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Abstract

:

The large-span bridge is highly sensitive to temperature and wind loads. Therefore, it is essential to study the bridge’s fatigue life under the combined effects of temperature and static wind loads. This study focuses on the main bridge of Qiao Jia-fan 2# on the Yinkun Expressway (G85), with a span of 250 m and a configuration of a PC composite box girder bridge with corrugated steel webs. Firstly, on-site temperature and wind direction measurements with wind speed were conducted at the bridge site. Origin 2022 software is used to make mathematical statistics on the data, the representative values of atmospheric temperature difference between day and night and the basic wind speeds are calculated. Secondly, based on the basic wind speed in the most unfavorable wind direction, the static three-component force coefficients of bridge at different angles of attack are calculated by FLUENT 2022 R1 software. By comparison, the most unfavorable wind angle of attack, wind direction and wind load value of Qiao Jia-fan 2# Bridge are obtained. Finally, the finite element software MIDAS/FEA NX 2022 is used to analyze the fatigue life of the main bridge of the Qiao Jia-fan 2# Bridge. The analysis results show that the representative value of the temperature difference between day and night in the area where PC composite box girder bridge with corrugated steel webs is located is 22 °C, the most unfavorable wind direction is NNE wind direction, and the most unfavorable wind attack angle is 3° wind attack angle. It is found that the maximum stress of concrete and corrugated steel webs appears near the 0# block, and the life of corrugated steel webs is far greater than that of concrete.
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1. Introduction


Qiao Jia-fan 2# Bridge is located on the LJ09-1 section of Taiyang Development Zone to Pengyang section of Yinkun Expressway (G85). The upper structure of the main bridge is a prestressed concrete continuous beam with corrugated steel webs. Prefabricated prestressed concrete T beams are used in the upper structure of the approach bridge. The bridge span arrangement is (3 × 40) + (65 + 120 + 65) + (3 × 40) = 490 m, and the upper deck arrangement is arranged with a two-way four-lane expressway. The area where the project is located belongs to the semi-arid zone of the middle temperate zone, which has obvious continental climate characteristics. It is characterized by a strong influence of topography, low average temperature throughout the year, large temperature difference between day and night, and more disastrous weather.



For long-span Prestressed concrete (PC) box girder bridge with corrugated steel webs, the combined working condition of live load, temperature load and wind load is the control working condition of structural design, temperature load and wind load and should therefore be considered at the same time during the design. However, in the operation process, the bridge structure is in the external environment for a long time [1], and the load condition may exceed the design estimation, which leads to an impact on the durability of the bridge. It is reported that many bridges in the world have fatigue cracks or even brittle fractures during operation, so it is necessary to study the fatigue life of bridges [2,3,4,5,6,7].



In recent years, significant research has been conducted on the fatigue behavior of Prestressed concrete box girder bridge with corrugated steel webs. Ibrahim et al. [8] and Kövesdi et al. [9] both investigated plate girders with trapezoidally corrugated webs and studied their fatigue performance. They examined stress concentrations, identified causes of fatigue cracking, and proposed techniques for determining the fatigue life of these girders. The studies assessed various factors such as corrugation profile, stress ratio, combined stresses, and weld size, providing valuable insights for optimizing the design of girders with corrugated webs. Additionally, Kövesdi et al. [10] explored the impact of additional normal stresses on the bending resistance of girders with corrugated webs, highlighting the differences in stress distribution compared to conventional I-girders. These studies aim to enhance our understanding of the fatigue and bending behavior of corrugated web girders, ultimately improving our knowledge of their structural performance.



At present, the research on wind load of bridge structure is mainly concentrated on suspension bridge and cable-stayed bridge, and the research on wind load effect of long-span PC composite box girder bridge with corrugated steel webs is relatively insufficient. In addition, considering that the bridge has different longitudinal and transverse dimensions, the current bridge wind resistance specifications are usually considered in accordance with the full wind direction. However, this approach fails to fully consider the difference of wind load on the bridge structure under different wind directions. Therefore, it is necessary to distinguish the wind direction more carefully to evaluate the wind speed of the bridge in all directions more accurately, so as to improve the accuracy and safety of the design.



Therefore, this study takes the main bridge of Qiao Jia-fan 2# bridge as the research object. Firstly, Origin 2022 software was used to conduct mathematical statistics on the temperature from February to July 2023 and the measured data of wind speed and wind direction from February 2023 to February 2024 at the bridge site, and the representative value of atmospheric diurnal temperature difference at the bridge site [11,12,13] and the basic wind speed in different return periods under different wind direction angles [14,15] were obtained. Based on the basic wind speed of the most unfavorable wind direction, the wind load value of the most unfavorable wind attack angle is calculated by FLUENT 2022 R1 software. Finally, the finite element model of the whole bridge is established by MIDAS/FEA NX 2022 software, and the fatigue life of PC composite box girder bridge with corrugated steel webs under the combined action of temperature and static wind load is studied.



By observing the wind speed and temperature change data of Ningxia Autonomous Region over the years, it is found that the extreme temperature difference usually occurs in summer and winter, while the maximum wind speed generally occurs in spring. Therefore, this study selects the data from February to July 2023 to calculate the extreme maximum temperature and uses the wind speed data from February 2023 to February 2024 to calculate the most unfavorable wind load. The extreme maximum temperature and the most unfavorable wind load are loaded on the bridge to study the fatigue life of the bridge, which has certain engineering application value.




2. Collation and Analysis of Measured Data of Temperature and Wind


2.1. Wind Speed Warning and Monitoring System


Qiao Jia-fan 2# Bridge adopts a wind speed early warning system for high-altitude operations suitable for highway construction. The early warning system includes wind speed sensor, sound and light alarm, MCU control system, 4G module and power module. The wind speed sensor and the sound and light alarm are connected to the MCU control system. MCU control system is connected with 4G module. The 4G module is connected to the mobile phone terminal signal through Alibaba Cloud (Alibaba Group, Hong Kong, China). The power module is connected to the MCU control system and the 4G module. The wind speed early warning system is installed in each section. When the wind speed reaches level 5, information is sent to the mobile phone through the cloud system for early warning. When the wind speed reaches level 6, the sound and light alarm is sent to the mobile phone through the cloud system for the alarm. Construction is stopped on site, and the data is uploaded to the cloud in real time for researchers’ research. Early warning is carried out when the wind speed reaches Grade 5 and Grade 6. The whole early warning system is powered by solar energy and can be used outdoors for a long time. In this study, the data acquisition instrument is arranged at the 7# pier of Qiao Jia-fan 2# Bridge, 10 m from the ground, and measures the temperature, wind speed and wind direction data at the bridge site.




2.2. Representative Value of Atmospheric Temperature Difference between Day and Night Based on Statistical Analysis


Considering that the service life of the bridge is basically about 100 years, the extreme maximum temperature at the bridge site cannot be directly calculated only by collecting the temperature data of Qiao Jia-fan 2# Bridge for 6 months. Therefore, based on the measured data of 6 months, this section calculates the representative value of atmospheric temperature difference between day and night by mathematical statistics, and then obtains the extreme maximum temperature at the bridge site.



In this study, the two-parameter Weibull distribution is applied, which is determined by the shape parameter and the scale parameter [16]. The shape parameter controls the basic shape of the distribution density curve, the scale parameter controls the range of the curve and does not affect the shape of the distribution.



Its distribution function is as follows:


  W ( x : α , β ) = 1 −  e  −   (  x α  )  β     



(1)




where β is the shape parameter, α is the scale parameter.



The probability density function of the Weibull distribution is as follows:


    x > 0 ;   f ( x ) =  β α    (  x α  )   β − 1    e  −   (  x α  )  β        x ≤ 0 ;   f ( x ) = 0    



(2)







In the area where Qiao Jia-fan 2# Bridge is located, the atmospheric temperature difference between day and night was analyzed for six months from 1 February 2023, to 31 July 2023, and statistical analysis was carried out according to the field measured data.



In Figure 1, the time starting point is 1 February 2023. By analyzing Figure 1, it can be seen that the daily maximum temperature difference of the atmosphere is 24 °C. The atmospheric data from 1 February 2023 to 31 July 2023 were collected and statistically analyzed. The nonlinear curve fitting was performed using Origin 2022 software, and the Pearson χ2 test showed that the temperature difference obeyed the Weibull distribution of W(15.287, 3.981). The P–P diagram can be drawn from the accumulated proportion of measured temperature difference and the accumulated proportion of Weibull distribution.



By analyzing Figure 2, it can be seen that the cumulative probability of the expected temperature difference and the cumulative probability of the measured temperature difference approximately shows a straight line. The measured data of temperature difference is in accordance with the Weibull distribution of W(15.287, 3.981). See Figure 3 for the histogram of temperature difference between day and night and Weibull distribution.



The characteristic value of temperature effect is the effect value with a return period of 50 years. If calculated according to the design reference period of 100 years in the Chinese bridge code, the probability that the maximum temperature difference effect exceeds the characteristic value during the design reference period is 2%. According to the Weibull distribution function, that is, Formula (1), the standard value of the temperature difference between day and night at the bridge site can be calculated to be 22 °C. According to the measured data, the average temperature can be calculated to be 17 °C, which is added to the standard value of day and night temperature difference, and the extreme maximum temperature can be obtained to be 39 °C.




2.3. Probability Model Fitting of Wind Speed and Direction


In this section, through the field measurement of wind direction and wind speed of Qiao Jia-fan 2# Bridge, the measured data from February 2023 to February 2024 are obtained. Three different probability distribution models are used to fit the data to obtain the basic wind speeds of 10, 50 and 100 years return periods of different wind directions and all wind directions at the bridge site. The calculated basic wind speed of the all-wind direction is compared with the basic wind speed at the bridge site in the General Specifications for Design of Highway Bridges and Culverts (JTGD60-2015) [17], and the accuracy of the basic wind speed obtained by the method is verified.



2.3.1. Fitting Method


According to previous studies, it can be considered that there are three probability models for wind speed distribution [18]: Gumbel distribution probability, Frechet distribution probability and Weibull distribution probability, and the expression of probability density function is as follows:


  Gumbel :   y =  1 A   e    B − x  A     e  [ −  e    B − x  A    ]    



(3)






  Frechet :   y =  C A   e  [ −   (  x A  )   − C   ]     (  x A  )   − 1 − C    



(4)






  Weibull :   y =  C A   e  [ −   (  x A  )  C  ]     (  x A  )   C − 1    



(5)







In the formula, A, B and C are scale parameter, position parameter and shape parameter, respectively, which can be fitted according to the principle of least square method.



In order to determine the wind speed distribution under all wind directions, the wind speed distribution law under discrete wind direction can be determined first, and then the distribution parameters under discrete wind directions can be fitted to obtain the wind speed distribution probability under continuous wind direction. Reference [19] assumes that the variation of wind direction density function f and wind speed fitting parameters A, B and C on the circumference of wind direction satisfies harmonic function.



The expressions are as follows:


    f ( θ ) =  c f  +   ∑  m = 1    n f      d m  f   cos ( m θ −   e m  f  )     A ( θ ) =  c A  +   ∑  m = 1    n A       d m  A    cos ( m θ −   e m  A  )     B ( θ ) =  c B  +   ∑  m = 1    n B       d m  f    cos ( m θ −   e m  B  )     C ( θ ) =  c C  +   ∑  m = 1    n f       d m  f    cos ( m θ −   e m  C  )    



(6)




where f(θ) is the frequency of occurrence of any wind direction interval obtained by harmonic fitting; A(θ), B(θ), C(θ) are the distribution function; c, dm, em are the harmonic function parameters; and nf, nA, nB, nC are the harmonic function order.



After obtaining the probability density function of the wind speed and direction distribution, the distribution function of the joint probability distribution of the wind speed and direction at the bridge site can be obtained by integration:


  P ( θ , x ) =   ∬  f ( θ )    ⋅  y θ  ( x ) d x d θ , θ ∈ ( 0 , 2 π )  



(7)







In the formula, f(θ) is the probability density function of wind direction distribution fitted by Formula (6), and yθ(x) is the probability density function of wind speed under wind direction angle θ; The parameters A(θ), B(θ), C(θ) in yθ(x) are fitted by Formula (6), which are functions of wind direction angle θ.




2.3.2. Sampling and Fitting of Wind Speed and Direction


The statistical data are collected from the daily data of the bridge site from February 2023 to February 2024. Maximum wind speed refers to the maximum average wind speed in a certain period within 10 min at 10 m elevation. After calculation, the daily average wind speed is lower than the daily maximum wind speed, which is due to the longer action time of low wind speed and the shorter action time of high wind speed. However, high wind speed is the main reason for the fatigue damage of the structure. So, this section adopts the method of stage extremum to sample to determine the wind speed sample. The sample of average wind speed is divided into several sub-samples according to a certain time interval, and the extreme value of each sub-sample is taken as the sample point. Under normal circumstances, the sampling time can be 1 day [20], 4 days [21] or 30 days [22]. However, due to the short sampling time, in order to obtain more samples, the time interval of 1 day (the daily maximum 10 min average wind speed during the observation period) is taken as the time interval for the extreme value.



According to the specification [23], the 360° wind direction is divided into 16 wind directions with the interval of 22.5°. The wind direction statistics are carried out on the wind data sampled at intervals of 1 day, and the wind rose diagram representing the distribution frequency in each wind direction can be obtained, as shown in Figure 4.



It is not difficult to see from the rose diagram of wind direction that the wind direction in this area is mainly SSE, S and SW, followed by SE, SSW and NNE, and the frequency of other wind directions is low. Taking the maximum wind speed as the sample, the number of samples is too small, and the number of samples appearing in each wind direction is uneven, which leads to a small number of samples in some wind directions. According to Formulas (3)–(5), the distribution curves of wind speed probability density function under all wind directions are fitted with parameters under different probability distributions. Then, the probability density function of wind speed under each wind direction is fitted according to the wind speed distribution under discrete wind direction. Table 1 gives the parameter fitting values and correlation coefficients of wind speed probability distribution under discrete wind direction and full wind direction under three probability models.



In Table 1, A is the scale parameter, B is the position parameter, and C is the shape parameter. ∑ means all wind direction. r is the correlation coefficient, and the closer the value is to 1, the better the fitting effect.



For the correlation coefficient under each wind direction, the correlation coefficient under the fitting of Gumbel distribution and Weibull distribution is generally higher. However, for the all-wind direction, the correlation coefficient under the Gumbel distribution fitting is closer to 1 than the Weibull distribution, and the goodness is the best. Therefore, the calculation of basic wind speed in this study adopts the result of Gumbel distribution fitting. When the correlation coefficient is higher than 0.6, it is usually considered that there is a strong linear relationship, and the Gumbel distribution can be considered for fitting.




2.3.3. Basic Wind Speed Calculation and Result Analysis


After determining the three probability parameters of the joint distribution of wind speed and direction, the basic wind speed in a certain return period of different wind directions can be obtained. The basic wind speed calculation formulae, for the Gumbel distribution are as follows [24]:


     1 R  = N f ( θ )  {  1 − exp  [     U R  − B ( θ )   A ( θ )    ]   }       U R  = − A ( θ ) L n L n   R N f ( θ )   R N f ( θ ) − 1   + B ( θ )    



(8)







In the formula, R is the return period, and N is the number of strong winds in any one year. In this study, N is 365. UR is the basic wind speed of the R-year return period.



The basic wind speed of 16 wind directions in different return periods can be obtained by Formula (8), as shown in Table 2.



It can be seen from Table 2 that the Gumbel distribution has the maximum basic wind speed in the NNE wind direction, and the maximum value is 30.69 m/s. In most cases, the basic wind speed obtained by considering the effect of wind direction is smaller than that obtained by ignoring the effect of wind direction. However, there are exceptions, that is, the basic wind speed considering the influence of wind direction is larger than that ignoring the influence of wind direction, such as NNE and SSW wind direction.



Compared with the basic wind speed of 26.9 m/s in the 100-year return period of Guyuan area in the General Specifications for Design of Highway Bridges and Culverts (JTGD60-2015), it is found that it is smaller than the basic wind speed of 30.21 m/s in the 100-year return period of the whole wind direction calculated in this study. Because the basic wind speed of the 100-year return period in the specification generally adopts conservative design criteria to ensure the safety of the structure, this means that the basic wind speed in the specification may be lower than the actual observed wind speed, and there is a certain safety margin.



According to the Formula (6), the wind direction frequency and distribution parameters A and B of Gumbel distribution in Table 2 are fitted by Origin 2022 software, and the nf, nA, nB are taken as seven orders. The results are shown in Table 3.



The fitted harmonic function curves for each parameter are shown in Figure 5, Figure 6 and Figure 7.






3. Wind Load Calculation


3.1. Principle of Wind Load Calculation


Using FLUENT 2022 R1 software, the effect of the wind angle of attack on the wind load of the bridge was considered, and the change of the wind load of the bridge was analyzed under different wind angles of attack, so as to obtain the most unfavorable wind load value.



Because when the bridge section is considered as a rigid body in the wind field, the wind field will be disturbed, so that the flow point on the beam surface will change, and the faster the flow, the smaller the pressure. Therefore, the lift load is the difference in pressure between the upper and lower surfaces of the bridge section, and similarly, the drag load is the difference in pressure between the windward and leeward surfaces of the bridge section, and the pitching moment is generated by the inconsistency between the resultant force of lift and drag on the bridge section and its centroid. The bridge section in a fluid with velocity V will be subjected to forces FV along the bridge and FH in the trans-bridge direction, as well as the flow-induced static moment MT, as shown in Figure 8.



The static three-component coefficient on the bridge section is defined as [25]:


     C H  ( α ) =   2  F H    ρ  U 2  H        C V  ( α ) =   2  F V    ρ  U 2  B        C M  ( α ) =   2  M T    ρ  U 2   B 2       



(9)







In the formula, CH(α), CV(α) and CM(α) are the drag coefficient, lift coefficient and lift moment coefficient, respectively; FH, FV and FT are lift, drag, and lift moment, respectively; ρ is the density of air, taken as 1.225 kg/m3; U is the average wind speed; H and B denote the height and width of the segmental model; and α is the wind angle of attack. Because the three-component force varies accordingly with the wind angle of attack, it is generally taken as the maximum value in the range of −3° to 3° deviating from the safe wind angle of attack.




3.2. Model Validation


In order to ensure the accuracy of the simulation results, improve the calculation efficiency and accurately describe the flow characteristics near the wall, the Coupled numerical algorithm is used to study the static three-component force coefficient of the main girder section of the bridge by FLUENT 2022 R1 software. In the simulation process, the air is assumed to be an incompressible fluid that remains unchanged, and the SST k–ω model is selected as the turbulence model [26]. In this study, the computational domain is taken as a rectangle of 16B × 28B (B is the computed width of the box girder section, B = 12.75 m), as shown in Figure 9 boundary conditions of the calculation domain: the inlet is the velocity inlet boundary, the outlet is the pressure outlet boundary, upper and lower boundaries are symmetric boundaries. The maximum wind speed of the most unfavorable wind direction is 30.69 m/s, and the calculation cross-section is modeled by the actual size.



In the computational domain, the shape of the flow cross-section is established according to the shape and size of the object, and then the computational domain is divided into grids. In order to make the computational grid adapt to the changes in fluency variables, the grid division in places with drastic changes in fluency variables should be denser, while the grid division in places with slow changes should be sparse, and the grid size between the two should gradually transition, as shown in Figure 10.



Aiming at a concrete rigid frame bridge with a total length of 1010 m, the bridge span arrangement is 105 m + 4 × 200 m + 105 m. The bridge is located in the mountainous area, but the terrain is relatively broad and flat. In this paper, the mid-span section of the bridge is selected (see Figure 11 below), and the two-dimensional modeling analysis is carried out at 0° wind attack angle. In order to verify the reliability of the model, we compare the numerical simulation results with the wind tunnel test results to verify the feasibility of the numerical simulation [27].



The simulated wind speed U is adopted as 10 m/s. The simulation results include the main beam drag coefficient, lift coefficient and lift moment coefficient. The comparison results are shown in Table 4.



It can be seen from Table 4 that the simulated three-component coefficient is in good agreement with the experimental data. Although there is a certain error between the lift coefficient and the experimental data, it is within the acceptable range.




3.3. Three-Component Force Coefficient and Three-Component Force Calculation Results and Analysis


Five typical cross-sections are selected: side span 1/4 span (3.721 m,), side span middle span (4.460 m), abutment (7.300 m, as shown in Figure 12), middle span 1/4 span (5.668 m) and middle span center (3.500 m as shown in Figure 13). Since there is no measured wind attack angle data, selecting a smaller range of the wind attack angle can increase a certain degree of security. A total of seven wind angles of attack −3°, −2°, −1°, 0°, 1°, 2° and 3° are simulated for each calculation section and the incoming wind speed is taken as the design basic wind speed of 30.69 m/s in the 100-year return period of the most unfavorable wind direction.



As shown in Figure 14, Figure 15 and Figure 16, when the angle of attack remains unchanged, the drag coefficient and lift moment coefficient increase with the increase in beam height, while the lift coefficient decreases with the increase in beam height. When the beam height is the same, the drag coefficient and pitching moment coefficient decrease with the increase in the angle of attack, and the lift coefficient increases with the increase in the angle of attack.



A concept of relative three-component force coefficient is introduced here, which is calculated as follows [24]:


     C  H 0   =    C H     C  H ( 0 ° )          C  V 0   =    C V     C  V ( 0 ° )          C  M 0   =    C M     C  M ( 0 ° )        



(10)




where CH0, CV0 and CM0 indicate relative drag coefficient, relative lift coefficient, and relative lift moment coefficient; CH(0°), CV(0°) and CM(0°) indicate the drag coefficient, lift coefficient, and lift moment coefficient of the bridge at 0° wind angle of attack.



The effect of introducing the relative three-component coefficient is that the wind load at the known 0° wind attack angle can be multiplied by the relative three-component coefficient to obtain the wind load at different attack angles. Because the drag coefficient, lift coefficient and lift moment coefficient are quite different, the change trend of the three-component force coefficient under different wind attack angles can be analyzed more intuitively by the relative three-component force coefficient.



Because the variation law of wind attack angle-relative three-component coefficient of different beam heights is the same, only the wind attack angle-relative three-component coefficient diagram of the mid-span section of the bridge is given. As can be seen from the above Figure 17, the relative lift coefficient and relative lift moment coefficient gradually increase, and the relative drag coefficient gradually decreases as the wind angle of attack increases. The relative drag coefficient and the relative lift moment coefficient vary less, while the relative lift coefficient grows faster and takes the maximum value at 3° wind angle of attack, with a value of 1.81.



It can be seen that the wind load is the most unfavorable wind attack angle when the wind attack angle is 3°. It can be determined that the most unfavorable wind load direction is NNE and the most unfavorable wind angle of attack is 3°. Based on the basic wind speed of the 100-year return period of the most unfavorable wind direction, the static three-component force of each section of the corrugated steel web PC composite box girder bridge at 3° wind attack angle is calculated, as shown in Table 5. The load values in the table are applied to different sections of the bridge model built in Section 4 in the form of concentrated force and concentrated bending moment.





4. Fatigue Life Estimation of PC Composite Box Girder Bridge with Corrugated Steel Webs


4.1. Finite Element Solid Model


This study mainly studies the PC composite box girder bridge with corrugated steel webs with a span of 65 m + 120 m + 65 m. The upper structure of the bridge is shown in Figure 18.



There are five types of corrugated steel web thickness, which are 16 mm, 20 mm, 25 mm, 28 mm and 30 mm, respectively. The specific shape is shown in Figure 19.



According to the design drawings of Qiao Jia-fan 2# Bridge, the three-dimensional solid modeling of the main bridge of Qiao Jia-fan 2# Bridge is carried out by using MIDAS/FEA NX 2022 software, as shown in Figure 20. On the basis of ensuring the accuracy of the analysis, the necessary simplifications were made.



After fine meshing, the model contains 335,749 nodes and 303,422 units, as shown in Figure 21.



The modeling of each part is introduced in detail below.



4.1.1. Concrete Roof and Floor Model


The simulation of concrete roof and floor adopts the three-dimensional solid element and adopts automatic meshing technology in the process of meshing, as shown in Figure 22.




4.1.2. Simulation of Corrugated Steel Web Model


Because the thickness of the web varies from 14 mm to 30 mm, it is ideal to use the shell element to simulate the web structure, as shown in Figure 23.



By using the “engraving” function, that is, printing the waveform curve on the concrete roof and floor, as shown in Figure 24, the automatic coupling of the web and the roof and floor can be realized when the solid mesh is divided, thus forming an overall structure.




4.1.3. Simulation of Diaphragms


The model is composed of 12 diaphragms, which are connected to the top and bottom plates and corrugated steel webs. The diaphragm and the roof and floor use the same material, which are modeled by three-dimensional solid elements. When the MIDAS/FEA NX 2022 software is meshed, the nodes can be automatically shared to achieve automatic coupling. However, due to the different materials of the web and the diaphragm, the system cannot automatically connect them. Therefore, the diaphragm and the web in the model are only in contact with each other rather than automatically coupled. There is no mutually restrictive relationship between the two, which is consistent with the actual situation.




4.1.4. Simulation of Prestressed Steel Bundle


The external prestressing steel bundle is simulated by the truss element, as shown in Figure 25. By applying prestress on the truss element, the external beam tension process was successfully simulated, and good results were achieved.



The internal prestressing steel bundle adopts the implantable steel bar in MIDAS/FEA NX 2022, which is characterized by the method of adding the stiffness of the steel bar to the parent unit instead of using the element with nodes to simulate. As shown in Figure 26.




4.1.5. Material Property


C55 concrete (Anhui Conch Cement Co., Ltd., Anhui, China) is used in the concrete part of the box girder. Concrete is regarded as an isotropic homogeneous elastomer in the finite element method. The density of concrete is 2420 kg/m3, and the elastic modulus is 3.55 × 104 MPa. Poisson’s ratio is 0.2, the standard compressive strength of C55 concrete is 55 MPa, and the standard tensile strength is 2.74 MPa.



The corrugated steel web is made of Q355 steel (Shanghai Zhongnan Special Steel Group Co., Ltd., Shanghai, China), the modulus of elasticity of the steel plate is 2.06 × 105 MPa, Poisson’s ratio is 0.31, and the mass density of the steel plate is 7850 kg/m3.



The low relaxation and high strength steel strand is used as the internal prestressed steel bundle. The diameter of single strand steel strand is 15.20 mm, the area of steel strand is 140 mm2, the standard strength of strand is 1860 MPa, and the elastic modulus is 1.95 × 105 MPa. The prestressed tensile strength of the concrete top and bottom of PC box girder bridge with corrugated steel webs adopts the standard strength of 75% steel strand, that is 1395 MPa. The external prestressed steel strand adopts unbonded low relaxation epoxy coated steel strand, and the tensile strength adopts 60% standard strength of steel strand, that is, 1116 MPa.




4.1.6. Boundary Condition


As is shown in Figure 27, No.6 bearing is a fixed bearing; No.2 bearing is a unidirectional movable bearing, which allows the beam to deform freely along the transverse bridge direction; No.5, No.7 and No.8 bearings are unidirectional movable bearings, allowing the beam to deform freely along the bridge direction; and No.1, No.3 and No.4 bearings are bidirectional movable bearings, allowing the beam to deform freely along the bridge direction and transverse bridge direction.




4.1.7. Load Action Value


	
Structural deadweight: automatically taken into account by the program;



	
Phase II pavement: 0.1 m thick asphalt concrete × 24 kN/m3 = 2.4 kN/m2; 0.08 m thick reinforced concrete × 26 kN/m3 = 2.08 kN/m2



	
Guardrails: 1.1 m × 26 kN/m3 = 28.6 kN/m2;



	
Internal tension control stress: 1395 MPa; external tension control stress: 1116 MPa;



	
Overall temperature rise: this study considers the overall temperature rise is considered to be 39 °C.



	
Temperature gradient: using the values in the General Specification for Design of Highway Bridge and Culverts (JTGD60-2015), consider the thickness of the paving layer is 10 cm asphalt concrete, in which the vertical sunshine positive temperature difference T1 = 14 °C, T2 = 5.5 °C.



	
Wind load: take the value of wind load in the most unfavorable wind direction (NNE) and at the most unfavorable wind angle of attack (3°).



	
Vehicle load: according to the fatigue load model I of “Specifications for Design of Highway Steel Bridge” (JTGD64-2015) [28], the moving load condition is added. The longitudinal reduction factor is 0.97, the structural fundamental frequency is 1.04 Hz, and the impact coefficient μ is 0.05.







4.1.8. Comparison of Detected and Simulated Values


The bridge is symmetrical as a whole and the comparison between the measured displacement value and the simulated finite element value of the upper structure of the main bridge is given. The influence of dead weight + prestress + overall temperature rise (average temperature) + temperature gradient + static wind load (average wind speed 0° angle of attack) is considered in the model simulation.



In this study, the vertical displacement values of different units of the bridge from the construction of the bridge to the closure of the actual measurement and the vertical displacement values obtained from the modeling are given, as shown in Figure 28.



The unit numbers are numbered from left to right on the bridge. In the above comparison, the average value of the ratio of the detection value to the simulated value is 1.101, and the variance is 0.055. The results show that the detection value is basically consistent with the simulated value. Considering the influence of bearing settlement, sunshine temperature difference and temporary load, the error is within the acceptable range. Therefore, it can be concluded that the model is consistent with the actual situation.





4.2. Fatigue Life Estimation


When the bridge structure is subjected to constantly changing loads (such as vehicle load, temperature load and wind load) during operation, the internal stress of the structure will be constantly changing. We call this constantly changing load the fatigue load of the bridge structure during operation, and the stress produced by the fatigue load in the structure is called fatigue stress. Under repeated fatigue loads, the maximum stress that the structure can bear is called fatigue strength of the structure, which can also be called fatigue limit.



In this section, MIDAS/FEA NX 2022 is used for theoretical analysis, and MIDAS/FEA NX 2022 has been verified many times in terms of calculation accuracy. At first, MIDAS/FEA NX 2022 is compared with the similar examples of related application software such as Ansys, and the conclusion is basically the same. Then, compared with a large number of experimental data and measured data in engineering practice, it is found that its accuracy is very high. It is worth explaining that MIDAS/FEA NX 2022 adopts a new solver and applies modern new calculation methods and theories, and the calculation results are more accurate than those of other software.



4.2.1. Lane Loading


According to the fatigue load model I of “Specifications for Design of highway Steel Bridge” (JTGD64-2015), the moving load condition is added. In this study, the most unfavorable layout of fatigue load is the position where the maximum bending moment occurs in the middle beam of the middle span. Uniform load is distributed in the middle span, and concentrated load is applied in the middle span. Positive load is considered in the lane division of this bridge, and positive load is loaded according to the lane position divided in the drawing.




4.2.2. Fatigue Simulation Analysis Principle of MIDAS/FEA


Fatigue failure is mainly brittle fracture of structural materials under the fatigue load cycle, which is caused by cumulative damage of materials. The commonly used fatigue analysis methods include the stress-life method and strain-life method. The stress-life method is used for fatigue analysis in MIDAS/FEA NX 2022.



In general, the fatigue calculation in MIDAS/FEA NX 2022 is based on different materials, the bridge materials are Q355 corrugated steel web and C55 concrete. Observe the life cycle of box girder, that is, the number of repeated loads when fatigue failure occurs under repeated fatigue loads, and calculate the fatigue life of all positions, and the minimum value in the data is the fatigue life of the whole structure.



The S–N curve in MIDAS/FEA NX 2022 is the load amplitude with the same difference between the peak value and the valley value. The relationship between the stress ratio S under cyclic action and the number of loading cycles N when the model reaches failure. After inputting the material properties, an ideal S–N curve will be automatically generated inside the program [29]. The S–N curve is shown in Figure 29 below. The upper part is the point where 90% (Su) of the maximum stress amplitude is cycled 1000 times, and the lower part is the point where the fatigue limit stress amplitude (Se = 0.5Su) is cycled 1,000,000 times. The curve connects the two points.



The average stress in the material at the time of damage is much smaller than that at fracture damage, so the degree of fatigue damage to the structure at different stress levels should be considered in the fatigue performance analysis. The higher the average stress, the shorter the fatigue life. In order to analyze the effect of average stress on fatigue life, the software also provides two modified methods, Goodman and Gerber.


   Goodman   modified   formula :    σ a     S e    +    σ m     S u    = 1    Gerber   modified   formula :      σ a     S e    +   (    σ m     S u    )  2  = 1   



(11)




where σa—stress amplitude, σa = (σmax − σmin)/2; σm—mean stress, σm = (σmax + σmin)/2; Se—fatigue limit stress range; and Su—maximum stress amplitude.



Load curve reference [29] selects a toothed waveform with a period of 0.3077 s, as shown in Figure 30 below.




4.2.3. Fatigue Calculation Analysis


When using MIDAS/FEA NX 2022to establish the finite element model, the main analysis steps are three parts: establishing three-dimensional model, linear static analysis and stress fatigue calculation analysis. Generally, the stress of the model in MIDAS/FEA NX 2022 refers to the Von Mises stress of the analytical model, which can be regarded as a combination of normal stress and shear stress and can also be used to describe the joint action of complex stress states. Usually, we call this stress Van Mises stress. When the material changes, the fourth strength theory, which is the shape change energy theory in material mechanics, is more in line with reality.



As shown in Figure 31, the maximum Von.Mises stress in the concrete section is 24.22 MPa. As shown in Figure 32, the maximum Von.Mises stress in the web portion of the corrugated steel is 135.74 MPa. The maximum stresses all occur near block 0#.



The fatigue calculation results in the post-processing of MIDAS/FEA NX 2022 finite element analysis mainly include None life, Goodman life and Gerber life. Table 6 and Table 7 are the fatigue calculation results of the maximum Von.Mises stress point of the concrete part and the corrugated steel web part, respectively.



From Table 6 and Table 7, it can be concluded that the fatigue life of the maximum Von.Mises stress position of concrete can be regarded as the fatigue life of the PC composite box girder bridge with corrugated steel webs is 705,882 times, and the damage degree is 1.41 × 10−4%.



The simulation results show that the fatigue life of concrete is much smaller than that of corrugated steel webs, and the maximum stress of corrugated steel webs is much smaller than its design strength, and fatigue failure will not occur. And the maximum stress received by each part is smaller than the allowable stress.






5. Conclusions


In this study, the main bridge of Qiao Jia-fan 2# bridge is taken as the research background. Through the mathematical statistics of the temperature and wind speed and wind direction data in the area, the representative value of day and night temperature difference and the basic wind speed of different wind directions are obtained. Based on the basic wind speed of the 100-year return period of the most unfavorable wind direction, a two-dimensional finite element model was established by FLUENT 2022 R1 software to obtain the wind load value of the most unfavorable wind attack angle. Finally, the finite element model of the whole bridge is established by MIDAS/FEA NX 2022 software. Under the combined action of temperature and static wind, on the basis of theoretical discussion, the fatigue life of PC composite box girder bridge with corrugated steel webs is estimated. Through the above analysis, the following conclusions are drawn:




	
The temperature difference of PC composite box girder bridge with corrugated steel webs obeys the Weibull distribution of W(15.287, 3.981). The temperature difference of PC composite box girder bridge with corrugated steel webs is 22.33 °C, the average temperature is 17.46 °C, and the extreme maximum temperature is 39 °C. The temperature difference of PC composite box girder bridge with corrugated steel webs obeys the Weibull distribution of W(15.287, 3.981), and the temperature difference of PC composite box girder bridge with corrugated steel webs obeys the Weibull distribution of W(15.287,3.981).



	
According to the measured data of wind speed and direction in the area, the statistical method of joint probability distribution of wind speed and direction is adopted, and the extreme value distribution of wind speed at the bridge site is closer to Gumbel distribution; secondly, the harmonic function of Gumbel distribution parameters is fitted to the curve, and the distribution parameters under any wind direction are obtained. Then, the basic wind speed (30.69 m/s) is designed according to the 100-year return period of the most unfavorable wind direction, and it is brought into FLUENT 2022 R1 software. Finally, the most unfavorable wind load direction is NNE, and the most unfavorable wind angle of attack is 3°.



	
The MIDAS/FEA NX 2022 finite element model was developed, and it was found that the maximum stresses in both the concrete and the corrugated steel web occurred near block 0#. Estimating the fatigue life of PC composite box girder bridge with corrugated steel webs under the combined effect of temperature and static wind, the fatigue life of the stress concentration location with larger stress amplitude was obtained to be 705,882 times, with a damage level of 1.41 × 10−4%. It can also be seen that the fatigue life of concrete is much smaller than that of the corrugated steel web.



	
In summary, fatigue life and the extent of damage when loaded within the allowable stress range need to be analyzed in detail to avoid sudden fatigue damage at locations of stress concentrations and locations subjected to continuous repetitive loading.
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Figure 1. Temperature difference statistics. 






Figure 1. Temperature difference statistics.
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Figure 2. P–P diagram. 
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Figure 3. Diurnal temperature difference histogram. 






Figure 3. Diurnal temperature difference histogram.
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Figure 4. Rose diagram of wind direction. 






Figure 4. Rose diagram of wind direction.
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Figure 5. Scale Parameter. 






Figure 5. Scale Parameter.
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Figure 6. Position Parameter. 
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Figure 7. Wind Frequency. 
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Figure 8. Static three-component force acting on the main beam. 
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Figure 9. Calculation domain arrangement of main beam section. 
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Figure 10. Schematic diagram of structural meshing of the computed cross-section. 






Figure 10. Schematic diagram of structural meshing of the computed cross-section.



[image: Applsci 14 03165 g010]







[image: Applsci 14 03165 g011] 





Figure 11. Mid-span section of main beam. 
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Figure 12. Mid-span section of main girder. 
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Figure 13. Pier top section of main girder. 
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Figure 14. Drag coefficient of different beam height under different wind attack angle. 
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Figure 15. Lift coefficient of different beam height under different wind attack angle. 
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Figure 16. Lift moment coefficient of different beam heights under different wind attack angles. 
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Figure 17. Wind angle of attack-relative three-component force coefficient diagram. 
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Figure 18. Bridge superstructure diagram. 
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Figure 19. Corrugated steel webs (unit: mm). 
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Figure 20. Finite element model entity. 
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Figure 21. Finite element model grid. 
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Figure 22. Roof and floor grid division diagram. 
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Figure 23. Grid division diagram of corrugated steel webs. 






Figure 23. Grid division diagram of corrugated steel webs.
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Figure 24. The top and bottom plates and webs are coupled by “engraving”. 
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Figure 25. Externally prestressed steel bundle. 
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Figure 26. Internal prestressed steel bundle. 
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Figure 27. Support arrangement. 
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Figure 28. Comparison of measured and simulated values. 
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Figure 29. Concrete S–N curve. 
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Figure 30. Schematic diagram of loading curve of finite element simulation. 






Figure 30. Schematic diagram of loading curve of finite element simulation.
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Figure 31. Von.Mises stress diagram for concrete section. 
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Figure 32. Von.Mises stress diagram for steel web section. 






Figure 32. Von.Mises stress diagram for steel web section.
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Table 1. Fitting parameters of wind speed probability density curve under discrete wind direction.
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Wind Direction

	
Wind Frequency

	
Gumbel Distribution

	
Frechet Distribution

	
Weibull Distribution




	
A

	
B

	
r

	
A

	
C

	
r

	
A

	
C

	
r






	
N

	
2.00%

	
0.929

	
5.842

	
0.856

	
5.875

	
6.131

	
0.886

	
6.551

	
5.255

	
0.716




	
NNE

	
8.00%

	
2.982

	
6.893

	
0.786

	
7.045

	
2.243

	
0.786

	
9.163

	
2.554

	
0.738




	
NE

	
4.75%

	
1.101

	
4.895

	
0.849

	
4.968

	
4.152

	
0.834

	
5.349

	
5.846

	
0.844




	
ENE

	
4.25%

	
1.129

	
5.224

	
0.920

	
5.323

	
4.528

	
0.938

	
5.850

	
4.739

	
0.859




	
E

	
2.00%

	
1.158

	
5.500

	
0.846

	
5.866

	
4.211

	
0.797

	
6.304

	
4.331

	
0.859




	
ESE

	
5.00%

	
0.966

	
3.679

	
0.808

	
3.742

	
3.599

	
0.869

	
4.268

	
3.877

	
0.718




	
SE

	
11.00%

	
2.667

	
4.475

	
0.636

	
4.379

	
1.797

	
0.715

	
6.891

	
1.983

	
0.634




	
SSE

	
14.75%

	
0.585

	
3.284

	
0.793

	
3.240

	
5.851

	
0.851

	
3.728

	
6.583

	
0.725




	
S

	
12.25%

	
1.380

	
3.316

	
0.840

	
3.493

	
2.292

	
0.928

	
4.492

	
2.446

	
0.744




	
SSW

	
10.75%

	
3.014

	
5.285

	
0.747

	
5.302

	
1.548

	
0.703

	
7.555

	
2.144

	
0.749




	
SW

	
12.25%

	
2.827

	
5.379

	
0.711

	
5.314

	
1.881

	
0.717

	
7.610

	
2.306

	
0.713




	
WSW

	
4.50%

	
1.212

	
5.942

	
0.740

	
6.035

	
4.771

	
0.726

	
6.308

	
7.286

	
0.742




	
W

	
2.25%

	
1.253

	
5.821

	
0.762

	
5.956

	
4.673

	
0.739

	
6.392

	
5.562

	
0.861




	
WNW

	
1.75%

	
1.158

	
4.888

	
0.896

	
4.881

	
4.039

	
0.851

	
5.706

	
5.019

	
0.946




	
NW

	
2.00%

	
0.694

	
3.398

	
0.932

	
3.345

	
4.959

	
0.924

	
3.878

	
5.889

	
0.937




	
NNW

	
2.50%

	
0.343

	
3.021

	
0.882

	
3.053

	
7.774

	
0.877

	
3.591

	
6.297

	
0.818




	
∑

	
1

	
2.398

	
5.014

	
0.980

	
5.199

	
1.962

	
0.934

	
6.796

	
2.422

	
0.948











 





Table 2. Basic wind speed in different return periods.
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Wind Direction

	
f(θ)

	
Gumbel Distribution




	
10 Years (m/s)

	
50 Years (m/s)

	
100 Years (m/s)






	
N

	
2.00%

	
9.82

	
11.32

	
11.97




	
NNE

	
8.00%

	
23.82

	
28.62

	
30.69




	
NE

	
4.75%

	
10.58

	
12.35

	
13.12




	
ENE

	
4.25%

	
10.90

	
12.72

	
13.50




	
E

	
2.00%

	
10.46

	
12.33

	
13.13




	
ESE

	
5.00%

	
8.71

	
10.26

	
10.93




	
SE

	
11.00%

	
20.46

	
24.76

	
26.60




	
SSE

	
14.75%

	
6.96

	
7.91

	
8.31




	
S

	
12.25%

	
11.73

	
13.95

	
14.91




	
SSW

	
10.75%

	
23.30

	
28.15

	
30.24




	
SW

	
12.25%

	
22.62

	
27.17

	
29.13




	
WSW

	
4.50%

	
12.12

	
14.07

	
14.92




	
W

	
2.25%

	
11.31

	
13.33

	
14.20




	
WNW

	
1.75%

	
9.73

	
11.60

	
12.40




	
NW

	
2.00%

	
6.37

	
7.49

	
7.97




	
NNW

	
2.50%

	
4.57

	
5.12

	
5.36




	
∑

	
1

	
24.68

	
28.54

	
30.21











 





Table 3. The Gumbel distribution parameters of harmonic function fitting.
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	Fifth-Order Fitting Parameters
	A(θ)
	B(θ)
	f(θ)





	c
	1.462
	4.803
	0.062



	d1
	−0.409
	−0.377
	−0.047



	e1
	0.029
	−3.468
	−0.193



	d2
	0.576
	1.116
	0.032



	e2
	1.207
	8.202
	0.255



	d3
	0.255
	0.611
	0.011



	e3
	0.283
	0.715
	−4.585



	d4
	0.686
	0.503
	−0.015



	e4
	−4.225
	0.952
	0.034



	d5
	0.296
	0.496
	0.009



	e5
	0.012
	0.450
	1.014



	d6
	−0.458
	−0.476
	−0.006



	e6
	11.520
	5.055
	0.336



	d7
	−0.358
	0.145
	−0.011



	e7
	0.088
	−7.861
	−0.691










 





Table 4. Comparison of three-component force coefficients between numerical simulation and test.






Table 4. Comparison of three-component force coefficients between numerical simulation and test.





	Three-Component Force Coefficient
	Experimental Result
	CFD Simulated Result
	Error





	CH
	0.370868
	0.384444
	3.66%



	CV
	0.558385
	0.491538
	11.9%



	CM
	−0.129795
	−0.135794
	4.62%










 





Table 5. Three-component forces of different sections at 3° wind angle of attack.






Table 5. Three-component forces of different sections at 3° wind angle of attack.





	Beam Height
	Drag Force (N)
	Lift Force (N)
	Lift Moment (N·mm)





	3.500 m
	2037
	5496
	−14,789



	3.573 m
	2111
	5335
	−14,178



	3.721 m
	2251
	4854
	−13,303



	3.923 m
	2459
	4181
	−12,188



	4.170 m
	2662
	3786
	−11,330



	4.460 m
	2885
	3431
	−10,587



	4.725 m
	3095
	3219
	−9947



	5.017 m
	3314
	3078
	−9306



	5.332 m
	3564
	2984
	−8559



	5.668 m
	3780
	2927
	−7806



	6.026 m
	4056
	2905
	−6868



	6.326 m
	4313
	2913
	−6032



	6.638 m
	4566
	2915
	−5069



	6.963 m
	4852
	2931
	−3968



	7.300 m
	5141
	2950
	−2730










 





Table 6. Fatigue calculation results of concrete parts.






Table 6. Fatigue calculation results of concrete parts.





	Mean Stress Correction
	Cycle Index
	Damage





	None
	106
	0



	Goodman
	705,882.31
	1.41 × 10−6



	Gerber
	106
	0










 





Table 7. Fatigue calculation results of corrugated steel web section.






Table 7. Fatigue calculation results of corrugated steel web section.





	Mean Stress Correction
	Cycle Index
	Damage





	None
	106
	0



	Goodman
	106
	0



	Gerber
	106
	0
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