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Abstract

:

The wind parameter distribution law at a bridge midspan in a U-shaped valley has important influence on the wind strength of this bridges. In this paper, the wind characteristics were researched by computational fluid dynamics (CFD). The surface roughness, the inlet wind speed, the wind speed profile, and the oncoming wind direction were selected as the initial conditions; the wind speed, the wind attack angle, and the wind azimuth angle were set as wind parameters; and the effect of the four initial conditions on the wind parameters was comprehensively analyzed. An innovative quantification model used to connect the coefficient of sensitivity factors with scale values was established, and the influence of initial conditions on wind parameters was studied by analytic hierarchy process (AHP) for the first time. The results show that the spatial distribution of wind characteristics in a U-shaped valley is complex and obviously affected by the initial conditions. The established quantification model has certain practicability. The AHP evaluation results showed that the influence of the oncoming wind direction on wind parameters was the most obvious. The influence degree of oncoming wind direction and wind speed profile on wind speed was just as important, accounting for 77.4%. The sensitivity of wind attack angle to oncoming wind direction was 60.8%, which was much higher than the surface roughness, inlet wind speed, and wind speed profile. The influence degree of oncoming wind direction on wind azimuth angle was the sum of the other three initial conditions.
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1. Introduction


At present, the study of wind parameters in valley areas is one of the hot spots of wind engineering research. In mountainous valley areas, the temporal and spatial variations of wind parameters are complex, and there is no uniform law. The influence of wind on the design, construction, and service of long-span bridges cannot be ignored, and are even among the controlling factors.



Research on the wind characteristics of a valley is mainly based on field measurements [1,2], wind tunnel tests [3], and numerical simulations. Although field measurement can directly obtain the wind parameter data at the measured position, it is time-consuming, labor-intensive, and requires huge investment, and the obtained wind parameters are limited in quantity, time, and space. On the other hand, the wind tunnel test is widely used, but there are some problems with the accuracy of feature flow simulation and scale model production. Finally, with the development of computer technology, computational fluid dynamics (CFD), the convenient operation and lower cost, numerical simulation is more widely used, and the reliability has been verified [4,5].



In terms of CFD simulation, Chung and Bienkiewicz [6] discussed the application of three turbulence models—modified k–ε model, standard k–ω model, and the standard—and it was found that was more consistent with the experimental data than the other two models. Braun and Awruch [7] used the pseudo-compressibility approach, large eddy simulation (LES), an arbitrary Lagrangean–Eulerian (ALE) formulation, and an explicit two-step Taylor–Galerkin method to simulate two-dimensional viscous turbulence. Li et al. [8] combined the weather model, RAMS, and the computational fluid dynamics model, FLUENT, into a one-way offline nested modeling system. Yan et al. [9] proposed a phase delay spectrum model to represent the spatial coherence of random wind fields. Wang et al. [10] used numerical simulation to study the neutral stratified turbulent boundary layer on a two-dimensional hill. Ren et al. [11] proposed a method of fine-tuning observations based on spatial correlation, which could consider the impact of complex terrain. Liu et al. [12] proposed an improved scheme involving only a basic random variable dimensionality reduction mode and non-uniform wavenumber interval. Lu et al. [13] used the RANS/LES hybrid model to numerically analyze the external flow field of the terrain, studied the wind speed amplification factor and the change law of wind parameters along the height, and discussed the canyon effect and thinning effect of the wind field. Based on the twisted wind profile conditions of the quasi-steady state theory, Li et al. [14] evaluated the influence of wind field characteristics on the buffeting response of a variable cross section bridge tower, where the bridge is located in a trumpet-shaped mountain pass. Wang et al. [15] used the CFD-based numerical simulation method to establish a numerical model of the canyon bridge-tunnel junction. Huang et al. [16] analyzed the wind directions’ effect on wind characteristics over complex terrain by CFD. Song et al. [17] also discussed the influence of wind direction on wind speed along the bridge axis.



In summary, scholars have undertaken many numerical studies on wind parameters at mountainous bridge sites, but only one or two of the factors such as oncoming wind direction, inlet wind speed, wind speed profile, or surface roughness were considered. However, the simultaneous influence of these initial conditions on wind parameters has not considered, and their influence degree of initial conditions remain unexplained.



On the other hand, the analytic hierarchy process (AHP) is a combination of qualitative and quantitative decision-making methods that are widely used in safety production technology evaluation, reliability evaluation, water quality index research, and other areas. It can quantitatively analyze the importance of multiple factors affecting an object, which is conducive to grasping key points of the problem. Therefore, the AHP was introduced as follows. Bakioglu and Atahan [18] used the interval value Pythagorean Fuzzy analytic hierarchy process to evaluate the weight coefficients of factors that affect the adoption of autonomous vehicles. Chen and Dai [19] proposed the analytic hierarchy process (AHP) of group decision-making based on the confidence index to construct a weighted cloud model. Ma et al. [20] used the analytic hierarchy process to evaluate, built a judgment matrix through expert scoring analysis, and then calculated a new weight for each DRASTIC parameter, which can reduce subjectivity to a certain extent, and the weight value tends to stabilize. Merhi et al. [21] used the AHP to study the critical success factors of data intelligence implementation in the public sector. Radhika et al. [22] conducted budget optimization of dynamic virtual machine provision by AHP whereas, at present, reports on the application of the analytic hierarchy process in bridge wind engineering are few. The reason may be the lack of a reliable mathematical model linking AHP and bridge wind engineering.



This paper used a U-shaped valley as the research object. The aim of this paper was to analyze the influence of the initial conditions on wind characteristics at a bridge site in a U-shaped valley. Through the numerical simulation method, the four initial conditions (surface roughness (five working conditions), inlet wind speed (five working conditions), wind speed profile (five working conditions), and oncoming wind direction (five working conditions, but one was the same as before) were considered in turn, and 19 working conditions were designed to obtain the distribution law of wind speed, wind attack angle, and wind azimuth angle at the middle of the bridge span. Then, a mathematical model of wind parameter factors and scale value was established, and the numerical calculation results and analytic hierarchy process were connected by the model. On this basis, the sensitivity of wind parameters to the four initial conditions was analyzed. This research can provide a reference for the simulation of wind fields and promote an understanding of the influence of the initial conditions on the wind parameter distribution in valley areas.




2. Numerical Calculation Model


2.1. Terrain and Calculation Domain


The U-shaped valley in this study is located in the Jinsha River section of Lijiang City, Yunnan Province, China. There are high mountains and deep valleys in this area, where a long-span suspension bridge will be built, and the bridge span is about 1400 m [23]. The bridge will span the river surface, and the height difference between the bridge deck and the river surface is about 600 m, as shown in Figure 1.



With the intersection point of the U-shaped valley as the center, the contour was created from the terrain with a radius of 5 km to generate the terrain surface of the valley. Based on a suggestion by Blocken [24], the lowest point of the calculation domain was located downstream of the river in the southwest direction, which was set as the height base point, 0 m. The highest point in the calculation domain was located at the southeast mountain peak, which represents the maximum elevation difference in the valley, denoted as H, 2075 m, as shown in Figure 2. In order to reduce the influence of the “artificial cliff” [25], a slope transition section with a maximum gradient of 30° was set, with a horizontal length of 3600 m, forming the calculation domain of the cylindrical internal cylinder. The size of the rectangular calculation domain was 18.975 km (width) × 58.7 km (length) × 12.45 km (height).




2.2. FLUENT Setting


FLUENT software, a fully implicit separation solver suitable for incompressible and low-velocity flows, was used for numerical simulation and an unsteady shear stress transport k–ω turbulence model [26,27], suitable for flow around bluff bodies, was selected. The SIMPLE algorithm calculates pressure–velocity coupling. The momentum equation, turbulent kinetic energy, and transport dissipation rate equations adopted the second-order upwind discrete scheme, and the residual convergence accuracy was taken as 1.0 × 10−6.



Considering the complex variation of wind characteristics in a mountainous valley, first, the steady model was used to solve and the flow field was initialized. After the calculation was stable, the transient model was used for solving [28]. According to the requirements of Courant–Friedrichs–Levy (CFL) parameters in FLUENT [29], the transient solution time should ensure that each iteration can be within a grid range and eliminate cross-grid errors, as shown in Equation (1). The CFL is computed by the solver and used to ensure the success of the simulation. The time step was set to 0.8 s, and the total time was 6000 s. After trial calculations, wind speed and air volume converged when the working condition reached 4500 s, so these values at the monitoring point were obtained by averaging the wind speed time series of the last 1000 s.


  C F L =   U Δ t   Δ L   < 1  



(1)




where  U  is the inlet wind speed (m/s);   Δ t   is the time step (s); and   Δ L   is the minimum grid length (m).




2.3. Mesh Division and Independence Validation


In order to improve the reliability of numerical simulation, grid independence validation research was carried out. The grid was generated by Gambit software, and was divided into six groups, as shown in Table 1, which increased from 2.9 million to 16.13 million in turn. Preliminarily judging by the nondimensional velocity profile trend at the monitoring point (Figure 1b), the nondimensional velocity profile of the Middle2 precision grid condition was seen to be in good agreement with that of the higher precision grid condition, as shown in Figure 3a. At the same time, the nondimensional velocity ratio was defined by the velocity of the Middle2, dividing the other cases at the same height. Due to the maximum of the nondimensional velocity ratio, ranged from 1.01 to 1.20, and 1.01–1.02 represents the relationship between the Middle2 and Fine1, Fine2. Furthermore, it can also be seen from Figure 3b that the accuracy of the Middle2 precision grid calculation was higher. Considering the numerical simulation accuracy and calculation cost, the Middle2 precision grid was finally selected as the calculation grid, and the number of grids was 11.5 × 107. Triangular mesh was used on the ground, and triangular prism mesh was used as a whole. Taking into account the subsequent roughness, based on Blocken’s suggestion [24], the first mesh boundary layer was 5 m and the growth rate was 1.15, for a total of 10 layers. The last layer of the mesh was 17.6 m and the total height of the boundary layer was 101.5 m, as shown in Figure 4.





3. Analytic Hierarchy Process and Initial Conditions


3.1. Analytic Hierarchy Process


The analytic hierarchy process (AHP) is a quantification method for processing qualitative problems that can be used to analyze the weight index of complex problems. The basic steps are as follows:



(1) Analyze the primary and secondary relations among various factors of the system and construct a hierarchical structure, which is generally divided into the highest level target layer, the middle level criterion layer, and the lowest level scheme layer. The number of elements in the criterion and scheme layers should not exceed nine.



(2) For each element at the same level, make pairwise comparisons for the importance of a certain criterion at the previous criterion level, and construct judgment matrix   A =    (   a  i j    )    n × n     for pairwise comparisons, as shown in Table 2.



(3) Calculate the weight vector    w i    and consistency index (  C I  ) of each element of a certain criterion according to the judgment matrix, and check the consistency ratio (  C R  ).   C R < 0.1   is required, and the next step can be performed only if the consistency check is satisfied; otherwise go back to step 2 to modify the judgment matrix.



Weight vector    w i    calculation methods include geometric average (square root), arithmetic average (summation), eigenvector, and least square methods. Since the value of each column in the judgment matrix approximately reflects the weight, the arithmetic average of all column vectors can be used to calculate the weight vector. Therefore, this paper adopted the arithmetic average method. The calculation steps are as follows. Calculate      a  i j    /    ∑  k = 1  n    a  k j         and normalize the judgment matrix elements by column, and then add and divide the normalized columns to obtain the weight vector, as shown in Equation (2):


   w i  =  1 n    ∑  j = 1  n      a  i j       ∑  k = 1  n    a  k j          



(2)






  C I =    λ  max     n − 1    



(3)




where    λ  max     is the maximum eigenvalue of the judgment matrix   A =    (   a  i j    )    n × n    , and  n  is the order of the judgment matrix.


  C R =   C I   R I    



(4)




where   R I   is the random consistency index, as shown in Table 3.



(4) Calculate the score according to the weight matrix, sort the weight of the factors, and provide evaluation suggestions.




3.2. Initial Conditions


According to the FLUENT calculation results, the wind speed component in three directions of the monitoring point position could be obtained: downwind speed  u , crosswind speed  v , and vertical wind speed  w , and the directions are consistent with the Cartesian coordinate system in the calculation domain. Wind attack angle  α  and wind azimuth angle  β  can be calculated according to Equations (5) and (6). Second, nondimensional wind speed factor    u ¯   , wind attack angle factor    α ¯   , and wind azimuth angle factor    β ¯    are defined and calculated by Equations (7)–(9), respectively.


  a = a c t a n  w     u 2  +  v 2       



(5)






  β = a c t a n  v u   



(6)






   u ¯  =  u   U  r e f      



(7)






   α ¯  =  α   α  r e f      



(8)






   β ¯  =  β   β  r e f      



(9)




where    U  r e f     is wind speed at a certain height;    α  r e f     is reference wind attack angle at a certain height; and    β  r e f     is reference wind azimuth angle at a certain height.





4. Results and Discussion


4.1. Influence of Initial Conditions on Wind Parameter


4.1.1. Surface Roughness


Under the influence of surface roughness, the wind speed near the ground will be reduced to 0. The simulation of surface roughness was summarized by Pattanapol et al. [30], which was divided into two methods: wall function and adding original resistance term. The wind speed calculation results of the two methods were quite different at low altitude. Pattanapol et al. [30], Blocken et al. [31], and others used the wall function to simulate the roughness of complex terrain. Therefore, in this section, the surface roughness was simulated by setting the wall function. The setting of roughness value    z 0   , referred to as Blocken’s recommendations [24,32,33], as shown in Equation (10):


   z 0  =    K S   C S    9.793    



(10)




where    z 0    is the surface roughness (m);    K S    is roughness height (m), which is related to the grid size and should not be less than two times the vertical distance    h p    from the centroid of the first layer of grid to the bottom; and    C S    is the roughness coefficient, which was 0.5 by default, indicating uniform roughness, and for uneven roughness, the value was 0.5–1.



As for Equation (10), it is suitable for use for CFD based on ANSYS. As the    C S    ranged from 0.5–1, the required cell height was limited to some extent by the maximum of    C S   , especially for the lowest boundary layer cell [32].



Therefore, roughness    z 0    was successively set as 0, 0.03, 0.06, 0.09, and 0.12 m, meeting the requirements of Equation (10). The inlet wind speed was taken as 27.1 m/s, according to the 100-year return period wind speed [34] of Lijiang meteorological station, which is the nearest station to the bridge site, so the wind speed at gradient wind height was 27.1 m/s. Taking 102° oncoming flow as an example, the influence of surface roughness on wind parameters is shown in Figure 5. Then taking the condition with the surface roughness of 0 m as the reference condition, and according to Equations (7)–(9), the nondimensional factors are shown in Figure 5b,d,f.



It can be seen from Figure 5 that, compared with the working condition without setting surface roughness, the influence of surface roughness on wind parameters cannot be ignored. The higher the surface roughness, the more obvious the influence on wind speed, wind attack angle, and wind azimuth angle. The surface roughness has a greater influence on the wind attack angle and wind azimuth angle than on wind speed profile. Specifically, the higher the roughness, the more obvious the influence on low-level wind speed below 1000 m. The maximum wind speed factor was about 1.05. The wind speed factor decreased gradually with increased height, and wind speed above 1000 m increased by about 1%. The influence of surface roughness on the wind attack angle varied with height and surface roughness. The higher the surface roughness, the higher the change in wind attack angle at a 5000 m altitude, with a maximum of about 2.5 times. The wind attack angle factor first decreased and then increased with height. Second, the higher the surface roughness, the larger the wind azimuth angle, and the influence on the wind azimuth angle at low altitude was more obvious. From the wind azimuth angle factor, the influence of roughness increased and then decreased, and the maximum amount was about 2.4 times. The wind azimuth angle factor first increased and then decreased with height.



According to the survey of the landform of the bridge site, there are weeds on both sides of the river, and some low trees are scattered on the ridges on both sides. The roughness length in the study was set as 0.12 m.




4.1.2. Inlet Wind Speed


Based on the previous section, in order to analyze the influence of inlet wind speed on wind parameters, the uniform oncoming flow was also set; the wind speed was 10–70 m/s, the interval was 15 m/s, and a roughness length of 0.12 m was set. Similarly, taking 102° oncoming flow as an example, the results are shown in Figure 6. Then, taking the condition with the inlet wind speed of 10 m as the reference condition, and according to Equations (7)–(9), the nondimensional factors are shown in Figure 5b,d,f.



As can be seen from Figure 6, taking the oncoming flow of 10 m/s as a reference, the influence of inlet wind speed on the wind speed profile was not obvious, the wind speed factor fluctuated within 3%, and it tended to increase then decrease with height. However, the influence of inlet wind speed on wind attack angle and wind azimuth angle could not be ignored. Specifically, the higher the inlet wind speed, the smaller the wind attack angle in a high position. For example, at a height of 4000 m, the wind attack angle factor under 10 m/s was about twice that under 70 m/s; at the same time, the higher the inlet wind speed, the higher the low-level wind azimuth angle. For example, at 500 m height, the wind azimuth angle under 70 m/s was about 3.0°, and the wind azimuth angle factor was about 2.5 times that under 10 m/s.




4.1.3. Wind Speed Profile


Based on the previous section, surface roughness height of 0.12 m was set. Similarly, taking 102° oncoming flow as an example, the wind speed profile adopted followed the recommendations by Zhang et al. [35]. As above-mentioned, we used the outlet of the downstream river in the southwest as the elevation base point, set as 0 m, and the height difference between it and the peak in the southeast, 2075 m. The average height of the surrounding mountains was about 1550 m, and the gradient wind height was about 350 m, so the gradient wind elevation was 1900 m. Combined with the specification [34], the wind speed at the gradient wind height was calculated to be 47.87 m/s. Considering that the distance from the bridge deck to the valley bottom was about 600 m, according to Equation (11), the wind speeds at bridge deck height were 41.99, 40.10, 37.42, and 34.12 m/s, as shown in Figure 7.


   U z  =  {     U g    (   Z   Z g     )  α  , Z ≤  Z g       U g    (   Z   Z g     )  α  , Z >  Z g       



(11)




where Z is height (m);    Z g    is the gradient wind height (m) and 1900 m was used in this paper;    U g    is the wind speed at the gradient wind height (m/s), which is taken as 47.87 m/s;   α   is the roughness index of ground surface type, taken as 0.12, 0.16, 0.22, and 0.30, named A, B, C, and D, respectively, with a group of uniform oncoming flow added for comparison, recorded as U; and the wind speed was taken as 47.87 m/s.



Then, taking the condition with the wind speed profile of U as the reference condition, and according to Equations (7)–(9), the nondimensional factors are shown in Figure 5b,d,f.



The influence of the wind speed profile on wind parameters is shown in Figure 8. As shown in Figure 8, compared with the uniform inflow condition, the influence of the wind speed profile on wind parameters was also obvious. Specifically, at the same height, the wind speed value was the largest under uniform oncoming flow, and the wind speed factor was smaller from class U to class D, indicating that the wind speed was increasingly affected by the wind speed profile, and the wind speed factor decreased with increased height. After reaching the gradient wind height, the wind speed factor tended to be consistent. At a 500 m height, the wind speed factor of class D was only 50% of that of class U. The setting of the wind speed profile for oncoming flow could increase the range of wind attack angle, which gradually increased from class A to class D; the increase range of class D was the largest, about 55%. The wind attack angle factor increased with height. In an area less than 1000 m, the influence of the wind speed profile on the wind azimuth angle was very obvious, and the influence degree gradually increased from class A to class D; the wind azimuth angle factor was the largest in class D, about 6.5 times.




4.1.4. Oncoming Wind Direction


Considering the terrain and climate features of the valley, the oncoming wind direction at the bridge site may be related to the valley extension direction and the dominant wind directions [1,2,17], so three directions along the extension of the valley and two dominant wind directions were designed: 102°, 211°, 326°, 90°, and 270°, as shown in Figure 1a. The surface roughness was set as 0.12 m, and the class C wind speed profile was set at the entrance. The wind speed at the monitoring point was divided by the wind speed at gradient height, and the result is shown in Figure 9.



Then taking the condition with the oncoming wind direction of 90° as the reference condition, and according to Equations (7)–(9), the nondimensional factors were shown in Figure 5b,d,f.



It can be seen from Figure 9 that, compared with the main wind direction of 90° (north wind), the oncoming wind direction had the most obvious influence on the wind parameters. The wind speed factor, wind attack angle factor, and wind azimuth angle factor were much larger than the other initial conditions. Specifically, when the oncoming wind direction was along the valley, the shape of the wind speed profiles was similar: 102°, 211°, and 326°. In addition, due to the limited influence of mountain blocking in this direction, the difference between the main wind direction of 90° and the wind profile of 102° was also not obvious. The most obvious distortion of the wind speed profile occurred in the 270° oncoming wind direction, and the wind speed factor was about 0.4–1.3. When a height of 2500 m was reached, the wind speed profiles tended to be the same. When analyzing the wind speed of a bridge in a valley, it is recommended that more attention is paid to the oncoming wind direction along the valley. The impact of the oncoming wind direction on the wind attack angle and wind azimuth angle is very severe, especially when the oncoming flow is blocked by mountains. According to Figure 9a,c,e and Figure 10b, in the range below 1900 m such as 270°, the oncoming flow was severely blocked by mountains. There was a large wake area, causing the wind speed value at the monitoring point to be significantly lower than the surroundings, the wind direction was distorted, and the wind attack angle and wind azimuth angle fluctuated drastically; the ranges were −10–20° and −90–90°.



The influence of the oncoming wind direction on wind parameters could also be seen from the wind profile and velocity contour shown in Figure 10. It could be found that the oncoming wind direction had an obvious influence on the wind characteristics, especially when the oncoming wind direction was 270°, that is, blocked by the mountains, as shown in Figure 1a and Figure 10b. Therefore, the wind speed, wind attack angle, and wind azimuth angle fluctuated strongly in the low height region such as the height was lower than 2200 m.





4.2. Impact Assessment


4.2.1. Hierarchical Structure Establishment


In order to study the degree of influence of the initial conditions on wind parameters, the analytic hierarchy process was used to analyze the ranking of factor weights. The ranking of influencing factors was the target level, the wind parameters were the criterion level, and the influencing factors were the scheme level. The hierarchical structure was designed as shown in Figure 11.




4.2.2. Establishment of Quantification Model


In order to link the scale value in the analytic hierarchy process with the numerical results of the wind parameter factors, a quantification model was established. The coefficient of factor sensitivity was defined, which represents the ratio of different wind parameter factors under the same boundary condition, and was used to evaluate the sensitivity of wind parameters. The coefficient of factor sensitivity can be calculated according to Equations (12)–(14):


   {   u ¯  ,  α ¯  ,  β ¯   }  ∈ ψ  



(12)






  Δ  ψ i  =  ψ  i _ m a x   −  ψ  i _ m i n    



(13)






   λ i  =   Δ  ψ i    m i n Δ  ψ i     



(14)




where  ψ  is the wind parameter factor including    u ¯  ,  α ¯  ,  β ¯   , which are wind speed factor, wind attack angle factor, and wind azimuth angle factor, respectively;    ψ  i _ m a x     and    ψ  i _ m i n     represent the maximum and minimum values, respectively, of the wind parameter factor corresponding to the  i th boundary condition, which are marked in Figure 6, Figure 7, Figure 8 and Figure 9;   Δ  ψ i    is the value range of the wind parameter factor; and    λ i    is the coefficient of factor sensitivity.



Furthermore, the quantification model was used to describe the relationship between the coefficient of factor sensitivity and the scale value in Equation (15), as shown in Figure 12 and Table 4. It could be found that the relationship between the coefficient of factor sensitivity and the scale value represents a logarithmic base 2. The scale value increased with the coefficient of factor sensitivity, but the increase velocity decreased gradually. In other words, as the scale value rises, the corresponding interval of the coefficient of factor sensitivity is sharply augmented.


  n =   log  2   (   4 3   (  λ +  1 2   )   )   



(15)








4.2.3. Impact Assessment Analysis


According to the coefficient of factor sensitivity of various wind parameters and Table 4, the scale value between each layer was drawn, as shown in Table 5. The first five columns of Table 5 consist of an antisymmetric matrix, and the scale value ranged from 1/6 to 6. It could be found that the initial conditions have a huge influence on the distribution of wind parameters.



Using the arithmetic average method to calculate the weights, the data in Table 5 meet the conditions of consistency and also verify the reliability of the quantification model. The final factor weights are shown in Table 6. And the shade of color indicates the size of the weight. The darker the color, the greater the weight.



Using the analytic hierarchy process to study the influence of initial conditions on wind parameters, we can see in Table 6 that for the wind parameters at the mid-span of the bridge in the U-shaped valley, the oncoming wind direction had the greatest influence on the wind attack angle and wind azimuth angle, and the weights were 0.608 and 0.500, respectively; the influence of wind direction and wind profile on wind speed was equivalent, reaching 0.387; and the influence of surface roughness and inlet wind speed on wind parameters was the smallest, not exceeding 0.21. The order of influence is as follows:




	(1)

	
For wind speed: oncoming wind direction = wind speed profile > surface roughness > inlet wind speed.




	(2)

	
For wind attack angle: oncoming wind direction > surface roughness > inlet wind speed > wind speed profile.




	(3)

	
For wind azimuth angle: oncoming wind direction > wind speed profile > surface roughness = inlet wind speed.












5. Conclusions


Influence of the initial conditions on the wind parameters at a bridge middle span in a U-shaped valley by CFD and AHP was investigated in this study. The main conclusions are as follow:




	(1)

	
The numerical results showed that the spatial distribution of wind parameters at the mid-span of a bridge in a U-shaped valley is complex and is significantly affected by the initial conditions.




	(2)

	
In order to connect CFD and AHP, the wind parameter factor and factor sensitivity coefficient were proposed. A new quantification model was established to describe the functional relationship between the factor sensitivity coefficient and the scale value, and the logarithmic function reliability was verified. An evaluation system for the influence of initial conditions on wind parameters was formed.




	(3)

	
The evaluation results showed that the influence of oncoming wind direction and wind speed profile on wind speed was equivalent, followed by surface roughness and inlet wind speed. The sensitivity of the wind attack angle to the oncoming wind direction was much higher than that of surface roughness, inlet wind speed, and wind speed profile. The oncoming wind direction had the greatest influence on the wind azimuth angle, which was the sum of wind speed profile, surface roughness, and inlet wind speed.




	(4)

	
As for the wind-resistant of bridges in the U-shaped valley, oncoming wind direction was the first initial condition and needs the comprehensive consideration. The second was the wind speed profile. The surface roughness and inlet wind speed were the least important factors.




	(5)

	
This paper did not fully consider the coupling effect of various initial conditions.
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Figure 1. Mesh grid of topographic model. (a) Valley terrain features and oncoming wind direction. (b) Sketch of bridge arrangement. 
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Figure 2. Calculation of domain size. 
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Figure 3. Grid independence verification. (a) Nondimensional velocity profile. (b) Nondimensional velocity ratio. 
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Figure 4. Schematic diagram of grid and boundary. 
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Figure 5. Influence of surface roughness on wind parameters: (a) Nondimensional wind speed profile; (b) Nondimensional wind speed factor; (c) Wind attack angle profile; (d) Wind attack angle factor; (e) Wind azimuth angle; (f) Wind azimuth angle factor. 
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Figure 6. Influence of inlet wind speed on wind parameters: (a) Nondimensional wind speed profile; (b) Nondimensional wind speed factor; (c) Wind attack angle profile; (d) Wind attack angle factor; (e) Wind azimuth angle; (f) Wind azimuth angle factor. 
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Figure 7. Wind speed profile of oncoming wind. 
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Figure 8. Influence of wind speed profile on wind parameters: (a) Nondimensional wind speed profile; (b) Nondimensional wind speed factor; (c) Wind attack angle profile; (d) Wind attack angle factor; (e) Wind azimuth angle; (f) Wind azimuth angle factor. 
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Figure 9. Influence of wind direction on wind parameters: (a) Nondimensional wind speed profile; (b) Nondimensional wind speed factor; (c) Wind attack angle profile; (d) Wind attack angle factor; (e) Wind azimuth angle; (f) Wind azimuth angle factor. 
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Figure 10. Profile and speed contour: (a) Wind speed profile of different oncoming directions; (b) Wind speed contour at different heights. 
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Figure 11. Hierarchical structure diagram. 
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Figure 12. Curve of factor sensitivity coefficient and scale value. 
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Table 1. Calculation grid.






Table 1. Calculation grid.





	Grid Precision
	Coarse1
	Coarse2
	Middle1
	Middle2
	Fine1
	Fine2





	Grid quality
	2,909,100
	5,380,410
	8,050,575
	11,494,320
	13,202,820
	16,131,445



	Maximum of the nondimensional velocity ratio
	1.20
	1.06
	1.06
	1.00
	1.02
	1.01
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Table 2. Matrix to judge scale meaning.
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	Scale Value
	Description





	1
	Two factors are of equal importance.



	3
	When comparing two factors, one is slightly more important than the other.



	5
	When comparing two factors, one is obviously more important than the other.



	7
	When comparing two factors, one is strongly more important than the other.



	9
	When comparing two factors, one is greatly more important than the other.



	2,4,6,8
	Median of two adjacent judgments above.



	Inverse
	  If   scale   value   is    a  i j     when comparing i to j,   then   scale   value   is    a  j i   = 1 /  a  i j     when comparing j to i.
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Table 3. Random consistency index    (  R I  )    value.
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	n
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14





	RI
	0
	0
	0.52
	0.89
	1.12
	1.26
	1.36
	1.41
	1.46
	1.49
	1.52
	1.54
	1.56
	1.58
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Table 4. Conversion between and coefficient of factor sensitivity and scale value.
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	Factor Sensitivity Coefficient    λ i   
	0.5~1.5
	1.5~3.5
	3.5~7.5
	7.5~15.5
	15.5~31.5
	31.5~63.5
	63.5~127.5
	127.5~255.5
	255.5~





	Scale value  n 
	1
	2
	3
	4
	5
	6
	7
	8
	9
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Table 5. Judgment matrix of the plan level.
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(a) Judgment matrix of the initial conditions effect on the wind speed




	
Wind speed

	
Surface roughness

	
Inlet wind speed

	
Wind speed profile

	
Oncoming wind direction

	
    ψ  i _      m i n     

	
      ψ i     _ m a x     

	
   Δ  ψ i    

	
      λ i    




	
Surface roughness

	
1

	
2

	
2/5

	
2/5

	
1.00

	
1.05

	
0.05

	
1.52




	
Inlet wind speed

	
1/2

	
1

	
1/5

	
1/5

	
0.97

	
1.00

	
0.03

	
1.00




	
Wind speed profile

	
5/2

	
5

	
1

	
1

	
0.46

	
1.01

	
0.55

	
17.74




	
Oncoming wind direction

	
5/2

	
5

	
1

	
1

	
0.37

	
1.32

	
0.95

	
30.61




	
(b) Judgment matrix of the initial conditions effect on the wind attack angle




	
Wind attack angle

	
Surface roughness

	
Inlet wind speed

	
Wind speed profile

	
Oncoming wind direction

	
    ψ  i _      m i n     

	
    ψ i     _ m a x     

	
   Δ  ψ i    

	
    λ i    




	
Surface roughness

	
1

	
2

	
2

	
1/3

	
0.69

	
2.46

	
1.78

	
3.24




	
Inlet wind speed

	
1/2

	
1

	
1

	
1/6

	
0.56

	
1.17

	
0.61

	
1.11




	
Wind speed profile

	
1/2

	
1

	
1

	
1/6

	
0.80

	
1.35

	
0.55

	
1.00




	
Oncoming wind direction

	
3

	
6

	
6

	
1

	
−7.28

	
10.15

	
17.43

	
31.80




	
(c) Judgment matrix of the initial conditions effect on the wind azimuth angle




	
Wind azimuth angle

	
Surface roughness

	
Inlet wind speed

	
Wind speed profile

	
Oncoming wind direction

	
    ψ  i _      m i n     

	
      ψ i     _ m a x     

	
   Δ  ψ i    

	
    λ i    




	
Surface roughness

	
1

	
1

	
1/3

	
1/5

	
0.93

	
2.38

	
1.45

	
1.00




	
Inlet wind speed

	
1

	
1

	
1/3

	
1/5

	
0.96

	
2.48

	
1.52

	
1.05




	
Wind speed profile

	
3

	
3

	
1

	
3/5

	
0.38

	
6.51

	
6.12

	
4.22




	
Oncoming wind direction

	
5

	
5

	
5/3

	
1

	
−15.60

	
24.51

	
40.11

	
27.64
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Table 6. Weight matrix of factors.
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Weight




	
Surface Roughness

	
Inlet Wind Speed

	
Wind Speed Profile

	
Oncoming Wind Direction






	
Wind speed

	
0.132

	
0.094

	
0.387

	
0.387




	
Wind attack angle

	
0.203

	
0.107

	
0.083

	
0.608




	
Wind azimuth angle

	
0.1

	
0.1

	
0.3

	
0.5
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