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Abstract

:

Formulas for computing the line shape of a thin-walled hollow pier body based on structural characteristics and measured sunlight temperature difference are derived using an analytical algorithm. In a case study of the No. 5 pier of a newly constructed continuous beam bridge on a mountainous expressway of Guizhou Province in China, the pier top’s displacement calculated by the analytical algorithm, currently accepted code, and a FEM program were each compared to its measured values. Furthermore, the effects of sunlight temperature difference, pier height, and wall thickness on the line shape of the pier body were explored, and the results show that the calculation values from these formulas were closer to the measured values than the currently accepted code, with a maximum error of 0.507 mm, demonstrating that the formulas have a more dependable result, higher precision, and more specific applicability. Thus, the algorithm provides a better method for the line shape calculation and construction control of thin-walled hollow piers because it can accurately account for sunlight temperature differences and pier height.
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1. Introduction


For thin-walled hollow high-piers in the state of the construction stage, any change in sunlight temperature leads to an uneven temperature field on a pier that typically presents with a nonlinear distribution [1,2]. This can lead to a large nonlinear temperature difference in the pier structure that can cause structural deformation, the temperature difference is affected by atmospheric temperature, sunlight radiation, section position, and other factors [3,4,5]. With the recent development of highway construction in China, the amount of high-pier bridge construction has been correspondingly increasing, and the height of piers has also been gradually increasing. However, it is common that pier top displacements exceed the allowable value (25 mm, H/3000, and ≤30 mm (H is pier height)) during the bridge construction stage [6]. The optimal configuration is that the linear of the pier after construction has no offset, and the offset value is 0 mm. In construction, when the linear offset of pier meets the requirements of the design specification, it can also be accepted. Nonlinear temperature changes not only affect a pier’s alignment but also produce a large eccentric bending moment at the bottom of the pier that affects the bearing capacity of the pier [7,8,9]. Hence, studies of the effects of sunlight temperature differences on the alignment of such high piers [10,11,12,13] are urgently needed.



The research on the effect of temperature on concrete structures began in the 1950s, when scholars from various countries initially studied the temperature field of concrete structures through a series of theoretical analyses and a large number of field experiments and successfully obtained some temperature field distribution laws for concrete structures [14,15,16,17,18,19,20]. However, the research on the effect of a sunlight temperature difference mostly focused on the superstructure of the constructed bridge [21,22,23,24,25,26,27,28,29] rather than the substructure under construction [30,31,32,33]. Research on the influence of sunlight temperature differences on the shape of thin-walled hollow piers under construction was even more scant. In recent years, though, with the wide application of hollow, thin-walled high piers in engineering, people have begun to pay more and more attention to the effects of temperature in their analyses of bridge substructures, especially high the piers [34,35].



Based on the theory of sunlight temperature distribution, Zhang [30] analyzed the temperature effect of a double-limbed rectangular hollow pier under a sunlight temperature load using the secondary development function of ANSYS and analyzed the influence of section shape on the pier’s temperature field. Dai [31] et al. used the generalized Pareto distribution and Centennial return period additive model to analyze the temperature–time change in the direction of pier thickness and predicted the most extreme temperature values during the return period, although they did so without experimental verification. Similarly, Liu [32] analyzed the influence of sunlight radiation and air temperature on thin-walled hollow piers in high-altitude areas according specifically focusing on low temperatures, the large temperature differences between day and night, and stronger solar radiation at higher altitudes. To study of the effects of sunlight temperature differences on the shape of thin-walled hollow piers, Lin [33] analyzed the effect of temperature with both three-cavity sections and double-limb sections. The results showed that the displacement of the pier top caused by the sunlight temperature difference was closely related to the change in air temperature, and the lateral displacement of the pier top was the largest when the external temperature was the highest. Likewise, Bi [3] established a three-dimensional simulation model of a thin-walled hollow pier using ANSYS software and analyzed the displacement of the pier top under the fabrication constraints. Based on ANSYS analysis and railway specification formula [36], Tang [37] calculated the top displacement of a thin-walled hollow high pier under the action of sunlight temperature difference, and then put forward an active control method for high pier body alignment.



However, there are still few studies on the effects of sunlight temperature differences on the substructure of bridges under construction, and research results on the effects of sunlight temperature differences on the alignment of high piers are still scarce. The only useful references have come in the Chinese Code TB 10052-1997 railway flexible pier bridge technical specifications [36] for the calculation formula of pier top displacement, or from the use of finite element software. However, the displacement calculation formula in the railway code is meant for railway flexible piers, and it has a long history of successful applicability, whereas the thin-walled hollow structure commonly used in high pier structures is not well suited for that formula as it fails to reflect the piers’ structural characteristics.



To solve the above-mentioned disadvantages, the finite element methods are used to tackle the problem of optimal high pier construction including modeling, boundary condition simulation, calculation, and result analysis, and an optimal high pier construction configuration is obtained in this study. Additionally, the field environment is complex and ever-changing, so that question of how best to simulate the real-world situation of these structures is also difficult. Therefore, this article uses the function integral method together with the equivalent linearization method to derive an analytical formula for thin-walled hollow pier top displacement caused by sunlight temperature differences according to this type of pier’s particular structural characteristics. Furthermore, it takes the No.5 thin-walled hollow high pier under construction of a continuous beam bridge in the mountainous area of Guizhou Province in China as a field example and use monitored temperature effects to compare the analytical formula to existing finite element calculations. These comparison results show that the analytical calculation formula has very high precision and thus can provide a new means for better taking sunlight temperature differences into account. Using the above formula and pre-bias method, it can provide a method for the linear construction control of the hollow pier.




2. Derivation of the Analytical Formula


2.1. Fundamental Assumptions


Consider a theoretical thin-walled hollow pier. It is assumed that the temperature distribution along the height direction of the pier is uniform, and the temperature distribution difference caused by local changes is ignored. The concrete materials are assumed to be homogeneous and isotropic, in line with the law of elastic deformation before cracks occur, and the Bernoulli plane deformation assumption is also applied. Deformation loads are thus calculated as unidirectional temperature loads and then superimposed to form the basis for multidirectional temperature load calculations.




2.2. Derivation


At present, the research on the influence of sunlight temperature differences on the alignment of bridge piers usually begins from the one-dimensional problem. First, the temperature field effects in the one-dimensional direction of the structural plane are analyzed, as shown in Figure 1, and then the temperature field effects in another dimension are analyzed. The total offset value is then obtained using a coupling calculation, and this analysis method has achieved the expected results in several practical engineering projects [31,32]. Referring to the relevant literature and specifications [37], under the action of a sunlight temperature difference between the AB-side and the CD-side, as shown in Figure 1, the temperature gradient pattern of box piers along the wall thickness is distributed exponentially [38] as follows:


  T  x  =  T 0   e  − a x    



(1)




where   T  x    is the temperature difference between the calculation point and the back surface (°C);    T 0    is the temperature difference between the front and back of the pier (°C);  a  is the exponential coefficient, generally taken to be 7; and x is the distance from the calculated point to the heated surface (m).



Figure 1 shows the deformation of the thin-walled hollow pier cross-section using a sunlight temperature difference diagram. The right side of the deformation diagram can be expressed in the X direction along the bridge but can also be expressed in the Y direction transverse bridge. Under the action of the nonlinear temperature gradient from sunlight, the longitudinal (transverse) fiber on the cross-section of the bridge pier swells and shrinks, and in the free state the free deformation curve of the fiber is similar to the shape of the sunlight temperature gradient curve (an exponential curve), as shown in Figure 1. However, since the longitudinal (transverse) fiber deformation on the cross-section needs to maintain the straight-line distribution assumed by the plane cross-section, the actual cross-section line shape is given by line 2 in Figure 1, and the self-constrained deformation between the longitudinal (transverse) fibers of the cross-section are shown as the shaded line in the figure. Since there is a free end, the thermally induced stresses should be 0 in the vertical direction of the pier.



Figure 1 shows that the self-constrained temperature stress in the cross-section is proportional to the free strain of the fiber and that the strain difference is retained after plane deformation. The calculation is as follows:


  ε = α  T 0   e  − a x    



(2)






   T x ′  =  T 1  −    T 1  −  T n     x d   



(3)






   ε ′  = α  T x ′   



(4)






   ε 0  ( x ) = ε −  ε ′  = α    T 0   e  − a x   −  T 1  +    T 1  −  T n     x d     



(5)






   σ 0  ( x ) = E  ε 0  ( x ) = E α    T 0   e  − a x   −  T 1  +    T 1  −  T n     x d     



(6)







In the above formulas:  α  is the material linear expansion coefficient ( α  = 1.0 × 10−5/°C);  d  is the width of a single pier;  ε  is the free strain of the fiber;    ε ′    is the actual deformation of the section;    T 1    is the surface temperature of the sunny side when the section is deformed in the plane (°C);    T n    is the surface temperature of the dorsal side when the section experiences planar deformation (°C);    T 0    is the temperature difference between the front and back of the pier (°C);    T x ′    is the equivalent temperature at the position  x  when the cross-section is plane deformed (°C);    ε 0  ( x )   is the strain difference between fiber-free expansion and section plane deformation (°C);    σ 0  ( x )   is self-constrained temperature stress; and E is the elastic modulus of concrete (MPa).



When the temperature field is stable, the deformation of the structure is related to the linear expansion coefficient of the material. In a typical pier structure, the volume of the steel bars is only 1% to 2% of the total volume of the structure, so the thermal conductivity of the pier structure is mostly affected by the thermal conductivity of the concrete. Therefore,  α  takes 1.0 × 10−5/°C. During construction the pier during construction is a statically determinate structure, so the temperature stress caused by sunlight temperature difference is only temperature self-stress σ0(x). According to the principle of temperature stress self-balance on a section, when the bar is in a free state, the bending moment on the section is   ∑ M = 0  , i.e.,     ∫  0 d   σ 0   x     d 2  − x    h 0  d x = 0  . From this formula, it can be obtained:


    h    T 0     1   a 2     e  − a d   +   d  e  − a d     2 a   +  d  2 a   −  1   a 2      −  1  12      T 1  −  T n     d 2    −      h 0     T 0     1   a 2     e  − a   d − δ     +     d − 2 δ    e  − a   d − δ       2 a   +     d − 2 δ    e  − a δ     2 a   −    e  − a δ      a 2            +    h 0     1  12 d      T 1  −  T n        d − 2 δ    3      = 0                      



(7)







The temperature gradient η along the wall thickness can be obtained from Equation (7) by equivalent linearization of the actual temperature difference curve:


    η =    T 1  −  T n   d      =   6  T 0    a h  d 3  − a  h 0   d 0 3        h d      2  a d   + 1      e  − a d   − 1   + 2   −      h 0   d 0       2  a  d 0    + 1      e  − a  d 0    − 1   + 2    e  − a δ          



(8)




where  d  is the longitudinal width of the pier section;  h  is the transverse width of the pier section;    d 0    is the longitudinal width of the hollow part of the pier section;    h 0    is the transverse length of the hollow section of the pier; and  δ  is thin-walled hollow high pier wall thickness. The rotation angle for the pier micro-segment   d y   is given by   α η d y  , so pier top displacement   Δ S   can be expressed as:


  Δ S =    ∫ 0 H   α η y d y     



(9)







Now, it assumes that   A = h × d   and    A 0  =  h 0  ×  d 0    so that when  d  is constant,  η  changes with the temperature difference. Substituting Formula (8) into Formula (9), thus gives:


    Δ S =   α η H Δ H  2          =   3 α H Δ H A  T 0       2  a d   + 1      e  − a d   − 1   + 2     a h  d 3  − a  h 0   d 0 3            −   3 α H Δ H  A 0   T 0   e  − a δ        2  a  d 0    + 1      e  − a  d 0    − 1   + 2     a h  d 3  − a  h 0   d 0 3       



(10)




where  H  is the vertical length of the pier (m), and   Δ H   is the distance from pier center to pier top (m). Since    e  − a δ     is small, on the order of 10−3 to 10−6, the second term of the molecule is much smaller than the first term, and it can be ignored here. Thus,


  Δ S =   3 α H Δ H d h  T 0       2  a d   + 1      e  − a d   − 1   + 2     a h  d 3  − a  h 0   d 0 3     



(11)







If the sunlight temperature differences are different for n different sections of the pier, the pier needs to be divided formally into these n sections to calculate the displacement of the pier top caused by the sunlight temperature difference in each section   Δ  S i    [39] as follows:


  Δ  S i  =   3 α  H i  Δ  H i   d i   h i   T i       2  a  d i    + 1      e  − a  d i    − 1   + 2     a  h i   d i    3  − a  h i    0   d i    0 3     



(12)




where   Δ  S i    is the free displacement of section  i  in the sunlight (m);  α  is the material linear expansion coefficient ( α  = 1.0 × 10−5/°C);    H i    is the length of segment  i  (m);   Δ  H i    is the distance from the center of section i to the pier top (m);    d i    is the width of the pier along the bridge in section  i  (m);    h i    is the transverse width of pier  i  (m);    T i    is the temperature difference between the sunny side and the back-sun side along the bridge in section  i  (°C);    d  i 0     is the longitudinal width of the hollow part of the pier body in section  i  (m);    h  i 0     is the transverse width of the hollow part of the pier body in section  i  (m); and n is the calculated number of segments. Superimposing the pier top displacement caused by each segment, the total pier top displacement is thus:


  Δ S =   ∑  i = 1  n   Δ  S i    =   ∑  i = 1  n     3 α  H i  Δ  H i   d i   h i   T i       2  a  d i    + 1      e  − a  d i    − 1   + 2     a  h i   d i    3  − a  h i    0   d i    0 3       



(13)







The above analytical formula applies to both the calculation of pier top displacement along the bridge and the calculation of pier top displacement across the bridge under the measured sunlight temperature difference. When calculating the transverse displacement of the pier top, it is only necessary to exchange the position of the along-bridge parameter    d i    (   d  i 0    ) and the transverse bridge parameter    h i    (   h  i 0    ) in Formula (13). Furthermore, after calculating the longitudinal and transverse displacements of the pier top, the total displacement S of the pier top can be obtained by coupling these two displacements [40,41].


  S =   Δ  S  l o n g i t u d i n a l  2  + Δ  S  t r a n s v e r s e  2     



(14)




where   Δ  S  l o n g i t u d i n a l     and   Δ  S  t r a n s v e r s e     are the displacement of the pier top along the bridge direction and transverse bridge directions, respectively.





3. Engineering Profile and Case Study Selection


3.1. Engineering Profile


For the Case study, taking a newly constructed continuous beam bridge on a mountainous expressway of Guizhou Province in China with a span arrangement of (3 × 40 + 3 × 40 + 3 × 40) m as an example, and whose superstructure uses a prestressed concrete (post-tensioned) continuous beam. The substructure abutment is U-shaped, and the No. 4 and No. 6 piers have a rectangular solid pier construction. The No. 5 pier, however, is a rectangular thin-walled hollow pier, and the rest of the piers are double-limbed cylindrical solid piers whose abutments pile foundations.



The No. 5 pier is 75 m high, making it the highest pier of this bridge, and the areas 1 m from the upper and lower ends of the No. 5 pier are a solid section, with the others being thin-walled hollow equal sections. Each section size is 3 m (along the bridge direction) × 6 m (transverse bridge direction), and the wall thickness is 0.55 m, as shown in Figure 2. A diaphragm plate with a thickness of 0.5 m is also set every 18.15 m in the vertical direction of the pier A generalized construction diagram of this pier is shown in Figure 2.




3.2. Temperature Monitoring Scheme


To analyze the sunlight temperature effect on the No. 5 pier, embedded thermometers were placed in its vertical 1/4, 1/2, and 3/4 sections. The layout scheme is shown in Figure 3. When pier construction height is low, the influence of sunlight temperature difference is small, so the thermometer measuring points were arranged starting from the vertical 1/4 section. Externally embedded thermometers were placed close to the outer side, and internally embedded thermometers were placed close to the inner side.



Figure 3 shows the layout of the measuring points at the vertical 1/4 section of the No. 5 pier, and the vertical 1/2 and 3/4 section measuring points were arranged in the same manner. The middle measuring point on the north side was the starting point, and clockwise from the outside to the inside, these were numbered 13 to 24 and 25 to 36, respectively. When installed, embedded thermometer is close to the inner or outer side of the pier, each thermometer was first fixed on the steel bar of the pier body, and then buried in the concrete after moisture and mechanical damage prevention steps were taken. In addition, a signal cable of embedded thermometer needed to be drawn out of the concrete’s surface.



The specific test instrument was an embedded thermometer (model: BGK-3700-0.2) provided by Geokon Instruments (Beijing) Co., Ltd. As shown in Figure 4, the core component of embedded thermometer adopts semiconductor thermistor sensor, and the measurement range was −30 °C ~ +70 °C, with a test accuracy of 0.2 °C. This instrument included a BGK-MICRO-40 automatic data acquisition instrument provided by Geokon Instruments (Beijing) Co., Ltd., and the supporting BGK-Logger software system was based on the WINDOWS working platform, which can read, save, and process the measurement data quickly and conveniently, as shown in Figure 5. The acquisition device also supported wireless transmission. The thermometer’s data signal was sent using BGK-187V3 professional cable transmission because this type of cable has superior waterproof performance, good data signal stability, and high precision.




3.3. Temperature Field Analysis of the Pier Section


Nearly three months of on-site temperature testing from the time the thermometers were installed in May, 2019 until the construction of the piers was completed in July, 2019. During the hot summer months, a large amount of temperature data were collected. To select the appropriate calculation parameters for the sunlight temperature differences, the temperature field changes of the pier section on a sunny day in May, June, and July were selected for analysis: May 16 (when the pier had been constructed to the 1/2 cross-section), June 16 (when the pier had been constructed to the 3/4 cross-section), and July 15 (when the pier had been completed). The three selected time points all reflect the period immediately after the completion of pier construction and maintenance, and the temperature of these measuring points is influenced almost entirely by sunlight. Temperature changes at each measuring point on the vertical 1/4 section of the pier on May 16 are shown in Figure 6.



From the above figures, it was considered that the temperature changes at the measuring points at similar positions on the pier in the longitudinal and transverse directions (both positive and negative sides) were the same. From early morning to about 7 a.m., the temperature of each side measuring point cools. In the morning, the east side and the north side were located on the positive side, and the temperature of the measuring points increased rapidly, however. By 13:00, the highest temperatures were 29.2 and 29 °C, respectively, before these sides came under shadow and began to cool. The measuring points on the west side and the south side were located in shadow in the morning, and thus they were subject to a similar (the peak temperatures were both slightly lower than the other two sides) yet time-shifted cycle compared to the east and north sides. At about noon, the temperature difference between the two sides of the pier along the bridge and across the bridge reached their maxima, which were 6 °C (along the bridge) and 5 °C (across the bridge), respectively. On June 16, the pier had been constructed to the vertical 3/4 section. The temperature changes in each measuring point of the vertical 1/4 section and 1/2 section of the pier on June 16 are listed below.



As shown in Figure 7, the temperature changes at the measuring points at the 1/4 cross-section and the 1/2 cross-section of the pier were the same at similar positions both along and across the bridge (both positive and negative sides). However, the maximum temperatures at each site in Figure 7 were higher than that in Figure 6 because the average daily temperature in June was higher than in May. In June, the sunlight time became longer as well. Starting at 6 a.m., the sides of the pier were already in a state of warming. The temperature rose until noon, at which point the highest temperature was reached, and the temperature at the measuring points began to trend downward. At about noon on the same day, the temperature differences between the two sides of the 1/2 section in the longitudinal and transverse directions were the largest, at 7.5 °C and 7 °C, respectively. On July 15, the pier had been completed, the temperature changes in each measuring point of the vertical 1/4 section, 1/2 section, and 3/4 section of the pier on July 15 are listed below. For brevity, only the temperature changes in along the bridge on the vertical 1/4 section and 1/2 section are listed.



Figure 8 shows that the temperature changes at the measuring points at similar positions of each section of the pier along both the bridge direction and the transverse bridge direction (both on the positive and negative side) were roughly the similar. In the morning, the temperature of the measuring point on the positive side of the 3/4 section rose rapidly and reached its highest temperature of 40.5 °C (north side) and 41 °C (east side) at 12:00 and 13:00, respectively. In the afternoon, the two sides came under shade, and the temperature of the measuring point cooled until 0:00 at night. The temperature of the 3/4 section of the pier was higher than the other sections as well, at up to 41 °C, but this was mainly due to the fact that July had much hotter weather than June or May as well as an earlier sunrise and higher sunlight intensity. Moreover, the higher the height of the pier section, the longer the sunlight radiation time. At about 12:00, the temperature difference between the two sides of the pier in both the longitudinal and transverse directions reached their maxima, which were 8.5 °C and 7 °C, respectively.




3.4. Selection of Calculation Conditions for Sunlight Temperature Differences


Since the transverse moment of inertia of the thin-walled hollow pier is larger than that along the bridge, the temperature difference along the bridge is more likely to cause linear deviation of the pier. Thus, the temperature condition of the maximum temperature difference along the bridge is selected for calculation.



Condition 1: On May 16, the sunny, maximum temperature difference between the front and back sides occurred at noon along the vertical 1/4 section of the pier. At this time, the external temperature of the north side along the bridge was 29 °C, the external temperature of the south side was 23 °C, the temperature difference was 6 °C, and the No. 5 pier of the bridge had been constructed to the vertical 1/2 section height. As shown in Table 1.



Condition 2: On June 16, the sunny, maximum temperature difference between the front and back sides again occurred at noon along the vertical 1/2 section of the pier. At this time, the external temperature of the north side along the bridge was 34.5 °C, the external temperature of the south side was 27 °C, the temperature difference was 7.5 °C, and the No. 5 pier of the bridge had been constructed to the vertical 3/4 section height. The maximum temperature difference conditions of 1/4 section and 1/2 section along the bridge are shown in Table 1.



Condition 3: On July 15, the sunny, maximum temperature difference between the front and back sides also occurred at noon along the vertical 3/4 section of the pier. At this time, the external temperature of the north side along the bridge was 40.5 °C, the external temperature of the south side was 32 °C, the temperature difference was 8.5 °C, and the No. 5 pier of the bridge had been completed. The maximum temperature difference conditions of each section along the bridge are shown in Table 1.



Since the No. 5 pier is located in a valley, the wind speed was small, and the duration of exposure to direct sunlight of each part of the pier is different. Thus, the lower the pier section height, the smaller the temperature difference.





4. Basic Theory and Finite Element Methods in Temperature Effect Research


4.1. Basic Theory of Temperature Effect Research


Beginning with a homogeneous isotropic material, a micro-element is shown in Figure 9.



In the Figure 9, dx, dy, and dz are the length of the three coordinate directions of the micro-element; qx is the heat flow into the micro-element, qx + dx is the heat flux of the derived micro-element.



According to the law of conservation of energy to analyze the thermal energy balance of the micro-element. The difference between heat entering and leaving the micro-element for a change dt in time is equal to the heat of the heat source and the thermodynamic energy, as shown in Figure 9. The heat conduction equation can be expressed as [42]:


    ∂ T   ∂ t   = λ      ∂ 2  T   ∂  x    2      +    ∂ 2  T   ∂  y       2        +    ∂ 2  T   ∂  z    2        +   ∂ θ   ∂ t    



(15)




where  λ  is the thermal conductivity coefficient (m2/h);  θ  is adiabatic heating (°C);  T  is the temperature (°C); and  t  is time (h).



If there is no internal heat source, the above formula becomes


    ∂ T   ∂ t   = λ      ∂ 2  T   ∂  x    2      +    ∂ 2  T   ∂  y       2        +    ∂ 2  T   ∂  z    2         



(16)







When     ∂ T   ∂ t   = 0  , there is a steady temperature field, and the field is unsteady otherwise. In addition, there exists a unique solution to the above equation for every set of initial conditions for the temperature problem.




4.2. Finite Element Methods


In ANSYS thermal analysis software, five kinds of thermal loads (boundary conditions) can be directly applied to solid or element models, namely constant temperature, heat flux, convection, and heat generation rate. There are three main means of heat exchange between bridge piers and the external environment: solar radiation, radiation heat transfer, and convection heat transfer. Compared to solar radiation and convection heat transfer, radiation heat transfer has little effect on the temperature distribution of the structure and can be ignored. Thus, only the temperature effect caused by solar radiation and convective heat transfer are analyzed, so that the final thermal load applied to the boundary nodes of the pier finite element model is the combination of the external comprehensive temperature and the comprehensive heat transfer coefficient [42]. The comprehensive temperature is the sum of air temperature and solar radiation equivalent temperature. it can be calculated as follows:


   T  s a   =  T α  +  a t  I / h  



(17)




where    T  s a     is the combined temperature (°C);    T α    is the measured external temperature (°C) of the bridge pier;  I  is the solar radiation intensity (W/m2), (refer to the Chinese national standard Specifications for design of heating ventilation and air conditioning for details [43]);  h  is the comprehensive heat exchange coefficient (W/(m2·°C)), which is the sum of the convective heat exchange coefficient   h c   and radiative heat exchange coefficient   h r  ; and    a t    is the absorption rate, generally taken to be 0.65 [37]. Since the heat radiation exchange coefficient is negligible compared to the convective heat exchange coefficient, the overall heat exchange coefficient can be taken as the convective heat transfer coefficient hc, which is given by: hc = 5.6 + 4.0 v, where v is wind speed (m/s).




4.3. A finite Element Model of the No. 5 Pier


Both the three-dimensional solid finite element method and the space bar finite element method can be used in the finite element analysis of the displacement of the pier top under the action of sunlight temperature difference of the No. 5 pier. The space bar finite element method is also called the space truss displacement method and is suitable for the calculation of grid structures. Although it is simple to model and fast to calculate, the error is slightly larger than that of the former because the model is not as fine as the three-dimensional solid finite element model [44]. For this reason, the more accurate solid finite element models are elected to study the pier according to theoretical construct.



First, the finite element analysis models of bridge piers under three working conditions were established by ANSYS finite element analysis software: finite element models of vertical 1/2 section height, vertical 3/4 section height, and bridge pier construction completion. The temperature field unit of the ANSYS finite element model was the SOLID87 three-dimensional solid thermal analysis unit, and the structural field unit was the SOLID187 three-dimensional solid structural analysis unit. When the thermal coupling analysis of the temperature field was carried out, the temperature load could only be applied to the thermal analysis unit SOLID87. After thermal analysis, conversion between the thermal unit SOLID87 and the structural unit SOLID187 was achieved through ANSYS interface operations and command streams in order to apply the structural stress load generated by thermal analysis and then complete the thermal coupling analysis of the structural temperature field. The three ANSYS finite element models of the No. 5 pier are shown in Figure 10.





5. Comparative Analysis of Algorithm Results


According to the measured meteorological data during the construction of the No. 5 pier, the average wind speed of the bridge site was 2.0 m/s. Measurement of the average wind speed is needed to calculate the comprehensive heat transfer coefficient. the reference temperature was set to 0 °C according to the relevant literature [45] in order to facilitate the application of temperature load in the ANSYS calculations. The deviation of the pier along the bridge caused by the sunlight temperature difference was more obvious than in any other direction, so the deviation of the pier top along the bridge in this direction is selected for calculation and analysis.



5.1. Finite Element Calculated Values


The displacement calculation under the action of a temperature field was carried out by ANSYS, and the displacement of the pier top of the No. 5 pier three sunlight temperature difference conditions was 2.157 mm (Condition 1), 5.801 mm (Condition 2), and 10.935 mm (Condition 3). As shown in Figure 11, Figure 12 and Figure 13.




5.2. Analytic Algorithm Results


The data from Section 3.4 were used to inform analytical calculations of the pier top displacement under a sunlight temperature difference effect along the bridge direction. The results are given in Table 2.




5.3. Specification Calculation Results


Referring to the Chinese national standard TB10052-1997 Technical specifications for flexible pier railway bridges, Article 2.3.6 [15,36], the formula for pier top displacement caused by sunlight temperature differences along the bridge is:


   Δ S  =   ∑  i = 1  n     6 α  T i   y i  Δ  y i  ( a  d i  − 2 )    a 2   d i 3       



(18)




where,    Δ S    is the pier top displacement caused by sunlight (m);  α  is the linear expansion coefficient of concrete, taken to be 10−5 (1/°C);    T i    is the temperature difference between the sunny side and the back of the bridge pier (°C);  a  is the coefficient, taken to be 7 (1/m);  n  is the number of segments;   Δ  y i    is the length of each calculated segment (m);    y i    is the distance from the center of segment i to the top of the pier (m);    d i    is the width of section i of the pier along the bridge (m). The results for the calculated pier top displacement along the bridge under three sunlight temperature difference conditions are given in Table 3.




5.4. Comparative Analysis


The analytic algorithm calculation values, standard calculation values, finite element calculation values, and field-measured pier top displacement values for the No. 5 pier under all three sunlight temperature difference conditions are now compared. To measure the actual displacement in the field, the TC1800 high-precision total station from Leica, Germany was used, which has a minimum angle measurement accuracy of 1″ and a minimum reading of 0.01 mm. The comparison results are shown in Table 4.



It can be seen from the table that the four groups of results were generally close, but the calculation results of the analytical algorithm were closer to the measured values of the pier than of the railway specification, and the maximum difference was only 0.507 mm. This shows that the calculation results of the analytical algorithm are reliable and have considerable accuracy.



The measured value of the pier top displacement was larger than the calculated value from the analytical algorithm, however, because the measured pier top offset was not only affected by the sunlight temperature difference but also by wind load and other factors. Under each of the three kinds of sunlight temperature difference conditions, the finite element calculation value was also consistent with the measured value of the pier top, and the maximum difference was 0.679 mm. The finite element calculated values were slightly smaller than the measured values because the ANSYS finite element method only considered the sunlight temperature load.



Among the three calculation methods, the difference between the calculated value from the Chinese reference and the measured value of the pier top was the largest, up to 2.857 mm (Condition 3). This is mainly because the reference is somewhat outdated, and it is mainly aimed at the calculation of the displacement of pier tops of flexible railway piers under sunlight temperature differences. its applicability is not directly transferrable to a thin-walled hollow pier.




5.5. Parametric Analysis


The No.5 pier of the Bridge is located in a V-shaped valley area, and due to the influence of this topography, the sunlight temperature difference was not very large. However, this is not the case in many different regions across China, and the linear changes in piers in these regions can also be quite different from those of the case study. Figure 14 shows the displacement results of the pier top calculated by analytical algorithm under different sunlight temperature difference conditions for the No.5 pier. It is assumed that the pier had been constructed to a height of 75 m at this time and that the pier consisted of only one segment. The remaining parameters were unchanged.



As Figure 14 shows, with an increase in sunlight temperature difference, the displacement of the pier top along and across the bridge also gradually increases. Specifically, when the sunlight temperature difference is 10 °C, the longitudinal bridge is 15.289 mm and the transverse bridge is 4.868 mm. Furthermore, the greater the temperature difference, the greater the displacement of the pier top, and the greater the displacement along the bridge compared to across the bridge. This is because the thin-walled hollow pier section transverse moment of inertia is larger than that along the bridge.



Figure 15 presents a graph of the changes in displacement for different pier heights. Because this graph is only for the height of the pier, it is assumed that the temperature difference between the longitudinal and transverse directions of the bridge was 5 °C and that the pier only consisted of one section. The other parameters remained unchanged. From the figure we see that the greater the height of the thin-walled hollow pier, the greater the offset of the pier top for a given sunlight temperature difference. Furthermore, the greater the sunlight temperature difference and pier height, the more significant the influence the sunlight temperature difference on pier alignment.



Figure 16 shows the displacements of the pier top when the wall thickness of the pier changes. If the wall thickness is too small, it affects structural safety, so the minimum wall thickness was set to be 0.5 m. Assuming the temperature difference of the pier to be 5 °C and that the pier only consisted of one segment, as above, other parameters remain unchanged. It can be seen from the Figure 16 that the offset of the pier top decreases with an increase in pier wall thickness, but when the wall thickness reaches 0.75 m, the offset of the pier top does not change much with further increases. This shows that for thin-walled hollow piers, increasing wall thickness has little significance after a point in limiting the displacement of the pier top.





6. Conclusions


Based on the structural characteristics of thin-walled hollow concrete piers, an analytical formula for the displacement of pier top caused by sunshine temperature difference was derived. The calculated values from this analytical formula are compared with the reference calculation values, finite element calculation values, and field measured values and analyzed the influence of sunlight temperature difference, pier height, and wall thickness on pier alignment. The conclusions are enumerated below.



	(1)

	
The analytical calculation formula derived in this paper has quite a high accuracy and thus can provide a new means to calculate and control the alignment of thin-walled hollow piers.




	(2)

	
The analytical formula is more suitable for the linear calculation of thin-walled hollow piers under the influence of sunlight temperature differences than the formula in the current Chinese railway code. The formula has more specificity to its application, and was also closer to the measured values than the reference formula, with a maximum difference of only 0.507 mm.




	(3)

	
The temperature difference due to sunlight has a great influence on the alignment of thin-walled hollow piers, and the greater the temperature difference and height, the more significant the influence on the alignment. When the temperature difference was 10 °C, the displacement of the pier top (75 m high) along the bridge was 1.5 cm. However, increasing pier wall thickness did not significantly limit the pier top displacement.
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Figure 1. Deformation of the pier section under a sunlight temperature difference. 
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Figure 2. Pier No. 5 structural design drawing (frontal plane) (unit: cm). 
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Figure 3. The arrangement of measuring points on the pier No. 5’s vertical 1/4 cross-section(①–⑫ is the number of the measuring points). 






Figure 3. The arrangement of measuring points on the pier No. 5’s vertical 1/4 cross-section(①–⑫ is the number of the measuring points).



[image: Buildings 13 01208 g003]







[image: Buildings 13 01208 g004 550] 





Figure 4. An embedded thermometer. 
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Figure 5. The BGK-MICRO-40 automatic data acquisition instrument. 
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Figure 6. Temperature changes at each measuring point at the 1/4 section of the pier on May 16. 
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Figure 7. Temperature changes at each measuring point at the 1/4 section and the 1/2 section of the pier on June 16. 
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Figure 8. Temperature changes at each measuring point at 1/4 section, 1/2 section, and 3/4 section of the pier on July 15. 
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Figure 9. Microunit thermal conductivity schematic. 
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Figure 10. The finite element models of the No. 5 pier. 
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Figure 11. The calculated longitudinal displacement result for the top of the No. 5 pier under Condition 1 (unit: m). 
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Figure 12. The calculated longitudinal displacement result for the top of the No. 5 pier under Condition 2 (unit: m). 
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Figure 13. The calculated longitudinal displacement result for the top of the No. 5 pier under Condition 3 (unit: m). 
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Figure 14. The pier top displacements caused by different temperature differences. 






Figure 14. The pier top displacements caused by different temperature differences.



[image: Buildings 13 01208 g014]







[image: Buildings 13 01208 g015 550] 





Figure 15. The pier top displacement caused by different pier heights. 
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Figure 16. The pier top displacements caused by different pier wall thicknesses. 
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Table 1. The measured temperatures of the pier on each side in the longitudinal direction (unit: °C).
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Condition

	
Location

	
Northside

	
Southside

	
Temperature Difference






	
Condition 1

	
1/4 section

	
29

	
23

	
6




	
Condition 2

	
1/4 section

	
33

	
26

	
7




	
1/2 section

	
34.5

	
27

	
7.5




	
Condition 3

	
1/4 section

	
37

	
30

	
7




	
1/2 section

	
39.5

	
31.5

	
8




	
3/4 section

	
40.5

	
32

	
8.5
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Table 2. The pier top calculated displacement results from the analytical algorithm (unit: mm).
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Condition

	
Location

	
Longitudinal Direction






	
Condition 1

	
total

	
2.293




	
Condition 2

	
0 ~ 1/2 segment

	
5.351




	
1/2 ~ 3/4 segment

	
0.717




	
total

	
6.068




	
Condition 3

	
0 ~ 1/2 segment

	
8.027




	
1/2 ~ 3/4 segment

	
2.293




	
3/4 ~ top segment

	
0.807




	
total

	
11.127
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Table 3. The pier top calculated displacements from the Chinese reference formula (unit: mm).
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Condition

	
Location

	
Longitudinal Direction






	
Condition 1

	
total

	
3.635




	
Condition 2

	
0 ~ 1/2 segment

	
6.946




	
1/2 ~ 3/4 segment

	
1.136




	
total

	
8.082




	
Condition 3

	
0 ~ 1/2 segment

	
9.756




	
1/2 ~ 3/4 segment

	
3.18




	
1/2 ~ top segment

	
1.281




	
total

	
14.217











[image: Table] 





Table 4. The results comparison of the pier top displacement calculations in the longitudinal direction (unit: mm).
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	Calculated Values
	Condition 1
	Condition 2
	Condition 3





	analytical algorithm
	2.293
	6.068
	11.127



	railway code
	3.635
	8.082
	14.217



	finite element
	2.157
	5.801
	10.935



	measured value
	2.8
	6.48
	11.36



	analysis-measured
	0.507
	0.412
	0.233



	code-measured
	0.835
	1.602
	2.857



	digital-measured
	0.643
	0.679
	0.425
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