solar physics, general astronomy, meteorological science, heat transfer, track, and other disciplines. Therefore, to more accurately and effectively simulate and analyze the temperature effect and temperature profile characteristics on bridges in different regions, it is necessary to establish a set of fine bridge-ballastless track models based on the environmental parameters and multi-layer characteristics of the track. However, current studies often fail to fully consider the impact of external environmental parameters on ballastless track. Therefore, our aim was to investigate the temperature distribution of ballastless track on a bridge based on environmental parameters and multi-layer track characteristics. Specifically, this study has four main objectives: (1) A thermodynamic model of the continuous ballastless track is created, considering the influence of the box girder structure; (2) The heat transfer mechanism between the bridge and external surroundings is investigated, and the thermal transfer procedure between the concrete and surroundings is classified as solar radiation, heat transfer, or radiation heat transfer, and the three types of thermal transfer are uniformly converted into heat flux boundary conditions; (3) Taking the Changsha area as an example, the temperature distribution characteristics of ballastless track were studied based on summer environmental parameters; (4) Based on the established temperature field analysis, the reflective coating’s effect on the temperature distribution of the track was studied. The results can provide guidance for the design of solar reflective coatings on the ballastless track of high-speed railways. Thus, it is helpful for the popularization and application of ballastless track.




2. Temperature Field of Track Based on Regional Environmental Parameters


2.1. Heat Transfer Equation and Initial Boundary Conditions


The box girder is in a changing natural environment, and its heat transfer state is complex and non-stationary, so its daylight temperature field should be solved as a transient problem. The temperature of the track slab is related to its spatial position, and the temperature field can be expressed as Equation (1).


   T = f ( x , y , z , τ )   



(1)




where  T  is the temperature of node;  x ,  y ,  z  are the spatial position coordinate system;  τ  is the time.



Assuming that the concrete material of the bridge structure is isotropic, its thermophysical properties do not change with the temperature, and there is no heat source inside the structure, the basic differential equation of the conductivity of the box girder is as Equation (2) [20].


    ∂ T   ∂ τ   = a  (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2     )   



(2)




where  a  is the temperature conduction coefficient   a = λ /  (  ρ c  )   .



Figure 1 is a schematic diagram of thermal exchange when the ballastless track on the bridge reaches thermal equilibrium with the external environment.



Typically, the thermal exchange between the track and the environment can be summarized as solar radiation, radiation heat transfer, and convective heat transfer.



	(1)

	
Solar radiation: After the absorption, reflection, and scattering of the Earth’s atmosphere, the solar radiation reaches the surface of the concrete structure, part of which is absorbed by the concrete, and the other part is reflected back. The energy is mainly concentrated in the visible band range, and the wavelength is relatively short, thus, solar radiation is also called short-wave radiation.




	(2)

	
Radiation heat transfer: The concrete structure emits heat radiation to the outside in the form of an electromagnetic wave through its surface, and constantly absorbs the heat radiation from the surface, atmosphere, and surrounding objects. The comprehensive result of this radiation and absorption is the radiation heat transfer between the concrete structure and the outside. This form of heat radiation is called long-wave radiation.




	(3)

	
Convective heat transfer: When the surface temperature of concrete is different from the surrounding air temperature, the heat transfer between the concrete surface and the surrounding fluid is called convective heat transfer. Convective heat transfer also exists between the air inside the box girder and the inner surface.







2.1.1. Solar Radiation


The solar radiation can be divided into direct solar radiation    I θ   , Atmospheric scattered radiation    I β   , and ground reflected radiation    I f   . The total solar radiant energy    q s    on any surface is calculated by Equation (3) [21].


   q s  =  a t  (  I θ  +  I β  +  I f  )  



(3)




where    a t    is the solar shortwave radiation absorption rate.



(1) Direct solar radiation



When the angle of solar is  θ , the intensity of the direct solar radiation received is expressed as Equation (4) [21].


   I m  =  I 0  ⋅  p   1  sin h     ⋅ cos θ  



(4)




where    I 0   ,  p ,  h  are the constant, atmospheric transparency coefficient, and solar altitude angle, respectively. The value of atmospheric transparency  p  is influenced by external factors, such as terrain altitude and air composition, and varies significantly from region to region.



The solar constant    I 0    depends on the date of calculation and can be calculated using Equation (5) [21].


   I 0   = 1368 [ 1 + 0.033 cos (     360 N    365    ) ]   



(5)







The sun’s Angle on any day can be obtained by the following empirical Equation (6) [21].


   δ = 23.45 sin   [    360   365    (   284 + N   )   ]   



(6)







China unified adopts Beijing time as the timekeeping standard, so it needs to go through a longitude revision first to revise Beijing time to local time. Therefore, the true solar time is calculated by Equation (7).


   t =   t  bj   −   12  0 ∘  − η   1  5 ∘    +  t d   



(7)




where  η  is the longitude,    t d    is the time difference, calculated according to the following the empirical Equation (8) [21].


   t d   = 0.165 sin 2   θ N   − 0.025 sin   θ N   − 0.126 cos   θ N   



(8)




where    θ N    is the daily Angle of the change of the daily ordinal number, which can be approximated by Equation (9).


   θ N  =   360  (  N − 81  )   /  364    



(9)







At 12:00 noon in true solar time, the Sun–Earth line is in the same plane as the meridian circle where the observer is located, and the solar time angle is zero at this time. If the solar time angle is defined as positive in the morning, its calculation formula is as follows in Equation (10).


   ω =   (  12 − t  )  × 1  5 ∘   



(10)







The solar altitude angle  h  and azimuth angle    γ Z    can be calculated according to Equation (11).


     sin h = cos φ cos δ cos ω + sin φ sin δ         sin   γ Z   = cos δ cos ω / cos h     



(11)




where  φ  is the geographical latitude of the bridge.



The angle of solar incidence  θ  can be obtained by Equation (12).


   cos θ = sin β sin h + cos β cos h cos   (   γ Z   − γ   )   



(12)




where  β  is the angle between the inclined plane and the level plane.  γ  is the azimuthal angle of the outer normal of the inclined plane.



(2) Atmospheric scattered radiation



During the transfer of the solar radiant energy to the Earth’s surface, taking into account the atmospheric scattering, a part of it reaches the ballastless track surface again. The scattering intensity on the level is calculated according to Equation (13) [20].


   I d   = sin h (  0.271  I 0  − 0.294  I m  )  



(13)







The sky scattering intensity on an arbitrary surface is calculated by Equation (14).


   I β  =  I d  ( 1  + sin β ) /  2  



(14)







(3) Ground reflected radiation



Ground reflected radiation mainly affects the bottom surface of the bridge and the lower edge of the flange plate. Ground reflection    I f    can be calculated by Equation (15).


   I f   = ξ (   I m   sin h +   I d   ) (  1 −  sin β ) /  2  



(15)




where  ξ  is the surface short-wave reflectance.



(4) Sunrise and sunset time



Sunrise time and sunset time are the prerequisites for the calculation of solar radiation intensity. The sunrise and sunset time of the vertical surface can be calculated as Equation (16).


   {     t r   = 12  −   arccos  (  −  tan φ tan δ   )    1  5 ∘         t s   = 12 +    arccos  (  −  tan φ tan δ   )    1  5 ∘         



(16)







For the box girder web surface, the sunrise and sunset time of the vertical surface can be solved, and a set of solutions of solar hour Angle ω can be calculated by Equation (17).


   {     ω r   = sgn (   γ z  ) × arccos    sin φ cos   γ z      1 −  cos 2   φ   cos 2   γ z       + arccos     cos φ cos   γ z   tan δ      1 −  cos 2   φ   cos 2   γ z           ω s   = sgn (   γ z  ) × arccos    sin φ cos   γ z      1 −  cos 2   φ   cos 2   γ z      − arccos    cos φ cos   γ z   tan δ      1 −  cos 2   φ   cos 2   γ z           



(17)




where,    γ z    is the solar azimuth, and   sgn   is the sign function. The corresponding true solar time is as Equation (18).


   {     t  r r    = 12  −    ω r    1  5 ∘         t  s s    = 12  −    ω s    1  5 ∘         



(18)







In addition, the moment of sunrise on any surface is not earlier than the moment of sunrise on the vertical surface    t r   , and the moment of sunset is not later than the moment of sunset on the vertical surface    t s   . Therefore, the moment of sunrise on the web surface of the box beam    t  r v     and the moment of sunset    t  s v     are expressed as Equation (19).


       t  r v    = max   (   t  r r   ,  t r   )         t  s v    = min   (   t  s s   ,  t s   )       



(19)







(5) Cantilever shadow calculation



It is necessary to determine the shading length of the web at different moments in the calculation of the radiation, and to remove the energy of the direct part of the radiation from the shaded part in the calculation.



As shown in Figure 2,    l c    indicates the cantilever width,  γ  indicates the azimuthal angle normal to the outside of the web,  h  and    γ z    are the solar azimuthal and altitude angles, respectively. According to the geometric relationship shown in the figure, calculating the shaded length of the web can be obtained by Equation (20).


   {     l s  =    l c   tan h    cos  (   γ z  − γ  )       (   |   γ z  − γ  |   <  90 °  )       l s  = ∞    (   |   γ z  − γ  |  ≥ 90 °  )       



(20)








2.1.2. Convective Heat Transfer


The convective thermal exchange between the concrete and the atmosphere can be expressed as Equation (21).


   q c  =  h c  (  T a  −  T )   



(21)




where    T a    and  T  are the temperature of air and concrete, respectively;    h c    is the convective heat transfer coefficient, which is affected by external wind velocity, roughness, inclination, and others, and the most important factor is wind velocity. Therefore, combined with the relevant domestic and foreign research results, when    v < 5.0     m / s   , the    h c    can be calculated by Equation (22) [22].


   h c   = 2.6   (     |   T a  − T  |     + 1.54   v )   



(22)







The external temperature is affected by many factors in nature, but the daily variation process of the temperature on sunny days has a good regularity, so many scholars [23,24,25] use the sine function Equation (23) to characterize the change in atmospheric temperature in a day.


   T a   ( t ) =   T  a v   +  T  a m   sin    ( t  −  t 0   ) π    12    



(23)




where    T  a v     is the average temperature;    T  a m     is the variation of temperature;    t 0    is the parameter of the time when the maximum and minimum temperatures occur.




2.1.3. Radiation Heat Transfer


Thermal radiation is an electromagnetic wave excited by the thermal motion of microscopic particles inside an object. Generally speaking, the thermal radiation of concrete, whose wavelength range is within the infrared range, is usually called long-wave radiation. The radiant heat transfer of the structure includes absorbed radiation and outward radiation according to the source, and the absorbed heat can be divided into atmospheric radiation and ground radiation. The heat flux from the outside through the concrete surface due to long-wave radiation into the interior can be obtained by Equation (24) [22].


   q r  =  a l   (   G  a β   +  U  a β    )  −  E l   



(24)




where    q r    is the total amount of radiation thermal exchange, with heat absorption as positive and heat release as negative;    G  a β    ,    U  a β     and    E l    are the atmospheric radiation, ground radiation and structural radiation, respectively.



(1) Atmospheric radiation



Atmospheric radiation has the characteristics of gray body radiation, and the atmospheric radiation heat received by the bridge structure under cloudless weather conditions can be calculated by Equation (25).


   G a  =  ε a   C 0     (   273 +   T a   )   4   



(25)




where    ε a    is the atmospheric radiation coefficient, which can be approximated to 0.82 under normal circumstances.



Atmospheric radiation is independent of azimuth. For an arbitrarily inclined surface, the atmospheric radiant thermal exchange capacity is calculated as follows [22]:


     G  a β   =  G a   ( 1 + sin β ) / 2       =   ε a   C 0    (   273 +   T a   )  4   ( 1 + sin β ) / 2     



(26)







(2) Ground radiation



Structures are subjected to longwave radiation emitted by the ground. The radiant heat of the ground on any surface can be determined by the following Equation (27) [22].


   U  a β   =  C 0     (   273 +   T a   )   4   ( 1  −  sin β ) / 2   



(27)







(3) Structural radiation



The structure continuously radiates heat outward while absorbing radiant heat from the outside:


   E l  =  a l   C 0     ( 273 + T )   4   



(28)




where    a l    is the concrete long-wave radiation absorption rate, and radiation rate.





2.2. Model Foundation and Validation of CRTS II Slab Ballastless Track


2.2.1. The Model of Temperature Field


The CRTS II slab ballastless track on a bridge is composed of main beam, base plate, CA mortar, and track slab. As shown in Figure 3, considering the influence of the connection between the track slabs on temperature, the model of three track slab lengths was established by ANSYS. Table 1 shows the structure dimensions and calculation parameters.



(1) Initial value



To calculate the temperature distribution of the box girder structure, the initial conditions of heat transfer need to be determined. A transition time calculation process was added to reduce the impact of the initial value on the numerical analysis. In this paper, the average temperature on the first day was defined as the initial value.



(2) Boundary conditions



The boundary thermal exchange on the outer surface of the box girder consists of solar radiation, convective thermal exchange, and radiative thermal exchange, so the total heat transfer boundary conditions can be expressed by Equation (29).


      λ   ∂ T   ∂ n    |   Γ  =  q s  +  q c  +  q r   



(29)







In this paper, the temperature boundary is transformed into the second type of boundary conditions for solving:


      λ   ∂ T   ∂ n    |   Γ  =  q Γ *   ( τ )   



(30)




where    q Γ *    is the total heat flux at the boundary of  Γ . The shielding effect of the flange should be considered in the calculation of box girder web temperature. The general finite element software ANSYS has a powerful function of thermodynamic analysis, which can store the boundary heat flux into a multidimensional data table indexed by coordinates, time, and temperature. When loading the heat flow boundary conditions, ANSYS can automatically index the value of the corresponding position in the table for loading. At the same time, it can automatically adjust the size of the table according to the different periods, temperature amplitude, and heat conduction dimensions. The shading effect of the cantilever plate on the web was considered by cyclic solution.



According to the existing studies, it is assumed that the temperature difference of the internal air in the box girder is minor in one day, and it is 1.5 °C higher than the average temperature.




2.2.2. Model Verification


The environmental parameters from the literature [26] were substituted to verify the calculation accuracy of the finite element model; the comparison between the calculated results and the measured data is shown in Figure 4. The measured data are the continuous monitoring results of two temperature measuring points on ballastless track (28° N, 113° E). The calculated temperature time is 5 October 2013, and the highest and lowest temperatures are 27.6 °C and 18.1 °C. The numerical simulation results are essentially consistent with the measured data, with good agreement and slight errors. The results showed that the finite element simulation of the temperature field was reliable.




2.2.3. Ballastless Track Temperature Field in Changsha


The Changsha region of China has a subtropical monsoon climate with abundant sunshine and rainfall. It is a typically hot region in summer. Summer temperature, solar radiation, and wind speed have the following characteristics:




	(1)

	
The daytime temperature is higher, and the temperature rise and fall rate are faster, the large temperature difference between day and night, and the track slab, makes it easy to produce a larger temperature gradient and deformation.




	(2)

	
Strong solar radiation, up to 1000 W/m2 or more, makes the track slab produce a large positive temperature gradient, which makes it easy to produce track slab warping.




	(3)

	
The wind speed in the Changsha area is between 1 m/s to 2 m/s in summer, and the wind speed is low, which is not conducive to the release of heat from the track slab.









Therefore, the phenomenon of a high track temperature in summer is extremely common in this region, and it is also very suitable for the promotion of cooling coatings. Taking the summer environment in Changsha area as an example, this paper analyzes the temperature distribution of tracks using ANSYS.



By analyzing the average temperature change of Changsha Mapoling station (28°2′ N, 113°8′ E) over the past 60 years from 1951 to 2010 [27], the highest and lowest summer temperatures in the Changsha area over the past 60 years can be obtained as 24.4 °C and 32.5 °C, respectively. The analysis time is assumed to be 15 July 2013, with clear skies, few clouds, and low wind speed (2.2 m/s); using the above environmental parameters as the known conditions, the initial moment is taken as 26 °C, and the first 5 d are used as the trial calculation process to reduce the error introduced by inaccurate initial conditions. The transient calculation is performed for the whole 120 h, the interval is 0.5 h. The ballastless track and material parameters are the same as in the previous modeling.






3. Results and Discussion


3.1. The Temperature Distribution Characteristics of CRTS II Slab Ballastless Track


As shown in Figure 5, the middle cross-section of ballastless track in the Changsha area for a range of times on 15 July 2013, were obtained by finite element calculation.



The temperature variation of the track slab is more obvious in the daytime solar irradiation environment, and the vertical and transverse temperature difference on the track slab are obvious. During sunrise and sunset, the corresponding temperature shift patterns are shown. The temperature of the base plate changes slowly. The transverse temperature difference is obvious, larger than the vertical direction. During the period from 0:00 to 6:00, the temperature of the ballastless track is higher than the outside temperature. The thermal exchange of the structure is mainly for radiating heat to the outside, and convection heat dissipates with the air. The internal temperature is higher than the temperature of the surface, and the temperature increases with the distance from the structural surface.



During the period from 6:00 to 12:00, the sun rises from the east side, and the temperature of the track slab increases with the increase in outside temperature, and becomes a positive temperature gradient of hot up and cold down. However, the surface temperature of the track slab rises faster than that of the interior. The vertical temperature gradient of the track slab is higher, and the temperature of the east side is higher than that of the west side, so the transverse temperature gradient is gradually increasing.



At 15:00, the sun reaches over the structure. At this time, the solar radiation intensity reaches its maximum, and the vertical temperature gradient of the track structure increases, while the transverse temperature gradient decreases.



From 15:00 to 20:00, when the sun sets in the west, the solar radiation decreases, and the temperature of the track structure decreases. At this time, the radiation quantity of the west side is higher than that of the east side, and the vertical temperature difference decreases while the transverse temperature difference increases.



After about 20:00, the outside temperature decreases, and the track structure experiences external heat exchange; the internal temperature becomes gradually higher than the surface temperature.




3.2. Vertical Temperature and Temperature Gradient


Five measurement points at the locations shown in Figure 6a were selected to analyze the temperature field. M − 1, M − 2, and M − 3 represent the upper, middle and bottom positions of the track slab, respectively, and MM − 4 and MM − 5 are the locations of the bottom of the CA mortar and base plate, respectively. The time course curves of the temperature variation of each measurement point at different depths and the temperature gradient of each structural layer are shown in Figure 6.



It can be seen from Figure 6a that the temperature inside the track decreases with the increase in depth, and there is a time-lag phenomenon. With the change in atmospheric temperature during the day, the ballastless track shows different temperature response rules.



The heat transfer rate between the surface of the track slab and the outside world is rapid, which is evidently affected by the temperature shift. The upper surface temperature rises from around 06:00 and reaches its maximum at 15:00. The highest and lowest temperatures are 50.12 °C and 25.70 °C respectively. The highest temperature of the track slab surface is 17.62 °C higher than that of the outside. The temperature in the middle of the plate (10 cm from the surface) reached its maximum at about 16:30, with a lag time of about 2.5 h. The highest and lowest temperatures were 42.39 °C and 29.11 °C, respectively. The bottom temperature reaches its maximum at about 18:30, the lag time is about 4.5 h, the highest temperature is 38.45 °C, and the lowest temperature is 31.05 °C. At 13:30, the temperature difference of the track slab reached 14.86 °C.



Because the CA mortar layer is thin, the upper and lower surface temperature distribution hardly changes. The temperature change of the base plate is relatively mild, lagging behind the temperature change of the track slab. The highest and lowest temperatures on the upper surface of the base plate are 36.74 °C and 31.80 °C, respectively, and the corresponding time is about 19:30 and 9:00. The maximum daily temperature variation of the base plate is only 4.94 °C, and the maximum temperature of the base plate is only 4.24 °C higher than the maximum ambient temperature. Due to the covering effect of the track slab, the base plate tends to have a flat temperature curve, without extreme temperature. The results in Figure 6b show that the temperature gradient of each layer changes periodically with time. Among them, the temperature gradient of the track slab and CA mortar changed more clearly.



From 8:00 to 18:00, the track slab mainly presents a positive temperature gradient state of hot up and cold down, and a negative temperature gradient state at other times. The highest and lowest temperature gradients are 74.48 °C/m and −33.82 °C/m, respectively, and the corresponding time is about 13:30 and 02:30, respectively. The maximum diurnal variation range of the temperature gradient of the track slab can reach 108.30 °C/m.



The CA mortar layer is in a positive temperature gradient state from 11:00–23:00, and in a negative temperature gradient state at other times. The highest and lowest temperatures are 68.93 °C/m and −31.33 °C/m, respectively, and the corresponding time is about 16:30 and 07:00, respectively. The maximum diurnal variation of the temperature gradient is 100.26 °C/m. The vertical temperature curve of the base plate is extremely gentle. The highest and lowest temperatures are 17.97 °C/m and −5.67 ℃/m, respectively, and the corresponding time is about 19:00 and 08:30, respectively. The diurnal range of the temperature gradient is only 23.64 °C /m.




3.3. Transverse Temperature and Temperature Gradient


The distribution of the measuring points of the transverse temperature on the track structure is shown in Figure 7a. The reference plane is defined as the middle cross-section of the track slab. Figure 7 is the daily variation distribution curve of the transverse temperature and temperature gradient of the track slab.



The results in Figure 7a show that the daily temperature on the east and west sides of the track slab varies highly within the range of about 100 mm, and the temperature on the west side is higher than that on the east side. There was a slight difference in the temperature variation at additional measuring points. With the changes in atmospheric temperature and sunshine time, the track slab shows different temperature response patterns in the transverse direction. In the period of 0:00–6:00, there is no obvious difference in the temperature distribution between the east and west areas of the track slab. During 6:00–13:00, the temperature in the east area is higher than that in the west area; from 13:00–15:00, the transverse temperature distribution is uniform. During 15:00–19:00, the temperature in the west area is higher than that in the east area, and from 18:00–24:00, the trend of temperature change in the east and west is the same, and the temperature in the west is higher than that in the east.



The results in Figure 7b show that the transverse temperature varies significantly within the 200 mm range on both sides of the track slab. In other areas, the temperature changes are relatively flat. For example, the daily temperature gradient within 200 mm from the east and west sides is −5.47~10.29 °C/m, and the range of temperature variation on the east side is slightly larger than that on the west side. The daily temperature gradient in the range of 1000 mm from the center is only −0.56~0.54 °C/m. The vertical temperature gradient is relatively tiny, and the highest vertical temperature gradient is 7.24 times the highest transverse temperature gradient.



With the change in atmospheric temperature and sunshine time, the transverse temperature shows different patterns. From 0:00 to 6:00, the distribution of the temperature gradient on the east and west edges is very similar; at 8:00, the temperature gradient on the east edge changes from negative to positive, while the temperature gradient on the west side is still negative at this time; at 10:00, the transverse temperature gradient on the east side reaches the maximum value of 10.29 °C/m. From 20:00–24:00, the temperature distribution on the transverse side was similar to that at 0:00–6:00.




3.4. Effect of Reflective Coating on the Temperature Field of Ballastless Track


The temperature field model of ballastless track was established and its reliability was verified. In this section, the effect of the coatings on track structure cooling was discussed by means of the material parameters of the coatings used in the field, and the applicability of the side coating was studied.



3.4.1. Determination of Coating Parameters


According to the principle of temperature reduction, there are two types of coatings: reflective and barrier coatings. The thickness of a barrier coating is normally 5–20 mm, which is a thick film coating, and the high thermal resistance of the coating itself slows down heat transfer to achieve a heat insulation function. Reflective coatings are made by adding highly reflective functional fillers to the coating to achieve cooling by reflecting sunlight.



The main source of heat for a ballastless track is solar radiation, so this paper takes reflective coating as an example to study the temperature effect of a cooling coating on the structure of ballastless track. The radiation that shines onto the surface of the track structure is partly reflected and partly absorbed. The radiation absorption coefficient of an ordinary ballastless track surface is about 0.65. The reflective coating has a strong reflective ability against radiation, according to the literature [28]; its reflectivity is greater than or equal to 0.8, and its absorption coefficient is less than 0.2. However, due to the influence of construction conditions, concrete property differences, atmospheric oxidation, and ultraviolet aging, the reflective ability and radiation emission ability of the coating are weakened. In this paper, the reflective coating parameters determined by Kang Weixin [29] by back-calculation through tests are referred to; the solar radiation absorption coefficient of the coatings was 0.37 and the blackness coefficient was 0.82. The thickness of the reflective coatings was thin, so it was ignored in the modeling. The radiation was multiplied by the corresponding absorption coefficient and added to the surface of the ballastless track as a heat flow density load in the calculation. The painting method is shown in Figure 8.




3.4.2. Effect of Coating on Temperature of Track Structure


According to the analysis of the temperature field, the highest temperature of the track appears at 15:00. Figure 9 shows the temperature distribution cloud of the track section, before and after coating, at a typical time on 15 July 2013.



As can be seen from Figure 9, the upper surface reflective coating affects the temperature of the track slab and has a minor effect on the temperature of the base plate. The variation rule of the temperature of ballastless track is similar to that without coating, but the minimum temperature and maximum temperature are reduced, the temperature distribution form changes slightly, the high-temperature area of the track slab decreases, and the vertical temperature decreases, evidently.



The application effect of the reflective coating was analyzed by the curves of the center temperature of the upper, middle, and lower surface of the track slab, the lower surface temperature of the CA mortar layer, and the base plate. The temperature variation curves for each depth of the track slab is shown in Figure 10.



By comparison with Figure 6a and Figure 10, the maximum temperature of the upper surface, middle and lower surface of the track slab decreased by 8.23 °C, 5.12 °C, and 3.31 °C, respectively, at 15:00. This shows that the reflective coating has an obvious influence on the middle region of the track slab and the remaining areas are not obvious. According to Figure 10, the percentage decrease in the daily maximum temperature and average daily temperature at each measuring point are calculated, and the results are shown in Table 2.



As can be seen from Table 2, the reflective coating can significantly reduce the maximum temperature and average temperature of the structures; it is especially effective at weakening the peak temperature of the structure. The cooling effect of the coating on ballastless track decreases with the increase in structural depth, but the effect on the average temperature is tiny.




3.4.3. Effect of Coating on the Temperature Gradient of the Track Structure


The analysis results show that the maximum vertical positive temperature and negative temperature of the ballastless track appear at 13:30 and 02:30, respectively. The effect of the reflective coating on the vertical temperature gradient was analyzed at these two time points. Figure 11 shows the temperature curves of each measuring point before and after using the reflective coating.



As can be seen from Figure 11, the reflective coating has a significant effect on the temperature and temperature gradient of the track slab, both of which are reduced. The maximum positive temperature of the track board was reduced by 34% and the maximum negative temperature by 21%.



Figure 12 shows the daily distribution curve of the transverse temperature gradient after using the coating. Compared with Figure 7b, it can be seen that the reflective coating reduces the transverse temperature of the plate. The maximum negative temperature decreased from −5.47 °C to −2.91 °C. The maximum transverse temperature was reduced from −5.47 °C to −2.91 °C, and the maximum positive temperature was reduced from 10.29 °C to 9.27 °C. Therefore, the reflective coatings do not change the transverse temperature significantly.




3.4.4. Effect of Side Coating on Track Structure


The ballastless track side surface area is tiny and receives relatively less solar radiation, and the cost of reflective coating is expensive. Therefore, it is necessary to analyze whether the side of the track needs to be coated with reflective coating. Firstly, it is necessary to understand the intensity of the solar radiation that can be received by the side surface. According to the reference values of solar radiation in the Changsha area in the thermal design code for civil buildings [30], the solar radiation intensity on the south-facing (S) and north-facing (N) surfaces in the Changsha area is low, and the strongest does not exceed 350 W/m2. Therefore, if the track is oriented east-west, there is no need to use coatings on its two side surfaces. If the track structure is oriented north-south, the intensity on the east-west is strongest at 16:00, and radiation intensity is about 1000 W/m2. Figure 13 is the temperature distribution clouds before and after using a reflective coating on the side of ballastless track at 16:00.



As shown in Figure 13, the influence of side reflective coating on the temperature distribution is not obvious, mainly affecting the western surface’s temperature. The temperature and temperature gradient of the side area decreased after the use of a reflective coating on the side. To more obviously show the degree of influence of a side coating on the vertical and transverse distribution of the track temperature before and after coating, the temperature changes of measuring points at different positions on the west surface and upper surface were selected for analysis, as shown in Figure 14 and Figure 15.



Figure 14a shows that the use of a reflective coating on the side can further reduce the vertical temperature on the side. The temperature reduction effect does not differ considerably at different depths, and the average temperature reduction is about 9%. Figure 14b shows that the coating has a slight influence on the temperature of the vertical measuring point in the middle of the track slab. Therefore, the side reflective coating mainly reduces the vertical temperature of the side of the track slab and has a limited effect on other areas.



Figure 15 shows that the effect of the reflective side coating on the transverse temperature is mainly concentrated in the range of 200 mm. In this range, the transverse temperature is reduced from 46.65 °C to 43.23 °C. The transverse temperature gradient was reduced from a maximum of 30.66 °C/m to 14.13 °C/m, a reduction of 54%. The transverse temperature and temperature gradient in other areas did not alter significantly. Although the temperature reduction effect of the reflective side coating is not obvious, it can significantly improve the transverse temperature gradient in the side edge area, thus reducing cracking disease at the edge of the slab.






4. Conclusions


Based on the theories of solar physics, general astronomy, and heat transfer, the mechanism of heat transfer between concrete bridges and the external environment was analyzed. Further, the boundary conditions for the analysis of the sunlight temperature field upon ballastless track structures on bridges were systematically established. Finally, the solar irradiation temperature field model of continuous ballastless track, considering a box girder structure, was established based on ANSYS, and the accuracy of the thermodynamic model was verified. The effect of a reflective coating on ballastless track on a bridge was discussed. The following conclusions were drawn.



	(1)

	
The thermal exchange between a ballastless track and the environment is divided into three categories: solar radiation, convective heat transfer, and radiation heat transfer, and then converted into heat flux boundary conditions related to time, surface temperature, and coordinates. This model can consider the influence of meteorological conditions, time, and the geographical locations of ballastless track, fully. The model’s results were compared with the measured data, and the error meets the requirements of temperature analysis. The parametric study showed that the intensity of solar radiation is the most important factor affecting the temperature difference of the structure.




	(2)

	
The heat transfer boundary conditions established in this paper can be used to analyze and calculate the sunlight temperature response of complex concrete bridge structures in any area. Taking the Changsha area as an example, the sunlight temperature effect upon ballastless track in summer was analyzed. The results show that the temperature of the track slab varies significantly with the external temperature and time, while the internal temperature has a certain time lag. The highest vertical temperature of ballastless track in the Changsha area in summer is 7.24 times that of the highest transverse temperature. The highest vertical temperature gradient is 74.48 °C/m, which occurs at 13:30.




	(3)

	
The ANSYS was used to simulate the application effect of a reflective coating under high temperature in summer in the Changsha area. The coating was found to have a cooling effect on ballastless track. The coating mainly acts on the middle and upper areas of the track’s slab. The coating on the surface of the track slab can reduce the maximum and vertical temperature of the surface.




	(4)

	
If the track is north-south, applying a reflective coating to the side of the track has little effect on the overall temperature, but can significantly reduce the transverse temperature gradient in the edge region of the track side by up to 54%.







The research on sunlight’s temperature effect and the control measures of a ballastless track on a bridge has the characteristics of complexity and multidisciplinary intersections. In this paper, we have performed some basic research work on the model’s establishment and completed a calculation analysis of the sunlight’s temperature effect, but there are still many problems to be studied in more depth.



	(1)

	
Study on the calculation method of the temperature field considering interlayer cracking separation and its influence on the cooling effect of the coating.




	(2)

	
Study on the effect of the coating’s cooling effect under the combination of sunlight’s temperature effect and other loading effects.




	(3)

	
Study on the effect of wind speed and other factors on the cooling effect of coatings.
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Figure 1. Schematic diagram of the ballastless track and environmental thermal exchange on the bridge. 
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Figure 2. Schematic diagram of thee cantilever shadow calculation under solar radiation. 
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Figure 3. The temperature field analysis model of ballastless track. 
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Figure 4. The calculated values of the daily temperature distribution curves are compared with the measured values. 
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Figure 5. Temperature nodal data of ballastless track section for a range of times. 
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Figure 6. The daily distribution curve of (a) Vertical temperature and (b) Vertical temperature gradient. 
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Figure 7. The daily distribution curve of (a) Transverse temperature and (b) Transverse temperature gradient. 
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Figure 8. Reflective coating application method. 
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Figure 9. Cross-section temperature distribution at 15:00 (a) Without coating and (b) Coating on the upper surface. 
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Figure 10. The daily distribution curve for vertical temperature. 
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Figure 11. Vertical temperature distribution of ballastless track at typical moments before and after the use of coatings. 
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Figure 12. The diurnal distribution curve of the transverse temperature gradient of ballastless track after using a coating. 
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Figure 13. Cross-section of the temperature distribution at 16:00 (a) Without coating, (b) Coating on upper surface, and (c) Coating on upper surface and side. 
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Figure 14. The vertical temperature distribution before and after side coating (a) On the west side and (b) In the middle. 
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Figure 15. The transverse temperature distribution of the upper surface before and after side coating. 
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Table 1. Dimensions and parameters of ballastless track on a bridge.
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	Component
	Length × Width × Height

(mm)
	Density

(10−9 kg/m3)
	Poisson

Ratio
	Thermal

Conductivity

(W/m·°C)
	Specific

Heat

(J/kg·°C)





	Track slab
	6450 × 2550 × 200
	2500
	0.2
	2
	921



	CA mortar layer
	6450 × 2550 × 30
	2000
	0.34
	1
	1200



	Base plate
	6450 × 2550 × 190
	2500
	0.2
	2
	921



	Beam
	-
	2500
	0.2
	2
	921



	Wide joints
	50 × 2550 × 200
	2500
	0.2
	2
	921
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Table 2. Effect of the solar heat reflective coating at typical depths.
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	Measurement

Points
	Percentage Decrease in

Daily Maximum

Temperature/%
	Percentage Decrease in

Average Daily

Temperature/%





	M − 1
	16.25
	10.12



	M − 2
	13.06
	9.24



	M − 3
	10.63
	8.32



	M − 4
	9.31
	7.72



	M − 5
	6.35
	5.87
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