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 ABSTRACT OF THE DISSERTATION

 LOW-RISE IRREGULAR SHAPED BUILDINGS

 by

 Manuel A. Matus

 Florida International University, 2023

 Miami, Florida

 Professor Ioannis Zisis, Major Professor

 The United States has faced significant economic and human losses due to various 

natural disasters (including extreme wind events), with these calamities causing nearly 

$1,359 billion in economic losses and claiming the lives of 6,890 individuals. Coastal 

regions in the United States, despite occupying only 10% of the nation's land area, are 

especially vulnerable to the devastating impact of hurricanes and are home to 40% of the 

U.S. population. The American landscape has approximately 111 million buildings, with 

single-family homes representing the majority at 89.7% of the total count, and low-rise 

residential buildings make up 70% of the entire constructed environment. As architectural 

designs evolve towards more intricate and non-standard shapes, there is a growing need for 

further research focused on low-rise structures with irregular configurations. To address 

this need, comprehensive wind tunnel testing was carried out at Florida International 

University's Wall of Wind (WOW) Experimental Facility, using realistic models inspired 

by diverse low-rise building designs found in South Florida, including shapes like T, L, C, 

and S. These tests revealed that low-rise buildings with irregular floor plans exhibit distinct 

mean pressure distributions on roof and wall sections, different from those of rectangular
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buildings. In cases where separated flow occurs, the re-entrant flow re-attaches to the 

downwind windward wall, leading to significant changes in stagnation point location and 

the development of turbulent air recirculation. Some side walls (under the effect of 

turbulent recirculating flows) experience notable decreases in suction pressures, 

transitioning from positive values near the 90-degree joint to negative values near the 

upwind edge. Irregularly shaped buildings tended to generate higher positive critical 

pressure coefficients on roof sections and generally experienced reduced development of 

negative critical pressure coefficients on some areas of roof sections compared to 

rectangular buildings. While suction pressure coefficients on roof sections aligned 

relatively well with current wind provisions, with some exceptions, it was consistently 

observed that the walls of buildings with irregular shapes exceeded the positive and 

negative pressure coefficient limits specified in the existing wind provision design 

guidelines making such structures more prone to damage. 
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1. INTRODUCTION 
 

The United States has experienced significant economic and human losses due to 

various natural disasters. The combined impact of these events has resulted in staggering 

economic losses of approximately 2,575.7 billion dollars and tragically claimed the lives 

of 15,958 individuals, between 1980 and 2023. Among all the natural disasters, Tropical 

Cyclones, commonly known as hurricanes, stand out as the most devastating natural 

disaster, contributing to a substantial portion of the economic losses and human casualties, 

amounting to 1,359 billion dollars and 6,890 deaths respectively (Smith et al., 2020, NOAA 

2023). 

Hurricanes are particularly known for their severe impact on coastal regions 

worldwide, and in the United States, the East and Southeast coasts are especially 

susceptible to such extreme wind events (FEMA - Figure 1). Notably, even though coastal 

areas only account for 10% of the total land mass in the country, they accommodate 40% 

of the US population, making such areas vulnerable "hazardous hotspots" (NOAA 2013, 

Iglesias et al., 2021, Zulian 2022, Wilson et al., 2010). 

The surge in population in US coastal cities has led to a substantial increase in 

housing units, rising from 16.1 million to 49.4 million between 1960 and 2010, 

representing 39% of the total housing in the country (Wilson et al., 2010, NOAA 2013). 

This rapid urbanization and expansion in coastal areas have further exacerbated the risk 

and potential impact of natural disasters, making it crucial to implement effective 

mitigation and preparedness measures to protect both lives and property.  

The United States boasts a vast array of approximately 111 million buildings, each 

category contributing to the nation's diverse landscape. Commercial buildings account for 

5.2%, symbolizing the thriving business hubs; industrial structures represent 0.3%, 
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signifying centers of industrial prowess; multifamily residential buildings make up 4.5%, 

creating communal living spaces, and the largest segment is single-family homes, 

encompassing a substantial 89.7% of all buildings. The preference for single-family living 

extends to approximately 75% of households, inclusive of manufactured homes, reflecting 

the American dream of owning a private dwelling. 

In exploring the architectural heights, the data reveals that one-story residential 

buildings encompass 32.9% of the US housing units, catering to accessibility and 

convenience. Simultaneously, two-story residential buildings claim approximately 36.4% 

of the US housing units, striking a balance between space and functionality. Together, these 

low-rise residential structures harmoniously compose a remarkable 70% of the entire US 

built-up environment, showcasing the nation's affinity for cozy living spaces. 

Delving further into the dimensions of these abodes, most single-family homes 

boast generous spaces ranging from 1000 to 2500 square feet, accommodating the 

aspirations and comforts of families. In contrast, multifamily homes are designed with a 

more efficient use of space, typically ranging from 500 to 1,500 square feet, offering a 

suitable solution for those seeking compact yet functional living arrangements (Potter 

2020, Fu et al., 2012, Reyna et al., 2022). This fascinating interplay of building sizes 

underscores the versatility of the American housing landscape. 

To mitigate the impacts of devastating hazards caused by extreme wind events, 

researchers have delved into the realm of civil infrastructure. Through meticulous wind 

tunnel testing encompassing a wide array of structures, structure components, materials, 

and more, researchers have sought to better comprehend the effects of such forces on 

structures and the built environment. The invaluable knowledge attained from these 
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investigations has paved the way for the formulation of essential building codes and wind 

provisions, meticulously designed to ensure the safe construction of structures, minimize 

wind-induced damages, and fortify the resiliency of the built environment. Thus, enhancing 

the ability of structures to withstand the forces of nature and safeguarding the communities 

that thrive within it.  

In both the US and around the globe, the design and construction of structures are 

influenced by a multitude of factors. These factors encompass changes in societal norms, 

political landscapes, technological advancements, and the ever-evolving body of 

knowledge, among others. Over time, the significance of these factors may fluctuate, 

leading to varying degrees of impact on the way structures are built. As a result, the 

dynamic interplay of these elements can significantly shape the approach to construction 

practices and design principles over the years. Additionally, a great emphasis on 

maintaining the harmony between structures and the surrounding environment plays a key 

role in the overall structure’s shapes (Friedman 1995, Jacobs 2006, Konior 2022, Lehman 

2011, and Bassas et al., 2020).  

In the modern urban landscape, an evident trend has emerged where buildings have 

embraced elaborate and diverse shapes, moving away significantly from the conventional 

square and rectangular designs. This shift is particularly pronounced in the increasing 

prevalence of tall and super-tall structures. As a result of these intricate architectural forms, 

extensive research has been conducted to comprehend the effects of wind-induced loads 

on buildings with irregular shapes. A multitude of investigations (Irwin 2009, Xie 2014, 

Kim et al., 2014, Kim et al., 2015, Zhang et al., 2020, Tamura et al., 2017, Xie 2012, Nagar 

et al., 2020, Xu et al., 2017, Yi et al., 2015, Sharma et al., 2018, Kourakis 2005, Rajdip et 
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al., 2016, Daemei et al., 2019, Yan et al., 2016, Wang et al., 2023, Gomez et al., 2005, 

Mashalkar et al., 2015, Souvik et al., 2014, Yi et al., 2016, Yi et al., 2017, Yi et al., 2020, 

Zhao et al., 2017, and Rajabi et al., 2022) have been carried out to explore the complex 

aerodynamic performance of mid- and high-rise structures characterized by such intricate 

shapes. These studies aim to gain a comprehensive understanding of how these irregularly 

shaped buildings respond to wind-induced forces. However, it is worth noting that there is 

a limited number of investigations focusing on low-rise structures with irregular shape 

plans, leading to a gap in knowledge and understanding regarding the performance of such 

buildings (Lee et al., 2016, Paterson et al., 1992, Stathopoulos et al., 1993, Zhang et al., 

2014, Parackal et al., 2016, Shao et al., 2019, Uematsu et al., 2022, Verma et al., 2022, 

Sharma et al., 2023 and Sarma et al., 2023, Shao et al., 2019).  

The current wind provisions, providing valuable design guidance for low-rise 

buildings, were established through wind tunnel experiments conducted on simplified 

regular-shaped models (such as square and rectangular) nearly five decades ago (Akins et 

al., 1977, Davenport et al., 1977, and Stathopoulos, 1979). More recent studies by the 

National Institute of Standards and Technology (NIST) and Tokyo Polytechnic University 

(TPU) have addressed this issue by conducting research on low-rise structures and 

developing aerodynamic databases specifically tailored for designing such buildings. 

These databases are valuable resources made available to the public. However, it is 

essential to recognize that these recent studies were also limited to idealized models with 

regular plans (Ho et al., 2005, NIST 2004, Tamura et al., 2005, Tamura 2012). 

In light of the advancements in wind engineering and the evolving architectural 

landscape, there remains a need for further research focusing on low-rise buildings with 
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irregular shapes (herein referred to as: irregular shaped buildings, buildings with irregular 

shape, irregularly shaped buildings, buildings with irregular plans, buildings with complex 

shapes, buildings with intricate shapes, non-regular buildings, etc.). By conducting 

comprehensive studies that encompass a broader range of architectural designs, we can 

enhance our understanding and improve the safety and performance of low-rise structures 

in diverse and dynamic environments. Such endeavors will contribute significantly to the 

continual improvement and innovation in the design practices of low-rise buildings with 

complex shapes. Addressing this knowledge gap in research and updating design 

guidelines to account for the complexities of irregularly shaped low-rise buildings is crucial 

in ensuring their structural integrity and safety in today's rapidly evolving built 

environment. By conducting further studies and incorporating the latest advancements in 

wind engineering, we can enhance our ability to create resilient and sustainable structures 

that meet the challenges of the modern architectural landscape. 

To evaluate the performance of low-rise buildings characterized by irregular 

shapes, large-scale (1 to 50 scale) and small-scale (1 to 100 scale) wind tunnel testing was 

conducted on a range of intricate models at the Wall of Wind (WOW) Experimental 

Facility (EF), situated at Florida International University (FIU) in Miami, Florida. To 

design the models for testing, the initial and crucial step involved conducting an extensive 

survey using satellite images obtained from residential areas in South Florida (Figure 2). 

These high-resolution satellite images offered a detailed and comprehensive perspective of 

the diverse low-rise buildings that adorned the region, effectively capturing a wide variety 

of architectural forms and intricate designs. The data collected from this survey formed the 

foundation for creating realistic and representative models that accurately simulated the 
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complexities of real-world low-rise structures with irregular shapes (Ahmed et al., 2016, 

Ahmed et al., 2023). The survey yielded invaluable insights into the prevailing shapes 

commonly found in the field, revealing that the most typical forms included T-, L-, C-, and 

S-shapes. From these identified shapes, multiple models were developed which varied in 

aspect ratios and roof end configuration (e.g., gable vs. hip roof ends). A total of 22 models 

with irregular shape plans were investigated by instrumenting each model with 300+ 

pressure taps distributed on all walls and roof sections to obtain the pressure distribution 

under wind induced loading.  

The data acquired from all models was utilized to generate contour plots for both 

mean and peak pressure coefficients (Cp). These plots offered insights into the 

comprehensive pressure distribution on the wall and roof sections, contingent upon the 

direction of the wind. Moreover, the overall critical peak pressure coefficients were 

assessed, drawing valuable insights into how building shape irregularities influenced the 

development of these peak pressure coefficients. Furthermore, a comparison between the 

experimental data gathered from wind tunnel testing and the current wind provisions 

specified for components and cladding in low-rise buildings, as outlined in ASCE 7-22 – 

C&C, was carried out. This analysis aimed to evaluate the suitability of these minimum 

design guidelines for structures with irregular shapes. Additionally, smoke visualization 

tests were performed during these experiments, supplying valuable visual data regarding 

the interaction and development of mixed flows. 
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Figure 1. FEMA hurricane risk index map 
 

 
Figure 2. Satellite image – South Florida residential area, 08/03/2023, Google Maps. 

 

 

2. LITERATURE REVIEW 
 

Buildings with intricate shapes have become popular as advancements in 

technology in multiple fields (e.g., architecture, materials, construction techniques, etc.) 

have emerged. A great number of such structures can be observed in the famous tall and 

super-tall buildings like Burj Khalifa, Taipei 101, Petronas Towers, among others. Current 

wind provisions provide guidance for the design of structures with intricate shapes, and 

most importantly, wind tunnel testing is highly encouraged as complex shapes portray a 

challenge when obtaining accurate design values. Wind tunnel testing can be a valuable 
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tool for understanding and mitigating wind-induced loads and vibrations, ensuring the 

safety and reliability of structures in challenging wind environments. In fact, the American 

Society of Civil Engineers (ASCE) recommends the utilization of wind tunnel testing in 

various scenarios: 

1) Wind tunnel testing is deemed prudent when the architectural design of a building 

or structure possesses intricate or irregular shapes that elude comprehensive analysis 

through simplified analytical methods. This applies especially when the structure 

significantly departs from conventional shapes and configurations. 

2) Tall structures, typically exceeding 500 feet in height, frequently necessitate wind 

tunnel testing as a mandatory step. This is imperative to evaluate wind-induced loads, 

pressures, and dynamic responses, given that these lofty edifices are more vulnerable to 

wind-induced vibrations and dynamic behaviors. 

3) When architectural designs feature inventive elements, non-standard components, 

or unconventional architectural characteristics, the accurate comprehension of 

aerodynamic behavior and wind loads on the structure may mandate the inclusion of wind 

tunnel testing. 

4) Structures sensitive to wind effects, such as expansive bridges, stadium roofs, and 

slender towers, might require wind tunnel testing to scrutinize their stability, dynamic 

reactions, and wind-induced forces comprehensively. 

5) In geographical areas prone to elevated wind velocities, it is often advisable to 

incorporate wind tunnel testing as an integral component of the structural design process. 

This step ensures the safety and stability of the structure under conditions of extreme wind. 
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related issues or to fine-tune the design of elements vulnerable to wind effects (e.g., 

cladding, rooftop equipment), the integration of wind tunnel testing can supply invaluable 

data for realizing these objectives.

 In specific instances, local building codes and standards may dictate the necessity 

of wind tunnel testing for particular structure types, heights, or locations. This requirement 

ensures adherence to safety and performance criteria.

 Numerous inquiries have been undertaken to gain deeper insights into structures 

with intricate configurations. Nevertheless, these investigations have predominantly 

concentrated on medium to tall buildings (Gomez et al., 2005; Mashalkar et al., 2015; 

Souvik et al., 2014; Yi et al., 2017; Zhao et al., 2017; Rajdip et al., 2016; Rajabi et al., 

2022). For instance, Gomez et al. (2005) scrutinized the overall pressure distribution on 

100-meter-tall structures with L- and C-shapes at a 1:100 scale (see Figure 3). Their 

findings revealed a complex pattern of pressures around the various wall sections, 

diverging from those obtained from the conventional square model. Similarly, other 

researchers, including Mashalkar et al. (2015), investigated structures with C-, I-, L-, and 

T-shape, ultimately affirming the critical role of structural form in withstanding wind 

forces. Souvik et al. (2014) explored pressure distribution on a building shaped like a "+" 

(see Figure 4) and highlighted substantial alterations in pressure distribution when 

compared to a rectangular model, particularly in response to varying wind directions. This 

indicated a significant dependency on the interaction between the protruding sections.

 Yi et al. conducted multiple studies (2016, 2017, 2023) that delved into the impact 

of building shape on overall pressure distribution. Their investigations focused on an L- 

shaped building at a scale of 1 to 500, revealing notable variations in pressure distribution

6) In situations where the primary aim is to formulate strategies for mitigating wind-



 

 

at the corners of L-shaped structures. While these studies concentrated on medium to tall 

buildings, they offered valuable insights into the intricacies of buildings with 

unconventional shapes and the associated uncertainties in their safe design. 

Comparatively fewer studies have explored the performance of low-rise buildings, 

and only a limited number have specifically addressed low-rise structures with irregular 

floor plans, and some have stated that determining the wind loads on low-rise buildings is 

more complex than tall buildings due to the variety of geometrical configurations found on 

the field (Stathopoulos 1982). For instance, Stathopoulos et al. (1993) examined airflow 

around buildings with L-shaped floor plans using computational modeling (see Figure 5). 

The study identified intricate recirculating flows on the windward and leeward sides, 

especially at cornering angles, underscoring the limitations of computational models in 

accurately predicting flow interactions. It is important to note that the computational model 

did yield valuable insights into other aspects of building walls and roof sections. 

Parackal et al. (2016) conducted an investigation to assess wind-induced pressures 

on 1- and 2-story buildings with complex configurations (see Figure 6). This study noted 

that the design pressures specified in the Australian wind loading standards (AS 4055 and 

AS/NZS 1170.2) were based on wind tunnel studies conducted between 1970 and 1990 

using simplified models with regular floor plans. The results of this investigation showed 

that the roof sections experienced higher suction forces near the edges and ridgelines, 

attributed to flow separation and vortex formation. Interestingly, when compared to the 

wind loading standards, the results were found to be conservative for one of the wind 

standards but inadequate for the other. However, both wind standards provided acceptable 

design loads for wall cladding in 1- and 2-story buildings, according to the author. 
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Shao et al. (2018, 2019) carried out an extensive examination of models with T- 

and L-shaped floor plans (see Figure 7). The research investigated two L-shaped and three 

T-shaped models, making this one of the few studies that specifically examined the impact 

of low-rise irregular building plans on overall pressure distribution against U.S. current 

wind provisions. Their findings revealed the development of substantial suctions at the roof 

eaves near re-entrant corners, as well as significant positive and negative pressures on the 

side walls near re-entrant corners when subjected to oblique wind directions. Additionally, 

they attributed wind load distributions on such buildings to wind separation from leading 

edges and the presence of upwind or downwind roof blocks. This investigation also 

evaluated the design guidelines provided by ASCE 7-10, concluding that the provided GCp 

(in ASCE 7-10) values were sufficient for designing T- and L-shaped buildings. However, 

they found that for ASCE 7-10 roof zone 2 was inadequate and loads were underestimated 

when compared to the experimental values. 

Given the scarcity of research on low-rise structures featuring irregular floor plans, 

it became evident that conducting further studies on this subject is of utmost significance. 

These additional investigations are essential for gaining a deeper comprehension of how 

such structures perform when subjected to wind-induced forces. Expanding the body of 

research in this area would serve to bridge the existing knowledge gap related to low-rise 

residential buildings with complex shapes, ultimately facilitating the reduction of damage 

and enhancing their resilience in the face of extreme wind events. 
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Figure 3. Buildings studied by Gomez et al., 2005. 

 

 
Figure 4. Building studied by 

Souvik et al., 2014. 

 

 

 
Figure 5. Building studied by Stathopoulos et al., 1993. 

 

 
Figure 6. Buildings studied by Parackal et al., 2016. 
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Figure 7. Buildings studied by Shao et al., 2018 and 2019. 

 

 

3. SATELLITE IMAGERY 
 

The built environment encompasses a diverse array of residential and commercial 

structures, with residential areas representing the predominant portion of the civil 

engineered landscape. In the United States, an astounding 70% of all structures fall within 

the category of low-rise residential buildings. The continuous evolution of factors such as 

political, technological, societal, and economic changes has left a profound impact on the 

design of structures. This evolution has led to the creation of buildings with intricate and 

distinctive shapes, presenting challenges in the design process that are both complex and 

counterintuitive. 

To comprehensively assess the performance of low-rise structures with such 

complex shapes, it was imperative to identify the most common shapes that encompass the 

wide spectrum of variations found in real-world scenarios. To achieve this, an extensive 

survey of satellite aerial photographs from residential areas in South Florida was 

conducted. Thousands of satellite images were collected from these areas and meticulously 

analyzed. Each aerial image was examined using an online tool developed by Russell et al. 

in 2007, which facilitated the labeling of structures with different shapes, including T-, L-

, C-, and R-shapes. Moreover, dimensional information from the images was obtained, and 

all relevant data related to the labeled buildings were saved into an XML text file to be 
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utilized as input for a Rapid Convolutional Neural Network algorithm developed by 

Ahmed et al. in 2016 and 2023. 

The survey yielded insightful findings, revealing that T-, L-, and C-shapes were 

among the most adopted shapes by low-rise structures. Furthermore, the aspect ratios of 

these identified shapes exhibited considerable variation. To assess the impact of varying 

aspect ratios on these complex shapes, measures from multiple wall sections were 

diligently obtained and recorded. These measurements played a pivotal role in the design 

process of the subsequent test models. Additionally, the square footage of the models was 

considered to ensure that the test models closely resembled real low-rise residential 

buildings, contributing to the validity and accuracy of the research. 

Through this rigorous survey and analysis, valuable insights were garnered into the 

prevalent shapes of low-rise buildings, shedding light on the dynamic interplay of factors 

that influence their design.  

 

4. LARGE SCALE TESTING 
 

4.1. MODELS 
 

Based on the results obtained from the satellite imagery survey, a series of eleven 

models (1 to 50 scale) were meticulously designed to be tested at the Wall of Wind 

Experimental Facility (WOW-EF), with ten representing large-scale irregular-shaped 

structures, and one serving as a regular-shaped benchmark for comparison and validation. 

The aim was to explore the impact of shape variations within the same floor plan on overall 

pressure distributions. To achieve this, three models were crafted to represent T-shaped 

structures, three for L-shaped structures, and four for structures with C-shape. Having 

multiple models for each shape allowed for the "exaggeration" of aspect ratios, yielding 
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clearer insights into the effects of shape variations, and capturing the diversity of aspect 

ratios found in real-world structures. It must be noted that four of the ten models possessed 

flat roofs to see the effect of irregular shape plans on different roof types. 

The rectangular model, identified as the regular shape model, was designed and 

constructed to serve as a reference for comparison and to validate the findings from the 

irregular-shaped models. All models were fabricated with 3/8-inch-thick laser-cut-

plexiglass sections and instrumented with pressure-taps throughout their surfaces, 

including walls and roof sections, to record the overall wind-induced pressures. The total 

number of pressure-taps for each gable-roof model were 362, 346, 360, 344, 374, 378 and 

354 for models T1gable, T2 gable, L1 gable, L2 gable, C1 gable, C2 gable and R1 gable, respectively. 

The total number of pressure-taps for each flat-roof model were 362, 362, 364 and 374 for 

models T1flat, L1flat, C1flat and C2flat. 

The dimensions for all models, presented in Figure 8 to Figure 17, are provided in 

inches at a scale of 1 to 50. The square footage (full-scale) for each model was as follows: 

T1 - 1465 square feet, T2 - 1221 square feet, L1 - 1465 square feet, L2 - 1221 square feet, 

C1 - 1465 square feet, C2 - 1709 square feet, and R1 - 1953 square feet. This 

comprehensive approach to model design and instrumentation allowed for a detailed 

investigation of the aerodynamic performance of these structures with intricate shapes, 

shedding light on their behavior under wind-induced loads and the effects of various aspect 

ratios on pressure distributions. 

15



 

 

 
Figure 8. Model T1gable&flat dimensions - 

top view 

 
Figure 9. Model T2gable dimensions - top 

view 

 

 
Figure 10. Model L1gable&flat dimensions - 

top view 

 
Figure 11. Model L2gable dimensions - top 

view 

 

 
Figure 12. Model C1gable&flat dimensions - 

top view 

 
Figure 13. Model C2gable&flat dimensions - 

top view 
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Figure 14. Model R1gable dimensions - top view 

 

 
Figure 15. Elevation view (all irregular 

shape models sections wit gable roof) 

 
Figure 16. Elevation view (regular shape 

model with gable roof) 
 

 
Figure 17. Elevation view (all irregular shape models sections with flat roof) 

 

 

4.2. METHODOLOGY 
 

Wind tunnel testing is a widely adopted and effective tool for assessing the response 

of structures subjected to wind-induced loading, particularly in cases where the structure's 

shape is aerodynamically complex. All large-scale models, for this investigation, 

underwent testing at the Wall of Wind (WOW) Experimental Facility (EF) located at 
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Florida International University in Miami, Florida, USA. This remarkable facility is a 

full/large-scale wind tunnel equipped with twelve 700-horsepower electric fans capable of 

generating wind speeds of up to 157 mph. The facility's design includes a flow-

management box with adjustable components, enabling the modification of wind 

characteristics such as turbulence intensity and wind profiles. It must be noted that accurate 

simulation of wind properties is very important in order to obtain accurate results (Uematsu 

et al., 1999, Stathopoulos, 1984, Holmes, et al., 1990, Akins et al., 1977, Bachlin et al., 

1983, Stathopoulos et al., 1983, Tieleman 1992). By employing spires and automated floor 

roughness components, the facility can achieve various terrain exposures (ASCE 7-22 - 

Figure 18). Moreover, a 16-ft diameter steel turntable is used to mount the models, allowing 

for tests to be conducted at multiple wind directions. The wind tunnel test section spans an 

area of 20-ft by 14-ft (width and height), providing ample space for full- and large-scale 

testing (Chowdhury et al., 2017). 

The capability of conducting large-scale and full-scale testing enables the 

examination of building models of increased size. This not only allows for the assessment 

of complete structures but also facilitates the examination of smaller components, such as 

cladding elements, that contribute to the overall behavior of the structure. Additionally, the 

ability to test large-scale models permits the installation of a greater number of instruments, 

resulting in enhanced resolution and detailed insights into the response of structures and 

structural components and reduce Reynolds number effects (Chowdhury et al., 2017, 

Mooneghi et al., 2014, Mooneghi et al., 2016, Moravej 2018). However, wind tunnels have 

a limitation regarding eddies sizing, and depending on the prevailing wind conditions as 

well as the surrounding environment, these eddies may vary in size between small and 
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large eddies. When the scale of the model is increased, the ability of the wind tunnel to 

produce bigger eddies is reduced, resulting in a flow with lack of large eddies, in other 

words, lack of low-frequency turbulence (Mooneghi et al., 2016, Moravej 2018).  

The scale of 1 to 50 was chosen for wind tunnel testing as it offered the largest scale 

while still allowing for a full range of turbulence, including both low and high-end 

turbulence intensities. Given the large-scale size, the roughness elements needed to extend 

up to the turntable to achieve the best possible alignment between wind speed (U) and 

turbulence intensity (Iu) profiles (Figure 19). To accurately measure the wind 

characteristics within the wind tunnel setup, six Turbulent Flow Instruments (TFI) Cobra 

Probes were strategically installed at the center of the turntable at various heights: 1.5 

inches, 1.75 inches, 2.75 inches, 3 inches, 4.5 inches, and 6 inches. It is worth noting that 

for models with irregular shaped plans, the mean roof height was 2.75 inches, while for the 

rectangular model, it was 3 inches.  

The mean wind speed (U) and turbulence intensity (Iu) profiles, as depicted in 

Figure 20, closely matched the Engineering Sciences Data Unit (ESDU) profiles for a 

simulated Open terrain (z0=0.02 m). Also, by using the power law it was found that the 

1/α value produced by the wind tunnel attained a value of 0.1, closely matching with the 

value provided by ASCE 7-22 for open terrain and thus confirming the validity of the setup 

and results obtained. Additionally, the Power Spectrum Density profile (Figure 21) 

demonstrated the wind tunnel's capability to generate both high-frequency and low-

frequency turbulence. 

Subsequently, the models were placed at the center of the turntable and connected 

to three Thermal Control Units (TCU) via Zoc33/64Px, and data was sampled with a 
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Scanivalve system, which consisted of a DSM4000 and an SPC4000 along with their 

corresponding hardware components. The system had the capability to accommodate a 

total of 384 pressure taps connected concurrently, with a sampling frequency of 520 Hz. 

The testing of all models was conducted across a range of wind directions, spanning from 

0 to 345 degrees in 15-degree increments (clockwise direction) and for a 1-minute duration 

(Figure 22). The full-scale data sampling frequency and test time were obtained with 

Equation 1, where frequency and time attained values of 30.58 Hz and 17 minutes, 

assuming full-scale speed was equal to 84 mph. All data was then post-processed with a 

transfer function to compensate for any distortion caused by the urethane tubing length 

used to tap onto the models’ pressure tap (Irwin et al., 1979). 

 

 
Figure 18. Wind tunnel spires and automated roughness elements 
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Figure 19. Extended roughness elements 

 

 

 
Figure 20. Wind speed (U) and turbulence intensity (Iu) profiles 
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Figure 21. Power Spectrum Density profile at 2.75 inches height 

 

 

𝑇𝑓𝑠𝑈𝑓𝑠

𝐿𝑓𝑠
=

𝑇𝑚𝑈𝑚

𝐿𝑚
 

 

 

Equation 1 
 

 

where T=Time; U=Wind Speed; L=Dimensional Scale; fs=Full-scale and m=Model 
 

 
Figure 22. Wind directions 

 

 

4.3. RESULTS LARGE SCALE STUDY 
 

4.3.1. PRESSURE COEFFICIENTS 
 

Pressure coefficients (Cp) were derived utilizing Equation 2, wherein t signifies the 

value within the time series, (p-p0) signifies the differential pressure (for each pressure tap) 
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extracted from the Scanivalve data gathered across various experiments, ρ signifies the air 

density, and UMHR signifies the mean wind speed at the model's mean roof height (MRH). 

The usage of such unitless coefficients “enables the transfer of model experimental results 

to full-scale, and the establishment of reference values for cataloging the aerodynamic 

properties of given geometric forms” (Simiu, 2019 – 4th Edition). In addition, current wind 

provisions, which provide GCp values for the design of civil infrastructure, also provide 

GCp values in the form of 3-second gust (GCp,3s) (ASCE 7-22).  

In this study, the outcomes are displayed using mean pressure coefficients (Cp,mean) 

and critical pressure coefficients (Cp,critical). In order to obtain these values, the data was 

treated with an Extreme Value Analysis (EVA) Best Linear Unbiased Estimation (BLUE) 

method (Lieblein, 1974) with a non-exceedance value set to 78%. To illustrate these 

coefficient values, contour plots were generated for each model shape and wind direction, 

representing both mean and critical values. Given the number of models and wind 

directions, producing a substantial quantity of contour plots would not be feasible for 

presentation. Hence, for the Cp,mean, solely the contour plots for 0-degree wind direction 

will be utilized to convey findings that are equally applicable to other wind directions 

(mean pressure coefficient contour plots, for cornering angles, are presented in the 

Appendix). In the process of assessing Cp, critical values, a comprehensive analysis was 

conducted on each pressure tap located on the models, covering all wind directions. From 

this analysis, only the highest positive and negative values were singled out for 

consideration. As a result, the contour plots depicting Cp, critical values for each model will 

encompass both positive and negative contours, offering a comprehensive representation 

of the extremes in the pressure coefficients from all wind directions. 
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4.3.1.1. MEAN PRESSURE COEFFICIENTS 
 

Contour plots were created for each model across all wind directions, offering 

valuable insights into the interplay between wind patterns and structures featuring irregular 

shapes. Figure 23 provides information regarding the orientation of the walls in all contour 

plots presented in this investigation. In this section, solely the contour plots corresponding 

to the 0-degree wind direction are showcased (Figure 24 to Figure 34). It is important to 

acknowledge that intricate flow interactions and developments were also evident in other 

wind directions. Nevertheless, the observations gathered from the 0-degree plots were 

generally applicable to the other wind directions as well. To facilitate the discussion, the 

models have been positioned in a manner where the wind, corresponding to a 0-degree 

wind direction, originates from the lower portion of the page. Likewise, the cardinal 

directions—North, West, South, and East — are denoted as the Top, Left, Bottom, and 

Right sides of the page, respectively. Furthermore, for clarity, the wall and roof sections 

will be denoted as "upwind" and "downwind" sections, respectively (for instance, "upwind 

windward wall" and "downwind windward wall" - as illustrated in Figure 24). 

When examining the outcomes derived from model T1gable at a wind direction of 0 

degree (depicted in Figure 25), a discernible pattern emerged: walls facing the oncoming 

wind exhibited positive pressure values, while the side and leeward walls manifested 

negative pressure values. These observations aligned closely with anticipated norms and 

fell within the expected range. However, a noteworthy pressure distribution was observed 

on both the windward and side walls when an extending section, forming a 90-degree 
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angle, was appended to either of the two wall segments. For instance, directing attention to 

the "upwind windward wall," a mean pressure coefficient of 0.68 was registered, with the 

most pronounced positive pressure occurring at the upper center of the wall. In contrast, a 

distinct pressure coefficient development was observed on the "downwind windward wall," 

where the average pressure coefficient peaked at approximately 0.51 (toward the left side) 

along one of the wall's edges. This represented a substantial 25% reduction in the 

development of positive pressure coefficients. Along the side walls, a distinct pattern 

emerged: the "downwind side walls" registered exclusively negative pressures, with the 

most extreme negative value reaching -0.83 and progressively diminishing toward the 

leeward wall side. The "upwind side wall" also experienced negative pressures, yet a 

noteworthy 33% decrease in the magnitude of negative pressures was observed, with the 

highest negative pressure coefficient settling at -0.27. Moreover, a gradual pressure decline 

was observed along these wall sections, but the values shifted to the positive realm near 

the juncture of the perpendicular-to-parallel walls, attaining a pressure coefficient value of 

0.37.  

When comparing models T1gable and T2gable (Figure 25 and Figure 26), a consistent 

pressure distribution pattern emerged, in alignment with the description provided earlier. 

However, a notable discrepancy arose in the pressure development of the "upwind side 

wall" for model T2gable. Remarkably, these particular side walls experienced predominantly 

positive pressures, with the most pronounced suction pressure coefficient registering at a 

mere -0.11 - a remarkable 86% reduction when compared to a “downwind side wall.” 

Another noteworthy distinction surfaced in the pressure distribution over the roofs of these 

two models, with model T1gable experiencing somewhat lower suction pressure values. This 
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phenomenon can be attributed to the extension of the protruding section further upwind, 

creating a flow disruption that mitigates the formation of high suction zones across the roof 

sections. Consequently, model T2gable experienced heightened suction values when 

compared to those observed in model T1gable. 

Models L1gable and L2gable (Figure 27 and Figure 28) demonstrated similar overall 

effects as described for T1gable and T2gable (Figure 25 and Figure 26). However, a notable 

distinction arose concerning the pressure development on the "downwind windward wall." 

This wall, in comparison to the T models, exhibited significant elongation on the 

development of positive pressure development (stagnation pressure). The extension of this 

wall caused the positive pressure zone to extend along its length, reaching up to the junction 

with the "downwind side wall." Despite this elongation, the overall pressure coefficient 

value remained unaffected, maintaining a reading of 0.5. This value signified a reduction 

of 30% when contrasted with the 0.71 value recorded for the "upwind windward wall." 

Furthermore, it was noted that the leeward wall exhibited elevated suction pressure 

coefficient values on the side without a 90-degree wall joint (west side of leeward wall). In 

comparison to the findings from a rectangular model, the “leeward wall” of model L1gable 

demonstrated a 109% upsurge in the mean pressure coefficient value (-0.23 vs. -0.48). 

Additionally, an intriguing phenomenon manifested on the "parallel to the wind" roof 

section located upwind. Here, the suction values appeared to shift towards the west side. 

This effect became more pronounced when the length of the "perpendicular to wind" 

section surpassed that of the "parallel to wind" section. A theoretical explanation suggests 

that the pressure buildup occurred at the 90-degree joint formed by the wall sections, 

creating a blockage effect. This, in turn, led to the generation of pressure differentials that 

26



 

 

compelled air to escape over the roof sections. Consequently, a complex mixing of air 

separations arose from both the roof edge of the "upwind windward wall" and the roof edge 

of the "upwind side wall" pushing the overall separation bubble away from the positive 

pressure pocket at the 90-degree walls joint. 

Upon examining the pressure distribution of model C1gable (Figure 23), it was 

observed that the "upwind windward walls" remained exhibiting the highest positive 

pressure development, reaching values as high as 0.66. From this intricate C-shape, a 

unique configuration emerged between the "inner side walls" and the "downwind 

windward wall," which surprisingly led to an intensified reduction in positive pressure 

coefficients experienced by the latter. Specifically, the "downwind windward wall" 

experienced a 33.3% decrease in positive pressure coefficient compared to the pressure 

development on the "upwind windward wall." This reduction occurred primarily at the 

center of the "downwind windward wall." It appears that the separations originating from 

both "upwind windward walls" converged and interacted at the center of the "downwind 

windward wall," resulting in a complex blending of two previously separated flows. This 

interaction led to a less potent generation of positive pressures. The "inner side walls" 

predominantly experienced positive pressures, with the most substantial values appearing 

near the edge of the "downwind windward wall." Meanwhile, the "outer side walls" 

exhibited the anticipated pressure development pattern. The most negative values emerged 

near the separation zone and progressively diminished towards the leeward side of the wall. 

The most pronounced suction effect encountered by the "outer walls" (side walls) reached 

a magnitude of -0.68, while the "inner side wall" registered a value of -0.14, indicating a 

remarkable 80% reduction in suction forces. Furthermore, a similar phenomenon observed 
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in models with an L-shape was witnessed in the development of the "parallel to wind" roof 

sections of model C1gable. A complex blending of airflows stemming from the "upwind 

windward walls," "inner side walls," and "downwind windward wall" resulted in the 

concentration of negative pressure coefficients along the outer edges of the roof sections. 

However, the most significant peaks were still situated near the edges of the protruding 

roof sections and in proximity to the 90-degree wall joints, reaching values of -1.38.  

 Overall, model C2gable (Figure 30) underwent similar pressure developments than 

those observed in model C1gable. However, some interesting observations were made. For 

example, the “upwind windward walls” remained being the sections with the highest 

positive pressure development, however, a reduction of pressure was observed between the 

“west upwind windward wall” and the “east upwind windward wall.” The wall that 

protruded the most in the upwind direction attained a pressure coefficient value of 0.7, 

while the “east upwind windward wall” experienced a mean pressure coefficient value of 

0.62, showing an 11% reduction. Furthermore, due to the extension of the “west section” 

an increased reduction on the positive pressure development on the “downwind windward 

wall” was observed to reach a 46% reduction. In addition, the "west inner side wall" 

demonstrated an amplified negative pressure development, reaching a value of -0.34, 

which signifies a notable 142% escalation in comparison to the "inner side walls" of model 

C1gable. Additionally, the extension of a section towards the upwind direction resulted in a 

diminished impact of the roof on the negative pressure development. This alteration 

lessened the influence of the "positive pressure entrapment" created between the 90-degree 

wall joints, leading to a reduced effect on the displacement of negative pressure 

developments towards the outer perimeter of the roof section. 
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Regarding the models featuring flat roofs (depicted in Figure 31 to Figure 34), the 

pressure distributions on the wall sections were notably similar to those observed in the 

models with gable roofs. However, significant differences in pressure coefficients emerged 

on the roof sections, where the flat-roof models exhibited higher magnitudes of negative 

suction pressures. To illustrate, a comparison between models T1gable and T1flat (Figure 25 

and Figure 31) revealed that the model with a flat roof exhibited an approximately 19% 

increase in the mean pressure coefficient across the roof section edges near the “upwind 

windward wall”, with values transitioning from -0.47 in model T1gable to -0.58 in model 

T1flat. Furthermore, the regions of highest suction were identified along the roof edges 

adjacent to the 90-degree wall joints, particularly along the edges of the "downwind 

windward walls."  

As for model L1flat (Figure 32), the primary disparity between gable and flat roofs 

was the notably elevated pressure coefficients experienced on the roof sections, particularly 

those perpendicular to the wind direction. Models featuring flat roofs encountered a 

negative pressure increase from -0.8 to -0.85. However, it is important to highlight that a 

conspicuous enlargement in the size of the separation/suction bubble between the two 

models was the primary observation. The interactions between the walls remained 

consistent with those observed and described for model L1gable (Figure 27). As previously 

mentioned in model L1gable, an increase in pressure coefficients on one side of the leeward 

wall was observed. In the case of model L1flat, the same phenomenon was noted. 

Similarly, models C1flat and C2flat (Figure 33 and Figure 34) exhibited a wall 

pressure distribution like the patterns observed in models with gable roofs. The 

distinguishing factor, consistent with the previous two models, was the expansion of areas 
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experiencing negative pressures on the various roof sections. Notably, a discernible impact 

of the interaction between the "inner side walls" and the "downwind windward wall" led 

to a significant negative pressure distribution aligned with the direction of the "inner side 

walls." This distribution extended to the leeward side of the roof sections. This effect was 

noticeably diminished when the extension of the "inner side wall" towards the upwind 

direction was increased (e.g., west side inner wall), as observed in Figure 34. 

 

 
Figure 23. Contour plots walls orientation 

 

 

30



 

 

 

Figure 24. Wall and roof sections labeling 
 

 
Figure 25. Model T1gable_2019 Cp,mean – 0 degree. 
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Figure 26. Model T2gable_2019 Cp,mean  – 0 degree. 

 

 

 
Figure 27. Model L1gable_2019 Cp,mean – 0 degree. 
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Figure 28. Model L2gable_2019 Cp,mean – 0 degree. 

 

 

 
Figure 29. Model C1gable_2019 Cp,mean – 0 degree. 
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Figure 30. Model C2gable_2019 Cp,mean - 0 degree. 

 

 
Figure 31. Model T1flat_2020 Cp,mean – 0 degree. 
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Figure 32. Model L1flat_2020 Cp,mean – 0 degree. 

 

 
Figure 33. Model C1flat_2020 Cp,mean – 0 degree. 
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Figure 34. Model C2flat_2020 Cp,mean – 0 degree. 

 

 

4.3.1.2. CRITICAL PRESSURE COEFFICIENTS 
 

Contour plots were generated for each model with irregular shapes to illustrate the 

critical peak pressure coefficient (Cp, critical) (Figure 35 to Figure 48). These plots aimed to 

identify the specific regions within the models that are more susceptible to encountering 

the highest positive and negative forces. These critical peak pressure coefficient plots will 

be referred to as the plots showing the maximum and minimum values for both positive 

and negative critical graphs. The primary goal of creating these plots is to provide a visual 

representation that encompasses the most challenging scenarios across all wind directions. 

These plots play a crucial role in offering valuable insights to ensure structural integrity 

during the design phase. However, it is important to emphasize that these critical values 

might not occur simultaneously. This underscores the necessity for a comprehensive 

analysis of these values.  
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The critical values (both positive and negative) for each pressure tap were 

determined by choosing the highest peak Cp value among all wind directions, as well as 

the lowest peak Cp value among all wind directions. Please note these peak critical values 

(in the form of 3s peaks) were obtained by the BLUE method. 

When examining the positive pressures acquired from all models, it became evident 

that the walls were more prone to experiencing elevated positive pressures. This 

observation was anticipated across all models, irrespective of their floor plan shapes. To 

facilitate a straightforward comparison among the outcomes of models with irregular 

shapes, the walls were categorized based on their orientation: North, West, South, and East. 

Here, North pertains to walls facing the upper portion of the page, West indicates walls 

oriented towards the left side, South refers to walls facing the bottom of the page, and East 

designates walls positioned along the right side. 

Upon evaluating the maximum Cp, critical values for the walls in the T1gable_2019 model 

(Figure 35), which align with the North, West, South, East, and roof sections, the measured 

values were 1.53, 1.61, 1.66, 1.51 and 1.20, respectively. In comparison to the values from 

the rectangular model (Figure 47), model T1gable_2019 exhibited a up to 12% rise in wall 

positive values. Remarkably, the roof of model T1gable_2019 experienced a staggering 75% 

increase in the highest value recorded across the entire roof area. Within the roof sections 

of this model, the roof edges adjacent to the 90-degree wall joints were notably influenced 

by a complex interplay of flow mixing. Upon examining the minimum Cp, critical values 

(Figure 36), it became apparent that the recorded values were as follows: -2.36, -2.50, -

2.50, -2.82, and -3.75, corresponding to the North-wall, West-wall, South-wall, East-wall, 

and roof sections, respectively. These values translated to walls experiencing a potential 
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increase of up to 16% in their minimum Cp, critical values, while the roof, on the other hand, 

demonstrated an 16% reduction in the observed values when compared to results obtained 

from the model with regular shape (Figure 48).  

Upon examining the findings from model T2gable_2019 (Figure 37), a similar trend to 

that observed in model T1gable_2019 (shown in Figure 35) was apparent. Maximum Cp, critical 

values on wall sections displayed an upward shift of as much as 6%, and concurrently, the 

roof encountered a noteworthy 41% rise in its maximum Cp, critical values. Roof edges 

located adjacent to the wall sections forming a 90-degree angle (e.g., “downwind windward 

walls” and “upwind side walls”) were observed to develop positive pressure pockets that 

resulted in increased maximum Cp, critical areas. As for the minimum Cp, critical values of 

model T2gable_2019 (as seen in Figure 38), the walls exhibited an increase of up to 12%, 

whereas the roof demonstrated a reduction of 16% in the occurrence of highly negative Cp, 

critical values, when compared to model with regular shape plan (Figure 47 and Figure 48).  

The outcomes for Models L1gable_2019 and L2gable_2019 are presented in Figure 39 

through Figure 42. Upon analyzing the contour plots and numerical data, it became evident 

that walls in both models exhibited an increase of up to 6% and 17% in their maximum Cp, 

critical values when compared to the results of the regularly shaped model. The specific 

values for each model were 1.46, 1.57, 1.54, and 1.50 for the L1gable model, and 1.61, 1.54, 

1.58, and 1.66 for the L2gable model. Note these values correspond to walls facing north, 

west, south, and east. For both of these models, a remarkable escalation of 54% and 56% 

was observed in the maximum Cp, critical values on the roofs, respectively. Interestingly, 

these models' walls, exhibited minimum Cp, critical values that were 33% and 36% higher 

compared to those obtained from Model R, attaining values of -2.55, -2.18, -2.32, -2.37 
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and -2.62, -1.9, -2.32 and -2.24, respectively (e.g., north-, west-, south- and east-wall). 

Conversely, when compared to model R, the roof sections of these models showed a 

reduction in minimum Cp, critical values by as much as 18% and 24%, respectively. 

In the case of Model C1gable_2019, the maximum Cp, critical values (as depicted in 

Figure 43) demonstrated an augmentation in pressures, reaching up to 20%. Notably, this 

increase was particularly pronounced in the "downwind windward wall," which 

experienced the most substantial rise in pressure when contrasted with the regularly shaped 

model while the roof sections of this model exhibited a significant 73% surge in the 

development of maximum Cp, critical values. Notably, the protruding roof sections were the 

specific areas where the highest maximum Cp, critical values were observed to form. As was 

observed in previous models, roof edges adjacent to walls forming a 90-degree joint were 

most susceptible to the development of increased maximum Cp, critical values. When 

focusing on the minimum Cp, critical values (Figure 44), it was noted that these values 

underwent an increase of up to 20% in comparison to the values of the walls in Model R. 

Concurrently, there was a decrease of 11% in the minimum Cp, critical values of the roof 

sections of the same model. 

Upon scrutinizing the values derived from the maximum and minimum Cp, critical 

contour plots of Model C2gable_2019 (Figure 45), it was observed that the walls experienced 

a more modest upswing in maximum Cp, critical values, as well as a substantial increase in 

these values within the roof sections – 10% and 54%, respectively. The roof's 54% increase 

in maximum Cp, critical values still concentrated on the edges adjacent to walls forming a 90-

degree joint. Conversely, the walls within Model C2gable exhibited heightened values in 

minimum Cp, critical values, up to 20%, whereas the values in the roof sections experienced 
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a decrease of 27% (Figure 46), when compared to model R minimum Cp, critical values 

(Figure 48). 

To obtain a comprehensive visual overview of the acquired Cp, critical values, a graph 

and table were generated and are included below. In Figure 49, you can observe the highest 

individual Cp, critical values observed for various wall and roof sections across all models 

featuring gable roofs. This graph revealed that wall sections within irregularly shaped 

buildings tended to exhibit elevated minimum Cp, critical values. Interestingly, roof sections 

of models with irregular shapes displayed a reduction in their minimum Cp, critical values 

compared to the regular-shaped model. Furthermore, roof sections of irregularly shaped 

models demonstrated significantly higher maximum Cp, critical values compared to the 

results from the model with a rectangular plan shape.  

Table 1 presents a summary of percentage variations in comparison to the results from 

all walls facing north, west, south and east, as well as roof sections with regular shapes. 

A secondary table was generated obtaining the highest value observed to develop from 

all walls, and the difference between the worst value of all rectangular model walls was 

estimated ( 

Table 1. Wall and roof sections highest maximum vs minimum Cp, critical variation 

percentages – 2019 experiments (gable roofs) 

Model 
Section 

T1gable_2019 T2 gable_2019 L1 gable_2019 L2 gable_2019 C1 gable_2019 C2 gable_2019 

MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN 

North Wall 
100 
% 

113 
% 

104 
% 

112 
% 

96 
% 

133 
% 

106 
% 

136 
% 

101 
% 

106 
% 

97 
% 

94 
% 

West Walls 
109 
% 

95 
% 

104 
% 

97 
% 

106 
% 

89 
% 

104 
% 

78 
% 

113 
% 

89 
% 

100 
% 

93 
% 

South Walls 
112 
% 

116 
% 

106 
% 

106 
% 

104 
% 

117 
% 

107 
% 

117 
% 

120 
% 

127 
% 

110 
% 

120 
% 

East Walls 
102 
% 

116 
% 

104 
% 

106 
% 

101 
% 

106 
% 

112 
% 

101 
% 

109 
% 

104 
% 

102 
% 

107 
% 

Roof 175% 
84 
% 

141 
% 

84 
% 

154% 
82 
% 

156 
% 

76 
% 

173 
% 

91 
% 

154 
% 

83 
% 

). From the table, it was noted that all models underwent an increase in the 

development of maximum critical pressure coefficients, with the highest increase being 

17%. On the other hand, the walls mostly underwent an increase in the development of 
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minimum critical pressure coefficients, with the most critical increase reaching a 9% 

increase. 

 

 
Figure 35. T1gable_2019 maximum Cp, critical 

 
Figure 36. T1gable_2019 minimum Cp, critical 

 

 

 
Figure 37. T2gable_2019 maximum Cp, critical 

 
Figure 38. T2gable_2019 minimum Cp, critical 

 

 
Figure 39. L1gable_2019 maximum Cp, critical 

 
Figure 40. L1gable_2019 minimum Cp, critical 
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Figure 41. L2gable_2019 maximum Cp, critical 

 
Figure 42. L2gable_2019 minimum Cp, critical 

 

 

 
Figure 43. C1gable_2019 maximum Cp, critical 

 
Figure 44. C1gable_2019 minimum Cp, critical 

 

 

 

 

 
Figure 45. C2gable_2019 maximum Cp, critical 

 
Figure 46. C2gable_2019 minimum Cp, critical 
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Figure 47. R_2019 maximum Cp, critical 

. 

 
Figure 48. R_2019 minimum Cp, critical 

 

 

 

 
Figure 49. Wall and roof sections highest maximum vs minimum Cp, critical values 
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Table 1. Wall and roof sections highest maximum vs minimum Cp, critical variation percentages – 2019 experiments (gable roofs) 

Model 
Section 

T1gable_2019 T2 gable_2019 L1 gable_2019 L2 gable_2019 C1 gable_2019 C2 gable_2019 

MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN 

North Wall 
100 
% 

113 
% 

104 
% 

112 
% 

96 
% 

133 
% 

106 
% 

136 
% 

101 
% 

106 
% 

97 
% 

94 
% 

West Walls 
109 
% 

95 
% 

104 
% 

97 
% 

106 
% 

89 
% 

104 
% 

78 
% 

113 
% 

89 
% 

100 
% 

93 
% 

South Walls 
112 
% 

116 
% 

106 
% 

106 
% 

104 
% 

117 
% 

107 
% 

117 
% 

120 
% 

127 
% 

110 
% 

120 
% 

East Walls 
102 
% 

116 
% 

104 
% 

106 
% 

101 
% 

106 
% 

112 
% 

101 
% 

109 
% 

104 
% 

102 
% 

107 
% 

Roof 175% 
84 
% 

141 
% 

84 
% 

154% 
82 
% 

156 
% 

76 
% 

173 
% 

91 
% 

154 
% 

83 
% 

 

 

Table 2. Overall walls sections highest maximum vs minimum Cp,critical – 2019 experiments (gable roofs) 

Model 
Section 

T1 gable_2019 T2 gable_2019 L1 gable_2019 L2 gable_2019 C1 gable_2019 C2 gable_2019 

MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN 

Walls 
109 
% 

106 
% 

104 
% 

97 
% 

103 
% 

104 
% 

109 
% 

107 
% 

117 
% 

104 
% 

106 
% 

98 
% 
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4.4. DATA VALIDATION WITH AERODYNAMIC DATABASE 
 

Due to the limited number of studies conducted on low-rise structures with non-

standard floor plans, it becomes challenging to evaluate or juxtapose the experimental 

findings of this investigation with those of other researchers. To address this, a rectangular 

model was constructed and tested to serve as a reference point and means of comparison 

against other studies. Publicly accessible aerodynamic databases such as the ones provided 

by the National Institute of Standards and Technology (NIST) and Tokyo Polytechnic 

University (TPU) have been established for various applications. In this instance, the NIST 

and TPU databases were employed to compare the gathered experimental outcomes, 

thereby instilling confidence in the results derived from models with irregular 

configurations. In the NIST database, a model known as Test Model 3, scaled at 1:100, was 

chosen for the comparative assessment. The model's dimensions in full-scale 

measurements were 100x50x12 feet for its length, width, and height. This particular model 

was instrumented with 557 pressure sensors (also identified as pressure taps) strategically 

placed across its walls and roof segments, and its roof had a slope of 1:24 (Ho et al., 2003). 

In the case of the TPU model for comparison, a similarly scaled gable roof model was 

employed, with dimensions measuring 131.23x52.49x14.1 feet (in full-scale dimensions) 

for length, breadth, and height as well as a roof slope of 18 degrees. This model is identified 

as "g200218" in the research conducted by Tamura et al. (2005) and Tamura (2012). In 

contrast, the WOW model full-scale dimensions were 62.5x29.7x10 feet for length, width, 

and height as well as a 4:12 roof slope. This WOW model was instrumented with 354 

pressure taps distributed throughout its walls and roof sections, featuring a roof slope of 

4:12 (Figure 50). 
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For comparing outcomes from the three rectangular models, a dividing line was 

marked on the walls and roof sections of both models. Given the differing dimensions of 

the models, the placement of this dividing line was determined based on the locations of 

pressure taps that shared a comparable position ratio. To establish the location ratio for the 

wall sections, the tap height relative to the overall wall height (h/H) was taken into 

consideration. Regarding the roof section, this ratio was determined by the tap's position 

over half of the model's width (d/W/2), for the NIST, TPU and WOW models. Moreover, 

each pressure tap's location on both models underwent normalization by the total 

length/width of the relevant wall section, based on the direction of the dividing line. The 

same normalization procedure was applied to the pressure taps on the roof sections. This 

approach facilitated a meaningful comparison between models of differing sizes, 

mitigating the impact of dimensional variations (Figure 50). Please note a summary of the 

models’ physical properties as well as the Reynolds number for each model are presented 

in Table 3. Please note each models Reynolds number, at the models’ eave height, was 

estimated (using Equation 3) to see if any violation could be the reason for discrepancies 

when comparing the different models. However, and as observed in Table 3, all three 

models were above the minimum value suggested (Re=104) by Cermak et al., 1999.  

𝑅𝑒𝐻 =
𝑉𝐻𝐻

𝜈
 

 

Equation 3 

Where VH is the mean wind speed at the model eave height, H is the model eave height and 𝜈 is 

the kinematic viscosity of air. 

To make a comparison, specific wind directions were selected: 0 degree and 45 

degrees. Concerning the 0-degree wind direction, the northern walls of all the models were 

positioned on the sheltered side (leeward), whereas the southern walls were situated on the 
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wind-facing side. The results revealed a notable similarity in the progression of mean 

pressure coefficients between the walls, indicating the absence of systematic or procedural 

errors in the two tests. The values for Cp,min also exhibited consistent agreement across the 

two models. However, a difference arose in the evolution of Cp,max along the northern wall 

(facing the wind at 0 degree) of the TPU model (as shown in Figure 51). Similarly, for the 

same wind direction of 0 degree, the western and eastern walls (sidewalls) demonstrated a 

high level of concurrence upon comparison. The values of Cp,max, Cp,mean, and Cp,min showed 

uniformity along the length of the sidewalls. A deviation was noticed on the NIST west 

and east walls, where a decrease in Cp,min was observed, leading to slightly lower values 

than the TPU and WOW models, particularly near the edge of the separated flow (depicted 

in Figure 52). Regarding the roof sections, Cp,max and Cp,mean values displayed consistent 

alignment between all models (as shown in Figure 53). 

Upon examining the outcomes acquired at an oblique angle of 45 degrees with 

respect to the wind direction, it became evident that there was a strong overall alignment 

in the trends of Cp,mean, indicating no procedural or systematic errors between the tests. 

Some deviations were apparent, particularly in the context of the Cp,max values of the TPU 

model along the northern and eastern walls (as illustrated in Figure 54). In terms of the side 

walls (west and south walls), a notable level of agreement was observed between the trends 

of Cp,max, Cp,min and Cp,mean. However, there was a small departure in the Cp,min values, 

where the NIST model displayed slightly lesser negative values compared to those 

recorded in the TPU and WOW model (Figure 55). Likewise, the roof sections of all 

models demonstrated a strong concordance at this specific wind direction. Nevertheless, it 

was noted that the roof section of the NIST model generated slightly lower Cp,min values, 

47



 

 

particularly along the edges of the roof in proximity to leeward areas further away from 

the separation edge (Figure 56).  

In general, it can be affirmed that the conclusions drawn from the rectangular 

models in the NIST, TPU and WOW scenarios demonstrate a significant degree of 

concurrence, even though minor deviations have been observed in some instances. These 

slight disparities could be attributed to differences in the calibration procedures of the wind 

tunnels in the two facilities, as well as variations in the criteria employed to identify peak 

values using the BLUE method. This tendency can be attributed to advancements in 

instrumentation, including higher sampling frequencies, improvements in wind tunnel 

methodologies, innovations in the materials and techniques used in model construction, 

and progress in theoretical insights. Furthermore, such variations are commonplace in wind 

tunnel studies conducted at different establishments (Li et al., 2020, Ho et al., 2003 – Phase 

I, Ho et al., 2003 – Phase II, Gierson et al., 2015, Uematsu et al., 1999, Duthinh et al., 2015, 

Duthinh et al., 2017, St. Pierre 2005, and Shelly et al., 2022, Azzi et al., 2020). For 

example, NIST conducted a comprehensive comparison of their experiments against 

results from the Tokyo Polytechnic University (TPU) Aerodynamic Database. 

Discrepancies were also found in peak pressure coefficients; however, the agreement in 

mean pressure coefficients indicated the absence of procedural errors during the 

experiments (Ho et al., 2003 – Phase I). Additionally, NIST proceeded with testing in a 

second phase (Phase II) and conducted a comparison between NIST Phase I and NIST 

Phase II. The outcomes of the two phases also revealed disparities in peak pressure 

coefficients (Ho et al., 2003 – Phase II). 
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a) 

 

b) 

 

c) 

Figure 50. Bisecting lines for a) NIST model, b) TPU model and c) Rgable_2019 model 

(WOW) 

 

Table 3. Models’ dimensional properties and Reynolds number comparison – 2019 tests 

Model Scale 

Eave 
height 

velocity 
VH (mph) 

Full Scale 
Eave 

Height (ft) 

Full 
Scale 
Width 

(ft) 

Full 
Scale 

Length 
(ft) 

Roof 
Slope 

(degrees) 

Reynolds 
Number 

RH 

NIST 100 20.4 12.0 50.0 100.0 2.4 2.24E+04 

TPU 100 14.5 14.1 52.5 131.2 18.0 1.88E+04 

WOW 50 28.3 10.0 31.2 62.5 20.0 5.18E+04 

 

49



 

 

 
 

Figure 51. NIST vs WOW south and north walls - Cp max vs Cp mean vs Cp min - 0 

degree. 
 

 
 

Figure 52. NIST vs WOW East and West walls - Cp max vs Cp mean vs Cp min - 0 

degree. 
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Figure 53. NIST vs WOW roofs - Cp max vs Cp mean vs Cp min - 0 degree. 

 
 

Figure 54. NIST vs WOW south and north walls - Cp max vs Cp mean vs Cp min - 45 

degrees. 
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Figure 55. NIST vs WOW east and west walls - Cp max vs Cp mean vs Cp min - 45 

degrees. 

 
 

Figure 56. NIST vs WOW roofs - Cp max vs Cp mean vs Cp min - 45 degrees. 
 

 

5. SMALL SCALE TESTING 
 

5.1. ATMOSPHERIC BOUNDARY LAYER (ABL) WIND TUNNEL 
 

5.1.1. INTRODUCTION 
 

Wind tunnels serve as reliable tools for investigating the impact of wind loads on 

various structures. The dimensions of wind tunnels can differ, often directly correlating 

with operational expenses. Notably, at Florida International University (FIU), the Wall of 

Wind Experimental Facility (WOW EF) stands as a full-scale wind tunnel capable of 
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emulating Category 5 hurricanes, reaching speeds of 156+ mph. The wind tunnel test 

section measures 20 feet in width and 14 feet in height. While this size permits the testing 

of a diverse array of structures (Chowdhury et al., 2017), operational restrictions due to 

community electricity demand peaks prevent the use of the 12-fan Wall of Wind during 

such periods. The operation of such a facility proves immensely valuable when assessing 

large-scale models, particularly for dynamic analyses of entire structures or their 

components and potential failure modes. Nevertheless, there appeared to be a need for a 

more budget-friendly testing approach to accommodate a larger number of experiments. 

Recognizing the value of expanding testing capabilities and accommodating the 

demand for experimentation with a larger number of models cost effectively, the notion of 

constructing a smaller Atmospheric Boundary Layer (ABL) wind tunnel emerged. This 

section presents an overview of the design, construction, and calibration process of a 

scaled-down Atmospheric Boundary Layer Wind Tunnel (ABLWT). The goal was to 

maximize the number of models subjected to assessment within this investigation. Through 

this initiative, enhanced versatility and cost-effective testing of reduced-scale models was 

realized. 

Several design constraints were established for this wind tunnel project: 1) Space: 

The available space between the building walls measured 60 feet. 2) Existing Fans: Two 

75 horsepower fans, with a diameter of 55 inches, were currently available for utilization. 

3) Desired Test Section Dimensions: The target dimensions for the test section were 8 feet 

in width and 6 feet in height. 4) Fabrication Simplicity: The wind tunnel was going to be 

constructed by FIU students and staff, necessitating a straightforward fabrication process. 

5) Mobility: The wind tunnel needed to be built in sections, for future expansion and/or 
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transport to another building and 6) Budget: The wind tunnel project was required to adhere 

to a limited available budget. 

Considering all the design criteria described above, the most suitable choice for 

construction at the Wall of Wind Experimental Facility was determined to be an open-

circuit (open jet) wind tunnel. Further details outlining the design of each component of 

the wind tunnel, as well as the procedures for calibration, are provided in the following 

sections. 

5.1.2. LITERATURE REVIEW  
 

Wind tunnels emerged as a valuable tool in the late 1800s, driven by the need to 

investigate the influence of fluid flow on human-made structures and components, such as 

wings. Prior to contemporary wind tunnels, engineers relied on mechanical whirling arms 

that generated a circular motion to induce flow around the object of interest. These 

centrifuge-like mechanical-arm devices offered valuable insights into the aerodynamic 

traits of various shapes under the influence of wind-induced forces at different orientations 

(Baals et al., 1981). Although these contraptions furnished a significant portion of 

aerodynamic data until the late 1880s, it became apparent that more effective methods were 

needed to simulate airflow. 

In the late 1800s, the first wind tunnel made its appearance, and over time, its utility 

extended not only to the realm of aeronautics but also to civil engineering. In the domain 

of aeronautical wind tunnels, the focus laid on generating laminar flows characterized by 

minimal turbulence. Conversely, in civil engineering wind tunnels, the emphasis was on 

generating turbulent flows on the boundary layer of the Earth in proximity to the ground 

(Baals et al., 1981, Bradshaw et al., 1964). 
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Generally speaking, there are two types of wind tunnels. Open-circuit wind tunnels, 

also known as open jet wind tunnels, are characterized by drawing environmental air via 

an intake side and forcing it to flow through a contraction, diffuser and test section, in 

which models are placed, to then be expelled into the surrounding atmosphere via an 

exhaust end. On the other hand, closed-circuit, also known as closed-loop wind tunnels, 

are characterized by producing an airflow which is recirculated back into the system having 

the exhaust connected right back to the intake allowing almost no exchange of air with the 

exterior (Baals et al., 1981, Bradshaw et al., 1964, Cermak 2003). It must be noted that 

both wind tunnel types have pros and cons depending on factors like a) what the main 

purpose of the wind tunnel is, b) location of the wind tunnel, c) funding available, among 

others (Jimenez et al., 2020, Baals et al., 1981, Bradshaw et al., 1964, Cermak 2003, 

Barlow et al., 1999).  

In addition, it is important to note that an open-circuit wind tunnel can be classified 

as either a "blow-down" or "suction" wind tunnel. In a "blow-down" configuration, the 

wind tunnel intakes fresh air on the intake side and channels it through interconnected 

components downstream of the fan housing, effectively generating high pressure. 

Conversely, a "suction" wind tunnel positions its fans at the exhaust side of the wind tunnel, 

creating a vacuum throughout the length of the tunnel to induce air flow through its 

components by generating low pressure (Hegade et al., 2020 - Figure 57). These wind 

tunnel configurations offer distinct methods of generating airflow for research purposes.  
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A table summarizing advantages and disadvantages of each wind tunnel type is 

presented below: 

Table 4. Open-circuit vs closed-circuit wind tunnel advantages and disadvantages 

Aspect 
Open-Circuit Wind 

Tunnels 
Closed-Circuit Wind Tunnels 

Airflow 

Direction 

One-way flow of air through 

test section 
Continuous recirculation of air 

Flow Control 
Limited control on flow 

characteristics 

Precise control on flow 

parameters 

Turbulence 
More susceptible to 

turbulence 

Reduced turbulence due to 

controlled flow 

Applicability 
Suitable for low-speed 

testing 

Well-suited for high-speed 

testing and detailed research 

Complexity 
Simpler design and 

construction 

More complex design and higher 

costs 

Test Section Size 
Suitable for larger test 

sections 
Limited to smaller test sections 

Applications 
Some natural airflow 

simulation 

Controlled and specialized 

research 

Cost 
Generally lower construction 

and maintenance costs 

Higher construction and 

maintenance costs 

Flexibility 
Less flexibility in controlling 

flow conditions 

High flexibility in controlling 

various flow parameters 

Power Requires more energy to run Requires less energy to run 

Noise Generally noisier Generally quieter 

Smoke 

Visualization 
No purging required Purging is required 

PIV 
Constant seeding during 

experiments  

Reduced seeding due to 

recirculation 
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Multiple publications have been made available for the design of wind tunnels. It 

must be noted that all wind tunnels vary in size, flow conditions, number of fans, maximum 

wind speed, location of the wind tunnel within a building, among others. All these factors 

drastically influence the resulting wind tunnel design and therefore it was found that a 

“direct” or “step-by-step” procedure for the successful design of a wind tunnel is not 

possible. For this reason, a considerable number of publications on wind tunnel design 

were studied taken into consideration for the design of a small-scale atmospheric boundary 

layer wind tunnel at the Wall of Wind Experimental Facility (Mauro et al., 2017, Cattafesta 

et al., 2010, Van Dommelen 2013, Kulkarni et al., 2011, Carlson et al., 1967, Johnston et 

al., 1969, Mehta 1979, Reid 1953, Vogel 1968, Mehta et al., 1979, Bell et al., 1988, 

Marshall 1985, Chowdhury et al., 2017, Matus et al., 2021).  

 For this research, an open-circuit blow-down wind tunnel was selected as the best 

option considering all the constraints as well as the available funding. Having decided the 

type of wind tunnel to be designed and constructed, a list of all the wind tunnel components 

was generated to design them accordingly. An open-circuit blow-down wind tunnel 

consists of (from intake to exhaust):  

a) “Fans” to generate air flow 

b) “Diffuser” to generate a reservoir of air to achieve a constant flow 

c) “Settling Chamber” to pre-treat flow and remove any induced effects from fans 

d) “Contraction or Nozzle” to contract the flow and speed it up 

e) “Fetch” to treat the flow and achieve naturally occurring properties 

f) “Test Section” to house the models to be tested 
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Figure 57. Open-circuit wind tunnels: a) blow-down vs b) suction wind tunnel 
 

 

5.1.3. DESIGN CRITERIA 
 

Atmospheric Boundary Layer (ABL) wind tunnels constitute a valuable resource 

for exploring the impacts of wind on civil infrastructure. These apparatuses encompass 

multiple components that enable the creation of wind and the characterization of its 

properties to replicate natural atmospheric conditions.  

5.1.3.1. FANS 
 

Typically, selecting a fan for a wind tunnel design is the last task as airflow, static 

pressure, and mounting and dimension restriction data are required before making the 

selection. In this case, primarily budget constraints forced the use of two existing vane-

axial fans no longer used in another wind tunnel on site. The static pressure and airflow 

limits within a reasonable efficiency range for the fan are a design constraint for the tunnel 

design. 

The specific model fan was an AVD-1400 / 578-10, which means it had a hub 

diameter, d = 22.75 in (578mm), housing diameter, D = 55.1 in (1400mm) and 10 impeller 

blades that could be manually set to any angle between 25 and 60 degrees. The higher the 

58



 

 

angle the more energy will be imparted to the air for a given rotational speed.  The 

rotational speed may be varied with a variable frequency control not to exceed 1553 RPM 

per the manufacturer’s specifications. The performance of the fan at a given RPM was 

presented by the manufacturer as a graph of static or total pressure vs airflow for the range 

of blade angle and may also include power consumption. A performance curve was 

developed by the manufacturer by testing the fan with a downstream duct that varies 

between “free delivery” (outlet resistance is near zero) and completely blocked.  Figure 60 

shows the manufacturer’s performance curve for the fan turning at 1120 RPM. A specific 

operating point is shown in red, with an airflow of 63,360 cfm, velocity pressure of 0.92 

in. of water, and static pressure of 2.0 in. of water.  For this airflow and total pressure, the 

blade angle would have to be set to 49°, the efficiency would result to be 80%, and the 

corresponding power consumption would reach 37 hp which must not be greater than the 

motor output power, 75 hp. Note that since there were two fans, all performance curves 

were applied to half the total wind tunnel load pressure and airflow. 

The operating point described above was chosen for illustrative purposes based on 

a downstream duct size of 48 ft2 with dimension 6 ft high and 8 ft wide, the desired test 

section dimensions, and an average velocity through the section of 44 ft/s (13.41 m/s) for 

a total airflow of 48 ft² x 44 ft/s x 60 s/m = 126,720 cfm driven by two fans or 63,360 cfm 

per fan. To determine a maximum airflow and corresponding static pressure that the fan 

could deliver based on the manufacturer’s tested performance curve at 1120 RPM, a blade 

angle of 60° and airflow of 85,000 cfm would support a total pressure of 3.45 in of water 

of which 1.65 in of water is velocity pressure, and result in a power consumption of 65 hp. 

For the two fans, the total static pressure load would be 3.6 in of water. Any further airflow 
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increase would quickly reduce the static pressure supportable. 

 

 

 

Figure 58. Vane-axial Schematic Figure 59. Vane-axial existing fans 

 

 
Figure 60. Fan power consumption 
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5.1.3.2. DIFFUSER 
 

Taking into consideration the constrains in design, with respect to space and size, a 

conventional diffuser with a small diffuser angle (2θ < 6⁰) would be impractical. Here, the 

term “diffuser angle” (Mehta 1979), is the larger of the two cone angles with respect to the 

plan view and the elevation of the diffuser.  Hence, a wide-angle diffuser (2θ < 6⁰ (Mehta 

1979)) with additional devices for boundary layer control was adjudicated to be the best 

alternative.  To design the diffuser, the size and shape requirements, as well as the angle of 

the diffuser and screens were taken into consideration. 1) Size and shape requirements: The 

total area of the fans (inlet area) was A1 = 36.19 ft2, considering two fans of 4.8 ft diameter. 

The diffusers were required to be able to increase the cross-sectional area of flow to A2 = 

96.00 ft2 (8 ft × 12ft). Hence, the area ratio A of the diffuser was 2.65 (A1/A2).  Since the 

length needed to be as short as possible, the diffuser angle also needed to be as large as 

possible. The plan dimensions of the diffuser would diverge from a width of 9.6 ft (4.8 ft 

× 2) of the fans to a width of 12 ft of the settling chamber. The height of the diffuser would 

diverge from 4.8 ft to 8 ft. Since the ratio of change in dimension was greater for the height 

(
ℎ2

ℎ1
= 1.67) it would govern the definition of the diffuser angle as well. The walls of the 

diffuser were straight, and the cross section was assumed to remain rectangular throughout. 

2) Diffuser angle: A safe limit for the maximum diffuser angle was considered to be 55⁰ 

(Mehta 1979). This was based on several previously successful wind tunnels. 3) Screens 

as boundary layer control devices. Screens are a popular method of boundary layer control. 

Perforated metal or woven wire gauge screens may be considered for use here. It is 

recommended that the pressure drop coefficient, K for each screen be relatively low (1-2). 

Several screens placed at key locations are more effective than having a single screen with 
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a large K value. Screens are to be placed at the inlet, outlet, and any other location within 

the diffuser where the angle diverges. An empirically obtained limit for Ksum was 

recommended by Mehta 1979 (Equation 4), with Ksum resulting in a value of 1.45. 

 

𝐾𝑠𝑢𝑚 >
(𝐴 − 1)

1.14
 

 

 

Equation 4 
 

 

A minimum of 2 screens (one at the outlet and one at the inlet) were considered, 

with each having a pressure drop coefficient of at least 1.0. Curved screens have been 

observed to perform better than straight screens and are preferred. The curved screens meet 

the diffuser walls at right angles. 

To further ensure an unseparated flow, the diffuser angle can be diverged in two 

steps. In such a design (Figure 61), a screen would be needed at the inlet, the outlet and at 

the section where the angle diverges. The elevation and plan sections of the proposed 

diffuser are shown in Figure 61 and Figure 62 respectively. 
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Figure 61. Diffuser with divergence in 

two steps (elevation view) 

 
Figure 62. Diffuser with divergence in two 

steps (top view) 

 

5.1.3.3. SETTLING CHAMBER 
 

The Settling chamber is another very important component within an ABL wind 

tunnel, aiding in the preparation of the flow before it enters the fetch section. Typically, 

this chamber comprises two principal elements: a) honeycomb, and b) screens. Due to the 

rotational motion of the fan impeller blades, flow swirls may manifest. Additionally, 

diffusers with angles exceeding 10 degrees can induce flow separation that are carried to 

the flow. The primary objective of the settling chamber was to rectify any swirl and/or flow 

separation that may have arisen from the fans or within the diffuser. Empirical findings 

indicate that a honeycomb with three screens downstream significantly diminishes mean 

flow non-uniformity and turbulence intensities to acceptable thresholds (Kulkarni et al., 

2011). It is noteworthy that the honeycomb aided in mitigating fluctuations perpendicular 

to the flow, while screens contributed to the breakdown of large-scale turbulence into 

smaller eddies, reducing axial velocity non-uniformity. 
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In the process of selecting the optimal honeycomb, the crucial dimensions to 

consider were the cell diameter and length. To minimize pressure loss, the honeycomb's 

diameter was recommended to be the Hydraulic Diameter of the settling chamber (Dsett 

chamber) divided by 150, which represents the optimal number of honeycomb cells per 

settling chamber diameter (Mehta et al., 1979, Barlow et al., 1999). The Hydraulic 

Diameter of the settling chamber was determined to be approximately 9.6 feet, resulting in 

a honeycomb cell diameter of around 0.75 inches (Equation 5). Furthermore, a cell 

diameter ratio of 8 to 10 was deemed optimal, effectively reducing turbulence intensity 

with minimal losses. For the selected honeycomb, based on the estimations and 

commercially available options, a hexagonal cell with a diameter of 0.75 inches and a 

length of 7.9 inches was chosen. The honeycomb's porosity should not fall below 80%. 

 

𝐷𝑠𝑒𝑡 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 =
2𝑊𝐻

𝑊 + 𝐻
 

 

Equation 5 

 
Where W and H are the width and height of the exit of the diffuser 

 

In the design of this wind tunnel, the inclusion of three screens was proposed. 

Typically, screens are positioned downstream of the honeycomb, with the coarsest screen 

closest to the honeycomb and the finest screen just before the contraction section. Screen 

wire diameters of 1.5, 1.0, and 0.5 mm were selected for this wind tunnel.  

To maintain appropriate spacing, a gap of about 10 in was maintained between the 

honeycomb and the first screen, with the same gap maintained between screens during the 

screen-to-screen separation (Kulkarni et al., 2011). Other references suggest that the 

distance between the first screen and the diffuser should be within the range of 0.1 to 0.2 
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times the settling chamber's hydraulic diameter (Van Dommelen 2013). A diagram 

depicting the arrangement of the honeycomb and screens provides an overall length 

requirement for the settling chamber to accommodate all the components (Figure 63). 

 

Figure 63. Settling chamber elevation view and positioning of honeycombs and screens 
 

5.1.3.4. CONTRACTION 
 

The primary objective of the contraction section, also referred to as the nozzle, is 

to accelerate the flow emerging from the settling chamber, generating a uniform flow 

velocity profile that is suitable for use in the test section (Mauro et al., 2017, Barlow et al., 

1999). This uniform flow generation involves reducing both the mean and fluctuating 

velocity deviations to a smaller proportion of the average velocity (Mehta et al., 1979). The 

design of this section was of paramount importance due to its crucial role in ensuring flow 

uniformity for the testing chamber. 

In the design for this wind tunnel, the target was to establish a test section with 

dimensions of 8 by 6 feet (width and height). The determination of the area ratio for the 

contraction section was based on two key considerations: 1) Ensuring a sufficiently ample 
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area to adhere to the 2:1 reservoir ratio for the fan openings, and 2) Choosing a width and 

height that would minimize the required length for the contraction section, mainly due to 

spatial limitations. As previously mentioned, the wind tunnel fans had a diameter of 58 

inches, with a combined intake area of 37 square feet and a settling chamber area of 96 

square feet, resulting in a fan-to-reservoir-area ratio of 2.6:1. For the contraction section, 

the inlet area matched that of the settling chamber (96 square feet), and the test section 

possessed an area of 48 square feet, yielding an area ratio of 2:1. 

The shape of the contraction section holds significance as it necessitated a design 

that avoided flow separation (Mehta et al., 1979). Marshall (1985) proposed that the 

contraction profile can be represented using Equation 6, wherein 'x' denotes the distance 

measured from the nozzle inlet to the outlet, 'h' signifies the disparity in height between the 

nozzle's inlet and outlet, and 'L' stands for the total length of the contraction section. Figure 

64 illustrates the profile of the contraction section, encompassing all the required 

dimensions. 

 

𝑌(𝑥) = −3ℎ (1 −
𝑥

𝐿
)

4

+ 4ℎ (1 −
𝑥

𝐿
)

3

 

 

 

Equation 6 

 
Parameters description shown in Figure 64 

 

Considering the test section's desired dimensions of 8 by 6 feet (width and height) 

and factoring in the area ratio linking the fans' openings to the settling chamber, along with 

the crucial ratio between the inlet and outlet of the nozzle, the dimensions for the 

contraction section were approximated to be 12 by 10 feet at the inlet (outlet dimension of 

settling chamber) and 8 by 6 feet at the outlet (desired test section dimensions). For 

determining the value of 'L', Bell et al., 1988 offers an estimation wherein the ratio of the 
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inlet dimension to the length of the contraction zone should ideally approach 1, as denoted 

by Equation 7. To navigate space limitations, a decision was made to maintain a ratio of 

0.83 (top view) and 1.25 (side view) for Equation 7. This decision was primarily driven by 

the need to design two profiles - the top view and side view profiles. The ultimate 

configuration of this section is visually depicted in Figure 65, while Figure 66 provides a 

3D representation of the contraction section. 

Figure 67 presents both the elevation and top view of the constructed atmospheric 

boundary layer wind tunnel. In Figure 68, the step-by-step assembly of various wind tunnel 

sections can be observed, including fans, diffusers, settling chambers, contractions/nozzles, 

and the fetch section. Furthermore, Figure 69 displays the components of the fetch section 

and the test section. For instance, figures a) to c) illustrate the installation process of the 

turntable, while figures d) and e) depict the elements used to set up the roughness features. 

It's important to note that metal sheets were affixed to the floor surface to enable the 

magnetic attachment of the roughness elements, streamlining the process of adjusting the 

exposure more efficiently and rapidly. Additionally, figure f) displays the spires and the 

baseboard situated at the interface between the end of the contraction section and the 

beginning of the fetch section. 

 

𝐿

2𝑌
≅ 1 

 

 

Equation 7 
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Figure 64. Contraction Profile (Marshall 1979) 

 

 
Figure 65. Contraction section profiles (top view vs side view) 
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Figure 66. 3D drawing of contraction section 
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Figure 67. Atmospheric boundary layer wind tunnel: Elevation and Top views. 
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5.1.4. FINAL DESIGN
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Figure 68. Atmospheric boundary layer wind tunnel sections (progressive): a) Fans and Diffuser, b) Diffuser and Settling Chamber,
c) Contraction (uncompleted), d) Contraction (uncompleted), e) Contraction (completed), f) Fetch (1 section), g) Fetch (2 sections),

h) Fetch (2 sections), i) Wind Tunnel (completed).

g) h) i)

d) e) f)

a) b) c)
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a) b) c)

d) e) f)
Figure 69. Atmospheric boundary layer wind tunnel flow management and test section: a) Turntable (uncompleted), b) Turntable 
(mounting), c) Turntable (completed), d) Fetch with metal sheet, e) Fetch with magnetic roughness elements, f) Spires and

Baseboard.



 

 

5.1.5. CALIBRATION 
 

Subsequent to the design and construction of the wind tunnel, the initial phase 

involved conducting wind field measurements to assess the smoothness (or turbulence) of 

the generated flow in the absence of Settling Chamber screens and Honeycomb. At this 

juncture, only the wide-angle diffuser screens had been installed. In order to accomplish 

this, measurements were taken at five distinct points positioned in front of the turntable, 

with the fan operating at 50% throttle. A rake equipped with pitot tubes (connected to a 

Scanivalve DSA-3217-16Px pressure scanner) and cobra probes was employed to capture 

wind-related data. The pitot tubes were positioned at heights of 1, 2, 3, 5, 7, 9, 21, 26, 31, 

36, 41, 46, 56, and 71 inches. Additionally, four Cobra Probes were set up at heights of 4, 

18.5, 38.5, and 64.5 inches from the floor (as illustrated in Figure 70, Figure 71 and Figure 

72). 

Analysis of the mean wind speed findings revealed that the wind field generated by 

the wind tunnel, operating at 50% throttle, and solely equipped with diffuser screens, 

exhibited symmetry across horizontal locations. Vertically, the wind measurements 

obtained from the wind tunnel demonstrated strong agreement and minimal variation. 

Notably, the interaction with the floor influenced wind speed development up to a height 

of 4 inches, generating a wind field reaching approximately 11 m/s from the 5-inch mark 

to around 67 inches. Also, upon examining the turbulence intensity outcomes, it was 

observed that in the absence of honeycombs and Settling Chamber screens, the wind 

tunnel's turbulence intensity remained below 5% at heights above 4 inches. However, at 

and below the 4-inch mark, turbulence intensity was noted to increase to approximately 

7.5%, primarily due to interactions with the floor (as depicted in Figure 73). 
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Upon the installation of the Settling Chamber screens and honeycomb, the wind 

tunnel initiated its calibration process. This calibration involved the design of two primary 

components: spires and floor roughness. Both the spires and roughness elements were 

designed following the methodology outlined in Irwin's 1981 work. It is worth highlighting 

that according to Irwin's recommendations, the length of the fetch section should be at least 

six times the height of the spires. However, due to this constraint, the wind tunnel faced 

challenges in achieving the anticipated wind field development through the spires and floor 

roughness design.  

In pursuit of creating an open terrain wind tunnel exposure, the baseline design 

inspired by Irwin's 1981 guidelines underwent slight modifications, along with an iterative 

process. A baseboard was introduced at the base of the spires during the calibration process. 

This addition aimed to mitigate flow near the floor and enhance turbulence intensity, as 

demonstrated in prior research (Ghazal et al., 2019; Ghazal et al., 2020; Vita et al., 2018). 

Through multiple iterations, the calibration process led to the establishment of an open 

terrain configuration that exhibited reasonable wind speed (U) and turbulence intensity (Iu) 

profiles, as depicted in Figure 74. It is important to note that the wind tunnel was originally 

designed to test irregularly shaped models at a 1:100 scale, with a model height equivalent 

to 1.4 inches (representing 12 feet at full scale), as shown in Figure 74. In addition, the 1/α 

value from the wind speed measurements was estimated to be 0.11, which agreed with the 

value provided by ASCE 7-22. 

To assess the wind tunnel setup's capability to generate various eddy sizes, a Power 

Spectrum Density (PSD) profile was generated at the model height of approximately 1.4 

inches (scaled at 1:100). Analyzing the results (Figure 75), it was apparent that the wind 
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tunnel possessed the capacity to reproduce the full range of turbulence content found in 

naturally occurring wind. This aspect holds significance, as encompassing all frequency 

components within the wind characteristics instills confidence in the simulation results. 

This comprehensive wind simulation approach ensures the generation of realistic loading, 

encompassing both low- and high-frequency responses. 

 

Figure 70. Wind tunnel without screens, honeycombs, spires, roughness elements and 

baseboard 

 

Figure 71. Wind field measurement rake 
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Figure 72. Measurement points 

 
Figure 73. Wind speed and turbulence intensity profiles at location 3 (see Figure 72) 
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Figure 74. Wind speed and turbulence intensity profiles at turntable center – open terrain 
 

 
Figure 75. Power Spectrum Density (PSD) profile at H=1.375 inches (mean roof height) 

 

 

5.2. MODELS 
 

Drawing from previous insights derived from satellite imagery, several irregularly 

shaped models were fabricated, differing in their aspect ratios compared to the large-scale 

tests conducted in 2019 and 2020 (see Section 4). For the sake of simplicity, these models 

are denoted by the years of their testing, namely 2021 and 2023. The new models were 
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carefully crafted to reflect more lifelike aspect ratios, reducing the exaggeration in 

dimensions and protruding sections. Furthermore, the model areas adhered to a similar 

approach as seen in the design of the large-scale tests, targeting a full-scale area ranging 

between 1100 to 2000 square feet. In both phases (2021 and 2023), rectangular models 

were created to serve as the baseline for comparison and validation against publicly 

available aerodynamic databases, such as NIST (Ho et al., 2003 – Phase II). The 

dimensions for all five models are detailed in Figure 76 through Figure 80, with all 

measurements provided in inches and scaled down at a ratio of 1:100. Notably, all 

irregularly shaped models were produced using a Fused Deposition Modeling (FDM) 3D 

printer with Polylactic Acid (PLA) filament material, whereas the rectangular model was 

assembled using laser-cut plexiglass sheets. 

In the context of the 2021 models (phase A), a comprehensive set of five models 

were conceptualized, fabricated, and subjected to testing. Among these, four took on 

irregular shapes, namely the T-, L-, C-, and a newly discovered common S-shape (as 

detailed in Figure 76 to Figure 79). Model T1hip_2021 was instrumented with 331 pressure 

taps meticulously positioned across all its walls and roof sections. This model represented 

a total full-scale area of 1200 square feet (as depicted in Figure 76). On a similar note, 

Model L1hip_2021 featured 333 pressure taps, with the overall full-scale area amounting to 

1155 square feet (as indicated in Figure 77). The third model, C1hip_2021, was equipped with 

363 pressure taps distributed across its walls and roof sections and represented a total full-

scale area of 1610 square feet (as represented in Figure 78). Meanwhile, Model S1hip_2021, 

encompassing a total of 367 pressure taps thoughtfully distributed across all its walls and 

roof sections, exhibited a full-scale area of 1410 square feet (as illustrated in Figure 79). In 
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addition to these four diverse shapes, a rectangular model named Rgable_2021 was also 

constructed. This model, designed to mirror the dimensions of the NIST model utilized for 

comparison within the large-scale section, was outfitted with 330 pressure taps positioned 

across all its walls and roof sections (as illustrated in Figure 80). All the irregular shaped 

models were conceptualized with hip roofs, while the rectangular model had gable ends 

only. 

Concerning the 2023 models (phase B), a comprehensive set of ten models were 

conceptualized, fabricated, and subjected to testing. The series included eight low-rise 

irregularly shaped models and two rectangular models - one of each with a gable roof and 

the others with hip roof ends. The eight irregular shaped models encompassed four distinct 

shapes, four models featuring gable roofs and four models designed with hip roofs. The 

specific dimensions for each of these ten models can be observed in Figure 81 through 

Figure 90, all presented in inches and scaled down at a ratio of 1:100. In this iteration of 

tests, the models' dimensions were further fine-tuned to encapsulate various variations 

observed in real-world scenarios. For example, the C and S models in phase A were 

adjusted compared to their counterparts in phase B. Notably, the latter (phase B) featured 

unsymmetrical designs in their protruding sections (Figure 86 and Figure 88), differing 

from the layout of models C1hip-2021 and S1hip_2021 (Figure 78 and Figure 79). Furthermore, 

the protruding sections in these models were intentionally less pronounced than those 

found in the models tested in the large-scale section (Figure 8 to Figure 13), as well as the 

models examined in the small-scale phase A (Figure 76 to Figure 79). Moving on to 

specifics, models T1gable_2023 and T2hip_2023 were equipped with 227 and 229 pressure taps, 

distributed across all walls and roof sections. These models represented a full-scale 
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structure with an area of 1410 square feet (depicted in Figure 81 and Figure 82). For models 

L1gable_2023 and L2hip_2023, pressure taps numbering 233 and 221, respectively, were 

incorporated. These two models featured a total full-scale area of 1410 square feet (as 

depicted in Figure 83 and Figure 84). Meanwhile, models C1gable_2023 and C2hip_2023 were 

outfitted with a total of 270 and 263 pressure taps, distributed across walls and roof 

sections, and exhibited a full-scale area of 1624 square feet (as illustrated in Figure 85 and 

Figure 86). As for models S1gable_2023 and S2hip_2023, these structures employed a total of 

257 and 237 pressure taps on walls and roof sections, respectively. The full-scale 

representation of these models was an area of 1424 square feet (depicted in Figure 87 and 

Figure 88). Lastly, models R1gable_2023 and R2hip_2023 were equipped with 160 and 158 

pressure taps, respectively (as shown in Figure 89 and Figure 90). All ten models were 3D 

printed with a Stereolithography (SLA) printer with a high temperature resistant and anti-

deformation resin.  

 

 

Figure 76. Model T1hip_2021 dimensions (top and elevation views) 
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Figure 77. Model L1hip_2021 dimensions (top and elevation views) 

 

 

Figure 78.Model C1hip_2021 dimensions (top and elevation views) 
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Figure 79. Model S1hip_2021 dimensions (top and elevation views) 

 
Figure 80. Model Rgable_2021 dimensions (top and elevation views) 
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Figure 81. Model T1gable_2023 dimensions (top and elevation views) 

 

 
Figure 82. Model T2hip_2023 dimensions (top and elevation views) 
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Figure 83. Model L1gable_2023 dimensions (top and elevation views) 

 

 
Figure 84. Model L2hip_2023 dimensions (top and elevation views) 
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Figure 85. Model C1gable_2023 dimensions (top and elevation views) 

 

 

Figure 86. Model C2hip_2023 dimensions (top and elevation views) 
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Figure 87. Model S1gable_2023 dimensions (top and elevation views) 

 

 
Figure 88. Model S2hip_2023 dimensions (top and elevation views) 
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Figure 89. Model R1gable_2023 dimensions (top and elevation views) 

 

 
Figure 90. Model R2hip_2023 dimensions (top and elevation views) 

 

 

5.3. METHODOLOGY 

Wind tunnel testing is a widely adopted and effective tool for assessing the response 

of structures subjected to wind-induced loading, particularly in cases where the structure's 

shape is aerodynamically complex. All small-scale models, for this investigation, 

underwent testing in a small-scale Atmospheric Boundary Layer (ABL) wind tunnel 

designed and built at the Wall of Wind (WOW) Experimental Facility (EF) located at 

Florida International University in Miami, Florida, USA (see section 5.1). The aim for 
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building such wind tunnel was to achieve a cost-effective manner of testing a significant 

number of models as full/large scale testing requires significantly increased effort, 

scheduling time, and funds. As it has been stated before, the wind tunnel was designed to 

included multiple flow-management sections with adjustable components (spires, 

baseboard and floor roughness), enabling the modification of wind characteristics such as 

turbulence intensity and wind profiles in order to achieve an accurate simulation of wind 

properties ensuring accurate results (Uematsu et al., 1999, Stathopoulos, 1984, Holmes, et 

al., 1990, Akins et al., 1977, Bachlin et al., 1983, Stathopoulos et al., 1983, Tieleman 1992). 

The scale of 1 to 100 was chosen for wind tunnel testing as it offered the capacity 

of 3D printing the models in one single piece as well as having the entirety of the wind 

frequency domain at the models mean roof height. The wind tunnel was previously 

calibrated to provide an open terrain exposure by means of spires, a baseboard and floor 

roughness elements to achieve the best possible alignment between wind speed (U) and 

turbulence intensity (Iu) profiles (Figure 91). To accurately measure the wind 

characteristics within the wind tunnel setup, five Turbulent Flow Instruments (TFI) Cobra 

Probes were strategically installed at the center of the turntable at various heights: 0.8125 

inches, 1.375 inches, 2.75 inches, 4.125 inches, and 5.5 inches. It is worth noting that for 

models with irregular shaped plans, the mean roof height was 1.375 inches (for both phase 

A and B), while for the rectangular models of phase A, it was 1.57 inches and for both 

rectangular models of phase B, it was also 1.375 inches.  

The wind speed and turbulence intensity profiles, as depicted in Figure 92, closely 

matched the Engineering Sciences Data Unit (ESDU) profiles for a simulated Open terrain 

(z0=0.02 m), confirming the validity of the setup and results obtained. Additionally, the 
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Power Spectrum Density profile in Figure 93 demonstrated the wind tunnel's capability to 

generate both high-frequency and low-frequency turbulence. 

Subsequently, the models were placed at the center of the turntable and connected 

to three Thermal Control Units (TCU) via Zoc33/64Px, and data was sampled with a 

Scanivalve system, which consisted of a DSM4000 and an SPC4000 along with their 

corresponding hardware components. The system had the capability to accommodate a 

total of 384 pressure taps connected concurrently, with a sampling frequency of 520 Hz. 

The testing of all models was conducted across a range of wind directions, spanning from 

0 to 345 degrees in 15-degree increments (clockwise direction) for 1-minute duration 

(Figure 22). The full-scale data sampling frequency and test time were obtained with 

Equation 1, where frequency and time attained values of 25.8 Hz and 20 minutes, assuming 

full-scale speed was equal to 84 mph. All data was then post-processed with a transfer 

function to compensate for any distortion caused by the urethane tubing length used to tap 

onto the models’ pressure tap (Irwin et al., 1979). 

 

 
a) 

 
b) 

 

Figure 91. Wind tunnel a) spires and baseboard and b) floor roughness elements 
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Figure 92. Wind speed (U) and turbulence intensity (Iu) profiles 

 

 
Figure 93. Power Spectrum Density profile at 1.375 inches height 

 

5.4. RESULTS SMALL SCALE STUDY 
 

5.4.1. PRESSURE COEFFICIENTS 
 

Pressure coefficient estimates were determined utilizing the identical methodology 

outlined in the large-scale experiments, as elucidated in section 4.3.1. 
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5.4.1.1. MEAN PRESSURE COEFFICIENTS 
 

All mean pressure coefficient contour plots of the models tested in the small-scale 

ABL wind tunnel are presented in this section. As it was previously stated, due to the 

significant number of contour plots generated for all the models at all wind directions, only 

the 0-degree wind direction mean Cp contour plots are presented and discussed. Mean 

pressure coefficients, for cornering angles, are presented in the Appendix. 

The first five models presented below correspond to the experiments carried out in 

2021 for models T- L-, C-, S-shape, and a rectangular model. All irregular shaped models 

had hip roof ends while the rectangular model has gable ends (Figure 94 to Figure 98). 

The ten last models presented in this section correspond to the experiments carried 

out in 2023 for models T1gable_2023, T2hip_2023, L1 gable_2023, L2 hip_2023, C1 gable_2023, C2 hip_2023, 

S1gable_2023, S2 hip_2023, R1gable_2023 and R2 hip_2023. The difference between models 1 and 2 

was the roof ends type (e.g., T1 gable ends – T2 hip ends). Please refer to section 5.2. 

Please note the same wall sections definitions as that described in the large-scale 

section will be followed for consistency (see Figure 24 in section 4.3.1.1). 

When examining the Cp mean results for model T1hip_2021 at a wind direction of 0 

degree (Figure 94), a strong correlation with the outcomes from the previous tests was 

observed (Figure 25 and Figure 26). This alignment pertained to the overall pressure 

distribution patterns around the wall and roof sections. The "upwind windward wall" 

exhibited a maximum mean Cp of 0.59, while both "downwind windward walls" displayed 

lower values, reaching as high as 0.49, representing a 17% reduction. Moreover, due to the 

reduced length of the "downwind windward wall," a partial positive pressure bubble 

formed at the wall's edge, indicating that the development of the high positive pressure 

zone depended on the wall's length. Based on these observations, it was noted that the 

91



 

 

stagnation point of a "downwind windward wall" begins to form approximately 10 feet 

from the 90-degree junction, with the center of this high positive pressure area expanding 

as the wall dimension increases. This extension of the high-pressure (positive) bubble was 

also observed in models L1gable_2019 and L2gable_2019 (Figure 27 and Figure 28). Additionally, 

it was observed that the length of the protruding section in the upwind direction had 

minimal impact on the formation of this phenomenon. When analyzing the pressure 

distribution on the "upwind sidewalls," it was observed that a more pronounced suction 

developed near the center of the wall (horizontally), adjacent to the roof edge (vertically). 

This behavior was also noted in model T2gable_2019 (Figure 26). The suction value observed 

on this wall reached -0.55, compared to a -0.84 noted on the "downwind sidewall," 

representing a significant 35% reduction for the “upwind sidewalls.” Comparing these 

results to the values generated on the rectangular model side walls, the irregularly shaped 

model experienced an approximate 10% increase in suction Cp mean, making it more 

susceptible to higher negative mean suction values on the walls than a rectangular model. 

Turning our attention to the roof section, it was observed that most of the roof was 

subject to a suction bubble's influence. However, the roof edges were less prone to 

developing high suction values when compared to the rectangular model, measuring -1.04 

versus close to -0.8 for models R1gable_2021 and T1hip_2021, respectively (Figure 94 and Figure 

98). This is also attributed to the roof ends being hip type. 

In the case of model L1hip_2021 (Figure 95), it was evident that the "upwind 

windward wall" continued to experience the highest positive pressures, with a mean Cp of 

0.59. Conversely, the "downwind windward wall" underwent a 15% reduction in 

comparison to the "upwind windward wall," achieving a positive mean Cp value of 0.5. 
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Additionally, this "downwind windward wall" displayed a concentration of positive 

pressure values beginning roughly 10 feet from the 90-degree junction and extending along 

the wall's length. Regarding the side walls, the "upwind side wall" exhibited a suction of -

0.11 near the top upwind edge of the wall, while the "downwind sidewall" experienced a 

more substantial suction of -0.8. Furthermore, consistent with observations in the large-

scale section, the "upwind sidewall" transitioned from negative pressure near the upwind 

edge to positive pressure development near the 90-degree junction between the parallel and 

perpendicular-to-wind wall sections. Concerning the "leeward wall's" overall pressure 

development, it was noted that the side without a 90-degree joint (the left side of the 

leeward wall) tended to exhibit slightly increased mean Cp values (-0.41 compared to -0.36 

on the right side), representing a 14% increase in Cp mean values. 

As for the roof sections, they were primarily affected by a suction bubble, but 

elevated negative suctions were observed to concentrate at the roof edges, reaching values 

of approximately -1.23. 

Figure 96 presents the Cp mean contour plot results for Model C1hip_2021. Similar to 

previous observations, the trend of the "upwind" versus "downwind windward wall" 

persisted, with the latter experiencing reduced pressure development. Interestingly, the 

"downwind windward wall," situated between two perpendicular side walls known as 

"inner side walls," might lead to the expectation of higher pressures compared to the 

"upwind" direction. However, the interaction of separated layers of wind introduced 

complexities that mitigated the effects of wind on the "downwind windward wall." The 

reduction between the "upwind windward wall" and the "downwind windward wall" was 

nearly 38%. In addition, the "inner sidewalls" experienced minimal suction forces and were 
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primarily exposed to positive pressures, exhibiting a clear increasing gradient from the 

upwind edge to the 90-degree joint edge, reaching a value of 0.35. This value represented 

50% of the mean Cp observed on the "upwind windward wall." On the other hand, the 

"outer sidewalls" exhibited an overall pressure distribution similar to what is typically 

observed on the sidewalls of a rectangular model, and the same trend was noted for the 

leeward wall. 

Upon examining the roof sections of this same C1hip_2021 model, it was evident that 

the roof edges facing the upwind direction tended to have higher mean Cp values. 

Additionally, a distinct suction bubble formed in the roof edge adjacent to the "downwind 

windward wall," achieving a mean Cp value of nearly -1.04. Furthermore, the areas of the 

roof near the 90-degree joint, specifically the roof corner situated between the "inner 

sidewall" and the "downwind windward wall," displayed increased negative mean Cp 

values compared to other roof areas. 

In this round of testing, a novel S-shaped model (Figure 97) was introduced. It is 

worth mentioning that the data obtained at a 0-degree wind direction may have been 

compromised during the experiments. Therefore, we are presenting the results at a 180-

degree wind direction since the model is symmetric (here, "upwind" and "downwind" are 

defined with reference to the walls closer to the wind source - Figure 24). 

The results from this S-shaped model, at a 180-degree wind direction, closely 

resembled the overall pressure distribution observed in models with an L-shape on the 

entire upwind side (north/upper direction/side in the image). As previously observed in L-

shaped models (such as L1hip_2021, L1gable_2019, and L2gable_2019), the "upwind windward 

wall" experienced more pronounced pressures than those on the "downwind windward 
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wall" (the wall located on the top left side facing north). The same was observed for the 

“downwind sidewalls” as well as “upwind sidewalls.” A noteworthy difference observed 

in this model was the development of higher suction pressures on the leeward walls, 

particularly on the walls forming a 90-degree joint between parallel-to-wind and 

perpendicular-to-wind walls.  

Regarding the roof sections, they exhibited pressure development patterns similar 

to those observed in the L1hip_2021 model, with the highest suctions occurring on the edges 

adjacent to the "upwind and downwind windward walls" as well as the "upwind sidewalls." 

When examining the outcomes produced by model T1gable_2023 (Figure 99), it 

became evident that the overall pressure distribution aligned with what was previously 

observed in prior experiments. Specifically, the "upwind windward wall" demonstrated 

higher positive mean Cp values compared to those observed on the "downwind windward 

wall." An intriguing finding pertains to the "downwind windward wall," where a distinctive 

"bubble" of considerably lower positive pressures emerged along the upper outer edge of 

the wall (the top corner adjacent to the "downwind sidewall"). The substantial reduction 

on development of positive pressures in the “downwind windward wall” is attributed to the 

length of this wall, which is 5.5 feet in full scale dimensions (less than the 10 feet length 

previously mentioned). Regarding the sidewalls, a noteworthy observation revolves around 

the reduced dimensions of the "downwind windward wall." In this context, the "upwind 

sidewall" developed values that closely resemble those of the "downwind side wall," with 

respective values of -0.77 and -0.797. This observation underscores an interdependence 

between the sidewalls and the length of the "downwind windward wall." It becomes 

apparent that the longer the "downwind windward wall," the more pronounced the 
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reduction in suction values along the windward edge of the "upwind sidewall" as well as 

on the "downwind sidewall." 

Turning to the roof sections in model T1gable_2023, the windward leading edges 

exhibited suction, and the leeward side of the roof ridge also experienced suction, 

particularly on the outer edges when considering the crosswind direction. In comparison to 

the rectangular model R1gable_2023, the irregular shape model's roof section yielded 

somewhat lower values, as has been consistently observed in prior instances, -1 vs -1.12 

(Figure 107). 

When scrutinizing the data extracted from the irregular shape model T2hip_2023 

(Figure 100), it became apparent that the same wall trends observed in model T1gable_2023 

remained consistent. The primary distinction between these two models laid in the suction 

phenomena occurring on the roof. Specifically, the windward edge of the protruding 

section (the roof edge adjacent to the "upwind windward wall") exhibited higher suction 

values compared to those observed on the roof edge of model T1gable_2023 (Figure 99). 

Furthermore, akin to the observations made in the previous model, the region situated on 

the leeward side of the roof ridge (perpendicular to the direction of the wind) manifested 

higher suction pressures than those found along the roof ridge aligned with the wind 

direction. 

When examining the outcomes derived from model L1gable_2023 (Figure 101), it 

became evident that the "upwind windward wall" consistently maintained high positive 

pressure values. An intriguing observation arose in connection with the "downwind 

windward wall," which extended a full-scale measurement of 11 feet from the junction of 

the 90-degree walls. This portion of the wall experienced higher pressures that aligned with 
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the hypothesis proposing the emergence of a positive pressure bubble at a distance of nearly 

10 feet from the junction. Turning to the side walls in this model, it is noteworthy that the 

"upwind sidewall" underwent a significant reduction in the development of suction values, 

while the "downwind sidewall" exhibited the anticipated suction values. The observations 

drawn from models T1gable_2023 (Figure 99) and L1gable_2023 (Figure 101) validated the 

influence of the length of the "downwind windward wall" on the overall pressure 

distribution in neighboring wall sections. Furthermore, a slight increase in suction values 

was discernible on the "downwind side wall" in comparison to the standard side wall 

(located on the left side of the image), -1.09 vs 0.888, a 22% increase. When compared to 

model R1gable_2023 (-0.818 - Figure 107), an increase of ~33% was observed on the 

“downwind side wall” of model L1gable_2023. This increase could likely be attributed to the 

placement of the stagnation point, situated on the "downwind windward wall," near the 

upwind edge of the "downwind sidewall." This configuration created an area of air 

concentration capable of escaping over the roof and towards the "downwind side wall." 

The pressure patterns on the roof section exhibited heightened suctions near the leading 

edges of the roof and in the vicinity of the leeward side of the roof ridge, positioned in the 

crosswind direction. 

When examining the results derived from model L2hip_2023 (Figure 102), the same 

observations made for model L1gable_2023 were reaffirmed. In fact, as previously 

mentioned, it was posited that a localized concentration of positive pressures, resulting 

from a stagnation point, would account for the elevated suction values on the "downwind 

side wall." The pressurization occurring near the periphery of the "downwind windward 

wall" led to the escape of air both over the roof edge and along the outer edge of the 
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"downwind windward wall." The contour plot further validated this hypothesis by 

depicting an augmentation of suction near the "localized stagnation point" on the roof. This 

served as concrete evidence supporting the notion that higher suction values were 

generated due to the presence of a localized stagnation point near the edge of a wall section 

due to a previously separated wind flow being shed on a windward section located 

downwind. When assessing the rise in suction magnitude on the "downwind side wall" in 

comparison to the side wall of model R2hip_2023 (Figure 108), there was a discernible 

increase of 34% (-0.703 versus -0.742). 

Upon examining the contour plot generated for model C1gable_2023 under a 0-degree 

wind direction (Figure 103), it became evident that the overall pressure distribution across 

all wall sections closely mirrored what was observed in prior experiments conducted in 

2019 and 2020 (as depicted in Figure 29, Figure 30, Figure 33, Figure 34, and Figure 96). 

Specifically, the "upwind windward walls" consistently exhibited higher positive values 

when compared to the "downwind windward wall," which was positioned at the model's 

center, flanked by two "inner side walls." Furthermore, the "inner side walls" registered 

positive pressures, albeit with reduced suctions emerging along their upwind edges 

adjacent to the edges of the "upwind windward wall." Of notable significance, and as 

previously mentioned, the roof edges situated near the joint of the 90-degree walls (forming 

an inverted U-shape) tended to manifest elevated suction values. This phenomenon could 

likely be attributed to the accumulation of pressure (pressurization) that can only escape 

over the roof section.  

When analyzing model C2hip_2023 (Figure 104), similar findings to those observed 

in model C1gable_2023 were identified. In this context, the "upwind windward walls" 
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consistently exhibited the highest positive pressures, while the "downwind windward wall" 

experienced a reduction in the development of positive pressures. The "inner side walls" 

demonstrated a pattern where they tended to display negative pressures along their upwind 

edges, transitioning into positive pressures as they approach the 90-degree walls junction 

with the "downwind windward wall." Additionally, the "outer side walls" manifested the 

expected suction values, with readings reaching -0.703 on the west side and -0.844 on the 

east side. As observed in previous instances, the roof areas situated near the 90-degree wall 

junctions exhibited heightened suction values, peaking at a mean Cp of -0.85. 

Models S1gable_2023 (Figure 105) and S2hip_2023 (Figure 106) exhibited consistent 

agreement with the outcomes observed in model S1hip_2021 (Figure 97). In these models, the 

"upwind windward wall" achieved values approaching 0.6, while the "downwind 

windward wall" attained its highest mean Cp value of approximately 0.5, 17% reduction. 

The overall pressure development on the "downwind windward wall" was significantly 

influenced by the presence of a protruding section in the upwind direction. In the cases of 

models S1gable_2023 and S2hip_2023, the reduction in mean Cp values between the "upwind" 

and "downwind windward walls" reached 28% and 15%, respectively. Conversely, the 

"upwind side walls" were profoundly affected by the presence of the "downwind windward 

wall," inducing a localized pressure buildup. This effect was manifested as a positive 

pressure gradient on the "upwind side wall." Although these walls would typically be 

expected to develop predominantly negative mean Cp values, they mostly exhibited 

positive mean Cp values and negligible suction mean Cp values. Side walls lacking 

perpendicular walls in the downwind direction (i.e., without the "downwind windward 

wall") were observed to generate the expected mean Cp values. Furthermore, somewhat 
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increased suction values tended to concentrate on the leeward side of the models. In this 

context, the walls forming a 90-degree joint experienced higher suction values than the 

wall located furthest downwind. The same observation was noted in model S1hip_2021 

(Figure 97). Roof edges located on the windward side tended to manifest higher suction 

values. Notably, the model with gable ends displayed a greater tendency to develop 

increased negative mean Cp values on the roof edges, whereas the model with a hip roof 

tended to exhibit higher negative mean Cp values near the roof ridge perpendicular to the 

direction of the wind. 

In general, buildings featuring non-standard shapes were found to induce intricate 

airflow patterns around their various protruding sections, whether in the upwind or 

crosswind directions. The intricate nature of separation bubbles intermingling with other 

localized flows resulted in unconventional pressure patterns in specific wall segments. 

Furthermore, the length of these aforementioned segments played a pivotal role in either 

reducing or augmenting positive and negative pressures on both wall and roof sections. 

This dynamic highlighted that buildings with complex shapes are more prone to 

experiencing atypical overall pressure distributions highlighting the need of more 

investigations to better understand their response under wind-induced loads. 
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Figure 94. Model T1hip_2021 Cp,mean – 0 degree. 

 

 
Figure 95. Model L1hip_2021 Cp,mean – 0 degree. 
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Figure 96. Model C1hip_2021 Cp,mean – 0 degree. 

 
Figure 97. Model S1hip_2021 Cp,mean – 180 degrees. 
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Figure 98. Model R1gable_2021 Cp,mean – 0 degree. 

 
Figure 99. Model T1gable_2023 Cp,mean - 0 degree. 
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Figure 100. Model T2hip_2023 Cp,mean - 0 degree. 

 

 
Figure 101. Model L1gable_2023 Cp,mean - 0 degree. 
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Figure 102. Model L2hip_2023 Cp,mean - 0 degree. 

 
Figure 103. Model C1gable_2023 Cp,mean - 0 degree. 
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Figure 104. Model C2hip_2023 Cp,mean - 0 degree. 

 
Figure 105. Model S1gable_2023 Cp,mean - 0 degree. 
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Figure 106. Model S2hip_2023 Cp,mean - 0 degree. 

 
Figure 107. Model R1gable_2023 Cp,mean - 0 degree. 
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Figure 108. Model R2hip_2023 Cp,mean - 0 degree. 

 

 

5.4.1.2. CRITICAL PRESSURE COEFFICIENTS 
 

Contour plots were generated for each model with irregular shapes to illustrate the 

critical peak pressure coefficient (Cp, critical) and to provide a visual representation that 

encompasses the most challenging scenarios across all wind directions. (Figure 109 to 

Figure 136). As stated previously (section 4.3.1.2), these plots aimed to identify the specific 

regions within the models that are more susceptible to encountering the highest positive 

and negative forces.  

The critical values (both maximum and negative) for each pressure tap were 

determined by choosing the highest peak Cp value among all wind directions, as well as 

the lowest peak Cp value among all wind directions. 

To facilitate a straightforward comparison among the outcomes of models with 

irregular shapes, the walls were categorized based on their orientation: North, West, South, 
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and East. Here, North pertains to walls facing the upper portion of the page, West indicates 

walls oriented towards the left side, South refers to walls facing the bottom of the page, 

and East designates walls positioned along the right side. 

The Cp, critical values for model T1hip_2021 are depicted in Figure 109 and Figure 110. 

The results revealed that the highest maximum Cp, critical values on all sections facing the 

North, West, South, East walls, and roof section reached 1.55, 1.79, 1.78, 1.57, and 0.61, 

respectively. When comparing these values to the rectangular model R2hip_2023 (Figure 

135), it was observed that the wall sections experienced an increase in positive values, 

reaching up to a 17% upsurge, whereas the roof section exhibited a positive increase of up 

to 15%. Regarding suction values, certain wall sections displayed an increment of up to 

23% (side walls). Most notably, the roof section experienced a significant 20% reduction 

in suction value development, when compared to the regular shaped model R2hip_2023 

(Figure 136). Furthermore, adhering to the definitions of wall and roof sections outlined in 

Figure 24, the "upwind windward wall" manifested higher positive pressure values across 

the entire upper half of the wall. Conversely, the "downwind windward walls" tended to 

exhibit elevated positive pressure values near the outer edge of the wall and close to the 

90-degree joint between the "upwind side wall" and "downwind windward wall." This 

same pattern was observed on the "upwind side wall," where there was a concentration of 

higher positive pressures near the upwind edge, possibly due to separation shedding from 

the "downwind side walls" at the 90-degree wind direction. As for the "downwind side 

walls" and the leeward wall, they displayed heightened positive values near the edges of 

the upper half of the wall. Notably, the roof sections exhibited increased pressure values 

near the 90-degree joints between the parallel and perpendicular wall sections when 
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compared to the results from the rectangular model. Regarding suction values, the "upwind 

windward wall" developed higher suction values near the wall's edges. Conversely, the 

"downwind windward walls" exhibited higher suction values at the top of the inner corner 

(at the 90-degree wall joint), and the same was observed on the "upwind side wall." The 

"downwind side walls" and the leeward wall of this model displayed the highest suction 

values near the edges. Interestingly, the roof edges near the 90-degree section joints tended 

to exhibit increased suction values compared to other parts of the roof. 

Model L1hip_2021's Cp, critical values are depicted in Figure 111 and Figure 112. Upon 

analyzing the results, it was observed that the wall sections experienced a minor increase 

in the development of maximum Cp, critical values, amounting to nearly 3%. In contrast, the 

highest value in the roof section exhibited a remarkable increase of 53% when compared 

to the values obtained from the rectangular model R2hip_2023 (Figure 135). Conversely, the 

minimum Cp, critical value for the walls increased by 7%, while the highest minimum Cp, 

critical value in the roof section decreased by 20% (Figure 136). For this model results, the 

"upwind windward wall" was observed to generate higher maximum Cp, critical values near 

the wall's center and across the entire upper half of the wall. The "downwind windward 

wall" displayed higher maximum Cp, critical values on one edge of the wall (starting from 

nearly 10 feet off the 90-degree wall joint), a result of the flow being shed off the "upwind 

windward wall." Additionally, a concentration of higher maximum Cp, critical values was 

noted to develop at the 90-degree wall joint, progressively extending onto the "upwind side 

wall." Furthermore, the "upwind side wall" exhibited a similar overall maximum Cp, critical 

pressure development as the "downwind windward wall." The remaining walls (such as the 

side wall, "downwind side wall," and leeward wall) demonstrated the expected maximum 
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Cp, critical pressure development. Moreover, the roof edges near the 90-degree wall joints 

were observed to experience higher maximum Cp, critical values than those observed in model 

R2hip_2023 (Figure 135). Regarding the minimum Cp, critical values, it was observed that the 

"upwind side wall" and "downwind windward wall" tended to exhibit unconventional 

minimum Cp, critical pressures. For instance, a concentration of suction values near the 90-

degree wall joint was noted, reaching values of -1.75 and -1.56 on the "downwind 

windward wall" and "upwind side wall," in contrast to -1.48 and -1.15 on the opposite 

edges of these walls. Additionally, the roof edges along these walls (e.g., "upwind side 

wall" and "downwind windward wall") were noted to experience somewhat elevated 

suction values. 

Figure 113 and Figure 114 display the maximum and minimum Cp, critical values for 

model C1hip_2021. In this model, the wall sections (North, West, South, and East) 

experienced an increase of maximum Cp, critical values of up to 11% in the highest single 

values observed on the walls (102%, 111%, 105%, and 107%) when compared to the 

rectangular model with the same roof ends type (e.g., hip ends). Furthermore, the roof 

section experienced a significant 56% increase in the highest observed maximum Cp, critical 

value. In addition, most of the walls in this model showed an upsurge of nearly 2% in the 

development of minimum Cp, critical values, while the roof demonstrated a 23% reduction. 

In general, the walls (excluding the "inner side walls" and the "downwind windward wall") 

displayed the expected maximum Cp, critical pressure distribution, with higher pressure 

values concentrated in the upper half of the walls. Conversely, the "inner side walls" were 

noted for developing higher maximum Cp, critical values near the upwind edge of the walls 

and at the joint between the "inner side wall" and the "downwind windward wall." 
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Additionally, the roof edges along these walls (e.g., "inner side walls" and "downwind 

windward wall") experienced somewhat higher maximum Cp, critical values than those 

observed in model R2hip_2023. Concerning minimum Cp, critical values (Figure 114), similar 

observations were made as with maximum Cp, critical values. The "inner side walls" and the 

"downwind windward wall" exhibited unconventional or unexpected minimum Cp, critical 

development. For example, the "inner side walls" displayed higher suction values near the 

upwind edge of the wall and at the 90-degree wall joint, a phenomenon observed in 

previous models. An intriguing minimum Cp, critical pressure development was noticed on 

the "downwind windward wall," where two suction bubbles were observed to form at ¼ 

and ¾ of the wall's length. As seen in previous models, roof edges along these "inner side 

walls" and "downwind windward walls" tended to exhibit a small increase in minimum Cp, 

critical values. 

Regarding model S1hip_2021, similar observations to those made for model C1hip_2021 

were noted. In the results presented in Figure 115 and Figure 116, it is evident that the 

walls experienced an increase in maximum Cp, critical values, reaching an elevation of up to 

16%. On the roof, this increase reached as high as 61%. In addition, the suction values 

(represented by the single highest minimum Cp, critical values) increased by up to 8% on the 

wall sections and reached a reduction of 22% on the roof section when compared to the 

values observed on the rectangular model. Overall, most walls exhibited higher maximum 

Cp, critical values across the top half of the wall, spanning from edge to edge. However, the 

"upwind side walls" and "downwind windward walls" (located at the north and south of 

the figure, corresponding to the top and bottom of the figure) displayed unconventional 

distributions of maximum Cp, critical values. For instance, as previously described in other 
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models, the "downwind windward walls" tended to exhibit higher maximum Cp, critical 

values starting approximately 10 feet away from the 90-degree wall joint and near the 90-

degree wall joint itself. In addition, the "upwind side walls" demonstrated a concentration 

of high suction values near the edge of the wall, likely due to the separated flow being shed 

from the walls facing east and west of the page at wind directions of 90 and 270 degrees. 

Examining the results from the minimum Cp, critical contour plot, it became apparent that the 

"upwind side walls" as well as the "downwind windward walls" exhibited somewhat 

unexpected distributions of overall minimum Cp, critical values. For example, both walls were 

observed to generate concentrations of suction forces near the walls' 90-degree joint as well 

as at their outer edges. Interestingly, in both "downwind windward walls," the suction 

concentrations developed most likely due to complex flow interactions at wind directions 

of 0 and 180 degrees. Lastly, the roof edges near the "inner side walls" and "downwind 

windward walls" experienced somewhat increased suction values. 

A table summarizing the percentage difference between irregular shaped models 

tested in 2021 is presented in Table 5. Please note that the worst positive and negative Cp, 

critical value, for all wall sections, was compared against the worst positive and negative 

Cp, critical value of a rectangular model. The increase, or decrease, in the critical pressure 

coefficient values are presented in Table 6. From the table, it was observed that wall 

sections, in some models, underwent an increase of positive critical pressure coefficients 

of up to 14%. Interestingly, negative critical pressure coefficients were also observed to 

increase up to 14% in one of the models with irregular shape. 

The results for models tested in 2023 are presented from Figure 117 to Figure 136 

in the form of maximum Cp, critical and minimum Cp, critical contour plots. 
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For model T1gable_2023 (Figure 117), most walls exhibited the expected maximum 

Cp, critical development. However, the walls located near the 90-degree wall joint, 

specifically between the "upwind side wall" and "downwind windward wall," displayed 

deviations in results due to the complex flow interactions shedding off the upwind sections. 

In the case of the "upwind windward walls," there was a concentration of pressures 

extending from the center of the wall towards the upwind edge. On the other hand, the 

"downwind windward walls" exhibited the highest maximum Cp, critical values near the outer 

top corner. Additionally, the roof section displayed increased maximum Cp, critical values 

near the areas of the 90-degree wall joints. When compared to the results obtained from 

model R1gable_2023 (Figure 133), the highest single value observed on the entire roof of the 

irregular-shaped model was 42% higher than the highest single value observed on the 

rectangular model. In terms of minimum Cp, critical values (Figure 118), it was noticed that 

the edges of the walls tended to develop higher minimum Cp, critical values. Interestingly, 

only a slight deviation in minimum Cp, critical values was observed on the "upwind side 

walls," possibly influenced by the overall length of the "downwind windward wall." 

Furthermore, the "downwind windward wall" exhibited the highest minimum Cp, critical 

values on the top inner corner of the wall, contrary to the conventional expectation of 

suctions developing near the outer edges (model R1gable_2023 - Figure 133 and Figure 134). 

Regarding the roof's minimum Cp, critical values, it was observed that most edges tended to 

experience significantly higher values than the areas near the center of the overall roof, 

reaching values similar to those in model R1gable_2023 (Figure 134). 

Figure 119 displays the maximum Cp, critical values for model T2hip_2023. Similar 

comments to those made regarding the wall sections in model T1gable_2023 (Figure 117) can 
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be applied here. The main distinction lies in the development of higher maximum Cp, critical 

values in model T2hip_2023, albeit over a smaller area adjacent to the 90-degree wall joint. 

Turning our attention to the minimum Cp, critical (Figure 120) values on the walls, it was 

observed that the edges of the walls generally exhibited the highest minimum Cp, critical 

values, with the exception of the "downwind windward wall" and the "upwind side wall." 

These two walls experienced an increase in minimum Cp, critical values near the 90-degree 

wall joint. As for the roof, it demonstrated elevated values of minimum Cp, critical values 

along the edges (Figure 115). 

Contour plots illustrating model L1gable_2023 Cp, critical values are depicted in Figure 

121 and Figure 122. In general, the wall sections exhibited a conventional distribution of 

maximum and minimum Cp, critical values (like those observed in model R1gable_2023 and 

model R2hip_2023 - Figure 133, Figure 134, Figure 135 and Figure 136), with the exception 

of the two walls located at the 90-degree wall joint, namely the "upwind side wall" and the 

"downwind windward wall." Concerning maximum Cp, critical values, the "downwind 

windward wall" displayed elevated values near the top outer corner of the wall, a 

phenomenon attributed to the re-entrant flow shed off the "upwind windward wall" at the 

0-degree wind direction. Additionally, a similar occurrence was observed on the "upwind 

side wall," attributed to re-entrant flow shed off the "downwind side wall" at the 90-degree 

wind direction. Along the wall sections forming the 90-degree wall joint, the roof edges 

were noted to develop increased maximum Cp, critical values. Regarding the minimum Cp, 

critical values on the wall sections, the same observations as those made for the maximum 

Cp, critical values apply. However, the "upwind side wall" and the "downwind windward 

wall" exhibited unconventional minimum Cp, critical values. For instance, as seen in previous 
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models, the inner edges of these walls showed an upsurge in minimum Cp, critical values, 

contrary to the behavior observed in all other walls. Across the model, the roof edges 

consistently experienced higher minimum Cp, critical values. 

The findings in model L2hip_2023 parallel those of model L1gable_2023 when examining 

the maximum and minimum Cp, critical values across the wall sections, as depicted in Figure 

123 and Figure 124. These sections exhibit a similar pattern, suggesting a consistency in 

the pressure coefficient distribution on the walls. However, the noteworthy departure from 

this similarity arises when focusing on the results pertaining to the roof sections. In model 

L2hip_2023, there is a striking distinction, notably in the significant reduction in the extent of 

the suction bubble. This deviation from the patterns observed in model L1gable_2023 

underscores the unique characteristics and behavior of the airflow around the roof sections 

in model L2hip_2023. 

The results pertaining to maximum and minimum Cp, critical values are displayed in 

Figure 125 and Figure 126 for model C1gable_2023, and Figure 127 and Figure 128 for model 

C2hip_2023. When examining the maximum Cp, critical values in both models, it became 

evident that they generally exhibited a conventional distribution on most walls. However, 

the "inner side walls" and the "downwind windward wall" displayed unconventional 

patterns in pressure coefficient distribution. For instance, the "inner side walls" exhibited 

increased maximum Cp, critical values near both 90-degree wall joints and along the upwind 

(outer) edge. Similarly, the "downwind windward wall" tended to exhibit heightened 

maximum Cp, critical values near its edges. Moreover, with respect to the maximum Cp, critical 

values, the roof sections in both models displayed elevated values near the roof edges 

adjacent to the 90-degree wall joints, as illustrated in Figure 120 and Figure 122. Turning 
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our attention to the minimum Cp, critical values in both models (C1gable_2023 and C2hip_2023 - 

Figure 126 and Figure 128), a noteworthy trend emerges, particularly in the "inner side 

walls" and the "downwind windward walls." These sections demonstrated counterintuitive 

pressure distributions in the form of minimum Cp, critical values. For instance, the two "inner 

side walls" tended to experience decreased minimum Cp, critical values along their inner 

edges, which are adjacent to the 90-degree wall joints. Conversely, the "downwind 

windward wall" exhibited an increase in minimum Cp, critical values near the top corner of 

the wall, adjacent to the largest protruding section. This unusual behavior can be attributed 

to complex flow interactions in this specific region. 

The results regarding the maximum and minimum Cp, critical values for models 

S1gable_2023 and S2hip_2023 are presented in Figure 129 through Figure 132. In general, the 

walls not positioned adjacent to a 90-degree wall joint exhibited expected maximum and 

minimum Cp, critical values. However, a recurring trend observed in all models, spanning 

from 2019, 2021, to 2023, is the development of somewhat unconventional pressure values 

in walls adjacent to 90-degree wall joints. It is important to note that models S can be 

likened to two L models placed back-to-back. Therefore, the section definitions for the 

windward and leeward sides (Figure 24) apply similarly. For example, both "downwind 

windward walls" displayed increased maximum Cp, critical values near the outer edge of the 

wall, while the "upwind side walls" exhibited similar behavior. These concentrations of 

maximum Cp, critical values can be attributed to re-entrant flows being shed off the "upwind 

windward walls" at various wind directions (e.g., 0, 90, 180, and 270 degrees). Regarding 

the roof sections, the edges of the roof along the 90-degree wall joints demonstrated higher 

maximum Cp, critical values for both models, as depicted in Figure 129 and Figure 131. 
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Interestingly, the roof edges adjacent to the widest "protruding section" of model S2hip_2023 

(the protruding section facing north) also exhibited elevated maximum Cp, critical values. For 

the minimum Cp, critical values, the same observations that applied to the walls regarding 

overall maximum Cp, critical values distribution can be extended. Specifically, the "upwind 

side walls" and the "downwind windward walls" displayed somewhat unique minimum Cp, 

critical distributions, particularly in the inner top corners of the walls. Notably, there was a 

significant difference between the roof sections of the two models, with the roof of model 

S2hip_2023 being considerably more susceptible to developing higher suction values. 

A summary of the difference between the single highest maximum and minimum 

Cp,critical values between North, West, South, East and Roof sections of irregular shaped 

model's vs regular shaped modes is presented in Table 7 and Table 8. 

In order to obtain the difference between all the walls of the irregular shaped models 

against a rectangular model, the worst positive and negative critical pressure coefficient 

value (of all walls) was obtained and compared against the worst positive and negative 

value of all the walls of the rectangular model. From results, it was noted that walls on 

models with irregular shapes underwent an increase of positive critical pressure 

coefficients of up to 18% and 13% for models with gable and hip roof ends. On the other 

hand, the negative values developed on wall sections of models with irregular shapes were 

observed to experience a 26% and 14% on models with gable and hip roof ends (Table 9 

and Table 10). 
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Figure 109. T1hip_2021 maximum Cp, critical 

 
Figure 110. T1hip_2021 minimum Cp, critical 

 

 
Figure 111. L1hip_2021 maximum Cp, critical 

 

Figure 112. L1hip_2021 minimum Cp, critical 
 

 
Figure 113. C1hip_2021 maximum Cp, critical 

 
Figure 114. C1hip_2021 minimum Cp, critical 

 

 
Figure 115. S1hip_2021 maximum Cp, critical 

 
Figure 116. S1hip_2021 minimum Cp, critical 
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Table 5. Wall and roof sections highest maximum vs minimum Cp, critical variation 

percentages – 2021 experiments (hip roofs) 
 

SECTION 
MODEL T1 MODEL L1 MODEL C1 MODEL S1 

MAX MIN MAX MIN MAX MIN MAX MIN 

North 101% 96% 97% 100% 102% 91% 109% 102% 

West 114% 110% 100% 107% 111% 99% 102% 104% 

South 117% 111% 103% 102% 105% 100% 110% 108% 

East 105% 123% 99% 103% 107% 102% 116% 108% 

Roof 115% 80% 153% 80% 156% 77% 161% 78% 
 

 

Table 6. Overall walls sections highest maximum vs minimum Cp,critical – 2021 

experiments (hip roofs) 
 

SECTION 
MODEL T1 MODEL L1 MODEL C1 MODEL S1 

MAX MIN MAX MIN MAX MIN MAX MIN 

Walls 114% 114% 100% 102% 111% 100% 110% 108% 
 

 

 
Figure 117. T1gable_2023 maximum Cp, critical 

 
Figure 118. T1gable_2023 minimum Cp, critical 

 

 
Figure 119. T2hip_2023 maximum Cp, critical 

 
Figure 120. T2hip_2023 minimum Cp, critical 
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Figure 121. L1gable_2023 maximum Cp, critical 

 
Figure 122. L1gable_2023 minimum Cp, critical 

 

 
Figure 123. L2hip_2023 maximum Cp, critical 

 
Figure 124. L2hip_2023 minimum Cp, critical 

 

 
Figure 125. C1gable_2023 maximum Cp, critical 

 
Figure 126. C1gable_2023 minimum Cp, critical 
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Figure 127. C2hip_2023 maximum Cp, critical 

 
Figure 128. C2hip_2023 minimum Cp, critical 

 

 
Figure 129. S1gable_2023 maximum Cp, critical 

 
Figure 130. S1gable_2023 minimum Cp, critical 

 

 
Figure 131. S2hip_2023 maximum Cp, 

critical 

 
Figure 132. S2hip_2023 minimum Cp, critical 
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Figure 133. R1gable_2023 maximum Cp, critical 

 
Figure 134. R1gable_2023 minimum Cp, critical 

 

 
Figure 135. R2hip_2023 maximum Cp, critical 

 
Figure 136. R2hip_2023 minimum Cp, critical 

 

 

Table 7. Wall and roof sections highest maximum vs minimum Cp, critical variation 

percentages – 2023 experiments (gable roofs) 
 

Sections 
T1gable_2023 L1gable_2023 C1gable_2023 S1gable_2023 

MAX MIN MAX MIN MAX MIN MAX MIN 

North 96% 108% 97% 106% 100% 109% 106% 128% 

West 112% 107% 124% 102% 112% 97% 110% 103% 

South 115% 105% 109% 110% 109% 141% 109% 113% 

East 113% 106% 99% 113% 111% 110% 104% 101% 

Roof 142% 94% 135% 92% 157% 90% 161% 90% 
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Table 8. Wall and roof sections highest maximum vs minimum Cp, critical variation 

percentages – 2023 experiments (hp roofs) 
 

Sections 
T2hip_2023 L2hip_2023 C2hip_2023 S2hip_2023 

MAX MIN MAX MIN MAX MIN MAX MIN 

North 101% 107% 102% 91% 103% 100% 110% 116% 

West 103% 121% 99% 103% 104% 109% 108% 112% 

South 115% 102% 102% 95% 109% 111% 104% 103% 

East 109% 114% 109% 113% 105% 109% 105% 109% 

Roof 155% 96% 153% 99% 184% 104% 185% 104% 
 

 

Table 9. Overall walls sections highest maximum vs minimum Cp,critical – 2023 

experiments (gable roofs) 
 

Sections 
T1gable_2023 L1gable_2023 C1gable_2023 S1gable_2023 

MAX MIN MAX MIN MAX MIN MAX MIN 

Walls 112% 106% 118% 113% 110% 126% 106% 124% 
 

 

Table 10. Overall walls sections highest maximum vs minimum Cp,critical – 2023 

experiments (hip roofs) 
 

Sections 
T2hip_2023 L2hip_2023 C2hip_2023 S2hip_2023 

MAX MIN MAX MIN MAX MIN MAX MIN 

Walls 113% 114% 104% 106% 106% 111% 110% 111% 
 

 

5.5. VALIDATION WITH AERODYNAMIC DATABASES 
 

As outlined in section 4.4, there has been a limited focus on exploring the impact 

of plan irregularities in low-rise buildings on the overall pressure distribution. This scarcity 

of research makes it somewhat challenging to evaluate the outcomes derived from wind 

tunnel experiments. To address this issue, a rectangular model was constructed and tested 

as a "benchmark" during each phase of experiments (in 2019, 2021, and 2023). These wind 

tunnel results from the rectangular benchmark models were then compared to publicly 

available aerodynamic databases, such as the National Institute of Standards and 

Technology (NIST - Ho et al., 2005, NIST 2004) and Tokyo Polytechnic University (TPU 
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-, Tamura et al., 2005, Tamura 2012). This comparison allowed for a validation of the 

findings obtained through wind tunnel testing. 

 To facilitate a normalized comparison among the results from different models, 

various approaches were employed. When using the NIST model for comparison, a scaled 

gable roof model was utilized, featuring dimensions of 100x50x12 feet (in full-scale 

measurements) for length, breadth, and height. This specific model corresponds to Test 3 

of Phase II in the NIST study (Ho et al., 2003 Phase I, Ho et al., 2003 Phase II, Ho et al., 

2005, NIST 2004). In the case of the TPU model for comparison, a similarly scaled gable 

roof model was employed, with dimensions measuring 131.23x52.49x14.1 feet (in full-

scale dimensions) for length, breadth, and height. This particular model is identified as 

"g200218" in the research conducted by Tamura et al. (2005) and Tamura (2012). For the 

rectangular model tested in the wind tunnel, a replica of the NIST mode was employed 

(Figure 80). 

To evaluate the results across the three distinct structures, a dividing line was 

established on each wall segment and the roof sections, encompassing the North, West, 

South, East, and Roof sections. The positioning of these dividing lines was determined by 

considering the height of the pressure tap line in relation to the wall height (for the walls) 

and the distance from the roof ridge to the pressure tap line (for the roof sections). The 

ratios that most closely aligned with all the models, both for the walls and roof sections, 

were then chosen. Subsequently, these lines were generated for all three models, as 

illustrated in Figure 137. Please note each wall was identified as North, West, South and 

East walls and the direction of wind is shown with blue arrows in Figure 137. Please note 

the Reynolds number at each model eave height was estimated, as it was mentioned in 
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section 4.4, by using Equation 3. Models’ properties and Reynolds number value for all 

models are presented in Table 11. Values show that Reynolds number for NIST, TPU and 

ABL were sufficient to obtain an accurate wind simulation, by meeting the criteria 

provided by Cermak et al., 1999 (RH=104). 

To verify the experimental results obtained for model Rgable_2021 (Figure 80), a 

comparison was conducted between the mean, maximum, and minimum pressure 

coefficients across all three models. This validation process was carried out by plotting the 

pressure coefficient values for each pressure tap along the length of the bisecting line in 

each model. This involved creating plots for each wall section (North, West, East, and 

South), encompassing the mean, maximum, and minimum pressure coefficients of the 

pressure taps located along the bisecting line for NIST, TPU, and ABL results. Likewise, 

a similar plot was generated for the roof sections.  

Based on the findings presented in Figure 138, it was evident that at a wind direction 

of 90 degrees, there was a noteworthy alignment in the mean and minimum Cp values 

between the east and west walls. Specifically, the east wall, acting as the windward wall, 

and the west wall, serving as the leeward wall, displayed consistent agreement in their 

mean and minimum Cp values across NIST, TPU, and ABL results. However, it was 

notable that TPU model exhibited somewhat higher positive peak values in comparison to 

those calculated for the ABL and NIST models. Similarly, the south and north walls, which 

functioned as side walls, exhibited reasonable congruence in the development of mean, 

maximum, and minimum Cp values when contrasting the ABL and TPU outcomes. A 

divergence was identified in the case of the TPU minimum Cp values when compared to 

the results obtained from the ABL and NIST datasets, as illustrated in Figure 139. 

126



 

 

Furthermore, the results derived from the roof sections displayed strong agreement in 

mean, maximum, and minimum values, with the exception of the minimum values 

observed on the roof section of the ABL model resulting in somewhat higher values, as 

depicted in Figure 140. 

When examining the outcomes at a cornering angle of 45 degrees (as illustrated in 

Figure 141 to Figure 143), it was apparent that there was a notable concurrence between 

the east and west walls of the TPU and ABL models. However, a small disparity in the 

development of maximum Cp values (on the east walls) and minimum Cp values (on the 

west walls) was discernible in the results from the TPU model, as shown in Figure 141. It 

is important to note that this difference primarily manifested at the upwind edge of the east 

and west walls, with the east wall experiencing higher suction pressures due to its shorter 

adjacent south wall. Moreover, the maximum, mean, and minimum pressure coefficient 

values for the south and north walls demonstrated reasonable agreement between the NIST, 

TPU, and ABL models. Nonetheless, as noted previously, the TPU model exhibited higher 

maximum Cp values on the south walls - Figure 142. Regarding the north walls, good 

agreement was observed across all three models for mean, maximum and minimum Cp 

values. At this cornering angle, some noteworthy discrepancies were observed along the 

roof leading edge, where the NIST model registered somewhat lower suction values, as 

shown in Figure 143. 
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a) 

 

b) 

 

c) 

Figure 137. Bisecting lines for a) NIST model, b) TPU model and c) Rgable_2021 model 

(ABL) 

 

Table 11. Models’ dimensional properties and Reynolds number comparison – 2021-

2023 tests 
 

Model Scale 

Eave 
height 

velocity 
VH (mph) 

Full 
Scale 
Eave 

Height 
(ft) 

Full 
Scale 
Width 

(ft) 

Full 
Scale 

Length 
(ft) 

Roof 
Slope 

(degrees) 

Reynolds 
Number 

RH 

NIST 100 20.4 12.0 50.0 100.0 2.4 2.24E+04 

TPU 100 14.5 14.1 52.5 131.2 18.0 1.88E+04 

ABLWT 100 18.1 12.0 50.0 100 20.0 1.99E+04 
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Figure 138. NIST vs TPU vs ABLWT_2021 validation – 90 degrees wind direction (East 

and West walls) 

 
Figure 139. NIST vs TPU vs ABL_2021 validation – 90 degrees wind direction (South and 

North walls) 
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Figure 140. NIST vs TPU vs ABL_2021 validation – 90 degrees wind direction (Roof 

sections) 

 

Figure 141. NIST vs TPU vs ABL_2021 validation – 45 degrees wind direction (East and 

West walls) 
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Figure 142. NIST vs TPU vs ABL_2021 validation – 45 degrees wind direction (South 

and North walls) 

 
Figure 143. NIST vs TPU vs ABL_2021 validation – 45 degrees wind direction (Roof 

sections) 
 

 

5.6. SMOKE VISUALIZATION 
 

To gain a deeper understanding of the intricate airflow patterns surrounding low-

rise buildings with irregular shapes, a smoke visualization study was conducted on select 

models tested in 2021. The primary objective of this study was to visually depict and 

comprehend the dynamics of airflow interactions, both within separated flows merging 

together and with other building sections extending beyond the main structure. To achieve 

this, three 2MegaPixel ELP high-speed cameras were strategically placed on the model: 
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one on the East side, one on the West side, and one on the Top side (refer to Figure 144). 

These cameras were synchronized to simultaneously capture video footage at 30 frames 

per second for a duration of 45 seconds. To generate the required smoke for visualization, 

a fog machine equipped with an extension rod was employed during the tests. It is essential 

to highlight that the wind tunnel conditions were adjusted to match the exposure settings 

used in the pressure measurement experiments and maintained at the same fan throttle 

position, specifically at 50% power or the 30Hz setting for the variable frequency drive. It 

should be noted that smoke visualization was conducted for all models tested in 2021 (T-, 

L-, C-, S-, and R-shape) spanning from 0 to 345 degrees, with increments of 15 degrees. 

Results for 0 and 90-degree orientations are provided for all models, while the 45-degree 

direction is exclusively presented for the rectangular model.   

Upon scrutinizing the outcomes derived from model T1hip_2021 (Figure 145), an 

intriguing observation emerged. Specifically, when the wind direction was at 0 degree, it 

was observed that the airflow, which had separated from the "upwind windward wall," 

traveled downwind and collided with the outermost upper corner of the "downwind 

windward wall." This collision elucidates the formation of a pronounced concentration of 

high positive pressure at the juncture of these two crosswinds protruding sections, as 

depicted in the overlaid contour plots (refer to Figure a). The re-entrant flow, impacting 

the upper corner of the "downwind windward wall," also contributed to elevated mean Cp 

values of suction on the adjoining roof areas, as evidenced in Figure b. Furthermore, an 

intriguing phenomenon was witnessed—a recirculating bubble materialized due to the 

interaction between the separated flow originating from the "upwind windward wall" and 

the "downwind windward wall." This interaction notably influenced the pressure 
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distribution in proximity to the junction of the 90-degree walls. For instance, the 

"downwind windward wall" exhibited substantially lower mean Cp values (approaching 0) 

in the vicinity of the 90-degree wall juncture, a trend mirrored on the corresponding edge 

of the "upwind side wall." Additionally, the aggregation of negative pressures at the center 

top-edge of the "upwind side walls" may be attributed to the generation of recirculating 

flow in that corner. In the case of this same model but with a 90-degree wind direction 

(Figure 146), similar observations were noted. However, owing to the extended length 

(20% longer) of the new "downwind windward wall," a more conspicuous concentration 

of positive pressure became evident on this wall. This, in turn, exerted a more substantial 

influence on the neighboring "upwind side wall." Consequently, this configuration resulted 

in elevated mean Cp values of suction at the roof's corners compared to what was observed 

in the results obtained at a wind direction of 0 degree. Furthermore, a noteworthy 

observation pertained to the heightened suction values experienced on the "upwind leeward 

wall," which exhibited higher mean Cp values of suction than the farthest "downwind 

leeward wall." 

Upon examining the findings from model L1hip_2023 (refer to Figure 147), it became 

evident that the flow impacting the "upwind windward wall" exhibited a distinct 

bifurcation into two separate streams: One stream led to the formation of a recirculation 

pattern along the "upwind side wall" and extended into a portion of the "downwind 

windward wall" in the vicinity of the 90-degree wall junction. The second stream 

comprised a mixture of the flow separated by the upwind windward wall (redirecting 

toward the outer edge of the "downwind windward wall") and the regular straight flow. 

This interplay resulted in a diminished impact on the development of positive pressures at 
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the point of stagnation, as illustrated in Figure a. Notably, there was a discernible increase 

in mean Cp values of suction along the roof edges adjacent to the "downwind windward 

wall." This phenomenon became particularly prominent from the 90-degree wall junction 

and extended outward to the edge of the roof, as depicted in Figure b. In the case of the 

same model but under a 90-degree wind direction (see Figure 148), it was observed that 

the impact of the separated flow generated by the "upwind windward wall" on the 

"downwind windward wall" was somewhat diminished due to the extended length of the 

protruding section in the upwind direction. Additionally, owing to the more pronounced 

length of the protruding section in the upwind direction, the "upwind side wall" exhibited 

a clearer progression of pressures, transitioning from positive (at the 90-degree walls 

junction) to negative (at the upwind edge of the "upwind side wall"). From the flow 

visualization, it was evident that a distinct recirculation bubble formed along the "upwind 

side wall." Furthermore, the roof section (as depicted in Figure b) displayed a reduced 

development of negative mean Cp values due to the decreased stagnation effect on the edge 

of the "downwind windward wall." 

In the results obtained from model C1hip_2023 (at a wind direction of 0 degree - see 

Figure 149), an intriguing observation emerged concerning the three walls located centrally 

(comprising two "inner side walls" and the "downwind windward wall"). Upon inspecting 

the smoke visualization images, it became apparent that each of the "inner side walls" 

exhibited the formation of a recirculating flow bubble in the vicinity of the 90-degree wall 

junction area. Additionally, the "downwind windward wall" displayed a concentration of 

airflow at its central region. This observation aligns distinctly with the results portrayed in 

the contour plots, as depicted in Figure a. Moreover, the smoke traces depicted in this figure 
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revealed a flow pattern over the roof, concentrating along the valleys formed between the 

roof sections running parallel and perpendicular to the wind direction. Upon a closer 

examination of the results obtained from the roof section, it was noted that a heightened 

concentration of mean Cp values indicating suction was evident near the three locations 

corresponding to the recirculating bubbles, as illustrated in Figure b. 

When examining the results under a 45-degree wind direction (as depicted in Figure 

150), a notable presence of recirculating smoke traces became evident within the three 

walls forming a concave shape. This configuration, following the definition of the walls at 

0-degree wind direction (comprising the two "inner side walls" and the "downwind 

windward wall"), engendered a complex interplay of flows. Consequently, the inner walls 

exhibited diverse pressure distributions, with the leftmost "inner side wall" and 

approximately half of the "downwind windward wall" manifesting positive pressures that 

subsequently transitioned into lower Cp values, ultimately reaching suction mean Cp 

values on the rightmost "inner side wall" (as illustrated in Figure a). This intricate flow 

recirculation had a discernible impact on the roof section adjacent to the leftmost "inner 

side wall." Here, the development of higher suction mean Cp values was observed 

compared to most of the roof, particularly along the roof valley in proximity to the 90-

degree wall junction, area that exhibited elevated positive pressures forced to flow over the 

roof near the 90-degree wall junction, as depicted in Figure b.  

Under a wind direction of 90 degrees, the C1hip_2021 model (as illustrated in 

Figure 151) also displayed the formation of a complex flow recirculation within the three 

walls that constituted a concave section. This flow recirculation, as discerned from the 

smoke traces, predominantly led to the walls experiencing mean Cp values indicative of 
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suction. It is important to mention that the leftmost "inner side wall" was subjected to a re-

entrant flow, resulting in comparatively lower suction mean Cp values compared to the 

other two walls. When scrutinizing the roof section of this model under these wind 

conditions, it became evident that the flow recirculation had the effect of generating 

diminished mean Cp values indicative of suction near the roof's edge adjoining the leftmost 

"inner side wall" (as depicted in Figure b). 

Finally, the results for model S1hip_2021 are presented for both 0-degree and 45-

degree wind directions (see Figure 152 and Figure 153). In the case of the 0-degree wind 

direction (Figure 152), it was notable that the smoke traces displayed tendencies similar to 

those observed in model L1hip_2021 (Figure 142) for the sections situated in the upwind half 

(southern half). However, the other half of the model, positioned in the downwind 

direction, exhibited somewhat analogous outcomes to those witnessed in the T1hip_2021 

model when oriented at a 90-degree wind direction (Figure 146). For instance, the 

resemblance to the L model was observed in terms of the separated flow generated by the 

"upwind windward wall" affecting both the "upwind side wall" and the "downwind 

windward wall." Furthermore, a similar pattern was noted in the upwind half of the roof, 

where the roof section tended to manifest more pronounced suction mean Cp values near 

the roof edges, particularly in proximity to the stagnation area on the "downwind windward 

wall." In contrast, the downwind half of the model, particularly the sections forming a 90-

degree wall joint situated on the leeward side of the model, tended to exhibit values akin 

to those observed in the T model when oriented at a 90-degree wind direction. In this 

scenario, the two walls positioned on the leeward side of the model displayed varying 

suction values contingent on their specific location within the wall section. At a wind 
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direction of 90 degrees, the S model exhibited results resembling those obtained from the 

L1hip_2021 model at the same wind direction. Interestingly, this wind direction proved to be 

more critical in terms of the development of suction mean Cp values on the roof compared 

to those observed at a 0-degree wind direction, particularly evident at the 90-degree wall 

junction located on the south side of Figure 153 - b. 

 

 
Figure 144. Camera setup for smoke visualization 

 

 
a) 

 
b) 

Figure 145. Smoke visualization - model T1hip_2023 - 0 degree – a) walls, b) roof 
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a) 

 
b) 

Figure 146. Smoke visualization - model T1hip_2023 - 90 degrees – a) walls, b) roof 

 
a) 

 
b) 

Figure 147. Smoke visualization - model L1hip_2023 - 0 degree – a) walls, b) roof 

 
a) 

 
b) 

Figure 148. Smoke visualization - model L1hip_2023 - 90 degrees – a) walls, b) roof 
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a) 

 
b) 

Figure 149. Smoke visualization - model C1hip_2023 - 0 degree – a) walls, b) roof 

 
a) 

 
b) 

Figure 150. Smoke visualization - model C1hip_2023 - 45 degrees – a) walls, b) roof 

 
a) 

 
b) 

Figure 151. Smoke visualization - model C1hip_2023 - 90 degrees – a) walls, b) roof 
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a) 

 
b) 

Figure 152. Smoke visualization - model S1hip_2023 - 0 degree – a) walls, b) roof 

 

 

 

a) 

 

b) 

Figure 153. Smoke visualization - model S1hip_2023 - 90 degrees – a) walls, b) roof 

6. CODIFICATION 

6.1. AREA AVERAGED PRESSURE COEFFICIENTS 

 

Current building codes and wind standards (e.g., ASCE 7-22) offer a diverse array 

of methodologies for the design of low-rise structures. In this investigation, the primary 

emphasis was placed on the Components and Cladding (C&C) approach. The C&C 
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approach constitutes a specialized framework within the realm of structural engineering, 

specifically addressing the "elements of the structure or building envelope that do not fall 

under the purview of the Main Wind Force Resisting System (MWRF)" (as outlined in 

ASCE 7-22). 

Within the context of this study, ASCE 7-22 holds a pivotal position as a principal 

point of reference. It provides a comprehensive set of guidelines, complete with envelope 

curves that are tailor-made for roof and wall sections. These envelope curves serve an 

indispensable function by furnishing crucial insights into the expected pressure levels that 

a particular section or cladding component is likely to encounter under the influence of 

wind forces. It is worth noting that these predictions are contingent upon the surface area 

of the specific building element in question. 

To further enhance the precision of wind load analysis and facilitate meticulous 

structural design, the sections of walls and roofs are categorized into well-defined zones 

(Figure 154 and Figure 155). This zoning methodology has been meticulously formulated 

with the overarching goal of accurately identifying and appropriately configuring the areas 

of the structure that exhibit heightened vulnerability to increased suction forces, 

particularly those areas that are situated along the edges of the roof. Please note the zones 

distance from the edges depend on the value of a, which is defined as: 10% of the least 

horizontal dimension or 0.4h, whichever is smaller, but not less than either 4% of the least 

horizontal dimension or 3 feet. Please note h refers to the mean roof height of the building. 

As visually represented in the accompanying figures, the zoning system 

systematically categorizes roof sections into zones 1, 2, and 3, following the guidelines set 

forth in ASCE 7-22. Similarly, wall sections are methodically divided into zones 4 and 5, 
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all in accordance with the same established standard (Figure 156 and Figure 157). This 

zoning framework assumes a pivotal role in ensuring that structural elements are 

meticulously designed to withstand the precise wind pressures they are anticipated to 

encounter. In turn, this contributes substantially to the overall safety and structural integrity 

of low-rise buildings. 

It is crucial to emphasize that the development of these envelope curves relies 

heavily on a vast repository of empirical data derived from rigorous wind tunnel testing 

conducted on structures exhibiting consistent regular-shape geometrical configurations. 

This extensive dataset, which spans over a four-decade period, stands as a collective 

achievement stemming from the collaborative efforts of multiple researchers and research 

studies (Davenport et al., 1977, 1978; Ho et al., 2005, St. Pierre et al., 2005, Kopp et al., 

2014, Vickery et al., 2011, Gavanski et al., 2013). These research endeavors have 

collectively laid a robust foundation upon which the envelope curves have been 

meticulously crafted for buildings with regular plans. However, it is evident that a lack of 

emphasis on investigating low-rise structures with complex plans has created a discernible 

absence of significant emphasis on the investigation of low-rise structures characterized by 

intricate, non-standard floor plans. 

In the commentary of chapter 30 (ASCE 7-22), a figure and paragraph have been 

aimed for the design of buildings with shape irregularities, showing that although little 

information is provided, awareness on the subject is present. The guidance provided is a 

collective “judgment” of the Wind Load Committee (ASCE 7-22). The first step is to 

enclose the entirety of the irregularly shaped building into a rectangle (Holmes et al., 1990), 

to then estimate the value of ‘a’ to then apply the required zoning (Figure 158). When an 
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outward corner protrudes a distance less than 'a' from the wall, neither Zone 3 nor Zone 5 

requirements are applicable. On the other hand, when the outward protrusion exceeds 'a,' 

both Zone 3 and Zone 5 requirements come into play. Reentrant (interior) corners, by their 

nature, do not necessitate the implementation of Zones 3 or 5. Similarly, corners with an 

included interior angle greater than 135 degrees also do not require compliance with Zone 

3 or Zone 5 requirements. The expected loads on wall and roof sections are then estimated 

based on the GCp graphs provided for rectangular models. Another approach to design 

low-rise structures with irregular shapes is to divide the building into multiple rectangular 

sections and design then accordingly (ASCE 7-02), however, the estimation of loads would 

also be based on results obtained for regular shaped structures. 

 

 

Figure 154. C&C – walls zoning 

(ASCE 7-22) 

 

Figure 155. C&C – roof zoning (ASCE 7-22) 
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Figure 156. C&C external pressure 

coefficients (GCp) – walls (ASCE 7-22) 

 
Figure 157. C&C external pressure 

coefficients (GCp) – roof (ASCE 7-22) 

 

 

Figure 158. C&C irregular shaped buildings zoning (ASCE 7-22) 
 

 

 

6.2. ASCE 7 COMPONENT AND CLADDING ASSESSMENT 
 

The main objective of the current study was to conduct a systematic analysis and 

comparison of experimental data with existing design criteria. To achieve this, area 
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averaged GCp were computed for various combinations of pressure taps on walls and roof 

sections of the non-regular models. Multiple combinations of adjacent pressure-tap 

tributary areas, ranging from a single pressure tap to several pressure taps, were generated 

for each of the model zones (Zones 1 to 5). Subsequently, the Cp time history for each 

pressure tap was multiplied by its corresponding tributary area and used as input in 

Equation 8 for each wind direction. This approach enabled the generation of an area 

averaged GCp time histories for each area combination and wind direction tested. 

These area-averaged time histories were then processed using the BLUE (Best 

Linear Unbiased Estimation) method to obtain statistical peaks, as discussed in Section 

4.3.1. The worst result, among all wind directions, was selected for each area combination 

based on the obtained peaks, and scatter plots were generated. The area averaged GCp were 

then calculated for both walls and roofs sections and were plotted against the summation 

of the area for all different building shapes (Figure 159 to Figure 162). As expected, the 

area averaging had a reduction impact as the surface area increased, following the approach 

proposed by Stathopoulos 1984. Once the results for all non-regular models were obtained, 

they were plotted against the ASCE 7-22 C&C (Components and Cladding) curves for 

comparison.  

When analyzing the results of experiments conducted on irregularly shaped models 

for roof sections, specifically referring to Figure 159 and Figure 160, it became clear that 

the experimental suction values in zone 1 exceeded the design curve outlined in ASCE 7-

22. As the effective wind area increased, these experimental values tended to worsen, 

diverging even more significantly from the GCp values presented in the ASCE 7-22 design 

curve (represented by a dashed black line). A similar trend was observed in zone 2, where 
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there was a less significant deviation from the ASCE 7-22 values (indicated by the red 

dotted line). Furthermore, suction values in zone 3 fell within the recommended range 

provided by ASCE 7-22, as denoted by the blue dashed line.  

For positive GCp values on the roof, it was observed that some results differed 

somewhat from those outlined in ASCE 7-22. However, the values specified in the current 

wind provisions were generally deemed sufficient.  

When examining the data pertaining to wall sections extracted from models 

featuring irregular shapes (as depicted in Figure 161 and Figure 162), a conspicuous 

elevation in values was observed for both negative and positive data points. To illustrate, 

the experimental values significantly exceeded the recommended design GCp values 

outlined by ASCE 7-22 (as denoted by the red dashed line) across the entire range of wind 

effective area values. Moreover, concerning the negative values observed within zone 4 of 

the models, it was evident that they displayed a tendency to surpass the provided design 

values as the wind effective area decreased, although this trend diminished as the wind 

effective area increased (represented by the black dotted line). Additionally, there was a 

notable increase in the positive GCp values obtained through experimentation, and they 

were consistently observed to surpass the design parameters stipulated by ASCE 7-22 for 

all wind effective area values (indicated by the black dashed line). 

Graphs showing the independent zone area averaging results (separately) were 

generated and shown in Figure 163 and Figure 164. From the figures, it was clearly noted 

that roof zone 1 and 2 was exceeded (for negative GCp values) by the experimental data as 

the wind effective area is increased. Also, the wall sections, for zones 4 and 5 were clearly 

exceeded for both positive and negative GCp values, when compared to ASCE 7-22. 
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𝐶𝑝,𝑎𝑟𝑒𝑎,𝑎𝑣𝑔(𝑡) =
∑(𝐶𝑝,𝑖(𝑡) ∗ 𝐴𝑖)

∑𝐴𝑖
 

 

 

Equation 8 

 
 

 
Figure 159. Experimental area-averaged graph – roof (large-scale results) 

 
Figure 160. Experimental area-averaged graph – roof (small-scale results) 
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Figure 161. Experimental area-averaged graph – walls (large-scale results) 

 

 
Figure 162. Experimental area-averaged graph – walls (small-scale results) 

 

 

 

 

 

 

148



 

 

 

 
    

149

Figure 163. Experimental area-averaged graph by zone– roofs (irregular shaped models)



 

 

 
Figure 164. Experimental area-averaged graph by zone– walls (irregular shaped models) 
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7. CONCLUSIONS 
 

Significant damage to low-rise residential buildings due to the impact of extreme wind 

events has been extensively documented and recognized as a pressing concern. In response to this, 

wind load regulations have been rigorously developed and implemented to guarantee the safe 

design and construction of these structures. However, it is crucial to acknowledge that modern 

architectural designs have progressively evolved, deviating significantly from the traditional 

rectangular forms that initially informed the foundation of current wind load regulations. As a 

consequence, the existing body of research has predominantly concentrated its efforts on 

irregularly shaped and non-rectangular structures, with a primary focus on mid- to high-rise 

buildings, thereby inadvertently leaving the unique vulnerabilities of low-rise structures somewhat 

overlooked and/or underexplored. 

In this investigation, a comprehensive series of wind tunnel tests were planned and 

executed, featuring an array of both large- and small-scale models. This extensive collection 

included four meticulously crafted rectangular models alongside an impressive ensemble of 

eighteen irregularly shaped, non-rectangular models, each possessing distinct aspect ratios and 

shapes, such as T-, L-, C-, and S-shape. The experimental trials covered an exhaustive spectrum 

of wind directions, ranging from 0 to 345 degrees, meticulously sampled at 15-degree intervals, 

all within an open terrain configuration. 

         

       

      

       

    

        

151

 The construction of these models displayed a rigorous attention to detail, utilizing materials 

such as 3/8” plexiglass and employing advanced 3D printing techniques. The design process drew 

upon high-resolution aerial satellite imagery sourced from South Floridian residential areas to 

faithfully recreate the intricacies of real-world building shapes. Each of these models was carefully 

outfitted with over 300 precision-placed pressure sensors, meticulously distributed across their 
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and precise data throughout the experimental investigations.

 The results of the study revealed notable differences in pressure distribution when 

compared to traditional rectangular buildings. The observed difference is primarily linked to the 

greater prevalence of corners and concave characteristics, whose varying intensity becomes 

evident as the wind direction changes. Mean and peak pressure coefficients (Cp) were computed 

for each pressure sensor across all wind directions. The critical Cp value (for each model) was 

identified for each pressure tap from all wind directions. These critical Cp values (obtained by an 

extreme value analysis) were then utilized to generate area-averaged graphs, which were 

subsequently compared to the existing ASCE 7-22 Components and Cladding (C&C) envelope 

curves.

The following conclusions can be drawn from the results:

• Low-rise buildings with irregularly shaped floor plans exhibit distinctive mean pressure

 distributions on roof and wall sections. These distributions differ significantly from those

 observed in rectangular buildings.

• When the wind direction is 0 degree, and a separated flow occurs from a windward wall located

 upwind of a protruded section in the crosswind direction, forming an L-shape (a 90-degree

 joint), the re-entrant flow reattaches to the downwind windward wall approximately 10 feet

 from the inner corner of the L-shape. This reattachment alters the location of the stagnation

 point and results in the development of complex and turbulent air recirculation at less than 10

 feet. This, in turn, leads to non-standard pressure patterns near the 90-degree joint for both

 walls forming the L-shape.

• At a wind direction of 0 degree, when a windward wall and a side wall form an L-shape, the

 suction pressures on the side wall decrease significantly. These pressures exhibit a gradient,

wall and roof sections. This elaborate instrumentation ensured the collection of comprehensive



 

 

transitioning from positive values near the 90-degree joint to negative values near the upwind 

edge. 

• Buildings with irregular shapes tend to generate higher positive critical pressure coefficients 

on the roof sections, especially in areas where walls form a concave shape (a 90-degree joint). 

• Irregularly shaped buildings generally experience a reduction in the development of negative 

critical pressure coefficients on the roof sections compared to rectangular buildings. However, 

the highest peak suction values develop mostly along the eave edges of the buildings. In 

addition, in some instances the separation bubble may extend further into the central areas of 

the roof. 

• Suction pressure coefficients on the roof sections generally align well with the GCp values 

provided by ASCE 7-22, with the exception of zones 1 and 2. In contrast, positive pressure 

coefficients on the roof sections consistently exceed the GCp values provided by ASCE 7-22. 

• Suction pressure coefficients on the wall sections tend to be higher than the values specified in 

ASCE 7-22, especially for zone 5. Furthermore, positive pressure coefficients on the wall 

sections of irregularly shaped buildings consistently exceed the values in ASCE 7-22 for both 

zones 4 and 5. 

 

8. FUTURE WORK & DEVELOPMENTS 
 

Continuing and intensifying the research endeavors is of paramount importance. Future 

research should direct the focus towards a more extensive set of non-standard, non-rectangular 

architectural structures, each characterized by its unique shapes, proportions, roof inclinations, 

number of floors and other pertinent variables. This strategic approach is essential in the quest to 

acquire pinpoint accurate results, enabling researchers to capture a much more inclusive spectrum 
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of building configurations that closely mirror the diverse realities of the real world. This research 

will not only refine the overall understanding but also contribute significantly to the practical 

applicability of the findings in the field of engineering, architecture and construction. In addition, 

a greater number of investigations on models with a significant number of intricate shapes could 

potentially lead to refined results that can encompass the great majority of shape variations found 

in the field. 
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APPENDIX 

 
 

Contour Plots of mean Cp values for large-scale models in 2019, specifically for 

cornering wind directions (from 45 to 345 degrees): 
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Contour plots of mean Cp values for small-scale models in 2021, specifically for 

cornering wind directions (from 45 degrees to 345 degrees): 
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Contour Plots of mean Cp values for small-scale models in 2023, specifically for 

cornering wind directions (from 45 to 345 degrees): 
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