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The complex dynamics of vertically separated flows pose a significant challenge when it comes to assessing the wind loads on multi-level structures, demanding a nuanced understanding of the intricate interplay between atmospheric conditions and architectural designs. Previous studies and wind loading standards provide insufficient guidance for designing wind pressures on multi-level buildings. The behavior of wind around perpendicularly attached surfaces is not quite similar to that of individual flat roofs or walls. When a body is composed of several surfaces with right or oblique angles, the separated flow from surfaces and their interactions will cause complex flow patterns around each surface. A wind tunnel experimental study was carried out on bluff bodies with attached flat plates and other adjacent bluff bodies with different heights to examine the wind-induced pressures on such complex shapes. Mean and peak pressure coefficients were measured to determine the flow interaction patterns and location of localized peak pressures. The results were compared to the Tokyo Polytechnic University Aerodynamic Database of isolated low-rise buildings without eaves. The research findings indicated that there was a noteworthy disparity between the minimum and maximum values and locations of peak pressures on both the wall and roof surfaces of the models used in this study, as compared to the results obtained by the Tokyo Polytechnic University. Moreover, the study conceivably pointed to the difference between the peak negative and positive pressure coefficient locations with the ASCE 7-22 wind loading zones. The peak suction zones were affected by the combined flows at perpendicular faces, and as a result, different wind load zones were obtained dissimilar to those introduced by ASCE 7-22. Wind loading standards may need to be modified to account for the wind pressures on complex building structures with an emphasis on the location of the peak negative pressure zones.
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1 INTRODUCTION AND BACKGROUND
Several factors are associated with predicting wind loads on building structures. In addition to the stochastic pattern of the wind flow, building geometry [1], and surrounding buildings, structures will add to the complexity of calculating wind demands on all types of low-rise to high-rise buildings. If a building were compared to a bluff body, the aerodynamic loads on the bluff body surfaces will be affected by their geometry. The fundamental importance of the bluff body shape would be its influence on separating flows from sharp leading edges and reattaching flows on smooth and elongated surfaces. The geometry of most buildings is composed of several prisms and is not limited to a simple bluff body shape. Buildings with attached canopies and balconies, buildings with stepped roofs, and tall buildings with podium levels are a few examples of bluff bodies with variable shapes. Separation bubbles originated by different surfaces can interact with each other or downwind obstructions, causing potential flow instabilities, such as a vortex street in the wake [2]. The effects of the shape/geometry of leading edges on the turbulent flow behaviors have been proven [3] to be much more than the influence of the Reynolds number and the inflow profiles. The mixture of separated flows in all wind directions will trigger global flow mechanisms that could lead to the formation of unexpected peak zones and higher values on structural members. Another example at a larger scale is the Venturi effect, a phenomenon used to explain strong winds around buildings at densely populated areas of a city. The mixture of shear layers separated from the edges of buildings and their components is called the separated shear layer effect [4], which is a reason for strong pedestrian-level winds. The mean flow turbulence resulted from the mixture of flows tends to be unstable around a building array. Sharp transitions of the turbulent kinetic energy and magnitude of turbulent shear stress have been a specification of such unstable flows [5].
1.1 Bluff buildings with attached plates
Flat plates in buildings could appear as horizontal plates such as balconies, canopies, or vertical plates like partitioning walls in short buildings or lift shafts in mid- to high-rise buildings. Balconies are especially important in the aerodynamic performance of tall buildings [6]. The flow mechanism influencing peak pressure locations on the bluff body vertical surfaces and roof will be affected by parameters such as plate length, tilt, installation height, and location. Canopies attached to mid-rise buildings [7] had a significant impact on the building-generated turbulence and, consequently, the peak wind-induced loads. With the canopy’s presence at the leading edge of the building, the turbulence was mostly generated by the flow separation from the building edges; however, moving the canopies toward the building trailing edge resulted in loading that is dominated by flow separation from the canopy leading edge. Experimental studies on canopies attached to buildings [8] have indicated that when the canopy height-to-roof eave height ratio lies within the 0 ≤ hc/h ≤ 0.9 range, as the ratio goes higher, the peak local min Cp,net will increase significantly. Increasing the canopy location-to-canopy length ratio by contrast was seen to decrease the local min Cp,net magnitudes. In a similar manner, horizontal plates will affect the design of the façade structure as well by modifying the near-façade wind flow pattern and surface pressures. Computational fluid dynamics (CFD) analysis of multi-story buildings [9] shows that the horizontal balconies were capable of increasing wind loads both on windward and leeward sides of the façade surfaces. In [10], a new method for estimating wind loads on glass handrails of mid-rise buildings was developed investigating the effects of balconies and handrails on a 15-story building. The findings of the wind tunnel experiment, including the pressure coefficient measurements, were carried out on the glass handrails of various shapes. The authors also compared their results with existing standards. The presence of balconies led to a reduction in peak negative pressure coefficients, and therefore, it was suggested that balconies act as a shield against wind. Other studies [11,12] also concluded that the aerodynamic response of buildings, the façade system, and joint design processes depends on the presence of the plates.
1.2 Bluff buildings with multi-level setbacks and podiums
It is common practice in the construction industry to utilize multi-level flat roofs in building structures such as public storage structures, large-scale residential complexes, and industrial warehouses. Most studies conducted on multi-level roofs [13–15] focused on the snow drift and loads and their impact on the flat roof performance. There have been limited studies conducted to evaluate the wind pressures on such stepped-roof configurations. Stathopoulos [16] carried out an experimental study on wind pressures on the roof and wall of buildings with step-shaped roofs. The study provided important knowledge that improved the wind standards and wind load provisions for stepped-roof buildings. A comparison between the experimental data and the standards showed that peak positive pressure coefficients could not be accurately calculated using standard provisions back then. In another study, significant differences in peak minimum pressure coefficients were observed between a multi-level flat roof and a simple flat roof [17]. The minimum and maximum Cp values were predominantly dependent on the step parameters. The locations of local peak pressure coefficients were at the higher building wall–lower building roof interaction zone for the 0° wind direction. One of the main sources of turbulence in tall buildings is the setbacks in tall building cross section, which produces stepped roofs. In a CFD simulation of different multi-story buildings with setbacks [18], it was found that maximum positive pressure coefficient values for the 0° wind direction happens at the top levels of the building away from the setback. The peak negative pressure coefficient values for the 90° wind direction were on the stepped flat roof which was in compliance with an earlier study [19] carried out by the same researchers. The podium is the extended section of a high-rise building at a lower level. High torsional moments and shear forces at the podium level will be expected under the lateral loads [20] due to the cross-sectional offset that, most of the time, pushes design engineers in the application of viscous dampers to reduce torsional response [21]. According to [22], setbacks in tall buildings will affect the vortex shedding frequencies and, consequently, can lead to reduction in strong vortex shedding forces. Adding setbacks at different heights will push the vortices to try to shed at different frequencies which will help in “confusing” the vortex shedding [23]. The non-linear dynamic response of tall buildings has been investigated [24] by modeling a scaled 1:400 model of an existing 47-story building with a podium structure at the base. It was found that the gravity supporting structure and structure at the podium will improve the wind performance of the tall building.
1.3 Interaction of vertically separated flows
Flow separation is a well-understood area of fluid mechanics, and it is considered when designing all modern buildings; however, there is no research conducted on the interaction between separated bubbles with vertically oriented planes of development. Existing research on the aerodynamic performance of buildings is aimed at identifying the location and values of local peak pressure coefficients. It is also well understood that when flow separation occurs in an ABL environment, the strongest suction occurs on the leading edges of the bluff bodies [25]. However, there is no previous research that considers flow separation that occurs simultaneously at two perpendicularly attached bluff bodies and looking into the loading scheme due to the complex flow interactions. Although absolute peak pressures might not be affected significantly due to this interaction, the location at which these peak pressures occur might be very different compared to more conventional cases (e.g., roof or wall surface). This effect might have a direct implication on how we design more complex structures mostly due to the existing zoning convention that is adopted in building codes and wind standards [26]. The concept of synchronous flow separation from bluff bodies with attached plates (e.g., canopy or balcony) or bluff bodies with setbacks (e.g., stepped flat roof buildings or tall buildings with podium) is the focus of the current study. This very specific flow phenomenon occurs when wind separates simultaneously due to the interaction with both the main bluff body and the attached plate or a secondary bluff body. Right after the flows are separated, a complex interaction is initiated that results in non-conventional wind-induced loading patterns on the surfaces of both the bluff body and the plate. A preliminary experimental campaign is carried out to look into this unconventional loading scenario that might have a great influence on the aerodynamic performance of the building itself and the building components that are attached to it.
2 METHODOLOGY
2.1 Test specimens and instrumentation
In this study, the test models were constructed as single-cubic bluff bodies with a plate extension or combined bluff bodies with variable dimensions (Figure 1). In models 1 and 2, the vertical and horizontal plate thickness is 30 mm and bluff bodies’ dimensions are 240 mm × 240 mm × 240 mm. Models 1 and 2 represent a building with a vertical and horizontal flat plate attachment (e.g., partition, balcony, and canopy). Model 3 is made of two bluff bodies with dimensions of 240 mm × 240 mm × 240 mm and 240 mm × 120 mm × 120 mm representing buildings with multi-level setbacks or stepped flat roof buildings, respectively. Models 1, 2, and 3 share the same main bluff body with the difference in the attached second body. The purpose of adding a plate to the body is to evaluate the flow mechanism at the plate–body interaction zone while allowing the oncoming flow to separate on the other side of the bluff body or underneath the plate for models 1 and 2, respectively. Flat plates are continuous along the bluff bodies to provide enough length for the flow to separate from the plate edge, mix with the flow separated from the bluff body leading edge, and provide room for a probable reattachment of mixed vortices at the downstream of the models in a 90° wind direction, which is the dominant direction for the scope of this study. The plate in model 3, on the other hand, has been replaced with a second bluff body to create a stronger separated flow due to the smaller bluff body (i.e., the flow can no longer escape from the bottom/side of the plate). Model 4 is an extension of model 3, for which the shorter bluff body has increased dimensions to resemble a podium-like structure. Flow will first separate from the podium edge and later will experience the second separation from the wall of the taller body. The extended width of the podium beyond the building will allow for any probable reattachment of the separated flows. Pressure taps were fitted on one side of the bluff body and the flat plate for models with a vertical or horizontal plate. In total, 144 pressure taps were fitted in models 1, 2, and 3 and 210 pressure taps in model 4 (Figure 1). The sides of the models that did not contain any pressure taps were made out of wood, while those that had pressure taps were made out of plexiglass. A sensitive pressure scanner system was used to obtain the pressure time histories at each pressure tap using a sampling frequency of 530 Hz and sampling time of 60 s for all wind directions.
[image: Figure 1]FIGURE 1 | 3D view, front view, and side view of all 1:100 scaled models used in experimental wind tunnel tests. (A) Model 1. (B) Model 2. (C) Model 3. (D) Model 4.
2.2 Testing facility and ABL simulation
The experimental tests were carried out in the Atmospheric Boundary Layer Wind Tunnel (ABLWT) in the Laboratory for Wind Engineering Research (LWER), located at Florida International University (FIU). The wind tunnel has a test section which is 2.5 m wide and 1.85 m high with 18 m overall length. The turntable, placed downwind of the wind tunnel, allows for housing the models and testing them in different wind directions. The spires and roughness elements can be manually adjusted to achieve the desired exposure (open, suburban, or urban). The configuration chosen for the spires and roughness elements was adjusted to reproduce an open terrain profile, and a geometric scale of 1:100 was selected for this study. The two principal angles of attacks for this study were 0° and 90°. The selection was based on the fact that the 90° wind direction will generate the desired structure for the separated flows, while the 0° wind direction will serve as a reference case where a more traditional (i.e., single) separated flow occurs. Figure 2A shows a schematic illustration of the model 3 orientation on the turntable for both directions, while Figure 2B shows the physical model in the 90° wind direction.
[image: Figure 2]FIGURE 2 | (A) Schematic view of Model 3 in 0-degree and 90-degrees orientations. (B) the physical model in 90-degree orientation on the wind tunnel’s turntable.
To calculate the wind speed, turbulence intensity profiles, and the power spectra, multi-hole (cobra) probes were installed at different heights. The sampling frequency was 2,500 Hz, and wind velocities were measured for a 60 s time duration. Figure 3A shows a sample time history of the wind speed at the model mean roof height. The mean wind speed at the mean roof height of all models (h = 240 mm) was 8.95 m/s. The mean wind speed and turbulence intensity profiles are shown in Figure 3B. The wind speeds were normalized against the wind speed at the reference height Zg and compared with the power law equation (α = 1/9.8) and the ESDU (category C open terrain and a surface roughness length of z0 = 0.02 m) profiles showing good agreement. The turbulence intensity was estimated to be equal to Iu = 16% at the mean roof height, and the turbulence intensity profile at the wind tunnel had good agreement with the ESDU turbulence.
[image: Figure 3]FIGURE 3 | (A) Wind speed time history at the model mean roof height; (B) mean wind speed and turbulence intensity profiles compared to the power law and ESDU (open terrain); and (C) von Karman and wind tunnel spectra at mean roof height.
The power spectral density (PSD) of the wind tunnel is shown in Figure 3C. The spectral density achieved in the wind tunnel was compared to the von Karman spectrum in the atmospheric boundary layer (ABL) that was derived using [27], the wind tunnel PSD demonstrates a strong agreement at the high-frequency section of the oscillations (fh/U > 0.1), and the low-frequency cut-off signifies that the modeled turbulence is adequate for disturbances up to 5–10 times the building size. It should be noted that the increased height of the model is the reason for the discrepancy observed in the low-frequency range and that the spectrum match is even more improved at the height of the canopy in models 2, 3, and 4 (fh/U > 0.01).
2.3 Wind pressure coefficient estimation
Wind pressures are often expressed using dimensionless pressure coefficients (Cps), as in Eq. 1, where Δp is the pressure difference at the pressure tap location, ρ is the air density, and [image: image] is the mean wind speed at a reference height (often the mean roof height of the model). In the following sections, the results from this study are presented using a similar notation. For the mean pressure coefficients [image: image], Eq. 2 was used, while for the peak pressure coefficients [image: image], Eq. 3 was used. Peak Cps were obtained by using the best linear unbiased estimation (BLUE) method [28].
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3 WIND PRESSURE ANALYSIS
In this section, the results of mean pressure coefficients [image: image] and peak negative [image: image] and peak positive [image: image] pressure coefficients will be reported. Because of the shape of models and pressure tap distributions scheme (Figure 1), 0° wind will lead to the formation of mostly local peak positive pressures and 90° wind will lead to the formation of mostly local peak negative pressures on both vertical and horizontal surfaces of models. This was consistent with the studies carried out on canopies attached to buildings [7] and studies on the resultant wind force coefficients [29]. In fact, at 0° wind, the return flow due to the vertical plate and/or the vertical wall dominates and entirely covers the effect of leading-edge vortex shedding on the horizontal plate and/or roof surfaces. For the 90° wind, the separation at the cross corner resembles, to a certain extent, the 45-degree case for a regular square roof and produces a significant effect at both vertical and horizontal plates along the diagonal direction. Therefore, it was decided to only include the critical wind load cases in each wind direction because, for instance, in the 0° wind, the peak negative pressures were much less than those in the 90° wind for the same model.
3.1 Building with the vertical flat plate
In the 0° wind, both the vertical plate and the roof of bluff body will experience predominately positive pressure. The roof leading edge will lead to a separated flow and negative pressure areas; however, the vertical plate will stagnate the flow, resulting in a returned flow to the roof of the model which will increase the roof area that experiences positive pressures. Mean pressure coefficient contour plots for the 0° wind (Figure 4A) show higher positive mean pressure coefficient ([image: image]) values on the top and bottom parts of the vertical plate. The backward circulating flow will eventually reattach at the end of the roof, causing positive pressure despite the earlier suction due to the flow separation from the roof edge. High positive pressure coefficient values were observed at the plate–roof interaction zone, especially in the middle of both surfaces. The highest mean value happened at the higher surface of the plate and plate–roof interaction zone [image: image] ≈0.9. Mean pressure coefficient contour plots show an interesting phenomenon on the roof of the building. Because of the presence of the vertical plate on the top of the flat roof, two positive pressure zones were formed at the leading edge and at the roof–plate interaction zone, which were separated by a narrow suction zone in the middle (Figure 4A). This narrow zone has widened at the two ends with higher negative pressure coefficients. This is due to the return flow induced by the plate and its domination over the oncoming separated flow in the roof leading edge. The return flow is not as strong on the edges as it escapes the vertical plate. Peak positive pressure coefficient [image: image] contour plots in Figure 4B show somewhat similar flow characteristics and peak locations for the same wind direction. The plate–roof interaction zone had the highest pressure coefficients with [image: image] values varying between 2.3 and 3.2.
[image: Figure 4]FIGURE 4 | (A) Model 1—0° wind direction, mean [image: image], top: flat plate, bottom: bluff body; (B) model 1—0° wind direction, max peak [image: image], top: flat plate, bottom: bluff body roof.
Mean pressure coefficient results for the 90° wind direction are shown in Figure 5A. As expected, the separated flows at both the roof and plate leading edges result in higher negative pressure coefficients on the left half of the surfaces. The gradient on the roof is more uniform as it moves downwind, starting from −0.6 and ending at almost 0 on the leeward end. However, the plate pressure gradient clearly shows the more complex wind–structure interaction with higher pressure values moving at a diagonal direction from the bottom windward to the top leeward corner of the plate. The leading-edge mean pressure coefficient is also slightly increased, taking a value of −0.9. A similar distribution is shown in Figure 5B for the negative peak pressure coefficients [image: image]. The separation bubble’s diagonal pattern is evident on the plate resulting in a peak negative pressure with a value of [image: image] = −3.9 in the middle part of the plate away from the leading edge. Even on the last fourth quarter of the plate, the negative peak pressure coefficient is −2.5. These results confirm the major hypotheses of the current study, which assumed that the separated horizontal flow from the main bluff body has a direct implication on the distribution of the critical pressures on the vertically attached thin plate.
[image: Figure 5]FIGURE 5 | (A) Model 1—90° wind direction, mean [image: image], top: flat plate, bottom: bluff body roof; (B) model 1—90° wind direction, min peak [image: image], top: flat plate, bottom: bluff body roof.
3.2 Buildings with a horizontal flat plate and multi-level setbacks
This section summarizes the findings from model 2 and 3 testing. Although each model refers to a different building structure application, because of the same dimensions for the bigger bluff body and the same cross-sectional area for the smaller bluff body, the pressure coefficient results had similarities. It was expected that the enclosed space under the plate in model 3, which practically turns its geometry into a bluff body, will drastically affect the flow in comparison to the flat plate in model 2. In terms of the central research hypothesis, model 3 was anticipated to result in a stronger separated flow on the top of the plate, therefore interacting in a different manner with the separated flow from the main bluff body.
Similar to model 1 in the 0° wind direction, both the horizontal plate and the roof of bluff bodies experience predominantly positive pressure. Mean pressure coefficient contour plots for the 0° wind in models 2 and 3 (Figures 6A, 7A) show strong positive mean [image: image] values on the wall surface of the main bluff body. Backward rotating flow vortices cause positive pressures on the top surface of the plate and the smaller bluff body in both models due to reattachment. The mean pressure coefficients in both models had similar variation patterns at the same locations; however, [image: image] values in model 3 were found to be 5%–10% higher than those in model 2. The maximum pressure coefficient contour plots for models 2 and 3 are shown in Figures 6B, 7B, respectively. In both cases, the distribution is very similar, but the [image: image] values were higher in model 3 (+2.6 vs +2.2 on the walls and +3.4 vs +2.8 on the plate).
[image: Figure 6]FIGURE 6 | (A) Model 2—0° wind direction, mean [image: image], top: bluff body wall, bottom: flat plate roof; (B) model 2—0° wind direction, max peak [image: image], top: bluff body wall, bottom: flat plate roof.
[image: Figure 7]FIGURE 7 | (A) Model 3—0° wind direction, mean [image: image], top: higher building wall, bottom: lower building roof; (B) model 3—0° wind direction, max peak [image: image] , top: higher building wall, bottom: lower building roof.
In the 90° wind, mean pressure coefficients shown in Figures 8A, 9A indicate that both models are experiencing suction at the windward zones where flow separates. Clearly, the [image: image] values are becoming positive at the leeward zones, which is an indication of flow reattachment at the end of models for this wind direction. The diagonal gradient distortion on the top plate surface is clear in both models, similar to what was captured and discussed in model 1. The enclosed space under the plate in model 3 appears not to have a significant influence on the mean Cp values or their distribution. Finally, the 90° wind peak negative pressure coefficient contour plots are shown in Figures 8B, 9B. In both cases, the gradient patterns are very similar with significant high-suction zones to be formed farther from the leading edge and away from the wall corners.
[image: Figure 8]FIGURE 8 | (A) Model 2—90° wind direction, mean [image: image], top: bluff body wall, bottom: flat plate roof (B) model 2—90° wind direction, min peak [image: image], top: bluff body wall, bottom: flat plate roof.
[image: Figure 9]FIGURE 9 | (A) Model 3—90° wind direction, mean [image: image], top: higher building wall, bottom: lower building roof; (B) model 3—90° wind direction, min peak [image: image], top: higher building wall, bottom: lower building roof.
3.3 Building with podium extension at the base
Model 4, which is a building with a podium extension, was built based on model 3 in an effort to resemble a lower building surrounding a taller structure. In this case, both mean and peak pressure coefficient contour plots showed different flow–structure interaction patterns and local peak pressure zones when compared to model 3. In the 0° wind, mean pressure coefficient contour plots (Figure 10A) point to a large high-pressure zone at around the middle of the main building wall surface. The peak pressure zone dominates rows 2 and 3 of pressure taps from the top of the main building where the positive peaks [image: image] stay almost consistent at around a value of +2.4 in Figure 10B. Similar to the previous models, another high-positive-pressure zone was formed at the wall–roof interaction zone where the wall of the bluff body has a perpendicular angle relative to the podium roof surface. The [image: image] values at the wall–roof interaction zone were even higher than those on the wall surface. FromFigure 10B, two distinct high-pressure zones are observable on the podium roof top. The roof surface opposite to the wall has experienced positive pressures in the 0° wind, and the pressure gradually was increasing from the roof leading edge toward the wall–roof interaction zone. After the wind separates from the podium roof leading edge, the separated bubble will interact with the higher building wall face, and backward flowing vortices will be generated. These flow vortices move in the opposite direction of the oncoming flow. These high- and low-pressure zones are clearly visible in the roof mean pressure coefficient contour plot in Figure 10A. In this figure, [image: image] values have positive signs varying from +0.2 to +0.9. Meanwhile, the two left and right zones of the podium roof had negative [image: image] values, which mean that these two parts mostly experience an uplift force. Flow interaction from the roof with the wall had few effects on these two regions, and therefore, these two parts of the roof will experience wind loads similar to a simple flat roof for the specific orientation.
[image: Figure 10]FIGURE 10 | (A) Model 4—0° wind direction, mean [image: image], top: higher building wall, bottom: podium roof; (B) model 4—0° wind direction, max peak [image: image], top: higher building wall, bottom: podium roof.
In the 90° wind direction, mean pressure coefficients were negative at the leading edges of both surfaces (Figure 11A), but the locations of the peak negatives were varying depending on how far the region is from the wall–roof interaction zone. A localized negative pressure zone was formed on the left corner of the wall compatible with the wind loading zones in chapter 30 of [26](Figure 11B). However, the suction zone on the wall surface has extended toward the middle and top of the wall to the extent that some parts of the wall close to the top edge, where the last pressure tap row extends, had very high [image: image] values. The podium surface, on the other hand, has experienced different wind loads than the roof of the small bluff body in model 3 in the 90° wind direction. On the podium roof surface, the extended suction zone in a diagonal direction was not as pronounced, and the separation bubble was smaller and pushed toward the wall–roof interface. When comparing Figures 9B, 11B, the locations of high-suction zones are different on the surface of the two lower buildings roofs. In the 90° wind direction, several localized suction zones were formed on the podium roof based on the peak negative pressure coefficient contour plots. These high [image: image] values were formed at the roof leading edge and at the end of zone 1 ([image: image] = −2.9) and at the wall–roof interaction (top zone 2) with ([image: image] = −4.4). A more detailed experimental parametric study is recommended for the particular podium-like structure.
[image: Figure 11]FIGURE 11 | (A): Model 4—90° wind direction, mean [image: image], top: higher building wall, bottom: podium roof; (B) model 4—90° wind direction, min peak [image: image] top: higher building wall, bottom: podium roof.
4 DISCUSSION AND CODE IMPLICATIONS
While analyzing wind load on structures, the interaction of the bluff body with the oncoming flow is essential to determine the peak zones on the external surfaces. First, the overall distribution of peak pressure coefficients in models 3 and 4 of this research will be compared to an isolated flat roof model from the Tokyo Polytechnic University (TPU) [30] database. To the extent possible, building geometric similarities were taken into consideration in order to be able to compare the peak pressure zones on the roof and wall surface of a single bluff body and bluff bodies with attached plates or two adjacent bluff bodies. These similarities included the building’s depth D, breadth B, and eave height H (Table 1). The comparisons were carried out for the pressure coefficient results of the pressure taps on the models in this research study in Figures 4–11 with the pressure coefficient results of the pressure taps on an equivalent single bluff body in the TPU wind tunnel database in terms of peak pressure coefficients in Figures 12–14. For the wall and roof of higher buildings (a bigger bluff body) in all models with dimensions of 240 mm × 240 mm × 240 mm, a single bluff body which has the best matching dimensions of 160 mm × 160 mm × 160 mm in the TPU research was selected (Figure 12). To compare the smaller bluff body results in model 3, a case in the TPU study with dimensions of B = 160 mm, D = 400 mm, and H = 160 mm (Figure 13) was selected. Finally, a bluff body with dimensions of B = 160 mm, D = 160 mm, and H = 40 mm (Figure 14) in the TPU database was selected to compare with the results of the podium of model 4 of this research study. A comparison of these research models’ dimensions with the corresponding models in the TPU aerodynamic database is presented in Table 1. In the second part of this section, Cp coefficient results and the corresponding peak wind load zones from the current research study are compared to the proposed component and cladding (C&C) zones included in Chapter 30 of [26].
TABLE 1 | Dimensions and geometric ratios of models 3 and 4 from the current study compared to corresponding models in TPU wind tunnel tests.
[image: Table 1][image: Figure 12]FIGURE 12 | [30] Pressure coefficient contour plots for a low-rise flat roof building with equal cross section and height dimensions B = D = H = 16 m. (A) Contour plot of peak positive [image: image] in the 90° wind direction and (B) contour plot of peak negative [image: image] in the 0° wind direction.
[image: Figure 13]FIGURE 13 | [30] Pressure coefficient contour plots for a low-rise flat roof building with extended cross section B = 16 m, D = 40 m, and H = 16 m. (A) Contour plot of peak positive [image: image] in the 90° wind direction and (B) contour plot of peak negative [image: image] in the 0° wind direction.
[image: Figure 14]FIGURE 14 | [30] Pressure coefficient contour plots for a low-rise flat roof building with square cross section and height equal to a quarter of its width B = 16 m, D = 16 m, and H = 4 m. (A) Contour plot of peak positive [image: image] in the 90° wind direction and (B) contour plot of peak negative [image: image] in the 0° wind direction.
4.1 Comparison of [image: image] and [image: image] with the TPU wind pressure database
The TPU aerodynamic database includes wind pressure coefficients that were experimentally derived for high-rise and low-rise buildings with and without eaves, which could be an isolated building or a non-isolated building [30]. The selected cases had similar dimensions to models 3 and 4 in this research study and were selected from the database of isolated low-rise buildings without eaves. The wind tunnel and TPU models have evenly distributed pressure taps at 20 mm. The TPU database procedure to calculate the Cp coefficients is described in detail in [31]. The current study’s and TPU’s reference wind directions differ 90°; therefore, the 0° wind direction cases in the current study correspond to the 90° wind direction in the TPU experiments, and the 90° wind direction in the current study should be compared to 0° in the TPU database results.
4.1.1 Model 3 in the 0° wind direction
In model 3, the wall of the higher bluff body has experienced peak positive pressures at the top and lower part of the wall (Figure 7B), which is in good agreement with the similar TPU case for wind perpendicular to the wall in Figure 12A both for the peak positive zones and their [image: image] values. However, the lower bluff body in model 3 had different [image: image] zones and values comparing it to a corresponding case in TPU contour plots. The roof of the lower building was mainly dominated by positive [image: image] values in the current study’s 0° wind direction, and high peak positive values ([image: image] ≈3.4) were observed at the roof–wall interaction zone (Figure 7B). The roof of the TPU model, which is an isolated building, had negative values at the leading-edge, indicating flow separation at the edges of the roof. The roof of the TPU model corresponding to the lower building roof in model 3 was mainly under suction even for the peak positive results (Figure 13A). The roof of the bluff body in the current study, therefore, has experienced much more positive pressure (downward) when it was adjacent to a taller bluff body. Although wind separation from the leading edge had been causing local negative pressures on the roof, the flow stagnation on the perpendicular wall resulted in a returned flow and downward vortices that caused very high positive pressures on the roof of the lower bluff body.
4.1.2 Model 3 in the 90° wind direction
In the 90° wind direction, the peak negative pressure coefficient contour plots of the higher bluff body wall in model 3 (Figure 9B) were compared to the isolated building with close dimensions in the TPU aerodynamic database (Table 1) in the 0° wind direction (Figure 12B), and the roof of the lower bluff body in model 3 was compared to the rectangular prism test results in the TPU database for the 0° wind direction (Figure 13B). The wind orientation in these cases will mainly cause high peak suction zones on the roof and sidewall surfaces of both the current study and TPU models. The high peak negative [image: image] values at top and bottom corners of the TPU model were [image: image] = −3.5≈−4 in Figure 12B, but in model 3, the high suction zone was only on the bottom corner of the higher bluff body wall with a higher value of [image: image] = −6.3 in Figure 9B. The [image: image] values at the top edge and middle zones of the wall of model 3 were similar to those of the TPU model ([image: image] ≈ −2.5), and then, there is another high-suction zone which extends toward the top edge of the wall (Figure 9B) which, as expected, did not happen in the TPU model’s roof in Figure 12B. As previously discussed, in model 3, the separated flows from two perpendicular surfaces will mix and produce a turbulent flow which will push the combined flows toward different directions such as toward the top edge of the wall of a higher building and the leeward corner of the lower building in a diagonal pattern. This will lead to another flow separation at that zone which will not occur in a single building’s roof as did not happen in the TPU model (Figure 12B). Totally different results were observed for the min Cp coefficients of the model 3 lower bluff body roof (Figure 15) when it was compared to the TPU isolated building roof in Figure 13B for the 90° wind direction. Peak negative pressures were distributed symmetrically on the roof surface of the TPU model with [image: image] values of around −4 at the two windward corners. The peak negative pressure coefficients then gradually decrease to a closer value to 0 at the end of the leeward edge. This is typical in other TPU aerodynamic database results [30] and research related to turbulent flows around low-rise buildings [32], which is an indication of the reattachment of separated shear layers on the surface at downstream. These phenomena did not happen on the roof of the smaller bluff body in model 3. As can be seen in Figure 9B, there has been a big peak pressure zone which was extended diagonally from the leading edge of the roof getting away from the roof–wall intersection line. Therefore, for the design of roofs with elevated heights, the flat roof peak pressures might no longer be applicable, and the higher peaks will not only be limited to the corners but also should be expected at central locations.
[image: Figure 15]FIGURE 15 | (A) GCp zones and values for roof and wall faces of buildings with mean roof height h ≥ 18.3 m taken from Figure 30.4-1 of [26] and (B) GCp zones and values for building roofs with mean roof height h ≤ 18.3 m taken from Figures 30.3-2A of [26].
4.1.3 Model 4 in the 0° wind direction
Model 4 is made of two parts, the higher building and the podium. The higher building which is a cubic prism with 240 mm dimensions will be compared to a prism with equal dimensions of 160 mm as shown inTable 1. The podium building’s cross-sectional dimensions in model 4 are twice the dimensions of the higher building, but its height is half. To be able to compare Cp contour plots of the podium to similar cases in the TPU database, a model was selected that had the same geometric parameters H/B and D/B (Table 1). Pressure taps on the roof surface of the podium in model 4 were distributed equally at every 20 mm which was the same in the TPU corresponding model at its roof. In the 0° wind direction, the wall of the higher building of model 4 has experienced the same peak positive pressure coefficient values that model 3 had developed on its wall surface with the same peak zones. The [image: image] values and peak locations of the TPU model are shown in Figure 12A, which were already discussed in the previous section. The podium roof in the 0° wind direction had quite different results (Figure 10B) from the TPU model roof for the equivalent 90° wind direction (Figure 14A). The roof of the TPU model had negative [image: image] values at the edges and small positive values close to zero at the rest of the roof. The podium roof of model 4, on the other hand, was under different peak positives as can be seen in Figure 10B where the entire roof was under positive pressure with high local positives at the roof–wall interaction zone (top of zone 2) where the main building wall is perpendicular to the podium roof. The positive values were much higher than the TPU corresponding model to the extent that the peaks reached a value of [image: image] ≈3 at the wall–roof interaction zone. Definitely, different design approaches must be used when designing flat roofs for wind demands by considering the results of the current study and TPU contour plots of peak positive pressures. Positive pressures on the flat roofs were observed in previous research [33] when a short building was located in front of a high-rise building. These positive values will depend on the height of the high-rise building, and increasing the height of neighboring buildings will reduce the positive values and will increase the suction on the roof of the lower building.
4.1.4 Model 4 in the 90° wind direction
The walls of the higher buildings in models 3 and 4 had similar peak negative pressure zones for the 90° wind direction; however, the top peak zone in model 3 has shifted toward the leading edge of the wall in model 4. Flow interaction patterns in model 4 will be different from those in model 3 due to the extended dimensions of the shorter building (the podium). [image: image] values at the end zone of the wall in model 4 were less than those in model 3. The longer length of the podium roof in model 4 will help some mixed vortices to reattach on both perpendicular surfaces causing more pressure than suction at downstream locations (Figures 9B, 11B). The podium roof in model 4 had very different peak negative pressure distribution zones compared to model 3 and the equivalent model roof in the TPU database (Figure 14B). The diagonal separation bubble in model 3 was not as strong on the podium roof, but rather multiple peak zones were formed away from the leading edge. The peak negative pressure coefficient zones in the TPU model were at the two leading-edge corners with values of [image: image] ≈ −5. The peak suction mainly happened at the leading edge and the central areas of the roof. Suction gradually reduced away from the windward toward the leeward direction. In [34], it was explained that when a low-rise building is adjacent to a high-rise building, the amplification interference effects will impact both minimum and maximum pressures on the roof of the low-rise building. It should also be noted that the scaled geometric ratios H/B and D/B in the current study and TPU models were similar, and the depth (D) and breadth (B) in model 4 were three times (480:160 in Table 1) the TPU dimensions.
The present research study demonstrates notable distinctions in pressure distribution patterns between single surfaces and surfaces composed of perpendicular faces, as evidenced by a thorough comparison with the TPU database. Nevertheless, the geometric characteristics of the models employed in this investigation bear a closer resemblance to a prior study that focused on the codification of canopies attached to mid-rise buildings [7]. In this study, the models consisted of a bluff body representing a mid-rise building, complemented by flat plates positioned at various locations to simulate building canopies. Figure 14C of the research [7] showcases a contour plot illustrating the distribution of wind pressure coefficients at a 90° angle over the horizontal surface of the canopy plate, specifically in the case where the canopy is attached to the building’s edge. This specific scenario can be compared to model 2 within the context of the current research study. Notably, in both instances, when the wind flowed parallel to the flat plate (at a 90° angle), the minimum peak negative pressure coefficients were observed at regions distanced from the leading edges and predominantly concentrated toward the center of the horizontal flat plate.
4.2 Comparisons to the design guidelines for components and cladding, ASCE 7-2022
Chapter 30 of [26] provides pressure coefficient zones and their values applicable to the design of components and cladding based on the envelope and directional procedures. For pressure coefficients on the roof and wall of buildings with mean roof height ≥18.3 m (Figure 15A), the envelope procedure has been based on the [35] method of not enveloping the influence of exposure, so exposure categories B, C, or D may be used with the values of (GCp) in Figure 30.4-1 of ASCE7-22. For buildings with a mean roof height of h ≤ 18.3 m, a number of figures are introduced, among which Figures 30.3-2A introduce GCp coefficients for pitched roofs with [image: image] ≤ 7°. For peak pressure coefficients on the roof of these types of buildings, Figure 15B shall apply.
The main bluff body in models 1–4 of this research study could be compared to a full-scale building with a mean roof height of 24 m, and therefore, Figure 30.4-1 of ASCE 7-22 (Figure 15A) could be used to determine wind loads on the wall surface of the full-scale building. In this figure, the wall elevation has been divided into three zones at both edges and at the center of the wall. The full-scale effective area of the higher buildings in models 1–4 will be 12× [image: image], which is the vertical dimension multiplied by ([image: image]) the 10% of the horizontal dimension ([image: image] = 10% × 24 m = 2.4 m), and therefore, the effective area would become 28.8 m2. For this effective area, a peak negative coefficient value of [image: image] ≈ −1.1 for zone 5 and [image: image] ≈ −0.7 for zone 4 and a peak positive pressure coefficient value of [image: image] = +0.65 for zones 4 and 5 could be extracted from Figure 30.4-1 of ASCE 7-22. The wall surfaces of models 2, 3, and 4 have dissimilar peak negative pressure coefficient zones in comparison to the ASCE 7-22 wind loading zones in Figure 30.4-1. In all three models, there is a localized peak negative zone at the wall–roof interaction zones in Figures 7B, 9B, 11B, which was formed due to the flow separation at two perpendicular surfaces and could be compared to zone 5 in Figure 15A. However, the suction zone does not stop at the edge of the wall, and an upward dispersion of negative pressure toward the central parts of the wall was observed in models 2, 3, and 4. The peak negative zones did not occur at the leading edge as per the ASCE 7-22 wind loading zone in Figure 30.4-1 zone 5 and has shifted away from the edge. In each of the models examined, the manifestation of high suction zones was observed within a designated region referred to as “zone 5” according to ASCE 7-22 (Figures 15A as depicted in this scholarly article). Notably, however, a distinction arises when comparing these models to the provisions outlined in ASCE 7-22. Specifically, the high suction zones in these models exhibit an upward diagonal extension towards the central part of the wall, identified as “zone 4” within the ASCE 7-22 guidelines. This notable extension of the high suction zone is particularly evident in model 1 (Figures 5B). The same condition was observed for the peak positives in Figures 6B, 7B, 10B with peaks happening at the center and decreasing as getting away from the center, whereas in ASCE 7, the two zones (4 and 5) will have similar positive peaks (Figure 15A).
ASCE 7-2022 provides a figure for the peak pressure coefficient of the roof of stepped-roof buildings (Figures 30.3-3); however, the mean roof height of the top roof is limited to 18.3 m. Because, in this research, the mean roof height of top roofs of all models exceeds the ASCE 7 defined height limitation, for the peak coefficients on the surface of the lower roof in models 3 and 4 with a mean roof height of 12 m, Figures 30.3-2A of ASCE7-22 were selected, and the peak zones are shown in Figure 15B. The highest localized peak negative zones on the roof based on this figure will be formed at the four corners of the roof (zone 3) followed by zone 2, a narrow area extended along the edges of the roof. In Figures 8B, 9B, the separation bubble has shifted away from the leading edge of the plate and the lower roof, causing peak negative pressure coefficient zones to happen on an extended diagonal form at the center of the roof. The highest peak negative pressure coefficients, unlike the ASCE 7-22 defined zones, were not at the corners but away from the leading edge toward the center of the roof. In model 4, the peak negative pressure coefficients similarly were not limited to the leading edge as it is in ASCE7-22 (Figure 15B). Both the peak negative and positive zones on the roof of the podium building were formed at the roof–wall interaction zone where the main shear stress will be resulted from vortex interactions. In ASCE 7-22, for a building of roof height less than 18.3 m (Figure 15B), all four zones on a roof surface will receive the same peak positive pressure coefficient which did not happen in this research study on the roof of all four models. The contour plots of positive pressure coefficients show a sudden spike for the positive pressures at the location of two perpendicular surfaces.
The results of experiments on combined bluff bodies in this research show that wind loading on buildings will not always comply with the provisions defined by ASCE 7 which are generally for isolated buildings with simpler geometries. The envelope procedure in ASCE 7-2022 that have been used to determine wind loads on the main wind force resisting systems and, on the components, and cladding is by involving an effective area of a particular surface without considering the pressure fluctuations resulted from more complex geometries such as two perpendicular surfaces. Based on the present research study, the localized peak pressure coefficients in buildings with attached plates and buildings with variable roofs could have different zones and values than what has been defined in ASCE 7-2022. The implication of designing external elements such as roof tile connections and main force resisting systems such as roof beams and shear walls for wrong wind forces could be detrimental and costly, especially in extreme wind events.
5 CONCLUSION
Experimental research and analysis were carried out on the wind load on structures with a focus on bluff body–oncoming flow interactions. The pressure coefficients and peak pressure zones on the roof and wall surfaces of buildings with attached plates and buildings with multi-level setbacks were compared. The comparisons were carried out for pressure coefficient results from this research study and an equivalent single bluff body in the TPU wind tunnel database. Finally, the [image: image] coefficient results and corresponding peak wind load zones from this research study were compared to the recommended C&C zones in Chapter 30 of [26].
For multi-level buildings with setbacks and multi-level buildings with a podium at lower levels, the wall of a higher building experienced peak positive pressures at the top and lower part of the wall, similar to a single building case in the TPU database. However, the roof of the lower building had different peak positive zones and values compared to the TPU case and the roof surface of the podium where the lower roof acts as a podium in a multi-leveled structure. The results of building with multi-level setbacks indicate that wind orientation parallel to the perpendicular surfaces will cause suction zones on roof and sidewall surfaces of the models away from the leading edges. The building showed a higher suction zone only on the bottom corner of the higher building wall. The results for buildings with multi-level roofs showed a big peak pressure zone diagonally extending from the roof’s leading edge, indicating that for elevated roofs, flat roof peak pressures may not apply, and higher peaks should be expected at central locations. The podium roof in the multi-level building with a podium for a wind direction parallel to the perpendicular surfaces did not experience a diagonal separation bubble which happened on the roof of shorter building in a multi-level building without a podium, but there were several localized peak suction zones.
The bluff bodies in all models represented a mid-rise building or a section of a taller structure geometry. The peak negative and positive coefficient locations of this research differed from the introduced ASCE 7-22 wind loading zones. Peak negative pressure coefficient zones occur at the wall–roof interaction zones in a building with a horizontal flat plate and in all multi-level buildings rather than at the leading edges, as per ASCE 7-22 wind loading diagrams. The peak negative pressure zones of both perpendicular surfaces in all models were observed away from the leading edges of the building which was not in compliance with the peak pressure zones defined by ASCE 722. In summary, this study quantified and documented a rather complex fluid–structure interaction problem that, in addition to its fundamental to fluid dynamics relevance, might have direct implications on the wind loading patterns and design recommendations currently in the wind standards and building codes.
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