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Abstract

:

Structures in proximity subjected to a substantial lateral load (e.g., wind and earthquakes) can lead to a significant hazard known as structural pounding. If not properly mitigated, such impacts can lead to local and global damage (i.e., structural failure). Mitigation approaches can include providing a suitable separation gap distance between structures, installing adequate shock absorbers, or designing the structure for the additional pounding impact loads. Wind-induced pounding of structures can be of higher risk to buildings due to large deflections developed during wind events. The current study develops various mathematical formulas to determine the suitable separation distance between structures in proximity to avoid pounding. The developed procedure relies first on wind-load evaluations using Large Eddy Simulation (LES) models. Then, the extracted wind loads from the LES are applied to finite element method models to determine the building deflections. Various building heights, wind velocities, and flexibility levels are examined to prepare a training database for developing the mathematical formulas. A genetic algorithm is utilised to correlate the required separation gap distance to the varying parameters of the tall buildings. It was found that more complex formulas can achieve better mapping to the training database.
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1. Introduction


Buildings are constructed within dense metropolitan locations, ultimately in proximity to surrounding structures due to limited available land space and the increase in population. With the design of new, tall, and slender buildings, the term pounding has become an important objective when a structure is built within proximity. Pounding of structures has been defined by past scholars [1,2,3,4,5] as the interaction between two or more adjacent structures in proximity, causing a collision resulting from a lateral load. Furthermore, pounding can increase in probability due to the structures in proximity conducting out-of-phase vibrating due to the difference in their dynamic properties (e.g., stiffness and mass) [6], which can occur during high-velocity wind events [7]. Pounding can be considered a major risk to tall structures; for instance, Rosenblueth and Meli [8] explored a historical earthquake event resulting in many structural pounding occurrences. They concluded that pounding damages can range from minor to major structural damages and to the extent of global structural failures. A method for reducing structural pounding can include dampers (e.g., friction dampers) [9]. Structural dampers can be adopted in the structures’ braced frames and shear walls, including low-rise structures to mitigate large deformations caused by earthquakes and wind [10,11,12,13,14]. Most recorded pounding events have been initiated during earthquake appearances due to the induced ground motion transferring to the structures [3,5,6,8,15,16,17,18]. Many historical structural pounding events have been identified and studied from past earthquakes (i.e., 1971 San Fernando earthquake [6], 1985 Mexico earthquake [8,19], 1988 Saguenay earthquake [20], 1989 Loma Prieta earthquake [3], 1991 Cairo earthquake [21], 2011 Christchurch earthquake [22,23]). A pounding occurrence can also be produced when the structures involved are subjected to extreme wind events [14,24]. Extensive literature reviews on structural pounding have been presented by Brown and Elshaer [14] and Miari et al. [25].



As tall structures are increasing in height, flexibility, and slenderness, buildings are becoming more sensitive to wind load [24,26,27], as wind is typically the governing load for the new generation of tall buildings [28,29,30,31,32]. It was also indicated that there is a need to lower the building weight to ultimately reduce the gravity loads to control the inertial forces from earthquake events. This further contributes to an enlargement in the wind-induced forces and motions, resulting in wind-induced loads and motions becoming the typically governed applied load for the design of the lateral-load-resisting systems in tall structures [29,30,33] compared to seismic loads, since the forces are inertial due to ground motion [34]. A further examination from Aly and Abburu [35] used tall structures under multi-hazard events (i.e., wind and earthquakes) with similarities in structural properties and geological location to compare the dynamic responses of the structure investigated (i.e., lateral deflection, inter-storey drift, acceleration). In comparison to an earthquake, the same structure under wind loading can develop a more considerable lateral deflection and inter-storey drift magnitudes within an exact geological location (e.g., eight times larger in lateral deflection and 2.5 times more prominent in inter-storey drifts). Smith and Coull [36] stated that such a lateral load could develop intensive structural sway and strong vibrations throughout the structure. Over time, it is becoming more challenging to meet the serviceability requirements (i.e., maintain an adequate lateral deflection or control the extensive vibrations on tall structures) compared to meeting the strength and capacity requirements within a structure [28,37,38,39]. Due to structural sway in tall buildings, lateral deflection can damage the non-structural elements (i.e., cladding and partition) and main structural components to the extent of damaging possible adjacent structures [34,40,41]. Large levels of deflection in tall structures can be mitigated appropriately through structural design measures or by introducing external deflection-mitigation systems (e.g., dampers) [13,42,43,44,45].



Thorough studies have been performed to improve safety precautions to avoid pounding risk. Such precautions evaluated and developed an adequate separation distance between possible pounding structures to prevent contact during potential extensive lateral-load occurrences [46,47,48,49,50,51,52,53]. Additionally, when designing and planning for newly constructed structures, pounding risk can be assessed for existing structures to avoid the occurrence of structural pounding. However, many pre-existing structures already in proximity have been built with an insufficient separation distance due to old design codes and previsions, leading to pounding damage [54,55]. The majority of structural building codes identify the requirements for building deflections. A limited selection of structural building codes fails to identify a required minimum separation distance for possible structures located in proximity during hazardous wind events. Alternatively, other mitigations can be justified to limit damages from structural pounding if insufficient or no separation distance between such adjacent structures can be enabled. Despite rigorous research from scholars relating to structural pounding, an adequate separation distance was not correlated to the adjacent structures’ dynamic properties or the lateral loads [56]. Such deflections depend on the structure’s height, modal period, and the applied lateral load. The applied lateral load (e.g., wind events) can lead to out-of-phase vibrations arising from the possible structural pounding.



Accordingly, this study aims to examine a case study of two structures in proximity with varying wind intensity, height, and flexibility. The primary objective of this study is to systematically assess the required minimum Separation Gap Distance (dg,min) necessary to mitigate the potential risks of damages and failures arising from wind-induced structural pounding. The novelty of this research lies in its comprehensive approach, incorporating computational fluid dynamic (CFD) simulations while altering the applied mean wind velocities to determine wind forces acting on two adjacent tall structures. The extracted wind forces are then applied to structures using finite element method (FEM) models to determine the developed deflections for the two adjacent structures. After that, the responses of each structure are then used to determine its lateral deflections while maintaining a large enough dg,min between structures not to conduct possible structural pounding. Finally, once results are conducted and recorded, a genetic algorithm (GA) is then utilised to formulate the most accurate mathematical formula for estimating the required dg,min based on the structural natural frequency, building heights, and the applied wind.



This study is divided into five major sections. The first section (current section) introduces the terms and components of structural pounding and the possible arising mitigations, along with the most relevant literature about structural pounding. Section 2 presents the adopted methodology used to generate the training data for the developed mathematical formula. Section 2.1 establishes the numerical Large Eddy Simulation (LES) produced in the adopted CFD wind analysis. To determine the structural response when subjected to wind loads, an FEM model is developed and validated in Section 2.2. In Section 2.3, a description of the developed mathematical formula is presented to determine an adequate dg,min. Wind forces are then collected and produced in an FEM model to determine the dynamic response of the adjacent structures based on their structural properties and applied mean wind velocities. These lateral results enabled the determination of lateral deflections of tall structures for various building heights, building flexibilities, and wind speeds, which are described in Section 3 (Results and Discussion). Section 4 correlates the lateral deflections using mathematical formulas to determine the sufficient minimum separation-gap distance (dg,min) for the building parameters controlling the lateral deflection. Lastly, Section 5 is presented to conclude the study’s findings.




2. Mathematical Estimation for Required Minimum Separation-Gap Distance (dg,min)


The current study aims at deriving a mathematical formulation to determine the required minimum separation-gap distance (dg,min) between two tall adjacent structures, in proximity and subjected to wind, to avoid structural pounding. The adjacent structures will vary in height, natural frequencies, and applied wind loads. The study first conducts a series of LES to determine the applied wind forces acting on the adjacent two structures. Once all wind forces are evaluated, an FEM analysis is performed and validated to determine the dynamic responses of the simulated structures. The deflection time–histories for both adjacent structures are recorded throughout the applied wind. An adequate dg,min is determined where no structural pounding occurs. Once identified, the smallest dg,min is determined through FEM analysis based on the structure’s height, natural frequency, and applied mean wind velocity. These input values are used with a GA to formulate a reliable mathematical formula for determining an adequate dg,min between two structures in proximity. Figure 1 summarises the procedure for determining the required dg,min.



2.1. Extracting Wind-Load Time–History Using Computational Fluid Dynamics


In order to accurately model a required dg,min to avoid structural pounding between two adjacent tall structures in proximity, a numerical model must be precisely developed. A high-fidelity CFD model is generated while considering all required fluid properties and structural details. Some of the fluid properties include the density of air equal to 1.2929 kg/m3 and terrain exposure considered as urban, where the inflow generator, the boundary conditions, turbulence intensities, and turbulence length scales are discussed in the following section (Section 2.1.1), which are adopted from Aboshosha et al. [57] and Elshaer et al. [58]. The current study’s initial structure considered is the Commonwealth Advisory Aeronautical Research Council (CAARC) structure. The CAARC structure has been an optimal ongoing benchmark in many experimental and numerical wind-related studies [59,60]. The structural properties validated in the CFD model are considered as non-slip wall boundaries, with the model scaled height set to 456.2 mm, along with wind width at 76.2 mm, and across wind width of 114.3 mm. The structural properties utilised in the FEM analysis are described in Section 2.2.1, and adopted from Chan et al. [61] and Huang [62]. Once adequately modelled in the numerical FEM, various building heights are simulated (e.g., 180 m, 140 m, 100 m, and 60 m) while adjusting the sizes of the utilised steel sections (see Section 2.2) to maintain an accurate design according to the AISC steel code [38,62], for the purpose of determining the required dg,min.



As mentioned, the tallest height of 180 m was selected as it represents the benchmark model in both the CFD and FEM analysis. Steel properties are validated and utilised based on the CAARC structure. Moreover, the shortest structure height that was selected was 60 m, as this is the smallest height that is still considered dynamically sensitive to wind, as per the NBCC 2020 [63]. The remaining structural heights of 100 m and 140 m were then considered for a consistent increase in height intervals while not producing redundancy through little height change. The structure’s full-scale geometric shape is 180 m in height, 45 m in width, and 30 m in length. In the CFD simulation, all aerodynamic characteristics are adopted as per Elshaer et al. [58] (i.e., exposure, mean wind velocity, turbulent intensity, turbulent spectra, density of air, mesh discretization, computational domain). Then, the FEM analysis uses specific structural attributes in accordance with the studies of Chan et al. [61] and Huang [62] (i.e., structural dimensions, material properties, steel columns and beam sizes, damping ratio, density of steel, Young’s modulus, and Poison’s ratio). The most unfavourable incident wind direction is considered, acting on the longer side of the structures (i.e., zero wind angle of attack along the y-axis), which was considered in the dynamic response from past studies [61,62].



2.1.1. Description of CFD Physics and Boundary Conditions


A CFD simulation [64,65,66] employs an LES model with computational domain dimensions shown in Figure 2a. The computational domain consists of four different types of boundary conditions, which are as follows. The non-slip wall boundary condition is assigned to all ground and walls of the studied structure. Symmetry boundary conditions are considered for the sides and top faces of the computational domain to mirror velocities and pressure characteristics across these surfaces. The inflow boundary condition is located at the front surface of the computational domain to utilise a database for each velocity component depending on both its location and time (e.g.,      u   x     (x, y, z, and t)). This has been previously generated using a Consistent Discrete Random Flow Generator (CDRFG) technique developed in past studied [57,58,67]. The outlet is the rear surface of the computational domain to model the outflow, consistent with the CDRFG inflow shown in Figure 2b [57], which is represented as the mean wind velocity (    U   a v    ) distribution, illustrated in Equation (1).


    U   a v   =   U   a v r e f         z     z   r e f         α    



(1)




where     U   a v r e f     is the mean wind velocity at reference height     z   r e f    , equal to 10 m/s and 0.364 m, respectively;   z   is the height; and   α   is the empirically derived coefficient representing the stability of the atmosphere.



The conducted LES uses a dynamic sub-grid scale with a commercial CFD package (STAR-CCM+ v.15.04.008) [68,69]. The structure’s reference height is 0.4562 m in the model scale with an exposure factor of an open terrain environment. The study uses a length and time scale of 1:400 and 1:100, respectively. Each simulation is a total of 14,000 time steps to represent a total time of 7.0 s in the model scale (i.e., 11.5 min full-scale); a time step equal to 5 milliseconds allows the Courant Friedrichs-Lewy (CFL) to be maintained at less than 1.0 to ensure the wind solution’s accuracy and convergence (i.e., maximum CFL = 0.5 at the top of the studied structure). The turbulence intensity reference in the x, y, and z directions are 0.197, 0.167, and 0.145, respectively. The turbulence length scale in the x, y, and z directions are 0.563 m, 0.147 m, and 0.186 m, respectively. Turbulence intensities and length scales within the computational domain are examined and validated with the CAARC structure model, following the methodology presented by Aboshosha et al. [57] and Elshaer et al. [58]. These studies thoroughly demonstrated the self-maintenance of the turbulence characteristics throughout the computational domain, confirming their consistent behaviour until reaching the analysed structure. To conduct the CFD simulations, simulations are performed using the high-performance computer (HPC) facility [70]. The duration required for performing one CFD simulation was sixty hours, which took place using ninety-six processors.




2.1.2. Computational Domain Discretization


Within the computational domain, a grid discretization must be considered where hexahedral meshes are used. Table 1 summarises the grid resolution and properties for the isolated CAARC structure. The grid used in the computational domain is divided into four zones, as indicated in Figure 3. Starting from the furthest away from the structure of interest, Zone 1 is considered the largest grid. Closer to the structure, Zone 2 and Zone 3 are deemed to have medium-sized grids. The last zone, Zone 4, is considered closest to the building of interest, with the smallest grid size. Compared to the other three grid zones, a decrease in grid size will capture essential flow details around the structure in the wake zone and from the zones between the inflow boundary condition (as previously mentioned) and the structure of interest. Grid zones are chosen based on Aboshosha et al. [57] and Elshaer et al. [58] and are validated with similar comparisons shown in Figure 4a,b. With the validated grid zones, a total number of   1.75 ×   10   6     mesh cells are counted. The mesh count considered was refined in a study by Elshaer et al. [58] and was found to be adequate for their analysis.




2.1.3. CFD Model Validation


An experimental wind tunnel study by Dragoiescu et al. [73] is used as a validation benchmark for the CFD simulation in the current study. Figure 4a shows the comparison of the mean Pressure Coefficient (Cp) from the developed LES model simulation to those from previous wind tunnels and numerical simulations [60]. Similar comparisons for the Root Mean Squared (RMS) Cp are shown in Figure 4b. Computational error can be attributed due to the difference in the nature of experimental versus numerical testing. Additionally, the causes of error can also be associated with the need for longer fluid duration to ensure conversions. The CFD model was validated based on Aboshosha et al. [57] and Elshaer et al.’s [58] computational domain analysis, providing satisfactory comparisons in accuracy. The current CFD model showed comparable results to the wind tunnel and numerical simulations [73].




2.1.4. Computational Domain of Two Adjacent Structures in Proximity


Two adjacent model–scale CAARC structures were introduced into the computational domain, maintaining consistency with the validated single CAARC structure in terms of domain properties and mesh grid sized outlined in the previous sections. To prevent computational errors stemming from extremely small eddies, the adjacent structures were analysed completely flush between each structure, eliminating fluid properties and meshing interactions between the two structures. Figure 5 illustrates the mesh grid resolution for the two adjacent structures.




2.1.5. Determination of Wind Forces on the Studied Structure


A time–history of forces acting on each storey of the structure is obtained from the LES simulation in order to be used for determining the structural response using FEM simulations. Using LES, two equal-sized buildings are examined to represent two CAARC structures. Each structure is divided into 45 equal levels to represent the 45 storeys. Figure 6 shows all the divided storeys (highlighting the 25th storey on the upstream (first) building) of both structures. The forces in the x, y, and z directions in each storey are integrated over their surfaces and monitored over time. Individual time–history wind forces in the x and y direction are captured to perform the structure’s dynamic responses for two adjacent tall structures. Wind forces are monitored individually per storey, per structure as the sum of the force from all surfaces on each storey. The applied wind force time–history will act at each structure’s centre diaphragm of each storey in the FEM model. A scale factor is then magnified for each time–history force to full-scale, based on the applied mean wind velocity (i.e., 20 m/s has a scale factor of 640, 30 m/s has a scale factor of 1440, 40 m/s has a scale factor of 2560, 50 m/s has a scale factor of 4000). Figure 7a–d show samples of the wind force’s time–history acting on the 45th storey for each structure in the x and y directions in full-scale. Similar time–history forces are conducted for buildings with heights of 140 m, 100 m, and 60 m. Similar simulations are performed for different inflow with mean along-wind velocities of 20, 30, 40 and 50 m/s, which will be further discussed in Section 2.2.2. The first 50 s are not captured in the CFD analysis to allow for the initial converging of wind flows.





2.2. Modelling of Structural Response of the Colliding Buildings Using FEM


A 180 m, 45-storey-tall steel rectangular skeletal structure (i.e., 30 m by 45 m long, respectively) is used as the initial validated structure for the FEM analysis (i.e., CAARC structure). The computer program used in this work is the program package from ETABS [74], v.18. The steel frame members (i.e., beams and columns) were modelled as frame elements with wide flange cross-sections as detailed by Chan et al. [61] and Huang [62]. Each frame element has its own specific start and end node within its element. The floors are modelled as shell elements and act as a single diaphragm per storey. The connections throughout the overall structure are considered to all be rigid, including the foundation of the structure. Once the simulated steel skeletal structure is in good agreement with the validation model, other simulations (e.g., 140 m, 100 m, and 60 m tall buildings) are then calculated in accordance with the preliminary strength check for the AISC. The gathered time–history wind loads from the numerical LES modelled analysis are then scaled to full-scale and applied to the two adjacent steel structures in proximity using the FEM model. The identical adjacent tall structures in proximity are examined to determine an adequate dg,min where no structural pounding occurs. This dg,min will be used in the later sections to determine mathematical equations for mitigating wind-induced pounding.



2.2.1. Finite Element Model Validation of CAARC Building


The full-scale CAARC structure is 180 m tall, with 45 similar storeys (each storey is 4 m in height), with a 10-bay-by-15-bay steel rectangular skeletal framework, as seen in Figure 8a. Each bay is 3 m wide. The validated CAARC structure’s steel size members are based on the work of past scholars [61,62], and designed based on a preliminary strength check according to the AISC steel code (2001) to accurately replicate the validated model, as previously mentioned in Section 2.1. The steel columns and beams are selected based on the W14 and W30 sizes, respectively. The remaining structures (e.g., 140 m, 100 m, and 60 m) will be designed similarly to maintain the preliminary strength check (see Table 2). A fixed ground connection is considered to give the overall building a rigid floor connection. The structure acts as a moment-resisting frame, transposing forces from the beams to the columns and to the fixed ground connections. The steel structures’ modal damping ratios are at 2% to calculate the dynamic drift responses, as the damping ratio was utilised and validated based on the work of Chan et al. [61] and Huang [62]. The density of steel is considered to be 7850 kg/m3, with a Young’s modulus and Poison’s ratio of 200,000 MPa and 0.25, respectively. The first, second, and third modes are found to be at 0.198, 0.281, and 0.361 Hz, respectively, and they were validated with acceptable frequencies based on the work of Huang [62]. This can be visualised in Figure 9, representing the first three mode frequencies of the standard CAARC structure. Based on their height and applied time–history mean wind velocity, all examined structures produced different natural frequencies.



Twelve additional structures were also included in the analysis, mirroring the same structural properties (natural frequency and steel sections) of the reference structure exposed to a mean wind velocity of 40 m/s at each height (i.e., 180 m, 140 m, 100 m, and 60 m). These structures utilised the same beams and columns selected as the referenced structure. For each height, two structures with distinct properties were examined under wind velocities of 50 m/s, 30 m/s, and 20 m/s, while one structure were analysed under a mean wind velocity of 40 m/s. This comprehensive approach, totalling twenty-eight structures, allowed us to explore the dynamic responses of the examined structures across a spectrum of wind velocities, providing valuable insights into their behaviour under varying conditions. Table 3 presents the design for an along-wind and across-wind base shear force, and the torsional base torque from the wind-induced structural loads at a velocity of 40 m/s acting on a CAARC structure of 180 m, 140 m, 100 m, and 60 m height. The provided base shear forces for both the along- and across-wind directions were computed through combining all forces acting on each storey level from the cumulative impact of the applied wind loads acting on the overall structure. This was numerically derived thoroughly using a validated FEM analysis.



In the FEM analysis, the structure considered is in a dense, metropolitan location with multiple structures in proximity. As previously mentioned in Section 2.1.3, the overall applied wind loading was acquired using the numerical LES analysis. The across-wind direction (x-direction) of the analysed structure is found to have a more significant displacement and drift than the along-wind direction (y-direction) response of the structure under a 0° wind angle of attack; see Figure 8a–c for a comparison of the maximum top lateral deflection and inter-storey drift along the x-direction at the most critical moment, respectively. Chan et al. [61] and Huang’s [62] studies concluded that the initial member sizes chosen for their analyses exceeded the maximum deflection and inter-storey drift limit ratios of H/400 and 1/400, respectively. This is considered, since the initial member sizes are initially based on the preliminary strength check and are evaluated in an optimization study to maintain drift and deflection strains.




2.2.2. FEM Modelling of Time–History Wind Load and Determination of the Adequate Separation Distance


As mentioned in Section 2.1.5, the two adjacent structures are numerically modelled using the CFD wind simulation to capture forces acting on each structure, and they are then applied to a full-scale FEM model using a time–history analysis to determine the dynamic responses of both adjacent structures. The applied wind load and adjacent structures can be seen in Figure 10. The applied wind forces acting on the structure function as a singular wind force, in x and y directions, are located at the centre of each floor’s diaphragm, as mentioned in Section 2.1.5. All wind forces are scaled to the full-scale mean wind velocity, varying from 20 m/s to 50 m/s in the along-wind direction. The total duration of the FEM simulation is 11.5 min. The results for the validated CAARC adjacent structures are as shown in Figure 11a–c, representing the displacement, moment, and shear force time–history for both building 1 and building 2, respectively.



After simulating the structures in proximity using FEM, the dg,min between structures can be determined. If the dg,min between the two adjacent structures is exceeded by both the building’s lateral deflections, an interaction (pounding) will occur. This interaction will be discussed in the following section, Section 2.2.3. In order to accurately simulate the interaction between two adjacent structures when subjected to extreme winds, each building is considered independent and acts self-standing. Nonetheless, each structure has its own individual dynamic responses and vibrations based on the applied wind forces at a specific time frame. Each structure is modelled as an elastic, multi-degree-of-freedom system and will act as a moment-resisting frame. If pounding occurs, both longitudinal and transverse forces will be captured. The influence of the dg,min on the pounding effect from the two colliding structures is parametrically examined in this investigation. The point of contact if pounding occurs will occur between the stories’ floor diaphragms (among the storey masses). This assumption is believed to be suitable because the studied structures have identical storey heights and overall building heights.




2.2.3. FEM Modelling of the Compression Gap Element


In order to accurately capture forces of the two adjacent structures during pounding, a compression-only gap element in the FEM analysis is considered, see Figure 12a. The compression gap element considers a specified “gap distance”, resembling the separation distance between the two adjacent structures. When this specified gap distance reaches a value of zero, only then will the gap element act as a compression spring. This will record the compression values throughout the applied time–history wind analysis and monitor each structure if any part of the structure comes into contact with the adjacent building (i.e., beams, columns, or slabs) [75,76], as shown in Figure 12b. As this study examines the necessary dg,min required to mitigate pounding, the local effects and progressive collapse of the structure’s columns, beams, and slabs are not considered for this modelled analysis, as it only affects the performance of the structure during and after the pounding effects.



When examining the adjacent structures in proximity subjected to a time–history wind analysis, the contact gap elements will apply in three scenarios. The first instance considers when the first (upstream) structure is either stationary (structurally stable) or laterally deflecting in a negative x-axis direction. In contrast, the second (downstream) structure is either stationary (structurally stable), laterally deflecting in a positive x-axis (opposite of the first structure), or laterally deflecting in a negative x-axis direction that is lesser than the separation gap distance (dg) and the first structure’s lateral deflection combined. The gap element in this scenario will act as an opposing compression force (tension), making the gap element inactive as no contact (pounding) between the two structures has occurred (see Figure 13a). The second scenario consists of the first structure laterally deflecting in a positive x-axis direction. The second structure is either stationary (laterally stable), deflects in a more significant positive x-axis direction than the first structure, or deflects in a negative x-axis direction where the summation of both structures’ lateral deflections is lesser than the dg between both adjacent structures. In this scenario, the gap element will consist of a positive compression value; however, since the dg is not exceeded, the gap element will remain inactive as no contact (pounding) between the two adjacent structures has occurred (see Figure 13b). The third scenario occurs when the summation of both structures’ lateral deflection exceeds the dg between the adjacent buildings. This will produce a positive compression value from the contact (i.e., structural pounding) between the examined structures, ultimately leading to an active compression spring force, allowing the gap element to monitor the pounding forces over the allocated period (see Figure 13c).



To monitor the compression forces when pounding occurs, the spring stiffness (k) in the gap elements must be chosen appropriately. It was reported that k is considered relatively large when pounding transpires [15,77,78]. A constant value of k is uncertain due to the unknown geometric impact surface, materials involved during pounding impact from uncertain structural properties, despite variable impact velocities. A study by Ghandil and Aldaikh [79] found that when the k values are more significant than 1010 N/m, the pounding-involved response is insensitive to the impact stiffness. On the other hand, the impact stiffness coefficient should be between 50 and 100 times larger than the lateral stiffness of the structure involved in pounding [80]. These values cannot be generalised, since they are applicable to the specific numerical and experimental studies [81]. However, the past literature [1,5,78,82] mentions that the structural response is not remarkably sensitive to the alteration of k when considered at relatively high values (i.e., amplifying by a factor of one hundred). Therefore, a pounding stiffness model is implemented in this studied model as a linear elastic model [46,81,83,84]. Once the gap element is activated (i.e., pounding occurs), a pounding force impact (    F   I    ) is captured at the location of impact, which is expressed in Equation (2):


      F   I   = k δ   f o r   δ =   u   i   −   u   j   −   d   g    



(2)




where   δ   is defined as the relative displacement between the pounding structural elements. The spring stiffness (  k )   is only activated when pounding of adjacent structures occurs in Scenario 3 (see Figure 13c).     u   i    ,     u   j     are the displacement of the element nodes i and j, respectively.



To determine k for the gap element, the examined models’ structural stiffness need to be evaluated [80]. Therefore, the structure’s stiffness (kT) is obtained from determining a shear force (V) from an applied load acting on the examined structure, as per Equation (3).


  V =   k   T   × ∆ u  



(3)




where V is defined as the structure’s shear force, which represents the summation of applied forces in a given direction. kT and   ∆ u   are defined as the overall structural stiffness and lateral displacement of the structure, respectively.



V, kT and   ∆ u   are shown in Figure 14 to represent a 10-storey skeletal frame structure with applied wind force, V. Equation (3) is then rearranged to determine kT in order to determine k for the gap element. Once kT is defined, a multiplication factor of 50–100 times is applied [80]. Therefore, a single applied force, V, of 106 N is considered to act only on the top storey diaphragm of the 45-storey structure, perpendicular to the longest side of the building (i.e., 45 m long side). This is equivalent to the base shear force of the structure. A maximum lateral displacement (  ∆ u  ) of 82.64 mm was determined, meaning the overall stiffness of the structure (kT) is approximately   12.1 ×   10   6     N/m. A compression gap element stiffness (k) per storey of   12 ∗   10   8     N/m was determined from     k   T   × 100  . To assure that the acquired k is sufficient for all examined structures, a comparison with altering k (i.e., 6.6k, 5k, 3k, 2k, 1.66k, 1.33k, k, 0.66k, and 0.33k) was performed. It is found that the FEM captures an average pounding force of 12,800 kN for various gap element stiffnesses, k, as shown in Figure 15. Therefore, a   k = 12 ×   10   8     N/m is determined to adequately capture the average pounding force for all the examined models.



A sensitivity analysis is performed to determine the required number of gap elements. In the examined pounding model, results have shown pounding to occur only in the top three floors, depending on the separation gap distance. Therefore, a total of ten floors are modelled with gap elements. Since there are a total of fifteen bays in the longitudinal direction of the structures (e.g., 45 m long side), a total of sixteen column-to-beam connection locations would be used for locations of the gap elements. A compared analysis of 1, 4, 9, and 16 gap elements is studied, as shown in Figure 16, with the sum of FI at the time instant of impact. Altering the number of gap elements to capture the total FI, the most considerable difference in FI is between one and nine gap elements per storey, with a difference of 2.42%. It is determined to accurately capture and monitor the pounding of structures; four gap elements were evenly spaced out among the longest side of the adjacent structures were considered. The value k is considered to be equal to   3 ×   10   8     N/m per compression gap element throughout all the examined structures. Each storey consists of four gap elements, with a total of 40 gap elements monitoring the pounding forces acting on the colliding structures. Figure 17 shows the locations of the gap elements on the adjacent structures.





2.3. Development of Mathematical Formulas to Determine Minimum Separation-Gap Distance (dg,min)


The mathematical formulation can be determined for the required dg,min by examining various input properties relating to the structure’s lateral deflection. Such parameters can include the structure’s natural frequency (Fn), building height (H), and applied mean wind velocity (v). The mathematical formula aims to determine the required dg,min between two adjacent structures in proximity to mitigate the pounding interaction. A genetic algorithm (GA) is adopted in this study to optimise the numerical formulation. The adopted GA [85,86] was developed at the Computational Synthesis Lab at Cornell University [87] from a numerical package called “Eureqa”. The GA technique involved many numerical simulations of the objective function association to several initial entries (i.e., a combination of different variables over multiple generations) [33]. The process of directly evaluating the objective function (i.e., minimum separation-gap distance), involving CFD and FEM analysis, can ultimately become costly. Conducting CFD simulations to obtain wind loads and subsequently employing FEM analysis for the structural responses demands a substantial computational effort. Utilizing GA not only reduces computational costs, but also streamlines the process, enabling a more practical and feasible determination of the objective function. This optimization ensures a balance between computational efficiency and achieving accurate and reliable results.



The GA uses design variables, which are coded as real numbers, and is adopted for the optimizing formulation. For detecting equations and hidden mathematical relationships in raw data, the GA uses a symbolic regression [88]. One key advantage of GA is its ability to find the global extreme value without being confined to a local extreme value (i.e., maximum or minimum extreme value). The GA process initiates from a search process, including multiple raw data points in the search space. In addition, it will include mutation operators that will generate search points away from the high fitness region. This will help avoid any search points being trapped within a local extreme value [33]. The GA has been reported by past scholars [33,89,90] to be efficient in determining the optimal solution in similar complex engineering optimization problems, and more information regarding the GA can be seen in past studies [91,92].



Genetic programming (GP) is a branch of genetic algorithms (GA) known for its evolutionary approach, generating a population represented by tress structures [93,94]. Inspired by fundamental genetic algorithm operators such as selection, crossover, and mutation, GP derives an intuitive methodology basis from GA [95]. The program represents an operation or numerical value (e.g., addition, subtraction, multiplication, or division, etc.) for each corresponding node. Each program is evaluated by running a test set, with the best suited programs selected for producing the next generation through crossover and mutation [94,95,96,97,98]. Similarly, a GA initiates with a predetermined number of individuals forming an initial, which each are a possible solution to the problem [99]. The GA then forms a set of selection, crossover, and mutation, based on the initial population.



The GA used in this analysis uses a combinations of different design parameters labelled as the “candidate” and represents other dynamic variables. The GA starts its optimizing process by initiating the search using the initial candidate, also known as the “initial population.” Within the initial population, the objective function is evaluated for each candidate. This will sort the candidates according to their own suitability (i.e., lowering or elevating the value objective function). To produce better candidates (offspring), the crossover and mutation operators must be applied to the current population. The crossover operators will be applied to the candidates (parents) with higher suitability to seek better performing offspring. Additionally, the mutation operators are applied to the parents with lower suitability to explore the possible different regions within the search space and help avoid any stagnation in local extreme values [33,100]. The GA process of applying the operators and producing new generations will maintain optimization until there are no substantial improvements over generations. Therefore, the last generation for the best suited candidate is considered the GA optimal solution.



In the current study, the GA will aim to find the dg,min needed to mitigate structural pounding from two adjacent structures in proximity. The objective function is set to be the minimum separation-gap distance (dg,min). For each combination of design variables (candidate), the objective function is evaluated for four increments of mean along-wind velocities (v) at the reference building height (i.e., 20 m/s, 30 m/s, 40 m/s, and 50 m/s). The design variables, H and Fn, represent the structural height and its overall mass and stiffness, respectively, where Fn is defined in Equation (4). Table 4 summarises all the examined training samples used to train the mathematical formulas. In the presented study, the lower and upper bounds are set to 60 m and 180 m for H, respectively, while the lower and upper bounds for Fn are set to 0.148 Hz and 0.416 Hz, respectively. These parameters are applied throughout the FEM analysis.


    F   n   =   1   2 π      k   m     ( H z )    .  



(4)




where m is the mass (kg) and k is the stiffness (N/m) of the structure.





3. Results of the Performed Parametric Study


Twenty-eight examined structures in proximity with equal height involved in an extreme wind-induced occurrence to determine the required dg,min are examined and discussed.



The parametric study used FEM analysis to calculate the lateral deflections of two adjacent tall structures in order to determine the adequate dg,min to avoid wind-induced pounding. A graphical comparison of the two adjacent structures is shown in the following figures, representing their lateral displacement responses (sufficient dg,min for preventing a pounding event). Figure 18 shows the time–history of the two adjacent 180 m tall structures (acting on the 45th storey for their lateral deflection) subjected to a synoptic wind with a mean velocity of 40 m/s at a building height with a dg at 2000 mm. The dg,min required to prevent a collision for this scenario at the top of both structures is 1898.64 mm. It can be noted from Figure 18 that at the time instant of 628 s, both structures have a significant spike in their lateral sway. Such lateral deflection based on the structure can occur due to the natural sway frequency of a building with a similar natural frequency of vortex shedding acting on the specific structure as the applied mean wind velocity. This will cause the structure to have a dramatic spike in its sway with a lower mean wind velocity than the deflection of a structure with higher applied mean wind velocities. Figure 19a shows the collision (i.e., pounding) of the two 180 m tall adjacent structures with a dg equal to 1800 mm. As shown in Figure 18, the dg between structures is 2000 mm and came into proximity at 628.17 s; however, no collision of the structures occurred. Since the gap elements are not activated, no forces were produced because the structures did not come into contact. Therefore, Figure 19a came into contact at the same time, since the dg reduced to 1800 mm, even though the required dg,min was concluded to be 1898.54 mm. Figure 19b,c display the pounding forces acting on the two structures when a collision occurs (t = 628.17 s). Figure 19c compares the forces applied at storeys 45, 44, and 43 when the pounding of structures occurs.



For a pounding force where the sufficient dg,min is inadequate, a similar mathematical formula can be developed to estimate the expected pounding force as a function based on certain preliminary factors (i.e., H, v, Fn, and dg,min). The pounding force in this scenario is recorded with the compression gap element, as described in Section 2.2.3. In Figure 20, Figure 21, Figure 22 and Figure 23, a similar time–history comparison was conducted, as shown in Figure 18. The applied time–history velocity in Figure 20 is 50 m/s on two adjacent 180 m tall structures. Figure 21, Figure 22 and Figure 23 show that the applied mean wind velocity is 40 m/s on two adjacent 140 m, 100 m, and 60 m tall structures, respectively. The initial separation distance utilised in Figure 20, Figure 21, Figure 22 and Figure 23 are stated in the figures (i.e., 3000 mm, 1000 mm, 500 mm, and 400 mm, respectively). Figure 24 compares all twenty-eight models to determine the dg,min required, depending on the structure’s height, natural frequency, and applied mean wind velocities. As noted, tall and slender structures are more susceptible to more significant structural sway, even with a lower applied lateral load.



Figure 24 shows that dependent on the two adjacent structures’ heights, an increase in separation distance is required under the applied mean wind velocity to achieve a dg,min to mitigate a pounding event. However, a drastic increase in the required dg,min for the 180 m structures at an applied mean wind velocity of 30 m/s is recorded. This can be due to the structures’ natural sway frequency having a similar natural frequency of the vortex shedding on the specific structure from the applied wind force at an instant of time. A more significant lateral deflection can then occur for the structure subjected to wind. This can also be seen on the 100 m tall structure for the applied 30 m/s mean wind velocity but for a smaller lateral deflection. As can see in Figure 24, comparing the dg,min required for all structures subjected to the applied mean wind velocity from 40 m/s to 50 m/s, the smallest change increases by 15.45% for the 180 m tall structures; however, it decreases from the 30 m/s to 40 m/s at −15.08%. For comparing the applied mean wind velocity from 20 m/s to 30 m/s on the height of each structure, the smallest change for the required dg,min increases by 48.71% on the 100 m tall structures. Thus, the dg,min required for the 100 m tall structures subjected to a mean wind velocity of 20 m/s is 229 mm compared to a dg,min required for a similar structure’s height subjected to a mean wind velocity of 30 m/s which is 446 mm. The most remarkable change in required dg,min appeared for the 180 m structures from 20 m/s to 30 m/s with a change of 67.61%.



When evaluating the determined minimum gap distance, dg,min, based on the structure’s height, applied mean wind velocity, and structure’s natural frequency, a comparison with existing building codes, such as the Eurocode 8 and ASCE 7-16 [101,102], becomes critical. These codes stipulate that the total separation distance between adjacent structures should exceed the Gap Distance (G.D.), calculated as Equation (5). The maximum inelastic deformation of each structure is based on the critical locations with considerations for all translational and torsional displacements of the structure, including its torsional amplifications.


  G . D . =        ∆   1       2   +       ∆   2       2     



(5)




where     ∆   1     and     ∆   2     represent the maximum displacements of adjacent buildings at the same level in the first structure. However, it is important to note that adherence to these guidelines may not always guarantee pounding mitigation in the presence of significant ground motions or intense wind phenomena [14,103].



For instance, in the case of a 180 m tall structure subjected to a mean wind velocity of 40 m/s, the calculated dg,min was equal to 1898.62 mm. In comparison, assuming the maximum lateral displacement of each structure was 900 mm, simultaneously, the calculated G.D. using Equation (5) would be 1272.8 mm. This result indicated that the prescribed gap distance would not be sufficient to mitigate structural pounding under these conditions. Consequently, Section 4 outlines the need for further investigation to develop formulations for a reliable separation gap distance specifically tailored to address wind-induced structural pounding.



Figure 25 shows a comparison between the deflection time–history of the upstream structure (building 1) when an adequate gap distance is provided (dg = 2000 mm) to a similar structure with an insufficient gap distance (dg = 1800 mm). It can be noted that a drop in deflection happens at the instant when pounding occurs (t = 628.17 s). However, the deflection of building 1 alters after pounding happens, but not substantially. After numerically analysing the required dg,min to mitigate structural pounding, results indicated that the most critical pounding occurrence (and deflection) occurs at the tallest point of the structure due to its most considerable lateral deflection (i.e., 45th storey for the 180 m tall structure), and decreases when analysing lower stories of the structure. From the parametric examination of an adequate dg,min from wind-induced structural pounding, outcomes can conclude that a dg,min will vary depending on the structure’s height, modal period, and the applied wind forces. For all structures, the dg,min will increase when the natural frequency decreases, mean wind velocity increases, and structural height increases. This correlation will be discussed in the next section of the manuscript (Section 4).




4. Formulated Minimum Separation-Gap Distance (dg,min)


This section aims at developing mathematical formulas to determine the required minimum separation-gap distance (dg,min) to avoid structural pounding based on the building height, natural frequency, and the applied wind. To select the best model that provides the most reliable evaluation for the objective function, a variety of mathematical models need to be examined (i.e., polynomial, trigonometric, exponential, and logarithmic functions). As mentioned in Section 2.3, the GA used different combinations of geometric parameters (i.e., building height, natural frequency, and mean wind velocity) with twenty-eight samples to determine the required dg,min. More than 2.1   ×   1012 formulas were evaluated and then ranked based on their correlation coefficient (r). The correlation coefficient is considered as the Pearsons correlation coefficient for the GA and can be shown in Equation (6).


  r =   1   n     ∑  i = 1   n        f     x   i     −   f   x    ¯      s   f   x               y   i   −   y  ¯      s   y         .  



(6)




where n is the number of same samples,   f     x   i       and     f   x    ¯    are the function of sample     x   i     and mean values of x-variable, respectively;     y   i     and     y  ¯    are the y-variables in a sample and mean value of the y-variable, respectively; and     s   f   x       and     s   y     are the uncorrected sample standard deviations of the model and target variable, respectively. The most applicable analytical models and their formulas for evaluating the objective function can be seen in Table 5. The highest correlation coefficient obtained is 0.9987 with a mean absolute error of 22.34 mm. Figure 26 shows the regression plot for different trained GA models dependent on their generated ranking.



The optimised GA procedure is conducted to determine the dg,min between two adjacent structures until the optimal solutions are obtained after 154 generations, in a total of 24 h on an 11th Gen Intel(R) i7-11700K, 32 GB RAM, GeForce RTX 3070. Figure 27 shows the fitness curve for the optimal GA formula where the objective function (required dg,min) of the best fitness candidate accuracy is plotted versus the generation number. The plotted illustration displays the improvement of the objective function (dg,min required) over the optimised GA formula. As mentioned previously, the maximum error recorded is 22.34.



After the best candidates were generated and a GA formula was conducted and identified to determine the required dg,min, a FEM analysis was produced with modifications toward all the geometric parameters. This is to verify the GA formulation to confirm the dg,min to be acceptable for preventing a wind-induced pounding event. Since all twenty-eight examined samples took into consideration the limits of the preliminary strength check according to the AISC steel code [104], therefore, the Fn ultimately reached the smallest threshold based on the applied mean wind velocity. Namely, each structure with the most considerable lateral deflection is concluded based on its building height and applied wind force. All FEM simulations with altered geometric parameters compared to the highest rank GA formula concluded to have a lower required dg,min, since the considered GA formulation for the dg,min relied on having the maximum lateral deflection on both structures, based on the applied mean wind velocities, structural heights, and the governing natural frequencies. Therefore, to adequately design for tall structures in proximity in extremely high-wind locations, the GA formulation for designing a sufficient dg,min overestimates the required dg,min, eliminating any possible wind-induced structural pounding.




5. Conclusions


The current study conducted a parametric analysis to develop a mathematical formulation for estimating the required separation distance between two adjacent structures in proximity and of equal heights subjected to wind. The study used an LES model to determine the applied time–history wind forces acting on the two adjacent structures. The forces were then applied to a non-linear FEM simulation to predict the structure’s response. Twenty-eight modelled buildings were considered as inelastic multi-degree-of-freedom skeletal steel structures. Once developed, a genetic algorithm is then developed to optimise a mathematical formula to determine the required separation distance between the two adjacent structures in proximity, based on the building height and natural frequency along with the applied wind. The developed mathematical formula are then compared to alter their geometric parameters using FEM numerical analysis. Throughout the process of the study, various detailed conclusions are deduced as follows:




	
Introducing a required separation gap distance between two adjacent structures in proximity from wind-induced events can ultimately mitigate any additional lateral forces causing a collision.



	
The majority of the upstream structures subjected to wind and in proximity based on their height, dynamic responses, and applied mean wind velocities have a more significant peak lateral deflection than the following adjacent structure.



	
A similar trend in the required separation distance is noticed compared to structures of a similar height with altering natural frequencies and applied mean wind velocities. The lowest change in the required separation distance is at the 180 m structure from an applied mean wind velocity of 40 m/s to 50 m/s with a change of 15.46%. The most significant change in required separation distance is at the 180 m structure from an applied mean wind velocity of 20 m/s to 30 m/s with a change of 67.61%.



	
Determined mathematical formulas for the required separation distance can become complex. Nevertheless, the developed mathematical formulas accurately captured the expected required separation distance. Including all parameters in a genetic algorithm that are most consistent when such parameters are altered (i.e., building height, natural frequency, applied mean wind velocity).



	
The best-suited genetic algorithm determined can acquire complex variations in the objective function and fit the trained database with a correlation coefficient of 0.9987. This has accelerated the mathematical optimization process substantially.



	
While the developed formulations to achieve a minimum separation-gap distance are tailored for a generic building shape, including also high natural frequency for the examined structures which can lead to conservative estimates of dg,min when subjected to extreme wind velocities. Notably, when extrapolating the derived formulations for other structures with varying geometries and stiffer properties, overestimated gap distances could be considered.



	
A wind-induced pounding force from adjacent structures in proximity can be considered in upcoming research. Such forces can increase when the desired dg,min is insufficient for the adjacent structures in proximity. Therefore, a similar mathematical formula can be developed to estimate the expected pounding force as a function of structural height, wind velocity, natural frequency, and minimum separation-gap distance.
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Figure 1. Flowchart of the procedure to determine the required minimum separation-gap distance (dg,min). 
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Figure 2. (a) Computational domain dimensions and boundary conditions; (b) velocity profile in model scale at the building location. 
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Figure 3. Mesh grid resolution utilised in the CFD simulation. 
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Figure 4. (a) Mean and (b) RMS Pressure Coefficient at 2/3 of the reference height of the CAARC building [61,71,72]. 
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Figure 5. Mesh grid resolution of two adjacent CAARC structures in proximity. 
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Figure 6. Tributary areas used for wind-load time–history determination. 
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Figure 7. Forces’ time–history on the 45th storey of structure for (a) along-wind (x-direction) upstream building, (b) across-wind (y-direction) upstream building, (c) along-wind downstream building, and (d) across-wind downstream building (full scale). 
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Figure 8. (a) FEM CAARC model dimensions, (b) maximum deflection of storeys, and (c) maximum inter-storey drift in the along-wind direction [62]. 
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Figure 9. (a) First model frequency, (b) second mode frequency, and (c) third mode frequency of CAARC structure. 
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Figure 10. Three-dimensional view of the two CAARC structures with a separation distance of dg,min. 
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Figure 11. Maximum (a) displacement, (b) base shear force, and (c) base moment for building 1 (blue solid line) and building 2 (red dotted line). 
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Figure 12. (a) Replicated gap element, and (b) response of gap element. 
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Figure 13. Response of compression gap element in all pounding scenarios for (a) Scenario 1 (    ∆   1   +   ∆   2     ≪   d   g    ), (b) Scenario 2 (    ∆   1   +   ∆   2   <   d   g    ), and (c) Scenario 3 (    ∆   1   +   ∆   2     ≥   d   g    ). 
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Figure 14. Deformation of structure from applied force (V). 
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Figure 15. Pounding force of structures for different gap element stiffness (k). 
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Figure 16. Pounding force with alteration of the number of gap elements. 
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Figure 17. Gap element locations on CAARC structure. 
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Figure 18. Time–history displacement of 180 m structures with initial gap distance at 2500 mm. 
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Figure 19. Time–history for (a) 45th storey displacement, (b) pounding force at impact, and (c) pounding forces on 45th, 44th, and 43rd storey. 
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Figure 20. Time–history displacement of 180 m structures with initial gap distance at 3000 mm. 
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Figure 21. Time–history displacement of 140 m structures with initial gap distance at 1000 mm. 
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Figure 22. Time–history displacement of 100 m structures with initial gap distance at 500 mm. 
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Figure 23. Time–history displacement of 60 m structures with initial gap distance at 400 mm. 
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Figure 24. dg,min required to mitigate structural pounding. 
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Figure 25. Building 1’s deflection during pounding versus non-pounding. 
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Figure 26. Regression plot (a) Equation (7), (b) Equation (8), (c) Equation (9), and (d) Equation (10). 
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Figure 27. Fitness curve for optimal GA formula. 
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Table 1. Parameters for the generated wind flow velocity field.
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	Mesh Zone
	Zone 1
	Zone 2
	Zone 3
	Zone 4





	Mesh Size
	91.2 mm (H/5)
	45.6 mm (H/10)
	18.2 mm (H/25)
	6.91 mm (H/65)










 





Table 2. Steel sections for all the examined structures.
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180 m tall CAARC structure




	
Storey levels

	
Beam size

	
Column size




	
v = 20 m/s

	
v = 30 m/s

	
v = 40 m/s

	
v = 50 m/s




	
1–9

	
W30 × 357

	
W14 × 342

	
W14 × 398

	
W14 × 550

	
W14 × 730




	
10–18

	
W30 × 326

	
W14 × 283

	
W14 × 342

	
W14 × 500

	
W14 × 550




	
19–27

	
W30 × 292

	
W14 × 193

	
W14 × 233

	
W14 × 370

	
W14 × 398




	
28–36

	
W30 × 261

	
W14 × 132

	
W14 × 159

	
W14 × 257

	
W14 × 283




	
37–45

	
W30 × 211

	
W14 × 82

	
W14 × 99

	
W14 × 159

	
W14 × 176




	
140 m tall structure




	
Storey levels

	
Beam size

	
Column size




	
v = 20 m/s

	
v = 30 m/s

	
v = 40 m/s

	
v = 50 m/s




	
1–9

	
W30 × 235

	
W14 × 233

	
W14 × 311

	
W14 × 398

	
W14 × 500




	
10–18

	
W30 × 211

	
W14 × 159

	
W14 × 211

	
W14 × 283

	
W14 × 370




	
19–27

	
W30 × 191

	
W14 × 109

	
W14 × 145

	
W14 × 193

	
W14 × 257




	
28–35

	
W30 × 148

	
W14 × 68

	
W14 × 90

	
W14 × 120

	
W14 × 159




	
100 m tall structure




	
Storey levels

	
Beam size

	
Column size




	
v = 20 m/s

	
v = 30 m/s

	
v = 40 m/s

	
v = 50 m/s




	
1–9

	
W30 × 132

	
W14 × 159

	
W14 × 193

	
W14 × 257

	
W14 × 311




	
10–18

	
W30 × 124

	
W14 × 109

	
W14 × 132

	
W14 × 176

	
W14 × 211




	
19–25

	
W30 × 116

	
W14 × 74

	
W14 × 90

	
W14 × 120

	
W14 × 145




	
60 m tall structure




	
Storey levels

	
Beam size

	
Column size




	
v = 20 m/s

	
v = 30 m/s

	
v = 40 m/s

	
v = 50 m/s




	
1–9

	
W30 × 99

	
W14 × 99

	
W14 × 120

	
W14 × 145

	
W14 × 176




	
10–15

	
W30 × 90

	
W14 × 68

	
W14 × 82

	
W14 × 99

	
W14 × 120











 





Table 3. Design wind loads for building 1 subjected to a design mean wind velocity of 40 m/s.






Table 3. Design wind loads for building 1 subjected to a design mean wind velocity of 40 m/s.





	Structure Height (m)
	Along-Wind Base Shear (kN)
	Across-Wind Base Shear (kN)
	Torsional Base Torque (kN.m)





	180 (CAARC)
	18,826
	28,238
	688,307



	140
	13,569
	20,354
	496,129



	100
	8752
	13,128
	319,986



	60
	4495
	6742
	164,333










 





Table 4. Initial design variables.






Table 4. Initial design variables.





	
Building Height (H) (m)

	
Applied Mean Wind Velocity (v) (m/s)

	
Natural Frequency (Fn) (Hz)






	
180

	
50

	
0.211




	
50

	
0.198 a




	
40

	
0.198




	
30

	
0.166




	
30

	
0.198 a




	
20

	
0.148




	
20

	
0.198 a




	
140

	
50

	
0.249




	
50

	
0.222 b




	
40

	
0.222




	
30

	
0.197




	
30

	
0.222 b




	
20

	
0.195




	
20

	
0.222 b




	
100

	
50

	
0.302




	
50

	
0.277 c




	
40

	
0.277




	
30

	
0.239




	
30

	
0.277 c




	
20

	
0.209




	
20

	
0.277 c




	
60

	
50

	
0.416




	
50

	
0.381 d




	
40

	
0.381




	
30

	
0.308




	
30

	
0.381 d




	
20

	
0.281




	
20

	
0.381 d








a Properties from 180 m structure for v = 40 m/s. b Properties from 140 m structure for v = 40 m/s. c Properties from 100 m structure for v = 40 m/s. d Properties from 60 m structure for v = 40 m/s.













 





Table 5. Ranked correlation coefficient GA formula for the analytical models.
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	Rank
	Correlation Coefficient
	Mean Absolute Error (mm)
	Mathematical Formula *





	Equation (7)
	0.9987
	22.34
	     d   g     ,   m i n     m m   = ( 48,280 − 3378 × v ) / ( H − 149.49 − 393.25 ×   F   n   ) + 0.8274 / c o s ( ( 48,280 − 3378 × v ) / ( H − 149.49 − 393.25 ×   F   n   ) ) + ( 149.49 − 2226 ×   F   n   ^ 2 ) / ( 149.49 ×   F   n   + 0.1956 × H − v − H ×   F   n   ) + c o s ( ( 48,280 − 3378 ∗ v ) / ( H − 149.49 − 393.26 ∗   F   n   ) )   



	Equation (8)
	0.9956
	41.16
	     d   g     ,   m i n     m m   = 84.7 / ( 35.6 − v − 215.2 ×   F   n   ) + ( 48,383 − 3358 × v ) / ( H − 146.92 − 404.3 ×   F   n   )   



	Equation (9)
	0.9806
	73.25
	     d   g     ,   m i n     m m   = 0.022 ∗ v ^ 2 + ( 45,127 − 3137 × v ) / ( H − 144.4 − 408.75 ×   F   n   )   



	Equation (10)
	0.9798
	74.58
	     d   g     ,   m i n     m m   = ( 47,476 − 3323 × v ) / ( H − 147.67 − 399.64 × F n )   







* v, H, and Fn are in m/s, m, and Hz, respectively.
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