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Abstract

:

In the process of heat exchange with the external environment, the internal temperature of ballastless track structure presents a nonlinear distribution. The vertical temperature gradient will cause repeated warping and deformation of track slab, resulting in mortar layer separation, which will affect driving comfort and track durability. The traditional temperature field analysis method of concrete structure based on thermodynamics has the disadvantages of too many assumptions, difficult parameter selection and too much calculation of energy consumption. In this paper, based on the finite element software ANSYS, the heat exchange was transformed into the boundary condition of heat flux, which was applied to the thermodynamic analysis model to study the nonlinear temperature distribution law of ballastless track. The accuracy of the analysis method was verified by the measured data. On this basis, the regional distribution law of temperature gradient of ballastless track under different geographical coordinates and climatic conditions was studied. By adding a regional adjustment coefficient, the vertical temperature load model of ballastless track suitable for typical areas in China was proposed. The proposed temperature load model makes up for the lack of refinement of climate division and temperature load model in relevant specifications, and has strong engineering application and popularization value.






Keywords:


high-speed railway; ballastless track; temperature field; nonlinearity; thermodynamic analysis; numerical analysis; finite element












1. Introduction


CRTS II longitudinally connected ballastless track on bridge is a new type of ballastless track, which was imported from the Max Bögl company in Germany. According to the characteristics of many long bridges and the great bridge ratio of the Beijing–Tianjin intercity high-speed railway, the continuous reinforced concrete baseplate was designed to bear the axial load, which realized the continuous laying of ballastless track on the long span bridge. The longitudinally connected ballastless track on bridge was widely used in many passenger-dedicated lines such as Beijing–Tianjin Intercity, Beijing–Shanghai, Shanghai–Hangzhou, Beijing–Shijiazhuang–Wuhan, Hangzhou–Changsha, etc. The actual laying mileage of the single track has exceeded 9703 km (statistics from the China Academy of Railway Sciences).



When the track slab and the baseplate are longitudinally connected and locked, with the change of the ambient temperature, not only the longitudinal temperature force exists in the rail, but also the great axial force exists in the track slab and the baseplate. Moreover, due to the poor thermal conductivity of concrete, there is a vertical temperature gradient in the track structure under the action of solar radiation. The coupling effect of temperature axial force and nonlinear temperature gradient increases the instability of continuous track structure, which is easy to cause repeated warping deformation of track slab, separation of mortar layer, arch of track slab and other diseases [1,2,3,4,5]. It seriously affects the driving safety and track durability, and the maintenance is extremely difficult. Under the effect of continuous high temperature in the summer of 2013, more than 100 arches appeared on the longitudinally connected ballastless track of the Beijing–Shanghai high-speed railway bridge in service, resulting in the mortar layer emptying and track slab shear failure (Figure 1). Therefore, the nonlinear temperature load mode of the longitudinally connected ballastless track on bridge becomes the key to study the ballastless track structure design and to explore track structure deformation and stability.



At present, in the analysis of continuous welded rail (CWR) on bridge, the existing specifications and research mostly use the integral temperature rise of the track and bridge structure to consider the expansion force [6,7,8]. The influence of nonlinear temperature gradient of ballastless track is not taken into account, and it is unreasonable to adopt a single temperature load model in various regions. In recent years, domestic and foreign scholars have carried out a series of studies on the temperature field of bridges and track structures. The main analysis methods can be summarized into three categories: the first is statistical methods based on measured data [9,10,11,12,13,14], the second is theoretical analysis methods [15,16,17,18,19,20,21] and the third is the numerical analysis method using finite element software [22,23,24,25,26,27,28]. For instance, Liu H established an on-line monitoring system for the track plate temperature field, based on the BP neural network method, established the mapping relationship between environmental meteorological parameters and track plate temperature [10]. Zhao L made a 1:4 scale test model of CRTS II slab ballastless track simply supported box girder, carried out temperature experiments in summer and winter and studied the temperature distribution patterns of ballastless track [11]. Yang R analyzed the heat transfer mechanism between ballastless track and environment, and gave the bottom boundary conditions of track temperature field based on theoretical derivation. The three-dimensional model of track temperature distribution was established, and the temperature characteristics of ballastless track under continuous high temperature weather were analyzed [22]. Mohan K analyzed the bridge temperature field distribution and the corresponding thermal stresses using the software ABAQUS [23]. However, in some studies, the on-site measurement period is short (mostly several days or months), and the test data lacks completeness, which is difficult to reflect the impact of climate conditions and time on the temperature field of ballastless track. In some studies, the test or modeling analysis is aimed at specific weather conditions and engineering examples, and does not have wide applicability. Considering the need of constructing ballastless track on bridge domestically and abroad, it is required that the load mode and calculation method of the ballastless track on bridge have universal applicability.



In order to solve many difficulties in the application of traditional thermodynamic analysis to the study of ballastless track temperature gradient, the long-term observation and finite element numerical analysis of temperature field of longitudinally connected ballastless track on bridge were carried out. Based on the general finite element software ANSYS, a thermodynamic analysis model of temperature field of longitudinally connected ballastless track on bridge was established, and the accuracy of the analysis method was verified by the long-term observation data. On this basis, the regional distribution law of temperature gradient of ballastless track under different geographical coordinates and climatic conditions was studied, which overcomes the regional limitations of the existing research. The fitting formula of vertical temperature gradient of ballastless track was proposed, and the corresponding correction coefficient was put forward for the main cities of China. The proposed temperature load model makes up for the lack of refinement of climate division and temperature load model in relevant specifications to a certain extent, and has strong engineering application and popularization value.




2. Field Test Research on Temperature Field of Longitudinally Connected Ballastless Track on Bridge


Based on the long-term on-site observation, the annual change rule of the temperature field of the longitudinally connected ballastless track on bridge was studied. A large number of measured data was accumulated to provide data basis and verification conditions for further research on the temperature load mode of ballastless track through thermodynamic analysis.



2.1. Field Test on Temperature Field of Ballastless Track


The observation site is located at the multi-span long-link 32 m simply supported beam of the Xiaojia river curve section in the Hangzhou–Changsha section of the Shanghai–Kunming passenger dedicated line (one side of the baseplate is set with superelevation of 31 cm). The geographical coordinates are 28° N and 115° E, which represent the subtropical monsoon humid climate. Under the bridge is a field, and the axis direction of the bridge is 87.5°. The longitudinally connected ballastless track on bridge adopts 32 m of high-speed railway standard simply supported box girder, and the concrete grade is C50. The baseplate is 2.95 m wide and 0.3 m high, and C30 concrete is adopted. The track slab is 2.55 m wide and 0.2 m high, and is made of C55 concrete. HRB500 (hot rolled ribbed steel bar) is used for track structure reinforcement.



The joints of track slab near the fixed supports of simply supported beams are selected as the test section, and temperature sensors (28 in total) and data acquisition instruments are installed. In the observation scheme, 28 temperature sensors are embedded as shown in Figure 2.



	(1)

	
As the main concern is the vertical temperature gradient that causes the warping deformation of the track slab, the temperature sensors are arranged in layers from top to bottom.




	(2)

	
The temperature sensor near the concrete surface should be encrypted because the temperature of the concrete surface changes dramatically.




	(3)

	
Considering the shielding effect of the track slab on the baseplate, temperature sensors shall be embedded under the track slab and the exposed part of the baseplate.







The temperature sensor is bundled with the longitudinal bar in the track slab and the rubber band is wound to make the two fully isolated, which is far away from the vertical bar, so as to prevent the rapid heat transfer of the vertical bar from affecting the test results. For the prefabricated track slab, the temperature field in the track slab is monitored by embedding temperature sensors at the wide joints. The data lines of each temperature sensor are tied tightly into bundles with binding tape, and then led into the data acquisition instrument inside the box girder through the drainage hole of the bridge deck and the vent hole of the web in turn (Figure 3).



The data acquisition instrument in the box is connected with a large capacity battery. The battery is connected to the solar power panel on the top of the pier through wires to supply power for the data acquisition instrument. Taking Section II as an example, the selected observation data were plotted in Figure 4.



As revealed in Figure 4, due to direct solar radiation and convective heat transfer, the surface temperature of ballastless track varies significantly on a daily basis, and the maximum temperature differs from the daily maximum air temperature by 5–14 °C. The internal temperature of ballastless track lags behind that of the upper surface, and the variation range is small. The bottom surface temperature is 2–14 °C higher than the daily minimum air temperature.



The daily distribution of temperature difference between the upper and lower surfaces of the track during the observation period is shown in Figure 5.



It can be seen from Figure 5 that the temperature difference between the upper and lower surfaces of the track can reach between −10 and 15 °C, and the greater the daily air temperature difference, the greater the vertical temperature difference of the track slab. The maximum positive temperature difference appeared at 15:00 p.m., and the maximum negative temperature difference appeared at about 6 a.m.




2.2. Seasonal Characteristics of Temperature Gradient of Track Structure


In order to further explore the temperature field distribution characteristics of ballast-less track structure, typical sunny days in four seasons of two test sites were selected respectively, and the daily vertical temperature variation diagram of Section II was drawn (Figure 6). Among them, 11 October (sunny weather, temperature 23–32 °C) is selected in autumn, 22 February (sunny weather, temperature 6–16 °C) is selected in winter, 10 April (sunny weather, temperature 17–28 °C) is selected in spring, and 30 July (sunny weather, temperature 27–36 °C) is selected in summer.



It can be seen from Figure 6 that in all four seasons, the maximum negative temperature difference occurs before and after sunrise in the morning. After two to three hours of solar radiation, the temperature inside the track is relatively uniform. Since then, the temperature of track structure keeps rising under the action of sunshine and the positive temperature gradient gradually increases, and the track structure usually reaches the maximum positive temperature difference in the afternoon. Then the temperature of the track structure begins to decrease with the decrease of the sunshine intensity, and reaches the uniform state around midnight, after which the negative temperature difference appears again. Under the action of sunlight, the heat transfer phenomenon is most obvious in the range of 0.1 m from the surface, and the temperature difference increases with the increase of thickness. When the thickness reaches 0.3 m, the range of temperature difference decreases with the decrease of heat transfer.



However, due to the lack of mapping between meteorological parameters and temperature gradient, it is difficult to ensure the completeness; the measured data is closely related to local climate conditions, so it does not have wide applicability. Therefore, the thermodynamic model needs to be established for further analysis.





3. Thermodynamic Model of Temperature Field of Ballastless Track and Its Verification


In order to solve the regional limitations of the research methods in the previous chapters and study the vertical temperature field distribution of ballastless track, the heat exchange process between concrete and environment was simplified into three types: solar radiation, radiant and heat dissipation, and the convective heat transfer. Based on the general finite element software ANSYS, the thermodynamic analysis model of the temperature field of longitudinally connected ballastless track on bridge was established, and the accuracy of the analysis was verified by the measured date.



3.1. Thermodynamic Analysis Theory of Temperature Field of Ballastless Track


Under the condition of clear sky, few clouds and low wind speed, the heat exchange process between the concrete ballastless track structure on bridge and the outside world can be divided into three parts: solar radiation, radiant heat transfer and convective heat transfer.



The solar thermal radiation reaches the surface of ballastless track after being absorbed, reflected and scattered by the atmosphere. The direct solar radiation intensity    I m    received by the surface of ballastless track can be expressed as [16]:


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



(1)




where    I 0   ,  p ,  h  and  θ  are solar constant, atmospheric transparency coefficient, solar altitude angle and solar incidence angle respectively.



The solar constant    I 0    is related to the calculation date. Let  N  represent the daily ordinal number from 1 January. The solar constant can be calculated by using the empirical formula of Formula (2) [29].


   I 0  = 1367 [  1 + 0.033 cos (   360 ° N   365    ) ]  



(2)







The solar altitude angle  h  is related to the geographical latitude  φ , solar inclination  δ  and solar time angle  τ  of the concrete structure [30].


  h = arcsin ( cos φ cos δ cos τ + sin φ sin δ )  



(3)







Regardless of time difference, the relationship between solar time angle  τ  and Beijing time  t  and geographic longitude  γ  can be expressed as [29]:


  τ = 300 − 15 t − γ  



(4)







The atmosphere absorbs solar radiation and scatters, and some of the solar radiation reaches the surface of ballastless tracks again. The scattering intensity    I β    can be expressed by empirical Formula (5) [29].


   I β  = sin h   0.271  I 0  − 0.294  I m      1 + sin β   / 2  



(5)




where  β  is the angle between the normal outside the inclined plane and the horizontal plane.



Therefore, the radiation intensity absorbed by the surface of ballastless track is:


   q s  =  α t     I m  +  I β     



(6)




where    α t    is the radiation absorption rate of concrete surface.



Under the action of a certain wind speed, the heat exchange between the surface of ballastless track and the outside atmosphere follows Newton’s cooling law.


   q c  = h    T a  − T    



(7)




where  h  is the convective heat exchange coefficient, which is related to the surface shape and wind speed;    T a    is the temperature of the outside air; and  T  is the surface temperature of track structure.



It is generally considered that the transmittance of concrete material is 0 and conforms to the properties of ash [29], and the emissivity is equal to the absorptivity  ε . The total effect    q r    of thermal radiation emitted and absorbed by the surface of ballastless track can be expressed as:


   q r  = ε  G r  −  E r   



(8)




where    G r    is the radiation intensity of the atmosphere to the track and    E r    is the outward radiation intensity of ballastless track surface.



The above analysis process shows that the temperature gradient distribution of ballastless track is related to the longitude and latitude, date, time, ambient temperature, wind speed, atmospheric transparency coefficient and concrete surface absorption rate of the structure.




3.2. Thermodynamic Model and Verification of Temperature Field of Ballastless Track


Existing research has shown that the temperature distribution of longitudinally continuous concrete structures (such as bridges) is extremely similar [29], so the temperature field of ballastless track structure is simplified as a 2D transient nonlinear problem on the section.



Considering the influence of solar radiation, atmospheric temperature and wind speed on the temperature field, the third boundary condition (Equation (1)) is used [29]:


    ∂ T   ∂ t   = α      ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2       



(9)




where T is the temperature; t is the time;  α  is the thermal conductivity; and x, y is the spatial coordinate.


  − λ   ∂ T   ∂ n   = B    T a  +    Q t   B  − T     n = 0    



(10)




where  λ  is the thermal conductivity; n is the outer normal direction of the boundary;  B  is the surface heat transfer coefficient; and    T a    and    Q t    are functions of time t.



The values of   B ,      T a    and    Q t    are as follows [20]:


  B = 5.7 + 4 v  



(11)




where  v  is the daily average wind speed (m/s).


   T a  =  T 1  +  T 2    0.96 sin   ω   t −  t 0      + 0.14 sin   2 ω   t −  t 0         



(12)




where    T 1    is the daily average temperature,    T 1  =    T  m a x   +  T  m i n     / 2  ;    T 2    is the daily temperature amplitude,    T 2  =    T  m a x   −  T  m i n     / 2  ;    T  m a x     is the daily maximum temperature (°C);    T  m i n     is the daily minimum temperature (°C);    t 0    is the initial phase, generally 9h; and  ω  is the angular frequency,   ω = 2 π / 24  .


  Q  t  =    Q 0   π  +    Q 0   2  sin ω t +   2  Q 0   π    ∑   k = 1  ∞   1  1 − 4  k 2    sin   2 k ω t +  π 2      m = 1    



(13)






  Q  t  =    Q 0    m π   +   2 m  Q 0   π    ∑   k = 1  ∞    cos   k π   2 m      m 2  −  k 2    sin   k ω t +  π 2  −   k π  2      m ≠ 1    



(14)




where    Q 0    is the maximum solar radiation (J),    Q 0  = 0.131 m  Q d   ;    Q d    is the total daily solar radiation (J);   m = 12 / c  ; and c is the sunshine hours (h). When the above series term k = 20, the calculation accuracy can meet the requirements.



Based on ANSYS, the thermodynamic analysis model of ballastless track considering bridge structure was established. In the model, the specific heat capacity of concrete is 960 J/(kg·K), the thermal conductivity is 10.8 KJ/(h·K·m), the volume weight of concrete is 2600 kg/m3, the surface radiation absorption coefficient of concrete is 0.65 and the surface short wave reflectance is 0.3. The solar radiation, convective heat transfer and radiation heat transfer effects are transformed into radiation heat flow density, which is stored in a table indexed by time, track surface temperature and coordinates, and used as load boundary conditions for load calculation. There is a great correlation between the temperature and time of the concrete structure. In order to reduce the impact of the initial temperature field, it is necessary to carry out multiple iterations in the calculation process. After multiple iterations, the calculation results gradually stabilize [29], where the number of iterations is taken as 10.



Taking the measured data of ballastless track temperature field as an example to verify the thermodynamic model of the ballastless track temperature field, temperature sensors are set in the wide and narrow joints of the track slab, where the measuring point T1 is 4 cm away from the upper surface of the track slab, and the measuring point T2 is 2 cm away from the lower surface of the track slab. The temperature record on October 5, 2013 is taken as an example to verify. The maximum temperature of the day is 27.6 °C, the minimum temperature is 18.1 °C, the average wind speed is 2.2 m/s and the atmospheric transparency coefficient is 0.85. The calculation results are shown in Figure 7.



The maximum error between the calculated track slab temperature and the measured temperature is 1.8 °C, and the average relative error is 3.6%. It is proved that the algorithm has a relatively high accuracy and meets the engineering needs.





4. Temperature Gradient Distribution of Ballastless Track in China


In order to study the influence of latitude and longitude and local climate on the vertical temperature gradient of ballastless track, this paper took 33 cities such as Harbin, Urumqi, Lhasa, Beijing, Shanghai and Haikou as examples to analyze the vertical temperature distribution of ballastless track under different geographical locations and climate. Calculation parameters: assuming that the weather is clear and cloudless, the wind speed is taken as 2.2 m/s, the atmospheric transparency coefficient is 0.85 [31] and the daily average maximum and minimum temperature of each month is taken as the ambient temperature. Taking the above meteorological parameters as the analysis input conditions, the temperature distribution of ballastless track in each region was analyzed by using the thermodynamic simulation model of ballastless track.



4.1. Distribution of Positive Temperature Gradient


Through thermodynamic simulation analysis, the maximum positive temperature gradient and occurrence time of ballastless track are summarized in Figure 8. The maximum positive temperature gradient of ballastless track in China is 13:00–16:00 p.m. from May to August. The occurrence time of the maximum positive temperature gradient is related to latitude and longitude and local climate. Generally speaking, the month of the maximum positive temperature gradient appears earlier in the low latitude area, and time appears earlier in the eastern area.



The maximum positive temperature difference in each area of ballastless track is 15.8–19.5 °C, and its distribution is related to longitude and the positive temperature difference of ballastless track in the western area is relatively large.




4.2. Distribution of Negative Temperature Gradient


According to the thermodynamic simulation analysis, except that the maximum negative temperature gradient of Fuzhou ballastless track appears at 5:00 a.m. in February, other areas appear at 5:00–5:30 a.m. in January, and the lowest temperature on the surface of track slab in the western region appears slightly later than that in the eastern region. The distribution of the maximum negative temperature difference of ballastless track is shown in Figure 9.



The lowest surface temperature of track slab is −19.5 to 12.7 °C, and its distribution is related to latitude. The higher the latitude is, the lower the local winter average temperature is, and the lower the surface temperature of track slab is. Taking Harbin as an example, the average temperature in January is −24 to −13 °C, and the surface temperature of track slab is −19.5 to 4.9 °C.



The maximum negative temperature difference of ballastless track is 7.8 to 15.1 °C. The distribution of the maximum negative temperature difference of ballastless track is related to longitude and terrain environment. The maximum negative temperature difference of ballastless track in southeast coastal area is smaller than that in southwest area.





5. Temperature Load Mode of Ballastless Track System in China


Based on the study of the influence of longitude and latitude, ambient temperature on the temperature gradient of ballastless track, the vertical temperature gradient formula of ballastless track was fitted, and the corresponding adjustment coefficients were proposed for the main cities of our country, providing reference for the determination of the temperature load of ballastless track in China.



5.1. Temperature Load Mode of Ballastless Track in China


Based on a large number of thermodynamic simulation analysis, the vertical temperature load formula for ballastless track in typical areas of China is shown in Figure 10.



Fitted as follows:


   t 1  = 18  e  − 6.5 x   + a  



(15)






   t 2  = 50  x 2  + 42 x + b  



(16)




where the  t  is the slab temperature at different depths between the track structure and the surface (°C),    t 1    is positive temperature gradient,    t 2    is negative temperature gradient;  x  is the depth from the track slab surface (m); and  a ( b ) is the regional adjustment coefficient of the positive (negative) temperature gradient obtained by fitting (Table 1). The square of the correlation coefficients in the fitting results are all above 0.9, indicating that the fitting results are relatively reliable.



According to the climate characteristics, China’s climate zones can be divided into five types: tropical monsoon climate, subtropical monsoon climate, temperate monsoon climate, temperate continental climate and plateau mountain climate. Table 1 lists the adjustment coefficients of typical representative cities in each climate zone, which can provide reference for the temperature load value of ballastless track in various regions of China.



Assuming that the thickness of the baseplate is 20 cm, it can be obtained from Formulas (15) and (16): the average vertical positive temperature difference of ballastless track in China is 17.0 °C, the negative temperature difference is 8.7 °C, in which the average positive temperature difference between the upper and lower surfaces of the track slab is 13.0 °C, and the negative temperature difference is 6.4 °C. The surface temperature of ballastless track in Chengdu, Changsha and southeast coastal areas exceeds 45 °C in summer, while the lowest surface temperature of track slab in Urumqi, Harbin and other places is lower than −16 °C.



Taking the representative cities in China as an example, the maximum gradients of track slab in Harbin (north region), Nanchang (middle region) and Guangzhou (south region) throughout the year are shown in Table 2. Taking Nanchang as an example, the annual temperature gradient changes are shown in Figure 11.




5.2. Stress of Track Structure under Annual Temperature Gradient Load


Based on the temperature conditions of Nanchang calculated in Table 2, under the action of temperature gradient load, the annual stress of track slab and baseplate at the most unfavorable position is shown in Figure 12.



It can be seen from Figure 12 that due to the influence of temperature load, the track slab and baseplate are inclined to tensile stress in spring and winter, and to compressive stress in summer and autumn, and the temperature change of ballastless track will decrease with the increase of track structure depth. Therefore, for the ballastless track structure, the daily temperature gradient change of the track slab on the upper layer is greater than that of the baseplate on the lower layer, and the corresponding stress fluctuation amplitude and frequency of the track slab are also greater than that of the baseplate.





6. Discussion


In order to explore the nonlinear temperature load mode of ballastless track on bridge, a series of studies was carried out in this paper.



First, the long-term observation of the temperature field of the longitudinal slab ballastless track on bridge was carried out, a large number of measured data were obtained, and the seasonal variation characteristics of the temperature field of the ballastless track were preliminarily discussed through statistical analysis. The observation period is more than one year, which can fully reflect the impact of climate conditions, date and time on the temperature field of ballastless track, and provide data basis and verification conditions for subsequent simulation analysis.



Second, through theoretical derivation, it is found that the temperature gradient distribution of ballastless track is related to the longitude and latitude, date, time, ambient temperature, wind speed, atmospheric transparency coefficient and concrete surface absorption rate of the structure.



Third, the thermodynamic analysis model of ballast track on bridge was established based on the large-scale general finite element software ANSYS. The solar radiation, convective heat transfer and radiation heat transfer effects are transformed into radiation heat flux for loading calculation, and the accuracy was verified by the measured data. By calculating the temperature distribution of ballastless track in 33 cities, the effects of longitude, latitude and local climate on the vertical temperature gradient of ballastless track were studied. Based on a large number of thermodynamic simulation analyses, the positive (negative) temperature gradient of ballastless track was fitted in the form of a power function (quadratic function) plus a regional adjustment coefficient.



In summary, the nonlinear distribution law of temperature field of ballastless track on bridge was studied through the combination of field test, theoretical analysis and finite element numerical analysis. The thermodynamic analysis model fully considers the influence of geographical location and local climate conditions, which can accurately calculate the temperature field of ballastless track on bridge in any area and significantly improve the calculation efficiency. The proposed temperature load model overcomes the shortcomings of regional limitations in the existing research, and makes up for the lack of refinement of climate division and temperature load model in relevant specifications to a certain extent. It has strong engineering application value and can provide reference for ballastless track construction on bridges at home and abroad.



Furthermore, the three-dimensional temperature field of ballastless track and the temperature field distribution of ballastless track under extreme temperature conditions (such as continuous high temperature and cold wave) need to be further studied.
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Figure 1. Track slab arcing of longitudinally connected ballastless track on bridge: (a) the shear failure of track slab; (b) the emptying of mortar layer. 
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Figure 2. Schematic diagram of temperature sensor arrangement: (a) structural drawing of beam cross-section; (b) schematic diagram of 28 temperature sensors embedding in ballastless track. 
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Figure 3. Burial site of temperature sensor: (a) binding condition of temperature sensor; (b) data acquisition instrument in box girder. 
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Figure 4. Temperature change at monitoring point of ballastless track (Section II). 
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Figure 5. Diurnal variation of temperature difference between upper and lower surface of ballastless track. 
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Figure 6. Daily change of vertical temperature of ballastless track (Section II): (a) autumn; (b) winter; (c) spring; (d) summer. 
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Figure 7. Comparison of thermodynamic analysis results with measured data. 
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Figure 8. Distribution law of positive temperature gradient of ballastless track: (a) month of maximum positive temperature gradient; (b) maximum positive temperature difference of ballastless track. 
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Figure 9. Maximum negative temperature difference of ballastless track. 
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Figure 10. Vertical temperature load of ballastless track. 






Figure 10. Vertical temperature load of ballastless track.



[image: Mathematics 10 00120 g010]







[image: Mathematics 10 00120 g011 550] 





Figure 11. Annual temperature gradient of Nanchang. 
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Figure 12. Stress of track structure under temperature gradient load. (a) Stress of track slab; (b) stress of baseplate. 
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Table 1. Adjustment coefficient of typical regions in China.
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Climatic zone

	
City

	
a

	
b






	
Tropical monsoon climate

	
Haikou

	
29

	
13




	
Subtropical monsoon climate

	
Changsha

	
30

	
3




	
Nanchang

	
30

	
3




	
Taipei

	
30

	
12




	
Macao

	
29

	
11




	
Guangzhou

	
29

	
10




	
Nanning

	
29

	
9




	
Fuzhou

	
29

	
8




	
Chongqing

	
29

	
5




	
Shanghai

	
29

	
2




	
Hangzhou

	
29

	
2




	
Nanjing

	
29

	
1




	
Hefei

	
29

	
1




	
Wuhan

	
29

	
1




	
Chengdu

	
26

	
3




	
Guiyang

	
25

	
2




	
Kunming

	
20

	
4




	
Temperate monsoon climate

	
Harbin

	
30

	
−19




	
Zhengzhou

	
28

	
−1




	
Jinan

	
28

	
−3




	
Shijiazhuang

	
28

	
−4




	
Xian

	
27

	
−2




	
Beijing

	
27

	
−5




	
Tianjin

	
27

	
−5




	
Taiyuan

	
25

	
−7




	
Shenyang

	
25

	
−12




	
Changchun

	
24

	
−16




	
Temperate continental climate

	
Yinchuan

	
25

	
−9




	
Lanzhou

	
24

	
−7




	
Urumqi

	
24

	
−5




	
Huhehot

	
23

	
−12




	
Plateau mountain climate

	
Lasa

	
22

	
−6




	
Xining

	
20

	
−9











[image: Table] 





Table 2. Extreme temperature gradient.
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	City
	Harbin
	Nanchang
	Guangzhou





	Maximum positive temperature gradient (°C/m)
	84.5
	81.3
	79.2



	Maximum negative temperature gradient (°C/m)
	−44.1
	−43.6
	−43.4
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