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ABSTRACT

Understanding wind hazards is essential for designing low-rise buildings that are resilient over
time. These structures located within the turbulent Atmospheric Boundary Layer (ABL) are
particularly vulnerable to wind-induced damage. In more realistic scenarios where, low-rise
buildings are surrounded by similar structures, the flow and, consequently, the pressure distribution
can be significantly altered. The characteristics of incident wind flow significantly influence
pressure patterns and magnitudes on building facades. During windstorms, the cladding of low-
rise buildings often suffers damage due to uplift forces, compromising their structural integrity.
Roof damage is typically triggered by high suction regions caused by flow separation at edges and
corners, forming conical and separation bubble vortices. Most previous studies focused on tall
buildings for accurately evaluating and aerodynamically mitigating the wind load experimentally
and numerically. Therefore, the main objective of this research is to develop a framework to
accurately evaluate and effectively mitigate the wind load on low-rise buildings to enhance safety
and structural integrity. The first objective of this research is to investigate the impact of
discontinuous corner and ridgeline parapets on stand-alone low-rise buildings with complex roof
geometry located in suburban terrain in reducing wind load by displacing the flow separation zones
from the corners and edges using parapets. As for the second objective, it aims to estimate and
correlate the effective parameters controlling the accuracy of the numerical wind pressure
evaluation using Large Eddy Simulations (LES) on a low-rise building based on comparing wind
pressures (i.e., mean and RMS) to wind tunnel results. In the third objective, the thesis aims to
systematically define the required computational fluid dynamics (CFD) details to produce accurate
ABL flows with LES models, particularly including a discussion aimed to efficiently select
turbulence maximum frequency (f;,q4x) employed as an input in the turbulence flow generator
concerning grid size in the refinement zones that can accurately capture the pressure fluctuation
induced on the building facade. The fourth objective is to experimentally evaluate the
effectiveness of parapets in reducing wind pressures on low-rise buildings under two different
terrain roughness conditions and with two parapet configurations added to the benchmark model.
To address the challenges faced during the experimental testing, the fifth objective is to optimally
reduce the number of pressure sensors needed while maintaining accurate wind load evaluations,

ultimately enhancing the resilience of buildings against wind-induced damage. This research uses
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multi-resolution Dynamic Mode Decomposition (mrDMD) to decompose multiscale wind
pressure data into modes representing different timescales. QR-Pivoting then identifies key
dynamic modes that best capture the pressure field’s dynamics. Together, these techniques can help
identify sensor locations that minimize the required sensors while ensuring accurate pressure field
reconstruction. This research provides a comprehensive framework for enhancing the resilience of
low-rise buildings against wind-induced damage by addressing numerical and experimental

challenges in wind load evaluation and mitigation.



Keywords

Aerodynamic Mitigation; Low-rise buildings; Turbulence; Large Eddy Simulation (LES);
Computational Fluid Dynamic (CFD); Aerodynamic Wind Profile; Complex Roof Geometry;
Parapets; Corner Vortices; Peak Value analysis; Maximum Turbulence Frequency; Boundary Layer
Wind tunnel (BLWT); Terrian Roughness; Optimal Sensor Placement; Dynamic Mode
Decomposition (DMD); QR Pivoting.



CO-AUTHORSHIP STATEMENT

This thesis has been prepared in accordance with the regulations for an Integrated-Article format
stipulated by the Faculty of Graduate Studies at Lakehead University. Information from outside
sources, which has been used for analysis or discussion, has been cited where appropriate. This

thesis has been co-authored as:
Chapter 2: Aerodynamic Mitigation of Low-Rise Buildings with Complex Roof Geometry

Publication: Al-Chalabi, R., and Elshaer, A., 2023. Aerodynamic mitigation of low-rise buildings

with complex roof geometry. Frontiers in Built Environment, 9, p.1200383.

Candidate’s Contribution: The candidate designed and conducted the numerical simulations,

analyzed the data, and prepared the manuscript.

Co-Author’s Contribution: Dr. Ahmed Elshaer provided supervision, conceptual guidance, and

manuscript revisions.

Chapter 3: Enhancing LES Efficacy in Wind Load Evaluation of Low-Rise Buildings Using

Synthesized Inflow Turbulence

Publication: Al-Chalabi, R., Elshaer, A., and Aboshosha, H., 2024. Enhancing LES efficacy in
wind load evaluation of low-rise buildings using synthesized inflow turbulence. Journal of

Building Engineering, 95, p.110233.

Candidate’s Contribution: The candidate developed the methodology, performed LES

simulations, and wrote the manuscript.

Co-Authors’ Contributions: Dr. Ahmed Elshaer provided supervision and conceptual guidance,

and Dr. Hany Aboshosha contributed to manuscript editing and data interpretation.

Chapter 4: The influence of terrain roughness on parapet efficiency in mitigating wind loads

on low-rise buildings: An experimental study

Publication: Al-Chalabi, R., Gemayel, D., Aboshosha, H., and Elshaer, A., 2024. The influence of
terrain roughness on parapet efficiency in mitigating wind loads on low-rise buildings: An

experimental study (submitted as journal publication).



Candidate’s Contribution: The candidate conducted experimental testing, analyzed data, and

drafted the manuscript.

Co-Authors’ Contributions: Dr. Ahmed Elshaer supervised the study and assisted in manuscript
revisions; Dr. Haitham Aboshosha provided experimental setup guidance; D. Gemayel assisted in

data collection.

Chapter 5: Impact of Maximum Turbulence Frequency on Wind Flow and Pressure

Distribution for Low-Rise Buildings Using Discrete Random Flow Generator

Publication: Al-Chalabi, R., and Elshaer, A., 2024. Impact of Maximum Turbulence Frequency
on Wind Flow and Pressure Distribution for Low-Rise Buildings Using Discrete Random Flow

Generator (submitted as journal publication).

Candidate’s Contribution: The candidate developed the numerical model, performed

simulations, and wrote the manuscript.

Co-Author’s Contribution: Dr. Ahmed Elshaer provided conceptual input and reviewed the
manuscript.

Chapter 6: CFD-based Sensor Placement Optimization for Low-rise Buildings Using
Machine Learning Algorithm

Publication: Al-Chalabi, R., Alanani, M., and Elshaer, A., 2025. Spatiotemporal Analysis and
Optimization of Sensor Placement for Wind Pressure Distributions on Low-Rise Buildings

(submitted as journal publication).

Candidate’s Contribution: The candidate developed and implemented the optimization

methodology, analyzed the results, and prepared the manuscript.

Co-Authors’ Contributions: Dr. Ahmed Elshaer supervised the research and provided manuscript

revisions; Dr. Alanani assisted in data analysis and manuscript editing.



DEDICATION

To my parents for raising me to believe everything is possible, and to my husband for making

everything possible!



ACKNOWLEDGEMENTS

"It takes a village to raise a child” is a well-known proverb, and I firmly believe that completing a
Ph.D. also requires the support of a village. I began this journey just before the onset of the
COVID-19 pandemic, a period fraught with challenges and uncertainties. Despite the hurdles, I

made it to the finish line!

I want to express my deepest gratitude to the exceptional individuals who played significant roles
in this transformative journey, enabling me to obtain my doctorate successfully. First and foremost,
I extend my heartfelt gratitude to my PhD supervisor, Dr. Ahmed Elshaer. His exceptional
mentorship has been instrumental in shaping both my academic and professional growth. Dr.
Elshaer’s unwavering commitment to academic excellence, meticulous attention to detail, and
profound insights have greatly influenced the direction and quality of this dissertation. His patient
feedback and constant encouragement were pivotal throughout my research journey. I deeply
appreciate his invaluable support, which extended far beyond the boundaries of this thesis, leaving
a lasting impact on my personal and professional development. I immensely thank Dr. Janusz
Kozinski and Dr. Eltayeb, whose leadership and accessibility inspired confidence and assured me
throughout my PhD journey. Their ability to create a supportive environment for students made a
meaningful difference. I am also indebted to the members of my thesis committee, Dr. Ali Tarokh
and Dr. Ahmed Bediwy for their scholarly insights, constructive feedback, and invaluable

contributions to shaping this research.

I am deeply thankful to the SWERL research group for their collaboration and support. The
discussions and unwavering support from my peers have enriched my research experience, making
this journey possible and enjoyable. Special appreciation goes to Dr. Magdy Alanani for his

guidance and shared learning experiences that enriched this journey.

I am profoundly grateful to my family for their unwavering support. My husband, Dr. Samer
Khalil, has been my anchor, providing boundless encouragement and understanding through every
challenge. Thank you for always being my rock and accompanying me through the highs and lows
of this academic journey. Your support and belief in me have strengthened and motivated me. My
children, Zain, Ayman, and Mina, have been my greatest motivation and source of patience as |
pursued this milestone. I also express my heartfelt appreciation to my parents, Shahala and Raad

Al-Chalabi, for their prayers and for raising me to believe in myself. To my siblings, Marwa, Farah,
7



and Rafal, for their love and encouragement. To my in-laws, Khala Atarad and Amu Zuhair, thank
you for your steadfast support and care. Lastly, I thank my incredible office colleagues, Aysan,
Sabiha, Maral and Zahara, for the laughter, camaraderie, and shared moments that brightened even
the most challenging days. They provided both distractions when needed and encouragement when
it seemed impossible to continue. I also acknowledge Dr. Shumsun Saddiuge, a fellow mother and
researcher, for her resilience and companionship during the pandemic, which was a source of

strength and inspiration.

As I bring my five-year-long PhD journey to a close, I can genuinely say that I am immensely
proud of my accomplishments. This transformative journey has shaped me as a researcher and an
individual, imparting the invaluable lesson that perseverance yields fruitful rewards in the long
run. The unwavering commitment and determination displayed by those around me have
profoundly influenced my character. Thank you to everyone who contributed to my journey in big

and small ways. This achievement reflects the collective efforts of an extraordinary village!



LIST OF JOURNAL PUBLICATIONS

Al-Chalabi, R., and Elshaer, A., 2023. Aerodynamic mitigation of low-rise buildings with complex

roof geometry. Frontiers in Built Environment, 9, p.1200383.

Al-Chalabi, R., Elshaer, A., and Aboshosha, H., 2024. Enhancing LES efficacy in wind load
evaluation of low-rise buildings using synthesized inflow turbulence. Journal of Building

Engineering, 95, p.110233.

Al-Chalabi, R., and Elshaer, A., 2024. Impact of Maximum Turbulence Frequency on Wind Flow
and Pressure Distribution for Low-Rise Buildings Using Discrete Random Flow Generator.

(submitted as a journal publication).

Al-Chalabi, R., Gemayel, D., Aboshosha, H., and Elshaer, A., 2024. The influence of terrain
roughness on parapet efficiency in mitigating wind loads on low-rise buildings: An experimental

study. (submitted as a journal publication).

Al-Chalabi, R., Alanani, M., and Elshaer, A., 2025. Spatiotemporal Analysis and Optimization of
Sensor Placement for Wind Pressure Distributions on Low-Rise Buildings. (submitted as a journal

publication).

LIST OF CONFERENCE PUBLICATIONS

Al-Chalabi, R., Elshaer, A., (2024). Mitigation of Wind Load on Low-rise Buildings Using Roof
Parapets: A Numerical and Experimental Study. 9th International Colloquium on Bluff Body
Aerodynamics and Applications (BBAA). Birmingham, UK.

Al-Chalabi, R., Elshaer, A. (2024). Maximum Turbulence Frequency Impact on the ABL Inflow
Generation. Canadian Society of Civil Engineering (CSCE). Niagara Falls, Ontario.

Al-Chalabi, R., Elshaer, A. (2023). Toward an efficient practice for computational wind load
evaluation of low-rise buildings. Canadian Society of Civil Engineering (CSCE). Moncton, New

Brunswick.

Al-Chalabi, R., Ibrahim, M., Elshaer, A. (2022). Computational Wind Load Evaluation and
Aerodynamic Mitigation of Low-Rise Building with Complex Roof Geometry Canadian Society
of Civil Engineering (CSCE). Whistler, Canada.

9



Al-Chalabi, R., Elshaer, A. (2021). Aerodynamic mitigation of low-rise building roofs. Canadian
Society of Civil Engineering (CSCE) Conference, Niagara Falls.

10



Table of Contents

ABSTRACT ...ttt ettt et ettt ettt et e e ste e st e s st enseestesseenseestesseenseeneesseensesneenseensens 1
S A L0 (6 PSR 3
CO-AUTHORSHIP STATEMENT ..ottt 4
DEDICATION ...ttt ettt ettt sttt et e et e st e steestesseenseentesseenseeseesseenseeneenseensesseenseensens 6
ACKNOWLEDGEMENTS ...ttt ettt sttt et st ebeenaesseensesneesneenseas 7
LIST OF JOURNAL PUBLICATIONS .....ootiiieitieiteiesteete ettt ettt ettt enae s ese e sneenne s 9
LIST OF CONFERENCE PUBLICATIONS .......oootieiiiieit ettt 9
TabLE OF CONLENLS .....eeieieiieeiie ettt ettt et e et e bt e e bt eseeeeaseesaeeenbeesseesnseans 11
LIST OF TABLES ...ttt ettt ettt ettt sttt e e s e s seesae st e sseenseenaesseenseensenns 14
LIST OF FIGURES ..ottt ettt sttt sae st esseeaeenaesneeseenee e 15
Chapter 1: Introduction to Wind Load Evaluation and Aerodynamic Mitigation............... 22
L1, Back@roUnd........ccooiuiiiiiiiieciieiieeieesee ettt ettt et e nsaeebaeeaae e 22
1.2, RESCAICH GAP ..eeiiiiiiieiiieceece ettt et e et e eaneas 26
1.3, THESIS SCOPE c.uviiieiieiieeieeciie ettt ettt ettt e bttt e e be et e esbeessaessbeessaeenseessseenseensneenns 27
1.4.  Organisation 0f the TRESIS .......cocuieiiiiiiieiieiceee e 28
1.5, RETEIENCES ..ottt ettt 31
Chapter 2: Aerodynamic Mitigation of Low-rise Buildings with Complex Roof Geometry
.................................................................................................................. 36
2.1 INEOAUCTION ...t s 36
2.2, Methodology FrameworK..........ccccciieiiiiiiiieeiieeieeee et 40
2.3.  Aerodynamic Mitigation TeChNIQUES ........cc.ccoeriiriiriiriiniiieiienceeeeeeeee e 43
2.4, Model Validation ........cc.eeiiieiiiiiiieiiesie ettt ettt et 44
2.5. Results and DIiSCUSSION .......oecuiiiiiiiiieiiieiieeie ettt et ettt 49
2.6. Summary and COnCIUSION ........cccuiiiiiiiiieiieit e 57
270 REIEIEINCES ..c.eiuiiiieiteeetct ettt et sttt 58
Chapter 3: Enhancing LES efficacy in wind load evaluation of low-rise buildings using
synthesized inflow turbulence .. 62
3.1, INEOAUCHION...c..iiiiiiiiiiecteet ettt ettt et sb et 62
3.2, Numerical Model Validation .........cccceoerieriinieniinieiencceceee et 70
3.3, Methodology Framework............cccciiiiiiiiiiiiiieiieieetee e 74



3.4. Maximum Turbulence FreqUencCy.........cccoieoiiiiiiieciiieeieeeee et 77
3.5. Computational DOmain SIZe ..........ccccuiieiiuiieiiiieeiiieeiieeeiveeeieeesreeeereeesreeesveeeseseeens 81
3.6.  Computational Domain DiSCIetiZation ............ccccueeeiuieeeiiieeniiieeeiieesieeeeieeeeveeeereeens 87
3.7. Summary and ConClUSION .........cccuiiiiiiieiiie ettt eee e eee e e e eaee e saeeeseneeens 91
3.8, RETRICNCES ...ttt et et 93
Chapter 4: Impact of Maximum Turbulence Frequency on Wind Flow and Pressure
Distribution for Low-Rise Buildings Using Discrete Random Flow Generator ................. 101
4.1, INIOAUCTION ..ttt ettt ettt ettt e st e b e eaees 101
4.2, Numerical Model Validation ...........ccoocuiiiiiiiiiiiiiieee e 104
4.3.  Methodology Framework..........ccccooviiiiiiiiiiiiiiiieeeee e 107
4.4.  Results and DISCUSSION .....cc.cecuiriiriieriirieniieieeesiceie ettt st 109
4.5. Summary and CONCIUSION ........ccevieriieriieiieeieeieeeie et e ere e e eeeebeeseaeebeesaaeenseenenas 117
4.0, REIEIEINCES .. ..eiiiiiiieieeteee ettt ettt e 118
Chapter 5: The influence of terrain roughness on parapet efficiency in mitigating wind
loads on low-rise buildings: An experimental study 123
S50 INEOAUCHION ...ttt ettt ettt et be et st esaeenneas 123
5.2, Methodology Framework..........cccuiiriiiiiiiieiiie et 127
5.3.  Experimental Wind Tunnel Test SEtup.........ccceevcvieeviieiiieenieeeeeeeee e, 127
5.4.  Results and DISCUSSION ......covuiiriiiriiiiiiiiieiieeiie ettt 131
5.5.  Flow visualization to the impact of terrain on parapets efficiency using LES ....... 141
5.6. Summary and COonCIUSION .......cceriuiriiriiiiiiriirieee ettt 142
570 RETEIECNCES ...coiiiiiieiiiee et ettt ettt et sae e et esaae et 143
Chapter 6: Sensor Placement Optimization for Low-rise Buildings Using Multi-resolution
Dynamic Mode Decomposition teChNIQUE .....coueeveeiieenseensuensseensnenssnecsenssnesssessssecsssssnssssasnns 148
0.1, INrOAUCTION ......iiiiieiiieiie et ettt ettt e sae e e e seneeeeens 148
6.2.  Numerical model validation...........ccceoiiiiiriiniiiiniinieieeeeeee e 154
0.3, MEthOOLOZY ....eeeiiiiieiie ettt ettt ettt et e e eraens 158
6.4.  Results and DISCUSSION ...cc.eeruiiriiriiiriiiiiieritereete ettt sttt s 169
6.5. Summary and ConcClUSION .........ceeruiiiiiiiiiiiiieie ettt 182
0.6, RETEIEINCE ..c..eiuiiiiiiiiiiie ettt st 183
Chapter 7: Conclusion and Recommendations........c..cceeeeecssaresssnncsssancsssesssssnsssssssssssssssasses 190
% BN 1310 1 0 2SR 190



7.2.
7.3.

Main Contribution

Future work and reCOmMMENdatiONS.......oovveeemeeeeeee et ee e e e aeeeaeeas

13



LIST OF TABLES

Table 2.1 Scope and the main findings of previous studies focused on building aerodynamic

1001187215 10  FO R RPRRUSRRUR 39
Table 2.2. Results of the mesh sensitivity analysis using three mesh size schemes..................... 46
Table 3.1 List of computational domain sizes followed by previous studies. .........c.ccceevverveennenne 66
Table 3.2 Grid size and location within the computational domain .............ccceeeeeveeercieercieeeenenne 76
Table 3.3 Parameters used to generate velocity field. ........ocoovveeiiiieiiiiee e 76
Table 3.4 Computational domain (CD) study models with different lengths..............cccceeueenneen. 83
Table 3.5 Computational domain (CD) study models with different widths.............c.ccceevvrnneen. 84
Table 3.6 Computational domain (CD) study models with different heights..............c.cccooceeenie. 86
Table 3.7 Computational domain discretization for refinement zones............cccecveeevveeeeieeeennennne 88
Table 4.1 Grid size with reference to building height (h) the computational domain. .............. 108
Table 4.2 Computational domain discretization for refinement Zones .............cocceveveveerereennnnnn 110
Table 5.1 Measurement configurations and Parameters ...........ccceeeeverriereeneerieneeneeneeneeneeeens 130
Table 5.2 Pressure values for Tap A8 and B9 at 50° wind direction...........cccceeveeriiienieeneeennen. 140

14



LIST OF FIGURES

Fig. 1.1 The yearly trend of average loss per event for Ontario, Canada [4].......c.ccceevvereveerennene 22
Fig. 1.2 Schematic Damage Chain for the roof during wind event [8]..........ccccceeiveviieiiieeiniene 23
Fig. 1.3 The formation of conical vortices and separation bubbles over building roofs [9]......... 23
Fig. 1.4 Various aerodynamic modification techniques on the r00f [9].......ccccocveviiiininiininnene. 24

Fig. 2.1 (a) The formation of conical vortices and separation bubbles over building roofs, (b) the
parapet's mechanism of working over a flat roof using solid and porous parapets, and (c) various

aerodynamic modification techniques on the 100f...........cccooeiieiiiiiiiiiiice e 37

Fig. 2.2 The original building geometry used in this study is (a) dimensions, (b) 3D view layout,

and (c) pressure probe locations and roof SUITACES. .........cceevvuiiieciiiiiiii e 42
Fig. 2.3 The framework of the aerodynamic mitigation technique for complex roof geometry... 43

Fig. 2.4 (a) location and dimensions of the parapets used in Config-1, and (b) location and

dimensions of the parapets used in Config-2. ........ccciiriiiiiiiieeiierie e e 44

Fig. 2.5 (a) mean velocity profile (b) turbulence intensity profile, and (c) longitudinal spectra at

the 100f Teference NEIZhL. ......coouiiiiiiiiii e 46

Fig. 2.6 (a) computational domain dimensions (in model-scale), boundary conditions, and (b) grid

resolution utilized in the CFD SIMUIATIONS. ...uuuiiieiiiiieeeee et ee e e e e e e eeeeeeeeeeeeeneens 47

Fig. 2.7 (a) locations of the pressure taps on the east side used for validation, and (b) mean and

RMS of the pressure coefficient at a wind angle of attack of 130°. ........ccceoiriniiiiniiniiene 48

Fig. 2.8 (a) mean and (b) RMS of the pressure coefficient for the wind angle of attack of 135° for

the non-modified and modified building configurations. ............cccceevvieeiieeiiiieniie e 51

Fig. 2.9 Extreme pressure coefficient values extracted from probes located at the (a) peripheral

corners and (D) INTEIIOT COTTIETS. ......eeiiurieeiereeeiieeeiteeeetreeeiteeeetaeeereeesseeesseeessseeesssesesssesessseesassesans 52

Fig. 2.10 Critical mean and RMS of the pressure coefficient extracted from probes located at the

(a) peripheral corners and (b) INETIOT COTNIETS. ...cuveeevreeeireerrieeeireesieeeeteeesreeesreeensreeessseesnsseeens 53

15



Fig. 2.11 Normalized roof uplift for non-modified and modified roof surfaces for wind angle of

attack ranging from 0° 10 315 .. i raee e 54

Fig. 2.12 Time history for the roof surface (R2) uplift at a wind angle of 135 ° for modified roof

CONTIGUIATIONS. 1..vvieiieiiieiieeieeitte ettt e et e esteeebe e tte e bt e seeeaseesseeesseensseenseeseeasseanssesnseenssesnseenssesnseens 55

Fig. 2.13 Normalized extreme roof uplift force on individual surfaces for Non-modified and

modified r00f CONTIGUIALIONS. .....cociiiiiiieeiiecee e e e e s e e sree e sabeeesseeenseeens 55
Fig. 2.14 Forces acting on parapet “P11” at wind angle of attack 225°. ........ccccoocevviniininnennnne. 56
Fig. 2.15 Normalized extreme forces impact parapets in different configurations....................... 57

Fig. 3.1 The correlation between a power density spectrum and turbulence modelling in LES. . 65
Fig. 3.2 Various eddy sizes resolved by the grid Size. .........ccocceeviiiiiiiiiiiiiieeee e, 67

Fig. 3.3 Exploded view of the study model building with a gable roof slope of 1:12 and the location
of test probes (12 Probes 1N tOTAL). .......iccvieriiiiiierieeiiecte ettt e e saeeebeesaaeeseens 70

Fig. 3.4 Computational domain dimensions (in model-scale) and boundary conditions (a) an empty

computational domain (b) study building in the computational domain. ............ccceeveeeiiernennne 72
Fig. 3.5 Mesh discretization of the validation model............ccccoeeriiieiiiiniiiieee e 73

Fig. 3.6 (a) Mean velocity profile and (b) Turbulence intensity profile (¢) Longitudinal wind

spectra at 9.75 m (full scale) above Zround. ............cecuerieririiniiiiiiiceeeee e 73
Fig. 3.7 (a) Mean and (b) RMS of the pressure for probes located at the building roof............... 74
Fig. 3.8 The computational domain size parameters and probe's (12 in total) locations. ............. 75
Fig. 3.9 A flow chart for the overall methodology employed in this study..........cccccecvvevriieennenn. 77

Fig. 3.10 Wind flow profiles at the inlet (a) Mean velocity, (b) Turbulence intensity, and (c)
Longitudinal frequency spectrum at a height of 9.75m (full-scale).........ccceeerieneiiiniiniinennne. 79

Fig. 3.11 Wind flow profiles at building location (Empty domain) (a) Mean velocity, (b)

TUIDULENCE TNEENSILY. ...eviiiiiie it eiee ettt e et e et e e et eestaeessaeeessbeeeesseeessseeessseeesnseeennseesnnseeans 80

Fig. 3.12 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining a range of maximum turbulent freqUENCIES.........cceeieriiriiiriirieiierieeeeeeeeeee 81

16



Fig. 3.13 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the computational dOmain EXtENSION. .......c.ueeevuiieriiiieeiieeciie e eeiee e e e e ens 83

Fig. 3.14 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the computational domain width for the building located at 270°..........c.cccceveeneenee. 84

Fig. 3.15 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the computational domain width for the building located at 315°..........ccccceeveeennnne 85

Fig. 3.16 Mean velocity contours for a building located at 315° for different computational domain

WIALH. Lottt ettt 85

Fig. 3.17 Mean velocity contours for a building located at 270° for different computational domain

1S5 14 11O USSP 86

Fig. 3.18 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the height of the computational dOmaiN..........c..ccceeeviieriiieiiiniieiee e 87

Fig. 3.19 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the size of the computational domain diSCTetization. ..........cccceeevueevieriieenieesiienieeiene 88
Fig. 3.20 Computational domain discretization schemes examined in this study. ............c.......... 89

Fig. 3.21 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the scheme employed in refinement ZoNes. ...........ccceevervieriinerienieneneneeeeeeeeee 89
Fig. 3.22 Grid cell shapes examined in the Study. ........ccoceeviriiiriiniiiiniccece 90

Fig. 3.23 Mean and RMS of the pressure coefficients for probe points across the roof examining

the shape of the grid employed in the refinement Zones. ...........ccccveeeviieeiiiiniieinie e, 91

Fig. 4.1 The correlation between a power density spectrum and turbulence modelling in LES [15].

Fig. 4.2 Exploded view of the study model building with a gable roof slope of 1:12 and test probe’s

location (12 Probes 1N tOTAL). .....eieiiieeiiieeiiie et e e e e e eeaee e aeeeaaeeenaeas 104
Fig. 4.3 Computational domain dimensions (in model-scale) and boundary conditions............ 106
Fig. 4.4 Mesh discretization of the validation model..............coccooiiiiiiiniiniie 106
Fig. 4.5 (a) Mean velocity profile and (b) Turbulence intensity profiles.........c..ccecceeviirieennennn 107

17



Fig. 4.6 (a) Mean and (b) RMS of the pressure for probes located at the building roof............. 107

Fig. 4.7 The probe’s (12 in total) locations are examined in this study. ........c.cccccvvreriereeieennnen. 108
Fig. 4.8 Methodology framework adopted in this StUAY. ........cceoerierieriniiiniieeeeeeeee 109
Fig. 4.9 Computational domain discretization for refinement Zones. ............cceceveevvereeneenennene 110

Fig. 4.10 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the size of the computational domain discretization............ccceeeeeveeeeciieeecieeescneeeennen. 111

Fig. 4.11 Wind profile at the inlet for various fmax for an empty computational domain (a) mean

wind velocity, (b) turbulence intensity, and (c) aerodynamic profile location. .............ccceecueeee. 112

Fig. 4.12 Longitudinal frequency spectrum at a height of 9.75m (full-scale) for maximum
frequency of (a) 0.5 Hz, (b)1 Hz, (c)10 Hz, (d) 25 Hz, and (¢) 100 HZ ........cccoveviiiniiiienee. 114

Fig. 4.13 Wind profile at building location for various fmax for an empty computational domain

(a) mean wind velocity, (b) turbulence intensity, and (c) aerodynamic profile location. ............ 114
Fig. 4.14 Velocity fluctuation throughout the computational domain. ...........ccceveeveriienennennen. 115
Fig. 4.15 Mean pressure on the building SUrfaces. ..........cooeeoierieiiniiinienieieeeeeeeee e 116
Fig. 4.16 Cp RMS of the pressure on the building surfaces. ...........ccccoeveeveriiniinniniinicnee 117

Fig. 4.17 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining a range of maximum turbulent freqUENCIES..........ccvevviireiieiiiiieeie e 117

Fig. 5.1 Schematic view of conical vortices developing on the top surface of a bluft body subjected

to the oblique fluld fIOW [15]. ...eiiiiiieiee e e e 124
Fig. 5.2 Damages to low-rise buildings during wind event.............ccceeeriiniininininncnicnenns 124
Fig. 5.3 Flow chart showing the methodology followed in this study..........ccccocvveiieniriiiennnnnne. 127
Fig. 5.4 Wind tunnel testing facility at TMU. .......c.ccccooiiiiiiiiiiiecieeceece e e e 128
Fig. 5.5 The building model and the layout of the pressure taps on the surfaces. ...................... 128
Fig. 5.6 (a) Normalised mean wind velocity profile and (b) Turbulence intensity profiles.. ..... 130
Fig. 5.7 Modified models using perimetric (M1) and corner parapets (M2)........cccceevveeveennnenne. 131

18



Fig. 5.8 Pressure reading for taps located at edge parallel to the ridgeline (a) mean and (b) RMS

Of the Pressure COCTIICIENT. ...iiuviiiiie e e e e e e easeeeaaeas 133

Fig. 5.9 Pressure reading for taps located at reference roof height and parallel to the ridgeline (a)

mean and (b) RMS of the pressure coefficient. ...........cocoevuiiriiiiiieniieiee e 133

Fig. 5.10 Pressure reading for taps located parallel and close to the ridgeline (a) mean and (b) RMS

Of the Pressure COCTIICIENT. ...iiiuviiiiiie et e e saae e e areeeaaeeeeaeas 134

Fig. 5.11 Pressure contours for the BM model located in an open terrain setup (a) mean and (b)

RMS of the pressure COSTICIENT. .......ccviiiiieiieiiecie ettt e eae e eee 134

Fig. 5.12 Mean Cp variation for benchmark and modified models located in an open terrain and

SUDUIDAN tEITAIN EXPOSUIECS. ...vveerrirerriresrieesreeesreeessreeassseeasseesssseesssesessseesssesssssesasssesessseessseeans 135

Fig. 5.13 RMS of Cp variation benchmark and modified models located in an open terrain and

SUDUIDAN tEITAIN EXPOSUIES. ...euvvierrieeereeiierieesteeeteenteeeseesseeeseesseeasseesseesseesssessseesseesseesssessseessnes 136
Fig. 5.14 Taps locations selected for mean, RMS and peak pressure comparisons..................... 137

Fig. 5.15 Mean pressure reading for taps located along the ridgeline at (a) L1, and (b) L2 and
perpendicular to the ridgeline at (¢) L3, and (d) L4........ooooiiiiiiiiiieeeeee e 138

Fig. 5.16 RMS pressure reading for taps located along the ridgeline at (a) L1, and (b) L2 and
perpendicular to the ridgeline at (c) L3, and (d) L4......cocooiiiiiieeee e 139

Fig. 5.17 Peak pressure reading for taps located along the ridgeline at (a) L1, and (b) L2 and
perpendicular to the ridgeline at (¢) L3, and (d) L4........coooiieeiiieieeeeeeeee e 140

Fig. 5.18 3D views iso-surface of the flow topology at 50° wind angle of attack models model in

open terrain (a) BM, (b) M1, and (¢) M2, and suburban terrain (d) BM, (e) M1, and (f) M2.... 142

Fig. 6.1 (a) 3D model showing the locations of the sensors used for validation and (b) Exploded

view of the study model building showing dimensions in model scale............c.ccceeoeeieinenicen. 154

Fig. 6.2 (a) Computational domain and mesh zones dimensions (model-scale) and (b) boundary

COMAITIONS ...ttt ettt sttt a ettt et e b et sa et eae et ess et e s e saesbesaeene e 156
Fig. 6.3 Mesh discretization of the validation model............c.ccoccooiiiiiiiniinie 157
Fig. 6.4 (a) Mean velocity profile and (b) Turbulence intensity profile. ...........ccocceeviniinnneen 157

19



Fig. 6.5 (a) Mean and (b) RMS of the pressure for probes located at the building roof............. 157
Fig. 6.6 The framework followed in this study. .........ccceeviiieeiiiieiieceeee e, 159

Fig. 6.7 The mrDMD approach successive sampling of the data with m snapshots and decreasing

by a factor of two at each resolution level [32]. ...cc.ooviiiiiiiiiieieeeeee e 160
Fig. 6.8 mrDMD framework used in the study. .........ccceeviieeiiiieieeeeeeee e 163
Fig. 6.9 Illustration of the mrDMD hierarchy...........ccccoeviiiiiiieiiieceeceeee e 164
Fig. 6.10 Pseudo-algorithm for the QR PivOting. ........ccceeeviiiriiiiiieieeiierie e 169

Fig. 6.11 Optimization results for levels (a) L=4, (b) L=5, and (c¢) L=6 show the relationship

between truncation rate (R), cycle cutoff frequency (C), and the number of sensors with RMSE.

Fig. 6.12 Reconstructed pressure data on the roof of low-rise buildings along with a regression

IMOAEL TOI ACH A A ...ttt eeeaeeeeeeeeeeeeenenmnenenmnmnmnnnenn 172

Fig. 6.13 Comparison between true and predicated mean pressure coefficient and regression model

for wind angle of attack (2)0°, (b) 30°, (c) 60°, and (d) 90°. ........cocvvvevvveveeeeeeeeeeereeeeeeeeeeeeans 175

Fig. 6.14 comparison between true and predicated RMS of pressure coefficient and regression

model for wind angle of attack (a) 0°, (b) 30, (c) 60°, and (d) 90°. .......cccveveeierieiieieeeene 176

Fig. 6.15 Optimized sensor placement across (a) 0°, (b) 30°,(c) 60°,(d) 90°, and (e) combined all
AOA:s, illustrating eigenvector distributions of pressure coefficients (Cp) and highlighting critical
regions of pressure variation with strategically placed sensors for accurate and efficient data

COLLECTION. ettt e e e e e e et eee e e e e e e e e eeeeeeeeaa e aaeeeeeeeraaa————aas 177

Fig. 6.16 Complex roof geometry layout and dimensions in full scale (a) Side view illustrating
roof slope and ridge measurements, (b) Front elevation view of the roof structure, and (c) Top view

(roof plan) displaying overall roof geometry and dimensions. ...........ceceveeveevienieneeneneeneennens 178

Fig. 6.17 Reconstructed pressure data on the roof of low-rise buildings along with a regression

MOAE] TOT AlL AO A . ..o e e e e et e e e e e e e e e e e e e e e e e e e neaaaeeeeeeennee 179

20



Fig. 6.18 Optimization results for levels (a) L=4, (b) L=5, and (c) L=6 show the relationship

between truncation rate (R), cycle cutoff frequency (C), and the number of sensors with RMSE.

Fig. 6.19 Optimized sensor placement for the combined AOAs, illustrating eigenvector
distributions of pressure coefficients (Cp) and highlighting critical regions of pressure variation

with strategically placed SENSOTS. ......cccuiiiiuiieiieecie ettt e et e e e e beeeaseeeneeas 181

21



CHAPTER 1

Introduction to Wind Load Evaluation and Aerodynamic
Mitigation
1.1. Background
The significance of buildings' aerodynamic performance has grown in recent decades, primarily
due to the heightened intensity and frequency of windstorms [1]. Understanding wind hazards is
critical for the design of low-rise buildings to enhance their structural resilience and longevity. In
Canada, the majority of constructed buildings fall under the category of low-rise structures,
predominantly serving residential and commercial purposes. In fact, according to Census Canada
in 2016, the overall housing stock was classified as single detached houses, with more than 53.4%
of the total buildings in Canada [2]. Environment and Climate Change Canada has reported that
Canada is affected by climate change at more than twice times the average worldwide rate.
According to the post-damage surveys, wind catastrophes inflected mostly on personally
categorized structures (i.e., housing, sheds, etc.), and the damages exceeded 69.5% of all total
losses [3]. As demonstrated in Fig. 1.1. The latter trend is increasing the risk of wind hazards,

which has a higher risk compared to the past, and it is expected to increase more in the future.
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Fig. 1.1 The yearly trend of average loss per event for Ontario, Canada [4].
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Wind-induced damages for roofs demonstrated in Fig. 1.2 are typically initiated due to the high
suction regions caused by flow separations at edges and corners, leading to the development of
conical and separation bubbles vortices, which are demonstrated in Fig. 1.3. The extreme suction
initiated by the vortices can lead to cladding or total roof failure [5]. Any breach of the building
envelope, in addition to causing water intrusion and interior damage, can alter the aerodynamics
of the building by adversely affecting the internal pressure that increases wind forces on roofs,

doors, and windows [6,7].
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Fig. 1.2 Schematic Damage Chain for the roof during wind event [8].
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Fig. 1.3 The formation of conical vortices and separation bubbles over building roofs [9].

Many studies have investigated modifying the roof shape by utilizing roof mitigation techniques
that can change the roof flow pattern, reduce wind loads, and decrease the damage risk to low-rise
buildings. Introducing aerodynamic mitigation techniques for roofs of low-rise buildings can bring
answers in the area of wind-induced hazards, where the wind load can be lowered or mitigated
instead of strengthening the structure to sustain a higher wind impact. Many previous studies
investigated the efficiency of modifying the roof corners or edges by adding various aerodynamic
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modifications to reduce the severity of vortex-induced uplift initiated on the roof of low-rise
buildings [7,10-16] as shown in Fig. 1.4. A summary of previous studies' scope and main findings
is provided in Chapter 2. Based on the findings of previous studies, the modification techniques
can effectively reduce the magnitude of wind load on simple roof geometry design, subsequently

reducing the wind-induced risk of damage to roofs of low-rise buildings and the building cost.

Solid parapets Discontinues corner Full-length roof-edge
parapets parapets

Fig. 1.4 various aerodynamic modification techniques on the roof [9].

Accurate wind load evaluation is crucial for mitigating risks to low-rise buildings. Considering the
design variability inherent to these structures, computational wind load assessment can be
effectively utilized during the preliminary design phase. Over the past decades, CFD has proved
its value in wind-related studies by obtaining reliable quantitative and qualitative wind-induced
load data [6,17-21]. The CFD technique draws its strength from being practically available and in
its ability to consider parameters that are difficult to implement, such as temperature, scalability,
and repeatability, in addition to the ability of fast execution on high-performance computers [22].
Moreover, the CFD can capture fluctuations at a large number of points on the surfaces of a
building; hence, more crucial information about separation zones will be captured [17,23-25].
Additionally, the development of numerical modelling has empowered Large Eddy Simulation
(LES) to accurately simulate the wind flows around buildings and structures under conditions very
close to the actual state with full-scale modelling [18]. However, many factors can play a vital role
in establishing the efficacy of numerical wind load evaluation, which are explained in detail in
both chapter 3 and chapter 4.

Numerous wind tunnel experimental studies have examined the aerodynamic efficiency of the
parapets installed at various locations on the roof surfaces of low-rise buildings in an open terrain
exposure. These studies have helped to understand better and predict the working mechanism of

aerodynamic mitigation techniques in reducing the wind pressures on mainly the roof surfaces of
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low-rise buildings. Several studies have found that the efficacy of a parapet in reducing the
magnitude of wind pressures highly depends on the parapet's height and wind direction [13,26,27].
While other studies concluded that roof geometrical configurations are critical in determining the
parapet's efficiency in reducing the pressure's mean and RMS [28,29]. Other studies examined the
impact of parapet's porosity installed on gable roofs of low-rise buildings embedded in open terrain
on their aerodynamic mitigation efficiency [14,16]. The current design codes for wind loads are
evaluated, while the aerodynamic pressure coefficients are based on wind-tunnel measurements
on isolated buildings [32,33]. Isolated buildings are uncommon, especially for low-rise structures,
which are typically arranged in clusters within populated areas. The presence of neighboring
buildings disrupts wind flow, significantly altering pressure distribution compared to isolated low-
rise structures [34]. Chapter 5 details the experimental testing conducted to examine the terrain
impact of the most common parapet’s shape and orientation on efficiency in reducing wind load
on the roof of low-rise buildings.

A key component of experimental wind tunnel testing for low-rise structures is the strategic
placement and quantity of pressure sensors, as they are vital for collecting the data necessary to
design wind-resistant buildings effectively. Therefore, a reliable approach is required to enhance
data collection procedures in the Boundary Layer Wind Tunnel test (BLWT). Initially, sensor
placement methodologies deployment, utilization and management are proposed for structural
diagnosis (i.e., structural health monitoring), particularly in the design phase [35] and field
measurement [36,37]. In the field of structural health monitoring, Yuan et al. and Worden et al.
suggested using advanced techniques like optimization algorithms and machine learning to
determine optimal sensor locations. In these studies, sensors are placed sequentially at positions
that provide high entropy values in model predictions, improve the performance of the system and
avoid the use of an additional number of sensors and the related wiring that can add significant
weight to the system, which can directly affect the operating costs [38,39]. Driven by the need to
balance cost and the quality of information when determining sensor positions, Optimal Sensor
Placement (OSP) remains a central challenge in designing, predicting, estimating, and controlling
high-dimensional systems, particularly in fields such as wind engineering. This study introduces a
framework for wind pressure analysis that leverages advancements in computational wind load
evaluations during the preliminary design process to enhance structural safety. Techniques such as

multi-resolution Dynamic Mode Decomposition (mrDMD) are employed to extract dominant
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dynamic features from wind pressure data, capturing multiscale phenomena. The QR pivoting
algorithm is then used to rank and select sensor locations based on their contribution to
measurement accuracy. This approach reduces the number of required sensors while maintaining
precise wind load evaluations. More details are provided in Chapter 6. By combining numerical
simulations with experimental validations, this thesis advances the understanding of wind-induced
hazards and aerodynamic mitigation for low-rise buildings. The findings aim to inform cost-
effective design strategies that enhance resilience against extreme wind events while addressing

critical gaps in wind engineering practices.

1.2. Research Gap
While extensive research has examined the impact of parapets on uplift forces for typical roof
geometries such as gable and hip roofs, their effectiveness on complex roof structures has been
largely underexplored. The role of discontinuous corner and ridgeline parapets in reducing wind
loads by displacing flow separation zones requires further investigation, particularly for low-rise
buildings in suburban terrains. Additionally, parapets may increase loads on interior roof zones, as
noted in previous studies, potentially influencing their overall effectiveness as a mitigation
technique. It is also critical to assess the loads generated on parapets themselves to ensure they do
not become sources of flying debris, posing risks to life and surrounding structures. In numerical
wind load evaluations, key parameters such as the turbulence maximum frequency used in inflow
generation, computational domain size, and grid discretization remain inadequately defined in
existing guidelines. There is no established approach to determining the value of the maximum
turbulence frequency or the corresponding grid refinement needed to capture pressure fluctuations
accurately. The influence of computational domain dimensions and grid discretization, including
size, shape, and scheme, on wind pressure accuracy has not been systematically correlated with

building dimensions or validated against experimental results.

Existing parapet studies have predominantly focused on buildings in open terrains, with limited
exploration of their effectiveness in suburban environments. Prior research has largely examined
parapets on roofs with slopes around 3:12 and heights between 0.75 and 0.9 meters, while this
study investigates low-sloped gable roofs and practical parapet heights of 0.6 meters under varying
terrain roughness. The performance of perimetric and corner parapets will be evaluated based on

mean, root mean square, and peak pressures across critical locations identified in post-damage
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surveys, using models tested at multiple wind angles of attack. For sensor placement employed in
wind tunnel testing, traditional methods rely on heuristics and empiricism, deploying sensors at
critical locations identified through prior damage surveys. However, this approach may miss
essential locations, resulting in incomplete data collection. The high cost of sensors, time-
consuming deployment, and accessibility constraints in complex geometries further complicate the
sensor placement challenge. Optimizing sensor placement to maximize the information captured

about wind pressures and flow dynamics remains a significant challenge.

This research addresses these gaps by investigating the aerodynamic performance of parapets for
complex roof geometries in suburban terrains, systematically defining the parameters required for
accurate numerical wind load evaluation using large eddy simulation models, evaluating the
performance of low-height parapets across different terrains and roof configurations, and
introducing an optimal sensor placement framework to enhance data accuracy and reduce
redundancy while minimizing costs. These efforts aim to provide practical insights and improve

wind load evaluation and mitigation strategies for low-rise buildings in realistic environments.
1.3. Thesis Scope

This thesis focuses on enhancing the resilience of low-rise buildings against wind-induced
damages by investigating aerodynamic mitigation techniques and improving the efficacy of wind
load numerical methods and experimental wind tunnel test evaluation. The scope of this work

encompasses:

I.  Aerodynamic Mitigation Techniques:
= Investigating the aerodynamic behaviour of low-rise buildings under smooth and
turbulent wind conditions.
= Developing and assessing roof mitigation strategies, such as parapets with various
orientations and geometrical configurations, to reduce wind loads.
= Analyzing the efficiency of different orientation aerodynamic techniques on

complex roof geometry.

II.  Wind Load Evaluation:
= Employing Computational Fluid Dynamics (CFD) simulations, particularly Large
Eddy Simulation (LES), to model wind flows around low-rise buildings.
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= Validating CFD results against experimental data from Boundary Layer Wind
Tunnel (BLWT) tests.
= Addressing the challenges of numerical modeling, including inflow turbulence
synthesis, boundary conditions, and scalability.
III. Enhancing Aerodynamic Performance of Parapets on Low-Rise Buildings Using
Wind Tunnel Testing:
= Developing wind tunnel-based methodologies tailored for open and suburban
terrains.
= Investigating aerodynamic mitigation strategies to reduce wind loads on parapets.
=  Offering design recommendations for improved wind resistance in varying terrain
conditions.
IV.  Optimal Sensor Placement:
= Developing methodologies to optimize the placement and number of pressure
sensors for wind load evaluation.
= Utilizing advanced algorithms such as mrDMD and QR pivoting to improve data
collection efficiency and reduce experimental costs.
= Demonstrating the applicability of optimized sensor placement in experimental

setups studies.

This thesis aims to advance the field of structural wind engineering by providing cost-effective,
efficient, and scalable strategies to mitigate wind-induced risks for low-rise buildings. The findings
are intended to contribute to the development of safer and more sustainable housing solutions,

particularly in the face of increasing windstorm severity due to climate change.

1.4. Organization of the Thesis
1.4.1. Chapter 1

This chapter (the current chapter) introduces the motivation, research gap and objectives of the

thesis, along with providing brief background relevant to the research project.
1.4.2. Chapter 2

Chapter 2 examines wind-induced forces on low-rise buildings with complex roof geometries,

focusing on accurate wind load evaluation and aerodynamic mitigation. Using Large Eddy
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Simulation (LES) validated against wind tunnel results, the study evaluates pressure coefficients
and wind impacts at various angles of attack. Aerodynamic mitigation techniques, such as 500 mm
parapets placed at roof corners and ridgelines, are analyzed, showing a 29% reduction in extreme
corner suction and a 5.6% decrease in overall roof uplift. These findings demonstrate the

effectiveness of parapets in enhancing the resilience of complex roof designs against wind damage.
1.4.3. Chapter 3

Chapter 3 explores the factors influencing the accuracy of numerical wind load evaluation for low-
rise buildings using Large Eddy Simulation (LES). The chapter investigates the impact of
turbulence inflow parameters, computational domain (CD) size, and grid discretization on the
reliability of wind load predictions. Parametric studies are conducted to identify the optimal
maximum turbulence frequency (f,4) for accurately capturing pressure fluctuations while
balancing computational cost. The study also examines the effects of CD dimensions, boundary
condition distances, and grid schemes (e.g., grid size and shape) on error margins. Key findings
include identifying errors of up to 21% due to insufficient CD specifications and 14% errors in
mean roof pressure from tetrahedral grid shapes. The results propose recommendations for
improved domain and grid design, addressing gaps in current standards, particularly for low-rise
buildings in oblique wind orientations. These insights aim to enhance the efficacy and reliability

of LES for wind load evaluations.
1.4.4. Chapter 4

Chapter 4 focuses on enhancing turbulent inflow generation for Large Eddy Simulation (LES) to
improve wind load evaluations on low-rise buildings situated in the lower Atmospheric Boundary
Layer (ABL). The study investigates the impact of turbulence characteristics, including wind speed
profile, turbulence intensity, and eddy scales, which are influenced by surface roughness and
ground-generated turbulence. This study focuses on defining the effective range of the maximum
frequency (fi,qx) for generating realistic inflow conditions across varying terrain types. The scope
includes examining the impact of f,,,,, as an input into the inflow generator, ranging from 1 to 100
Hz on turbulence intensity, spectra, and coherence. Comparing numerical simulation results with
experimental data, achieving 92% accuracy in predicting wind-induced responses. The findings

provide computationally efficient and adaptable methods for improving LES in computational
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wind engineering, offering insights for enhancing the structural resilience of low-rise buildings

and advancing safer design practices in wind-prone regions.
1.4.5. Chapter 5

Chapter 5 examines the influence of surrounding terrain and building configurations on the
aerodynamic performance of low-rise buildings with gable roof geometries, focusing on the
efficiency of parapets as wind mitigation techniques. The study evaluates how open and suburban
terrains affect wind-induced pressures, with particular emphasis on mean, RMS, and peak pressure
variations caused by disrupted flow from nearby buildings. Using scaled wind tunnel tests at a
1:60 model scale, the chapter compares the performance of solid perimetric and corner parapets
under different terrain conditions and wind directions. Results show that surrounding buildings
reduce mean suction on the roof while increasing peak suction, significantly impacting parapet
efficiency. For example, at oblique wind directions in suburban terrain, the efficiency of perimetric
parapets is reduced by over 50%, while corner parapets show a 40% reduction in effectiveness.
These findings underscore the importance of accounting for terrain effects in wind load
evaluations, as real-life low-rise buildings often exist in rough and complex terrain scenarios,

which can diminish the performance of aerodynamic mitigation strategies like parapets.
1.4.6. Chapter 6

Chapter 6 focuses on optimizing the placement and number of pressure sensors for accurate wind
load evaluation on low-rise buildings, addressing practical and cost limitations associated with
extensive sensor deployments. Low-rise buildings, located in the lower Atmospheric Boundary
Layer, are exposed to high turbulence and peak pressures, making precise wind load measurement
essential for ensuring structural safety. This study introduces a framework for Optimal Sensor
Placement (OSP) that strategically reduces monitoring costs while maintaining accuracy. Using
Large Eddy Simulation (LES), a 4-minute (full-scale) wind load time history on a 1:60 scale gable
roof model is analyzed for four wind angles of attack. The time steps are decomposed into
snapshots using multi-resolution Dynamic Mode Decomposition (mrDMD), capturing multiscale
wind pressure features, including dominant trends and high-frequency variations. The QR pivoting
algorithm is employed to rank and select sensor locations based on their contribution to overall
measurement accuracy. The study highlights that the accuracy of predicted pressures depends on

factors such as the number of dynamic modes, input maximum cycle frequency and truncation
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rates. Results demonstrate that the proposed framework can reduce the number of sensors by over
80%, significantly lowering experimental costs without compromising wind load evaluation
accuracy. By integrating computational advancements with experimental approaches, this
framework facilitates more efficient and effective wind pressure analysis during the preliminary
design stages, contributing to improved structural safety and mitigation strategies for low-rise

buildings.
1.4.7. Chapter 7

This chapter presents a summary of the key findings, insights, and contributions of the research,
highlighting significant results and their implications in the context of aerodynamic mitigation and
accurate wind load evaluation for low-rise buildings. It also discusses the challenges encountered
during the research process and provides recommendations for future studies to expand on the

current findings.
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CHAPTER 2

Aerodynamic Mitigation of Low-rise Buildings with Complex
Roof Geometry
2.1. Introduction
It is crucial to perceive wind hazards in the design of low-rise buildings to improve their structural
resiliency over time. Most structures built in Canada are categorized as low-rise buildings used
mainly for residential and commercial purposes. In fact, according to Census Canada in 2016, the
overall housing stock was classified as single detached houses, with more than 53.4% of the total
buildings in Canada [1]. Wind loads rather than seismic loads typically govern the lateral strength
of the low-rise building; hence, they are more susceptible to wind-induced damage than other
structures [2]. Wind-induced damages in the past 40 years represented over 60% of the total
insured losses due to natural catastrophes [3]. For instance, Barrie's recent tornado in July 2021 is
a sobering reminder of the catastrophic damages that wind may cause [4]. Increasing population
densities and expanding development into extreme wind-prone regions, such as coastlines, will
increase the likelihood that structures will continue to encounter extreme wind events. In addition,
wind hazard has a higher risk compared to the past, and it is expected to increase more in the future
[5]. Wind-induced damages for roofs are typically initiated due to the high suction regions caused
by flow separations at edges and corners, leading to the development of conical and separation
bubbles vortices, which are demonstrated in Fig. 2.1(a). The extreme suction initiated by the
vortices can lead to cladding or total roof failure [6]. Any breach of the building envelope, in
addition to causing water intrusion and interior damage, can alter the aerodynamics of the building
by adversely affecting the internal pressure that increases wind forces on roofs, doors, and

windows [1,7].

Many studies have investigated modifying the roof shape by utilizing roof mitigation techniques
that can change the roof flow pattern, reduce wind loads, and decrease the damage risk to low-rise
buildings. These modification techniques, such as pergolas and parapets, can be installed on edges
and corners and used as permanent architectural features or for rehabilitation. Parapets were
commonly used with flat-roof versions of the early Mediterranean revival-style homes [1]. The
parapets installed at the roof edges and corners aim to change the wind flow pattern on the roof by

disrupting the formation of corner vortices or diverting the flows in the separation zone, as
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demonstrated in Fig. 2.1(b). They are often mounted on the edge and corner areas, as shown Fig.

2.1(c), where their height and orientation are crucial factors impacting their efficiency [8§—10]
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Fig. 2.1 (a) The formation of conical vortices and separation bubbles over building roofs, (b) the
parapet's mechanism of working over a flat roof using solid and porous parapets, and (c) various
aerodynamic modification techniques on the roof.

Introducing aerodynamic mitigation techniques for roofs of low-rise buildings can bring answers
in the area of wind-induced hazards, where the wind load can be lowered or mitigated instead of
strengthening the structure to sustain a higher wind impact. Many previous studies investigated
the efficiency of modifying the roof corners or edges by adding various aerodynamic modifications
to reduce the severity of vortex-induced uplift initiated on the roof of low-rise buildings [1,11-17].

A summary of previous studies' scope and main findings is provided in
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Table 2.1. Based on the findings of previous studies, it was found that the modification techniques
can effectively reduce the magnitude of wind load on various components, subsequently reducing
the wind-induced risk of damage to roofs of low-rise buildings and the building cost. Furthermore,
some previous studies have adopted the concept of linking the mitigation techniques to an
optimization algorithm to find the optimal configuration of the mitigation techniques in terms of
reducing wind load [18-21]. Studying wind load on parapets is crucial since these loads must be
included in the design of the main wind force-resisting systems of buildings, in addition to being
essential for the design of parapets themselves, including their connection to the roof surface.
Parapet failures caused by strong wind forces can become sources of flying debris that can damage
other buildings. Wind standards and codes provide very little guidance regarding quantifying the
wind load on parapets. It is worth mentioning that the ASCE-7 (2005) [22] standards estimate the
wind loads on parapets conservatively based on the net pressure coefficients on both windward

and leeward parapet surfaces.

While the impact of parapets on the uplift forces for typical roof geometry (i.e., gable or hip) has
been the topic of numerous experimental and numerical studies, the effect of parapets on complex
roof structures has remained largely less examined. Therefore, there is a need to investigate the
impact of discontinuous corner and ridgeline parapets on stand-alone low-rise buildings with
complex roof geometry located in suburban terrain in reducing wind load by displacing the flow
separation zones from the corners and edges. Parapets located at the corners and edges can increase
the load on interior roof zones, thus influencing the overall effectiveness of parapets as a mitigation
technique. Therefore, this study will evaluate wind load on the interior roof zones as the parapets
may increase the load on these locations, as previously stated and found by Sarkar et al. (2001)
[23]. As mentioned earlier, there is also a need to study the loads generated on the added parapets
to prevent them from becoming a source of flying debris, injuring life, and damaging surrounding

structures.
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Table 2.1 Scope and the main findings of previous studies focused on building aerodynamic

mitigation.
Reference Roof Mitigation technique Findings/comments
type
Baskaran Flat One-side parapets One-side parapet increases the edge
and Peri . suctions in comparison to the no-parapet
erimetric parapets . .
Stathopoulos, case. Corner peak suctions increase even
1988 [11] for high parapets.
Increase the corner suctions in the
presence of low perimetric parapets at an
oblique wind direction.
Lin et al., Flat Sawtooth partial Sawtooth parapets tend to stabilize the
1995 [12] parapets corner vortices, filtering out the high
Porous parapets peaks. Porous parapets reduced the peak,
RMS, and mean Cp near the corner by
70% and lowered the pressure distribution
over the roof.
Pindado and Flat Perimetric solid and | Load reduction between solid and porous
Meseguer, porous parapets parapets at low heights parapets is smaller
2003 [13] as the relative parapet height grows.
Perimetric solid parapets effectively
reduce corner suctions at high turbulence
intensity flow.
Kopp et al., Gable Perimetric parapet and | Tall perimetric parapets resulted in a
2005 [14] an isolated parapet on | significant reduction in the peak corner
one wall suctions and uniform pressure
distribution. Isolated parapets strengthen
the flow separation at the sharp vertical
edge as flow curves around the parapet.
Suaris and Gable | Solid and 33% porous | 60% decrease in corner suction pressures
Irwin, 2010 corner and ridgeline | with a parapet designed with a length of
[15] parapets 10% of the shortest dimension of the
model.
Perimetric parapets lead to a 50%
reduction in pressure coefficients at the
corner zone.
Bitsuamlak Gable roof extensions of The critical suction at the ridge resulted in
et al., 2013 and hip gable ends, ridgeline | a 60% reduction on both roof geometries

[1]

extensions, and

after introducing the ridgeline extension.
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sideways extensions of
walls

Gable end extension leads to a 65%
reduction of the peak pressure close to the
gable end zone.

Aly-Mousaad Flat Barrier, barrier with an | Barriers, slope-in, circular-in, and airfoils
and outer slope, barrier | reduced the uplift of the whole structure
Bresowar, with an inner slope, | by 20%, 22%, 24%, and 28%,
2016 [16] circular device respectively.  Mitigation  techniques
concaved out, circular | increased the drag forces on the structure

device concaved in, | by 32.8 %.

and airfoil

Azzi et al., Gable Discontinuous 33% | Discontinued parapets reduced the
2020 [17] porous parapets extreme suction at the corner by 45%,

indicating that full perimeter parapets are
not obligatory to mitigate the extreme
suction on the roof.

This paper is divided into four sections. Section 1(the current section) presents an introduction that
includes a review of the related literature examining the impact of adding aerodynamic
modifications to the roof perimeter and interior zones and elaborating on the existing gap in
studying complex roof geometries and wind-induced forces on parapets. Section 2.2 presents the
methodology of validating the CFD model with the experimental results and describes the
mitigation techniques and extreme value analysis adopted in the study. Section 2.5 discloses this
study's main findings in terms of the effectiveness of corner and edge parapets in reducing wind
load on the complex roof geometry, including an assessment of the wind load generated by the
mitigation techniques themselves. Finally, Section 2.6 will conclude the main findings of adding
parapets in reducing both extreme corners and edges suction pressure and forces acting on the roof
surfaces without substantially increasing the loads on the roof's internal zones while producing

minimum wind load on the mitigation techniques.

2.2. Methodology Framework
Since this study aims to investigate the effectiveness of adding aerodynamic mitigations (i.e.,
parapets) to a complex roof of a low-rise building to minimize the wind-induced loads and
pressures, the aerodynamic performances of a non-modified model will be compared to two
configurations of modifications (i.e., Config-1 and Config-2), which will be described in sub-
section 2.3. The modified configurations are designed by adding corner and ridgeline parapets to

the original roof configuration to displace the high local edge suctions over a much larger area,
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hence lowering the pressure magnitudes at these locations. The original non-modified model has
a complex roof geometry with varieties of roof slopes and a chimney, occupying a total footprint
0f20.88 m X 21.7 m with a total height of 5.5 m and an eave height (H) of 2.34 m in full scale.
The low-rise building model utilized in this study was experimentally tested by Kopp et al. [24].
The overall model dimensions and 3D view layout are illustrated in Fig. 2.2(a) and (b),
respectively. This study starts with a validation step to ensure the accuracy of the adopted Large
Eddy Simulation (LES) used in evaluating wind load for a complex roof of a low-rise building by
comparing the extracted data with wind tunnel test data from the literature. Once the model is
validated, the same LES details and assignments will be used to examine the modified models.
Mitigation techniques (i.e., parapets) will then be added to the non-modified roof in two scenarios,
namely, "Config-1" and "Config-2", as will be explained in the following sub-section (Section
2.3). To count for the wind directionality, evaluating the peak wind loads and pressures on the roof
surface will require repeating the previous procedure for eight wind angles of attack ranging from
0° to 315° with an increment of 45°. The wind load on the roof surfaces is evaluated by dividing
the complex geometry's roof surface into six surfaces, namely R1, R2, R3, R4, RS, and R6, as
shown in Fig. 2.2 (c). In addition, corner probes (i.e., tabs) are added to the roof corners to extract
pressure time histories for the peripheral and interior corners of the roof. The pressure probes are
located within the expected flow separation zones, as shown in Fig. 2.2 (¢). The wind load on the
building is evaluated by extracting the time histories of the wind loads and pressure coefficients in
X, y, and z directions from corner probes for both Config-1 and Config-2. The critical values of the
mean pressure that can govern the design of the aerodynamically modified complex roof geometry
are extracted after comparing eight wind angles of attack for all probes. The extreme statistical
values of the pressure and wind load for a design return period of 50 years are evaluated using the
Gumbel approach to conduct a fully probabilistic assessment of wind loads for the critical wind
angle of attack. The Extreme value analysis gives suitable predictions within the range of the data
and extrapolates to risks of exceedance beyond [25]. Details of the extreme value analysis
approach will be explained in sub-section 2.4.1, where the critical values of the mean pressure are
extracted from all the peripheral and interior probes. The proposed procedure is concluded by
conducting a comparative study between the original roof configuration and the modified roof

configurations (i.e., Config-1 and Config-2) in terms of wind-load induced to examine the
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effectiveness of adding the parapets to complex roof geometry in reducing the suction-acting on

the roof surfaces and corners. Fig. 2.3 summarizes the framework proposed in the study.
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Fig. 2.2 The original building geometry used in this study is (a) dimensions, (b) 3D view layout,

and (c) pressure probe locations and roof surfaces.
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Fig. 2.3 The framework of the acrodynamic mitigation technique for complex roof geometry.

2.3. Aerodynamic Mitigation Techniques
This subsection introduces the layout and dimensions for the original building configuration and
the modified roof configurations. The current study is carried out using a parapet height of 500
mm installed on the roof at corners (for Config-1) and at both edges and corners (for Config-2).
The parapet dimensions are chosen to be of low height and smaller length to ensure cost-
effectiveness, ease of installation, and architectural aesthetics to the retrofitted building while
lowering the wind forces initiated on the parapets. The first roof modification (Config-1) is
developed by adding parapets at the peripheral corners of the complex roof geometry with a height
of 500 mm, a width of 160 mm, and a length of 1000 mm on each side, as shown in Fig. 2.4(a).
The aerodynamic improvement intended from the placement of corner parapets is to displace the
conical vortices, reducing the suction at these damage-prone locations [1,14,16]. The second roof
modification (Config-2) is carried out by employing the same eight corner parapets as Config-1
while adding additional parapets along the ridgeline to avoid the creation of high negative pressure

zones at the interior surfaces of the roof, as illustrated in Fig. 2.4(b).
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Fig. 2.4 (a) location and dimensions of the parapets used in Config-1, and (b) location and
dimensions of the parapets used in Config-2.

2.4. Model Validation
This subsection will present the validation process and results for the numerical model adopted in
this study. The adopted CFD model, presented in Fig. 2.2, is validated by comparing the mean and
RMS of pressure coefficient values for the taps located at the roof of the east end of the building
geometry to the experimentally obtained data presented by Kopp et al. (2010) [24]. The mean
velocity profile obtained from the wind tunnel experimental test compared well with the inlet
velocity profile corresponding to suburban terrain roughness, z,of 23 mm and 1/a is 0.14, as
given in Equation [1] and shown in Fig. 2.5(a). The turbulence intensity profile demonstrated in
Fig. 2.5(b) obtained from the wind tunnel experimental test also matches the turbulence profile

shown in Equation [2].
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U, , is the reference wind velocity at 10 m height is 9.25 m/s, and z is referred to as the height in

m at the evaluated corresponding wind velocity.

= e (22)™ 2]

Cyand by, are the curvature fitting paraments and z..r is the reference height (i.e., 4.3 m). Similar

to the wind tunnel testing, the CFD is modeled at a scale of 1:50, where the utilized reference wind
velocity (Veer) of 1.6 m/s (8.2 m/s in full scale), corresponding to a mean roof height of 0.086 m
(4.3 m in full scale), which matches the reference height and velocity adopted in the wind tunnel
experimental testing. Fig. 2.5(c) represents a comparison of longitudinal spectra for the current
LES and wind tunnel experiment data. It is worth mentioning that the inflow condition must satisfy
the spectra in terms of correlations and magnitudes. Any discrepancy in the resulting spectra can
lead to inaccurate wind-induced structural responses, particularly if this discrepancy occurs close
to the natural frequencies of the structure. Furthermore, Fig. 2.5 shows that both simulated mean
velocity and turbulence intensity profiles have been reasonably maintained throughout the
examined computational domain. This can be evident from comparing the inlet profiles to the

profiles at the building locations without the influence of the building aerodynamics.

The computational domain dimensions and boundary conditions are shown in Fig. 2.6. As
observed, the computational domain size satisfied the minimum values set by Franke et al. (2011)
[26]. The boundary conditions at the top and side surfaces of the computational study domain are
set as symmetry plane boundary conditions. The ground and building surfaces are defined as a
non-slip wall boundary condition, while the outlet surface is defined as an outflow. The inlet wall
was defined as a time-varying inlet velocity boundary condition using the CDRFG technique
described by Aboshosha et al. (2015) [27] and adopted by Elshaer et al. (2017) [20]. Since the
building is located within a rough terrain, accurately modelling the turbulence impacting the model
is crucial. Therefore, the effects of turbulence on wind flow will be initiated using turbulence
modeling methods, namely Large Eddy Simulation (LES). LES is a reliable and applicable than
other turbulence modelling methods [5]. A mesh sensitivity analysis is conducted by examining
the impact of the mesh refinements zones on the mean and RMS of the pressure across a gable

roof model. The results are then compared to experimental data presented by Ho et al. (2005) [28],
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where the discrepancies are evaluated by using the RMSE. The mesh refinement zones ranged

from coarse, medium, and fine, yielding 1, 2.1, and 3 million mesh cells, respectively. Overall,

when compared to the experimental testing, the pressure parameters (i.e., mean and RMS of

pressure), presented in Table 2.2, show consistent numerical results with a maximum of 4.5%

discrepancy recorded for RMS readings of the pressure when a medium-mesh size is adopted

compared to 3.3% for the fine meshing scheme. The coarse mesh scheme recorded a discrepancy

of 8% in RMS of pressure compared to the experimental results. Therefore, all the numerical

simulations of CFD models were performed by adopting the medium mesh scheme.

Table 2.2. Results of the mesh sensitivity analysis using three mesh size schemes

Numerical RMSE RMSE
model
Mean Cp RMS Cp
Coarse 10% 8%
Medium 4.2% 4.5%
Fine 3.7% 3.3%
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Fig. 2.5 (a) mean velocity profile (b) turbulence intensity profile, and (c) longitudinal spectra at

the roof reference height.

The adopted computational domain was discretized to a hexahedral ranging from 10 mm to

40 mm and further refined near the building to a mesh size of 4 mm to capture smaller-scale

turbulence near the building of interest, yielding a total mesh of 2.02 M cells, as shown in Fig.

46



2.6(b). The adopted CFD model employed Star CCM+ (15.04.008-R8) and utilized the LES
turbulence model while using the dynamic WALE sub-grid scale, as previous studies found that it
can reduce the computational time by up to 64% [29]. The conditional transient analysis with LES
is crucial to ensure the convergence of a numerical method for partial differential equations. This
condition is known as the Courant-Friedrichs-Lewy (CFL) [30]. The latter aims to provide
numerical convergence within each time step by maintaining the Courant-Friedrichs-Lewy (CFL)
below 1.0. CFL is calculated based on velocity, cell size, and the time step at each cell.
Accordingly, the time step was chosen to be equal to 0.5 milliseconds. The numerical simulations
are conducted for 8000-time steps and four inner iterations. The first 1600 time steps are
disregarded to ensure the stability of the acrodynamic quantities. The values of y+ utilized for the
computational domain boundary layers were chosen to be 1. SharcNet high-performance computer

(HPC) is utilized for conducting numerical simulations [31].

[b]

Fig. 2.6 (a) computational domain dimensions (in model-scale), boundary conditions, and (b)
grid resolution utilized in the CFD simulations.
The validation was performed on the study model corresponding to a wind angle of attack of 130°,
which was repeated 30 times where each test lasted for 360 seconds, with a time scale of 1:10. It
is worth mentioning that the pressure coefficient was obtained by referencing the data to the

dynamic pressure at mean roof height, which is typical for aerodynamic data. The mean and RMS
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of the pressure coefficient for the probe location, shown in Fig. 2.7(a), at 130° wind angle of attack,
shows an average difference of 14 % and 10 % for all the probes, respectively, as demonstrated in
Fig. 2.7(b). The fluctuation in the pressure coefficient beyond the separation point is found to be
lower than that of the experimental results. This can be attributed to the lower resolution in pressure
monitoring in experimental testing versus the numerical results, as in wind tunnel testing, fewer
pressure taps are used to represent a region with a larger pressure gradient, while in CFD, it can be
represented by multiple mesh grids. In addition, the experimental mean and RMS values are as
shown in the range obtained from repeating the test 30 times, which could impact the maximum
difference when compared to experimental values. Furthermore, the complex roof geometry
examined in this study has many features that may implicate the pressure readings at various
locations. For example, three various roof slopes can intensify the wind flow separation or even

act as a shield and hence reduce the pressure depending on the wind angle of attack.
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Fig. 2.7 (a) locations of the pressure taps on the east side used for validation, and (b) mean and
RMS of the pressure coefficient at a wind angle of attack of 130°.
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2.4.1. Method for Determining the Extreme Values

This subsection will briefly explain the extreme value analysis (EVA) followed in this study to
obtain the extreme statistical values for wind load and pressure acting on the roof. To ensure the
safety and reliability of designed structures, accurate estimation of the extreme values of externally
applied load effects attributable to the wind is vital [32]. In principle, this study employs EVA
analysis using the Gumbel approach to evaluate extreme values for wind forces and pressure [25].
A sample of time history for turbulence can be divided into subintervals of sufficient duration that
peak values occurring can be treated as independent events. In this study, a total of 4200 data points
are divided into 22 segments, each of 190 data points. For each segment, the peak value is selected
to be used to perform extreme value analysis using the Gumbel method. The following analysis is
applied throughout this study to find the extreme values of the pressure and forces [25]. In
turbulence simulation, we can estimate the probability that the peak pressure coefficient will not

exceed the value ép in a subinterval. The data are ordered from smallest to largest and allocated a

Gumbel plotting position, given by Equation [3]:
P=1x [3]

m is the order, and N is the total number of values. Then, the plotted parameter was transformed
into a reduced variate by —In(—In(1 — p)) and the recorded extreme pressure coefficients are
plotted against the reduced variate and a straight line fitted by linear regression. The extreme
pressure values evaluated are higher than the most significant pressure coefficients recorded during

the tests.

2.5. Results and Discussion
This section studies the effectiveness of adding corner and ridgeline parapets to reduce the wind
load on roof surfaces. The study compares the mean and extreme pressure values between the
original roof configuration and both modified roof configurations. The wind load assessment
applies to 18 probs locations on peripheral and internal corners, edges, and six roof surfaces (sub-
sections 3.1 and 3.2). Furthermore, this study presents a wind load evaluation on the parapets (sub-
section 3.3) as a step to prevent these mitigation techniques from dislodging and becoming flying

hazardous debris to the surroundings.
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2.5.1. Wind-induced pressure on corners and edges

A total of 18 probes located on the roof are examined in this section to investigate the impact of
the mitigation technique on extreme pressure for probes located at the corners/ridges for non-
modified and modified roof configurations. The probe's locations are selected as they are the most
prone locations for roof damage to initiate during a windstorm. To demonstrate the impact of the
parapets without the consideration of various wind angles of attack, the oblique wind angle of
attack of 135° is selected for the non-modified and modified models to display the contour plot
for the different mean and RMS of the pressure coefficient for the roof surfaces, as shown in both
Fig. 2.8(a), and (b). Although the later comparison will take into account all wind angles of attack,
it can be observed from the selected angle of attack (i.e., 135°) that the roof surface edges and
corners for both modified configurations exhibit lower mean and RMS pressure coefficients
compared to its counterpart on the left (non-modified case). This is due to the fact that parapets
have successfully displaced the wind flow separation zone and, therefore, reduced the suction in
these locations. Overall, the pressure testing demonstrated that modifications effectively lower
the roof pressure distribution, reducing the risk of wind damage to the roof. Although the reduction
of negative pressure is generally applied to the entire roof, it can be concluded that the decrease in
pressure is higher in zones located on the edges and corners of the roof (e.g., where the parapets

are installed) than in internal areas, which is also concluded by Azzi et al. (2020) [17].

In addition to reducing the negative pressure (suction) at the leading corners and edges of the
building, parapets are also found to cause significant positive or downward pressures. These
observations are found along the leading roof surfaces and interior zones. The latter observation is
believed to act as a stabilizing force on the roof; however, it may also be governing when combined
with other gravity loads (e.g., snow load and dead load) [14]. Furthermore, in the wake zones of
the ridgeline parapets, it is found that 500 mm height increases the intensity of pressure in the
cornering wind direction. The latter finding may probably be due to the interaction between the
small vortices of the wake of the parapet and the conical vortex of high-intensity core occurring at
the flow separation along the roof edge, which was previously noted by Baskaran and
Stathopoulos, 1988 [11]. To reduce the aggravated pressure, increasing the height of the parapets

may be required, as was recommended by previous studies [11,33].
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Fig. 2.8 (a) mean and (b) RMS of the pressure coefficient for the wind angle of attack of 135° for
the non-modified and modified building configurations.
Additionally, it was observed that pressure coefficients measured on the interior zones for Config-
1 are similar to those estimated on roofs without modifications. The latter indicates that a modified
roof with peripheral corner parapets may not significantly mitigate suction at the interior zones.
This was also concluded by Surry and Tieleman, 1995 [6]. The latter finding supported the idea of
adding ridgelines for the Config-2 roof design. The extreme pressure values recorded for the three
models in this study are displayed in Fig. 2.9 (a). It is found that the extreme values of the suction
are decreased when compared to the values evaluated at the corners of the non-modified roof
configuration. The reduction reached a maximum of 29% and 9.4% for both config-1 and Config-
2, respectively. To further investigate the effect of adding parapets on the pressure of interior zones
within the complex roof configuration, Fig. 2.9(b) displays the extreme pressure readings for ten
probs at the corners of the internal roof zones. The values of the intense pressure coefficients

extracted from probs 11 and 12 located on roof surface R1 showed that the ridgeline addition of
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500 mm height induced higher suction compared to the other models. This can be attributed to

trapped vortices on the parapets wake zone’s location; hence, higher parapets on the ridgeline may

eliminate these vortices. Corner probs located on roof surfaces, namely (R5 and R6), witnessed a

significant decrease in the pressure values when introducing parapets on the ridgeline of both roof

surfaces, reaching 53%. Overall, it is found that the Config-2 models significantly decrease the

pressure at corners and edges compared to the non-modified roof and Config-1 configurations.
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Fig. 2.9 Extreme pressure coefficient values extracted from probes located at the (a) peripheral

corners and (b) interior corners.

Fig. 2.10 displays the mean and RMS of the critical pressure coefficient values extracted from the

probes investigated in this study. It can be observed that critical RMS of the pressure coefficients

for the internal and peripheral corner probs are reduced by a maximum of 25% when both roof

modifications are applied to the non-modified roof. However, the parapet arrangement in Config-

1 reduced the critical mean pressure by a maximum of 13%.
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Fig. 2.10 Critical mean and RMS of the pressure coefficient extracted from probes located at the
(a) peripheral corners and (b) interior corner.

2.5.2.  Wind-induced Forces on Surfaces of the Roof

As expected, the change in pressure distribution on roof surfaces has resulted in a consequence
change in the uplift forces, which can also show the effectiveness of adding parapets on the studied
complex roof. Fig. 2.11 shows the normalized extreme uplift force of the entire roof surface at
various wind angles of attack ranging from 0° to 315°. The normalized wind loads (Fy) is

calculated using the Equation [4].

Fy

— 4
%pairVZAs [ ]

FX,Z—N =

F, is the extreme statistical force values in both x and z directions, the p,;, is the air density, which
has been used as 1.2929 kg/m3, v is the wind velocity at roof reference height, and A is the
surface area of the roof. As it can be noticed, oblique wind directions are the most critical (i.e.,
highest) and, therefore, will govern the design of the roof. In fact, the non-modified roof
configuration at the wind angle of attack of 315° induced the highest uplift force on the entire roof
surface. Furthermore, the normalized roof uplift at an oblique wind angle of attack, 315°, is

reduced when adding ridgeline parapets (i.e., Config-2) by 5.6%. In contrast, adding only
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peripheral corner parapets (i.e., Config-1) led to a total reduction of the extreme uplift force on the
entire roof by 3.6% compared to the non-modified configuration. Fig. 2.12 shows that parapets
can reduce the standard deviation of the uplift force by up to 7%, which can be attributed to the

added down-acting stabilizing pressure on the interior zones of the roof, as remarked in sub-section

3.1.
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Fig. 2.11 Normalized roof uplift for non-modified and modified roof surfaces for wind angle of

attack ranging from 0° to 315°.

It 1s worth mentioning that the uplift wind forces on individual surfaces resulting from Config-2
have shown a decrease in magnitude, which is detailed in Fig. 2.13. The maximum reduction of
extreme wind pressure on the roof is found to be 11% on R1. However, it is noticed that roof
surfaces R3 and R4 substantially increase the wind uplift force when the corner parapets are the
only peripheral of the roof configuration (i.e., Config-1). This increase in the uplift is probably due
to redirecting the flow by the added parapets, magnifying the separation bubble at these roof
surfaces. The latter can initiate corner damage during a windstorm. However, adding a 500 mm
ridgeline (in Config-2) is found to reduce the uplift forces by 5% compared to the original roof

configuration on roof surface R4.
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Fig. 2.13 Normalized extreme roof uplift force on individual surfaces for Non-modified and
modified roof configurations.

2.5.3. Wind Loads on the Parapets

Adding parapets to low-rise buildings can cause an additional risk of attracting elevated wind
forces on the roof surfaces. Accordingly, this subsection evaluates the wind loads on parapets for
the studied configurations to better understand the added damage risk from the implementation of
parapets and avoid them becoming flying hazards to the surroundings [16]. Since the parapets can
alter the flow over the roof, evaluating the loads on parapet surfaces is crucial to be accounted for

in designing the main wind force-resisting system (MWFRS) [14]. Fig. 2.14 shows an example of
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time histories for forces in the X, y, and z directions acting on parapet “P11”, subjected to an oblique
wind angle of attack of 225°. It is known that the wind load on the parapets is governed by both
along and uplift forces; therefore, they are evaluated for all the parapets in Config-1 and Config-
2. The loads developed on the parapets are obtained using force time histories extracted from the
numerical simulation, and then the EVA is applied to find the extreme statistical values. The

normalized wind loads (Fy) are then calculated using the Equation [5] below:

Fx,z
FX,Z—N =1 5, [5]

%pairVZAp
Fy . is the extreme statistical forces values in both x and z directions, the p,;, is the air density,
which has been used as 1.2929 kg/m?3, v is the wind velocity at the roof reference height and Ap

is the surface area of the parapets.
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Fig. 2.14 Forces acting on parapet “P11” at wind angle of attack 225°.
A comparison of the extreme along and uplift force impacting the parapets in both modified
configurations is presented in Fig. 2.15. The overall extreme uplift wind forces acting on the
parapets located on the ridgeline are found to be higher than those of the along wind forces. In

other words, the extreme uplift force reached a value of 1.02 for the 135° wind direction acting
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on the parapets along the ridgeline. In comparison, the normalized extreme along force recorded
an extreme value of 0.95 for the 0° wind direction impacting corner parapets. The high suction
impacted on the parapet surface is initiated due to flow separation at the parapet’s edges and
corners. Therefore, choosing the parapet's manufacturing material and its connection to the roof is
crucial because it determines its functionality during a wind event. Although parapets can be made
in various materials such as steel, metal, wood, or even stucco masonry; However, using the
steel/metal material for the parapets is recommended as it can be designed into any form that the

building requires.
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Fig. 2.15 Normalized extreme forces impact parapets in different configurations.

2.6. Summary and Conclusion
This study presents preliminary but promising results aiming at mitigating damages for low-rise
buildings with complex roof geometry to enable them to withstand windstorms. The current study
proposes aerodynamic mitigation techniques for a low-rise building with complex roof geometry.
The procedure utilized Computational Fluid Dynamics (CFD) to examine the effectiveness of
adding corner and ridgeline parapets. The mitigation techniques aim to reduce wind loads at
corners, edges, and interior roof surfaces by weakening the vortices responsible for initiating
damages. In addition, the study investigated the wind load on the parapets to assess the optimal
parapet configuration design. It is found that parapets located at the peripheral corners have
reduced extreme suction by a maximum of 29% compared to the non-modified roof design. Probes
located on the interior roof corners showed a significant decrease in the pressure values when
introducing parapets on the ridgeline (i.e., Config-2), reaching 53%. The latter indicates that

adding ridgeline parapets is crucial to reducing wind load on the interior zone surfaces of the
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complex roof geometry. Furthermore, the extreme roof uplift is decreased by a maximum of 5.6%
when adding ridgeline parapets compared to the non-modified roof. It was also found that extreme
uplift occurs when wind approaches the roof in an oblique direction to the parapet face. After
examining both along and uplift forces impacting the parapets, it is concluded that uplift forces are
the governing ones in the design, thus impacting the design of the parapet. The study showed that
corner and ridgeline parapets can be utilized to successfully enhance the roof aerodynamic
performance (i.e., reduce wind load) on complex roof geometry for retrofitting and new
construction purposes. These techniques can alleviate roof damage, which is considered one of the
biggest concerns during windstorms. It is worth mentioning that adding parapets to low-rise
building roofs poses a risk of its own if the parapets are insufficiently anchored to the roofing
system. Hence, they can dislodge and become a source of flying hazard debris, impacting the
neighbouring building. Furthermore, insulations installed at the locations where the parapet walls
meet with the roof can increase the risk of water leaks if they are breached. In addition, parapets
may require a drainage system and regular maintenance throughout the seasons.
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CHAPTER 3

Enhancing LES efficacy in wind load evaluation of low-rise
buildings using synthesized inflow turbulence

3.1.Introduction
3.1.1. Background and Study Motivation

Single detached residential low-rise buildings in Canada represent over 53.6% of the private
dwellings, which occupy over 14M of the Canadian population [1]. Low-rise buildings are located
in the Atmospheric Boundary Layer (ABL), where wind flow is highly turbulent, and hence, they
are more prone to wind damage than other structures (NBCC, 2005). According to previous
studies, wind catastrophes inflected mostly on personally categorized structures (i.e., housing,
shed, etc.) where the damages exceeded 69.5% of all total losses [2]. During windstorms, claddings
of low-rise buildings can be subject to damage due to uplift forces, which can jeopardize the
integrity of low-rise buildings [3]. Multiple studies have found that uplift forces resulting from
pressure variations can initiate roof failure [4—6]. Hence, accurate wind load prediction at critical
locations in low-rise buildings (i.e., separation location) is vital for low-rise buildings to build
high-wind resilient structures. Currently, the boundary layer wind tunnel test is utilized to evaluate
the wind-induced aerodynamic load; however, it is not necessarily affordable for residential
buildings, especially given that the design varies from one building to another. Experimental wind
tunnel affordability is associated with the cost of manufacturing a model under various
experimental conditions and the time and labor-consumption limitations [7]. The overall
challenges in wind engineering testing and the importance of accurate wind load evaluation are
pointed out in several studies [8,9]. To reduce the cost associated with design variables and model
design limitations, the computational wind load evaluation using Computational Fluid Dynamic
(CFD) can be utilized as a complementary tool to the experimental testing that can provide
preliminary directions through the design process of the built environment, where wind tunnel

testing can be conducted when the conceptual design is identified.

Over the past decades, CFD has proved its value in wind-related studies by obtaining reliable
quantitative and qualitative wind-induced load data [ 10—15]. The CFD technique draws its strength

from being practically available and in its ability to consider parameters that are difficult to
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implement, such as temperature, scalability, and repeatability, in addition to the ability of fast
execution on high-performance computers [16]. Moreover, the CFD can capture fluctuations at a
large number of points on the surfaces of a building; hence, more crucial information about
separation zones will be captured [10,17-19]. Additionally, the development of numerical
modelling has empowered Large Eddy Simulation (LES) to accurately simulate the wind flows
around buildings and structures under conditions very close to the actual state with full-scale
modelling [11]. The Architectural Institute of Japan (AlJ) has examined the CFD technique's
applicability in wind load evaluation. AlJ permits using the CFD approach like wind tunnel testing
as long as guidelines concerning three-dimensional LES and inflow simulation are followed and
the work performed is supervised by a wind engineering expert [20]. However, many factors can
play a vital role in establishing the efficacy of numerical wind load evaluation. Franke et al. [21]
have specified that numerical wind load evaluations' accuracy includes the computational domain
size, domain discretization, size of the time step, and the geometric boundary conditions. The latter
findings also have been concluded by Bruno et al. [22] following the large benchmark study of 70
experimental and numerical studies, where it was found that estimation of the lift forces showed
discrepancies due to domain size and discretization as well as the turbulence models. In addition,
accurately generating the wind flow parameters using inflow generators can be highly influenced
by the input parameters, such as the maximum and minimum turbulence frequency range that

needs to be resolved (i.e., finaxs fmin)-

The following sub-sections (1.2-1.4) will present more details about the current knowledge in
selecting the maximum frequency content for small-scale structures and the current code of

practice in choosing computational domain size and discretization.
3.1.2. Capturing Frequency Content of the Turbulence for Small-scale Structures

Achieving accurate turbulence characteristics is often challenging due to the significantly smaller
geometrical configurations compared to the ABL height [18]. Typically, experimental and
computational wind load evaluation studies rely on replicating the wind profile within the ABL
around buildings. For low-rise buildings in the ABL, turbulence is crucial to aerodynamic loading.
Large-scale turbulence can increase the gust speeds, which alters the overall loading [25]. In
contrast, small-scale turbulence controls the aerodynamic loading by altering the flow around the

building, leading to a significant increase in the magnitude of high negative surface pressures
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located under reattaching shear layers [24]. Melbourne [26] has established that capturing small-
scale turbulence at a reduced frequency, fh/U, where fis turbulence frequency, U is wind velocity
and h is roof height, equals to 10, is critical to ensure the accuracy of capturing flow features
around a low-rise building. Adjacently, Morrison and Kopp [27] argued that for low-rise buildings,
the vital turbulence scales are the ones captured at a reduced frequency that varies between 0.1 and
2.0. It is also worth noting that the "small scales" of turbulence that are controlling the wind loads
on the roof are up to 10 times larger than the height of the (low-rise) building and about 50 times
larger than the width of the separated shear layer [28]. Hence, to accurately model wind loading
on low-rise buildings, incoming turbulence must be resolved up to a frequency corresponding to
the characteristic scale of the building, which requires proper modelling of small-scale turbulence,
particularly at the separation locations [24]. To accurately model the turbulence, maintaining the
spectral content of the incident flow is critical and often found challenging in small-scale structures

[29,30].

In wind tunnel testing, determining the critical frequency range spectrum, which contributes to
generating wind loads, is required for small-scale structures. In LES, the turbulent flow injected
into the computational domain is typically generated by matching ABL flow statistically using
numerous methods such as (i) Random Flow Generation methods (RFG) [31-35], (ii) Digital
Filtering Methods (DFM) [36], and (ii1) Synthetic Eddy Methods (SEM) [37]. The RFG method
requires an input range of dimensional frequency that varies between minimum (f,,;,) and
maximum frequency (fqy)- The latter defines the largest frequency that a grid can resolve. In
order to perform highly accurate LES simulation, the majority of the turbulence (e.g., 80% of
turbulence) has to be resolved rather than being modelled, which can be controlled by defining
fmax shown in Fig. 3.1 [38]. Generally, the value of f,,,,, at is used, as input in the turbulence flow
generator, is typically resembles the frequency range employed in the experimental testing.
However, this frequency range is not necessarily resolved as it highly depends on the grid
refinement and accordingly, the minimum resolved wavelength. Aboshosha et al. developed and
employed one of the RFG methods (i.e., Consistent Discrete Random Flow Generation CDRFG)
[39] to study tall building aerodynamics. Later, several studies utilized the same method to study
low-rise building aerodynamics [40—44]. Despite that, there are no clear guidelines on the way of

defining the value of f,,,,, required for the inflow generation for low-rise buildings.
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Fig. 3.1 The correlation between a power density spectrum and turbulence modelling in LES.

3.1.3. The Influence of Computational Domain Size on Wind Load Evaluation for Low-
Rise Building

Franke et al., COST (European Corporation in Science and Technology) action 732 guidelines
[21], suggested that for LES, the computational domain's (CD) overall size must be large enough
to contain the largest and energetically significant flow around structures to accommodate all flow
features that have an impact on the characteristics of the flow field within the region of interest.
The guideline is merely based on simulating obstacles such as generic bluff bodies rather than
buildings, specifically low-rise buildings. In general, the extension of the CD in the longitudinal,
lateral, and vertical directions depends on the type of boundary conditions used. Consequently,
Franke et al. [21] recommended that a building with height (H) may have a marginal influence if
its distance from the region of interest exceeds SH to 10H, which will ensure the ABL fully
develops. Most previous studies have utilized building height, H, as a reference to find the suitable
size for the computational domain. Table 3.1 broadly sheds light on the various computational
domain sizes employed in previous studies. However, relying on the building height to define the
computational domain dimensions can be suitable for tall buildings. The latter can be attributed to
the fact that once the wind flow reaches the building, the airflow reaches furthest at the maximum
structure height, whereas it is not necessarily adequate for low-rise buildings. In addition, the
current CFD practice in selecting the computation domain size is founded on guidelines that have
approximately used the knowledge created from experimental tests, such as using the blockage
ratio to determine the computational domain's width and height. Hence, precise guidelines for

identifying the computational domain size are believed to be limited. Therefore, computational
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domain dimensions can be a source of error in CFD simulations, current common practice, or at
least overly sized for low-rise buildings.

Table 3.1 List of computational domain sizes followed by previous studies.

Building Computational domain size
Authors dimensions Domain Domain Domain
(L, W, H) Length width  Height
Geleta and Bitsuamlak [45] 274.4x183%x80 mm 130H 15H 12.5H
Qiu et al. [46] 150%150x75 mm 42 H 26H 8H
Aly and Bresowar [47] 301x198%88 mm 164 H 10H 5.5H
Yang et al. [48] 240%160x120 mm 28H 15H 8H
Rack-woo Kim et al. [7] 2200x175%350 mm 15H SH SH
Ricci and Miranda [49] 240%x160%80 mm 65.5 H 27.5H 22.5H
Singh and Roy [50] 562x562x180 mm 20H 10H 6H
Amini and Memari [51] 500 x250%x200 mm 18H 10H 6H
Shi Gan et al. [52] 600%600x600 mm 20H 9.3H 7.5H
Y. Ozmen et al. [53] 100x50 x40 mm 14.5H 8.8H 6H
Tominaga and Stathopoulos [54] 100 x100 x100 mm 15H 13H 6.7H

3.1.4. The Influence of Computational Domain Spatial Discretization on Wind Load
Evaluation for Low-Rise Building

Another vital source of error in the numerical wind load evaluation is spatial and temporal
discretization. The accurate computational discretization reflects the precision of capturing
important wind phenomena such as important turbulence structures, shear layers, and vortices with
sufficient resolution, particularly at the location of wind flow separation (i.e., at edges and corners).
High grid density within multiple refinement zones is therefore crucial for maintaining horizontal
homogeneity and accurate pressure predictions; however, it can require higher memory size and
speed of the computational hardware [56]. Moreover, the time step required to accurately execute
LES is highly dependent on the smallest cell size to maintain a Courant Friedrichs Lewy (CFL)
number less than 1. This greatly affects the total number of time steps needed to resolve the flow.
For low-rise buildings, the range of eddy sizes that manifest the turbulent flow around structures
typically dictate the grid sizes. In turbulent flow, capturing eddies with a wavelength smaller than
the grid size (Ax) cannot be resolved and will be modelled using a sub-grid model (SGS) such as
WALE, as presented in Fig. 3.2. Previous studies indicated that the error resulted in wind load
evaluation using minimum grid size to transport a sine or cosine wave of a length of 2Ax is
significantly high (i.e. 90%) compared to utilize a grid size resolving a wavelength of 10Ax (i.e.

10%) [57,58]. However, executing LES with very fine grid cells that can resolve a wavelength of
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10Ax will require a long running time (i.e., 10 times more simulation under the same
computational resources), and, therefore, computational cost. The common practice in unsteady
LES simulations is to maintain the balance between the selected grid size and time step by
maintaining a stable Courant-Friedrichs-Lewy (CFL) condition, as presented in Eq. (1) [59]. The
maximum CFL of 1.0 is ideal for most flow problems.

CcFL="<10 (1)
Ax

Where U is the velocity magnitude at roof reference height, At and Ax are the time-step and the
grid size, respectively.

|

~[-[-]¢ - -1 ]
t | t | t |« !
t | t =] |
t =] |
1 1 !

i Axi ! Sub-grid model

Fig. 3.2 Various eddy sizes resolved by the grid size.

Several previous studies have utilized the building dimensions to select the grid size, such as Ricci
et al. [49]. The latter employed three grid refinement zones around the gable roof low-rise building,
where the grid sizes are adopted with respect to the building height. It was found that the pressure
coefficient achieved a good accuracy for 90% of monitored probe points compared to the
experimental test data, while the rest of the probe points, mainly the ones located at edges, showed
numerical predictions lower than the experimental by 30%. Yan and Li [60] verified the accurate
estimations of wind effects on the tall building when a very fine mesh is utilized, where the grid
size near the building of interest was B/200 along the surface and B/2000 in the perpendicular
direction to the surface, where B is the shortest side of the building. Additionally, the AlJ building
code (2017) presented a recommendation for mesh generation when employing LES in numerical
wind engineering. The guidelines recommended a fine grid with a size of B/100 in the horizontal
direction. Aboshosha et al. [39] tested two grid sizes adjacent to the target building corresponding
to B/10 and B/15, where B is the shortest side of the building. They found no significant deviation
between the two simulations, and the numerical simulations showed good agreement with the
experimental tests regarding wind pressure prediction. In LES, various refinement zone

arrangements have been utilized in previous studies to capture the crucial aerodynamic wind
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phenomena. The grid refinement's zones can be located between the inlet and around the building
of interest, while others are found to be extended from the inlet to the outlet and from the building
to the symmetry boundary conditions. Previous studies have grid refinement zone arrangements
within the computational domain to enhance the accuracy of capturing wind load on low-rise
buildings without correlating the specific scheme to the accuracy of numerical wind load
evaluation. Huang et al. [61], Al-Masoodi et al. [62], Chen et al. [63], and Ben Mou et al. [64]
have introduced a refinement zone extended from the inlet to the outlet and another from the
building to the symmetry boundary conditions. Another study conducted by Marie et al. [65] aimed
to evaluate wind load on tall buildings has adopted six refinement zones. All the refinement zones
were located between the inlet and around the target building, where each zone had a slightly lower
width than the other.

Previous studies, such as Ong and Patruno [66], have used refinement zones extended from the
inlet and around the target building and two grid refinement zones around the building. Aly et al.
[47] have utilized refinement zones that adapted to the gable roof low-rise building located at an
oblique wind angle of attack. The refinement zones were extended parallelly from each side wall
of the study building to the inlet, outlet, and symmetry boundary conditions. All the above studies
have adopted a hexahedral grid shape, while studies such as Nourhan et al. [67], Biswas et al. [68],
Lou and Kim [69] have adopted a tetrahedral grid shape to evaluate wind pressure on the low-rise
building facade. Based on this discussion, it can be noticed that there is a vast variation in the
adopted relative grade size, grid scheme, and grid shape, which will consequently affect the
accuracy and the computational cost of simulations. Accordingly, there is a need to specify the
required grid details that can fulfill both the accuracy and the computational affordability

requirements.
3.1.5.  Study Objectives

In light of the above-mentioned discussion, the objective of this study aims to estimate and
correlate the effective parameters controlling the accuracy of wind pressure evaluation on a low-
rise building based on comparing wind pressures (i.e., mean and RMS) to wind tunnel results
conducted by Ho et al. [70]. This study aims to systematically define the required CFD details to
produce accurate ABL flows with Large Eddy Simulation (LES) models. It includes a discussion

about the efficient selection of turbulence maximum frequency (f;,4,) used as an input in the
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turbulence flow generator concerning grid size in the refinement zones that can accurately capture
the pressure fluctuation induced on the building fagade. Furthermore, this study aims to examine
the current code of practice for selecting the computational domain size (CD) by examining
multiple models independently using computational domain sizes that vary in length, width, and
height and correlating that to the relevant building dimensions. Computational domain
discretization is also examined, and the pressure parameters were utilized to correlate the efficient
grid in terms of size, scheme, and shape with accurate wind load evaluation. The findings will be
based on a quantitative assessment of the aerodynamic parameters, such as mean and fluctuating
pressure for critical flow separation locations on the roof, which are crucial for resilient wind
design.

The current study is divided into seven sections. Section 1 (this section) was divided into four
subsections where the main motive behind this study was stated. In addition, it examined the
relationship between the maximum frequency and the size of the computational domain grid
refinement zones. Moreover, the section sheds light on the current code of practice in selecting
computational domain size and spatial discretization is examined. Section 2 provides a detailed
description of the utilized study model and the validation of the pressure parameter readings by
comparing them to the experimental wind tunnel test. Section 3 presents the overall methodology
framework that is undertaken throughout the study, which includes a full description of the
numerical models simulated and the technique followed to examine the model's accuracy of wind
load evaluation. The following section, section 4, examines models that adopt a range of maximum
turbulence frequency (fqyx) in the turbulence generator. The models are compared using the
generated wind profile (i.e., mean velocity, turbulence intensity, longitudinal spectra) at the inlet
location and building location (empty domain study). Section 5 examines the computational
domain dimensions (length, width, and height) and presents findings based on comparing pressure
parameters with wind tunnel tests. Similarly, section 6 examines the impact of computational
discretization on pressure evaluation in terms of grid size, scheme, and shape. Section 7
summarizes and concludes the findings of this study by highlighting the correlation between the
maximum turbulence frequency (fi,q,) used as input in the turbulence inflow generator with the
grid refinements utilized. Besides, the most efficient computational domain size and discretization
in terms of the grid size, scheme, and shape in accurately evaluating wind load on low-rise

buildings.
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3.2. Numerical Model Validation

This section presents the numerical model validation for the flow aerodynamics and pressure
reading across the roof of a low-rise building. To validate the turbulence content in the flow and
to ensure horizontal homogeneity, two models (including an empty domain study) are performed
where the flow characteristics, such as mean velocity, turbulence intensity, and velocity spectra,
are examined. The CFD model for this study is validated with the experimental testing performed
in the Boundary Layer Wind Tunnel II at the University of Western Ontario (UWO) by Ho et al.
[70]. Consequently, the validated CFD model will be used as a benchmark for assessing the
efficiency of CFD characteristics. A gable roof low-rise building with a roof slope of 1: 12 and
footprint dimensions of 38.1x24.4 m? with a roof total height of 13.2 m in full-scale is utilized in
the validation of the numerical model. The validation is conducted by comparing the mean and
RMS of pressure coefficient values for the 12 taps located across the gable roof, as presented in
Fig. 3.3. The mean velocity and turbulence intensity profiles are generated to match an open-terrain
exposure with a roughness height, z,, of 30 mm (in the full scale) with a reference velocity of
37.6 m/s at a reference height of 10 m in full-scale. The current model is set to match the wind
tunnel experimental model adopted at a length scale and timescale of 1:100 and 1:25,

respectively.
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Fig. 3.3 Exploded view of the study model building with a gable roof slope of 1:12 and the
location of test probes (12 probes in total).
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The equations proposed and published by the Engineering Sciences Data Unit (ESDU) are
followed in this study to compare vertical profiles for mean velocity and turbulence intensity
[71,72]. This study's velocity and intensity profiles agree with the wind tunnel experimental data
using the Power Law (i.e., Eq. 2) for the mean wind velocity. The U, refers to the wind velocity
at 10 m height with a value of 37.6 m/s. The z refers to the height in meters corresponding to the
reference wind velocity, while the terrain roughness for open exposure (1/a) is 0.13, as employed
by Ho et al. (2005). The turbulence intensity is calculated for the target profile using the equation
below (Eq. 3).

z
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To ensure the accuracy of numerical results, it is essential to validate and verify relevant models

[73]. To validate the numerical model, STAR-CCM+ 2020.2 (15.04.008-R8) is employed where

Large Eddy Simulation (LES) is utilized to conduct the numerical wind load evaluation. A
computational domain of dimensions of 3.4 m x 2.5 m x 0.7 m (in model scale) is used, as shown
in Fig. 3.4. The boundary conditions at the top and side surfaces of the computational study domain
are set as symmetry plane boundary conditions. The ground and building surfaces are defined as a
non-slip wall boundary condition, while the outlet surface is defined as an outflow. Consistent
discrete random flow generation (CDRFQG) is utilized to generate the inflow [39]. The inlet wall is
defined as a time-varying inlet velocity boundary condition using the CDRFG technique described
by Aboshosha et al. and later adopted by Elshaer et al. [12,39]. The building is placed 0.8 m away
from the inlet; hence, pressure data collection started after 800 time steps to ensure flow
stabilization. The Reynolds number (Re) utilized in the CFD is calculated using Uy H /v, whee the
viscosity, v, is 1.3 X 107> m/s?. Accurate near-wall modeling is crucial for CFD simulation
because the solution gradients are high in a wall-bounded flow; thus, y+ values are considered to

find the most suitable first cell height from the adjacent wall for a value less than 5 [74].
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Fig. 3.4 Computational domain dimensions (in model-scale) and boundary conditions (a) an
empty computational domain (b) study building in the computational domain.
The computational domain is discretized into three zones using hexahedral mesh cells. Zone 1
adopted a base mesh size of 15 mm, while 8.0 mm and 6.0 mm for zones 2 and 3, respectively,
which yielded 1.45 M of the total mesh cells, as presented in Fig. 3.5. The sub-grid model WALE
is utilized as it is found by previous studies to reduce the computational time by about 35 to 60%
compared to other SGS models without affecting the accuracy of the simulation [75-77]. This is
due to its ability to correctly model the asymptotic behaviour of turbulent eddy-viscosity near the
walls and generate ABL flow with accuracy comparable to LES with the dynamic one-equation
SGS model [76]. The mean wind velocity and turbulence intensity profiles adopted in the wind
tunnel experiment compared to numerical profiles showed good agreement with wind tunnel data
presented in Fig. 3.6. Moreover, the latter figure demonstrates a good agreement for the
longitudinal spectra for open terrain at 9.75 m height (full scale) when compared with the ESDU
(47031) and the validation wind tunnel data. Additionally, Fig. 3.6(c) indicates the ability to
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simulate ABL flow in an empty domain as an indication of the horizontal homogeneity in the

vertical profiles of mean velocity and turbulence intensity at the building location.

Fig. 3.5 Mesh discretization of the validation model.
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Fig. 3.6 (a) Mean velocity profile and (b) Turbulence intensity profile (c) Longitudinal wind
spectra at 9.75 m (full scale) above ground.
The simulation duration is 8.0 seconds (in model scale) with a time-step of 0.5 milli-seconds with

total time-steps of 16,000. The total sampling duration chosen was adequate for obtaining sufficiently
accurate numerical results that balances the relationship between computational accuracy and efficiency.

Similar approach was used by Zhixiang Liu et al. [78]. The time step is selected based on the velocity
scale and the minimum cell size to satisfy the Courant-Friederichs-Lewy (CFL) number to be
below unity to ensure the solution convergence (see Eq. (1)) [59]. As for the reference pressure

used to calculate Cp, a probe point is placed in the domain at the midpoint of the inlet before the
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building at the height of 0.48 m (model scale). After running the validation model, the mean and

RMS of the pressure coefficient across the ridgeline are compared to the wind tunnel test, as shown

in Fig. 3.7(a) and Fig. 3.7(b), respectively. The validation model results show a good agreement

between the reading numerical and experimental pressure parameters, where the mean Cp results

showed root mean square error (i.e., RMSE, defined in Section 4. Eq. (4)) of 1.65 %. In contrast,

the pressure fluctuations showed a 4.3 % difference when compared to the experimentally

obtained data.
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Fig. 3.7 (a) Mean and (b) RMS of the pressure for probes located at the building roof.

3.3. Methodology Framework
Structured analysis is conducted based on the validated LES model by systematically varying a

14.0

single parameter and evaluating the discrepancies in computational wind load compared to the

wind tunnel test. The examined parameters include the maximum frequency resolved by the grid

employed in LES, the computational domain size and computational domain discretization. The

mean and RMS of the pressure coefficient (Cp) are extracted from the probes across the building

roof, as shown in Fig. 3.8. The accuracy of the CFD model is examined by evaluating the Root

Mean Square of Error (RMSE), as shown in Eq. (4).

RMSE = ’Z(RExp;RLES)Z

Where Rg,,, refers to pressure readings extracted from the experimental wind tunnel test, R;gg

(4)

refers to pressure readings extracted from numerical simulation, and n is the number of readings.
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Generally, in the benchmark model, the computational domain length (DL) and width (DW) are
adopted with respect to the building length (L) with values of 6.5L and 3L, respectively. The study
building location is at 1.6L from the inlet (i.e., 0.7 m remains unchanged throughout the study.
The height of the domain (DH) is selected to be 6H based on the study building roof reference
height (H). The computational domain size parameters examined in this study (i.e., DL, DW, and

DH) are shown in Fig. 3.8.
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\/\(“4“ " Dy
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Fig. 3.8 The computational domain size parameters and probe's (12 in total) locations.

Throughout the study (unless stated otherwise), the computational domain spatial discretization
utilized three grid refinement zones with the size selected based on the building roof reference
height. The sizes of the grid refinement zones and their location for the benchmark model are listed
in Table 3.2. As mentioned earlier, this study utilizes the turbulence inflow generator technique,
based on synthesizing random divergent free turbulent velocities where the input parameters were
modified to enforce the generated turbulent velocity components to match the properties required
for the LES study. Generally, this study adopted a maximum frequency of 100 Hz input to generate
the turbulent inflow mimicking the open terrain wind profile setup. The input data details for this

study are utilized as input in the MATLAB code and are detailed in Table 3.3.
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Table 3.2 Grid size and location within the computational domain

Zones Mesh Count Grid size
Zonel 515,625 H/8

Zone2 718,920 H/16
Zone3 221,666 H/22

The velocity information for each cell at the inlet is supplied using the CDRFG technique, as
proposed by Aboshosha et al. [39]. For the benchmark model, the velocity profile produced
corresponds to 9,728 cells at the inlet. The code is run for a sampling period corresponding to 8.0
seconds in the model-scale to generate the inflow velocity fluctuations. Fig. 3.9 below summarizes
the individual cases conducted to find the efficient parameters in synthesizing turbulent wind
pressure parameters on low-rise buildings.

Table 3.3 Parameters used to generate velocity field.

Parameters Definition/Value
Exposure Open terrain
Reference height H=0.13m
Mean velocity Uy, z \"

U = Uavef P

Zyref
m
Ugver = 9.67?,Zref =0.13m,a = 0.13
Turbulence intensity 2 Y
l; = kefj (z ) J=uv,w
ref

Lyefj = 0.174,0.153,0.095 in the u, v, and w
directions, respectively [79]
Von Karman turbulent 4(L, Ug)?(Lyy/Ugy)

Srosns RNCESTE RO
u» = =w S — 4(1, Uav)z(Lu/Uav)(l + 188-4(2va/Uav)2)
v (1+ 70.8(2fL,/U,,)%)11/6
A4, Ugy))?(Lyy /Ugy) (1 + 188.4(2f Ly, /Ugy)?)
B (1 + 70.8(2fLy,/Uqy,)?)11/6
&
where L;j = L;..f; (L) ]

ZrefL
€j=0.593, 0.952, and 1.834 in the X, y, z directions
respectively

Coherency function Coh(f,) = (— %) [80] where C; is coherency

decay constant

Sw
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Number of frequency nm= 50

segments
Number of random nf=100
frequencies
Number of time steps nt= 6000
Time step dt= 0.0005 seconds
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Fig. 3.9 A flow chart for the overall methodology employed in this study.
3.4. Maximum Turbulence Frequency

This section discusses the role of maximum frequency values used as an input to generate synthetic
turbulent flow that mimics the atmospheric boundary layer. Nine numerical models are examined
in this study, where the generic numerical model adopts identical computational domain size and
spatial discretization. The inflow was generated using multiple values of f,,4, to correlate the
maximum frequency employed in the synthetic turbulence method to the turbulent energy resolved
by the various grid sizes in the refinement zones (i.e., zone 2, which is extended from the inlet and
around the building). The input values for the inflow generator for f,,,, ranges from 0.5, 1, 10, 25
to 100 Hz. Hence, f,in, 1S given by 2f,,.,/nmis equal to 0.02, 0.04, 0.4, 1.0, and 4.0 Hz,
respectively.

The range of the values of the maximum frequencies is based on Melbourne [26] and Morrison
and Kopp [28], where it was concluded that wind load is impacted when the small-scale turbulence
is resolved up to a reduced frequency ranging from 10 and from 0.1 to 2.0, respectively. In other
words, the maximum frequency expected to impact the wind load on low-rise buildings ranges
from 0.3 to 30 Hz. Fig. 3.10 presents a comparison between numerical wind profiles generated at

various maximum frequencies and the longitudinal spectrum generated at a height of 9.75m (full-
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scale) with the ones obtained from the experimental wind tunnel study and the measured ESDU
formulation. The latter profiles are injected into the computational domain to simulate wind flow
in an open terrain setup. It is worth mentioning that identical grid refinement zones are selected
for all the examined cases for a consistent comparison and to demonstrate their efficacy in
resolving large and small eddies velocity spectra. Overall, the velocity spectrum at the inlet
complies with the experimental and ESDU formulation over the entire frequency range when the
maximum input frequency in the turbulence generator ranges between 10 and 100 Hz.

The energy maintenance of capturing the wide range frequencies in the longitudinal spectrum is
evidently correlated with the grid resolution and f;,,,, the cut-off frequencies are found to increase
with the increase of maximum frequency used in the turbulence generator. The latter is found to
be caused by the increased energy of the streamwise velocity fluctuations [27]. Generally, it can
be deduced that the maximum cut-off frequencies varied between 2 Hz and 6 Hz for numerical
models adopted fy,4, of 10, 25, and 100 Hz, as an input in the turbulence generator. In contrast,
the spectra profile at 9.75 m decreases for frequencies lower than 1.0 Hz, indicating that the energy
is not maintained in the flow with frequencies below this range. Similar results were obtained by
Yan and Li where power spectra density generated with the RFG method, drops compared to the
ones with high frequencies, due to not satisfying the Von Karman spectrum [60]. To examine the
computational discretization efficiency in resolving the turbulence flow generated, the wind flow
profiles (i.e., mean velocity and turbulent intensity) at each corresponding height are computed
from LES at the building location (i.e., at 0.7 m from the inlet in an empty domain), as shown in

Fig. 3.10.
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Fig. 3.10 Wind flow profiles at the inlet (a) Mean velocity, (b) Turbulence intensity, and (c)
Longitudinal frequency spectrum at a height of 9.75m (full-scale).

Wind flow profiles for the probe line located at the building location in the computational domain
undergo considerable evolution as the values of the maximum frequency increase. In other words,
the turbulent intensity keeps growing from what is supplied at the inlet. A similar trend is observed
for mean velocity profile cases. Broadly concluding, the LES cases with turbulence generated at
frequencies higher than 25 Hz, show a good correlation between the experimental and numerical
mean velocity and turbulence intensities. Besides, it can be noticed that the high-frequency end of
the simulated velocity spectra possesses lower energy because of grid filtering. Moreover, upon
using low fiax, We neglected (filtered) part of the turbulence magnitude, and therefore, the wind
speed profiles injected at the inlet got adjusted to a smoother profile to reflect the lower turbulence
intensity. Hence, it is crucial to precisely model the proper turbulence by selecting. f,,,, and grid
size.

In light of the above, to resolve the spectral frequency at roof reference height, the following steps
demonstrate guidance toward evaluating grid size that resolves specific frequencies and vice versa.
In other words, the following steps can be utilized either to estimate the required mesh size Ax that
resolves the turbulence up to the maximum frequency, fp,,, Or to determine f,,, that can be
resolved by a pre-designed grid of size Ax. The steps are merely based on the size of the grid
located in the grid refinement zone located between the building and around the target building.
This maximum frequency is calculated based on the grid size of H/16 (i.e., zone 2) in the building

height of H =12.9 m, and UH = 37.6 m/s (full-scale). The grid size employed in zone 2 is chosen
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based on resolving the targeted cut-off frequency that impacts the wind load estimation on low-
rise buildings as found by Melbourne [26] and Morrison and Kopp [28].

1. Define the minimum grid refinement size (Ax) concerning building height (H), for example
(f_s)’ precisely for the refinement zones extended from the inlet and around the study
building.

2. Define the minimum wavelength that is required to be resolved based on the minimum grid
size utilized around the bluff body; for example, if the minimum wavelength is 4Ax,

therefore grid size is given by 4 X %.

3. Evaluate the non-dimensional frequency that can be solved by LES denoted by fy4,
which resolves eddies with a wavelength of 4Ax by calculating fy,4 = % .

4. Evaluate the maximum dimensional frequency, fax = fg”'+UH where Uy is the mean

velocity (m/s) in the full scale. The value of f,,,,, represents the maximum frequency that
Un

will be captured by the employed grid refinement zones. This will result in f,4, = A
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Fig. 3.11 Wind flow profiles at building location (Empty domain) (a) Mean velocity, (b)
Turbulence intensity.

Overall, it is found that the minimum grid spacing Ax utilized in the computational domain (i.e.,
in zone 2) determines the highest non-dimensional frequency of the fluctuations transported by the

grid (fgriq) from the inflow. In the study, the suggested highest frequency transported in the flow
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using LES was defined by fgrid = H/4Ax, where 4 Ax is the smallest wavelength resolved by the
grid in the zone extending from the inlet and around the building. The velocity spectra agreement
with ESDU formulation over the low-frequency part is very encouraging for the computation of
the peak pressure on low-rise buildings in future studies using this numerical CFD model. A
qualitative assessment presented in Fig. 3.12 shows that in models simulated using frequencies
ranging between 25 Hz and 100 Hz, both the mean and pressure fluctuation on the roof were found
to encounter minimal changes with a high degree of accuracy compared to the wind tunnel test.
The RMSE recorded for the mean and pressure fluctuating were 3.1% and 2.6% for a model with
a maximum frequency input of 100 Hz, respectively. In contrast, the mean pressure is found to be
estimated with RMSE of >13%, while the pressure fluctuation error is found to be >8 when the

utilized input values of F,,,, the turbulence generator was 0.5 Hz.
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Fig. 3.12 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof
examining a range of maximum turbulent frequencies.

3.5. Computational Domain Size
This section examines the computational domain lateral and vertical domain extensions to assess
their impact on wind load evaluation on the walls and roofs of low-rise buildings by comparing
the extracted pressure data to the experimental wind tunnel test. As mentioned earlier, the common
practice in CFD to select the domain extension and width is based on the study building height,
which may not be sufficient for the flow to fully develop and for the simulation to converge. It is
merely based on the ratio between the model facade's frontal area and the computational domain's
cross-section (i.e., blockage ratio). In CFD, a maximum blockage of 3% is recommended. In

contrast, Franke et al. [21] suggested that the minimum distance equals 5 times the height (H)
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between the building and boundary conditions and 15 H between the building and the outlet to
avoid interference of the domain size on the numerical simulation results. These guidelines can
jeopardize the efficacy of CFD in wind load evaluation, particularly for low-rise buildings. Apart
from the upstream length, which is selected to be two times the building length, the investigated
computational domain size considered the downstream, side and upper distances. The examined
computational domain length (DL) and the domain width (DW) are selected based on the study
model length (L). In contrast, the computational domain height (DH) is selected based on the
building height (H). The numerical models examined in this section are termed by 3 parts. The
first part of the term is denoted by CD, symbolizing the computational domain study. The second
part reflects the examined domain parameter (i.e., DL, DW, and DH), while the third part is the
computational domain value being examined. Both second and third terms will vary depending on
the model tested. In other words, the name code has the abbreviation of CD-DX-YL or CD-DX-
YH, where X denotes the type of study in which it could be either L, W or H, while Y is the value

of the computational domain study parameter.
3.5.1. Computational Domain Length Study

This subsection discusses the impact of computational domain length on the numerical wind load
evaluation based on comparing the mean and RMS of the pressure concerning the experimental
wind tunnel test. As mentioned earlier, the pressure parameters are extracted from probes located
at the center section of the roof and across the ridgeline, where wind flow separation is recognized
to be at its highest magnitude. The dimensions of the numerical model tested in this study are listed
in Table 3.4. Since the study building is at a fixed location throughout the study, the domain length
(DL) changes only involve the region behind (wake) the model. To begin with this inquiry in the
search for the most efficient computational domain size that produces a high-accuracy solution
without the need to expand it to unnecessary size, which may later impact the computational cost,
the computational domain length is examined. The study adopted computational domain length
ranging from 5L to 8L, knowing that the current practice recommended the CD extension to be
not less than 15H (i.e., 5L) for a single study model. As can be observed from Fig. 3.13, although
the minimum downstream current code of practice (i.e., CD-DL-5L) has yielded a good agreement
of RMS of pressure compared to the wind tunnel test, the mean pressure values deviated explicitly

at the leading roof and separation locations. In fact, the RMSE of the mean pressure is found to be
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10%. The latter error is probably because the flow in the wake zone (i.e., behind the building) did
not develop fully. On the other hand, all the other models with domain lengths ranging from 6.5-
8L have yielded stable good agreement for both mean and pressure fluctuation with RMSE
recorded of 5% and 3%, respectively.

Table 3.4 Computational domain (CD) study models with different lengths

Model Length Width Height
CD-DL-5L 5L 3L 6H
CD-DL-6.5L 6.5L 3L 6H
CD-DL-7L 7L 3L 6H
CD-DL-8L 8L 3L 6H
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Fig. 3.13 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof
examining the computational domain extension.

3.5.2. Computational Domain Width Study

The computational width in this study is examined using two scenarios. The first scenario is
accomplished by locating the study building at a 270° wind angle of attack, while the second
scenario considers the impact of the study building located at an oblique wind angle of attack (i.e.,
315°). It is worth noting that with the change in the domain width, the values of the inlet
coordinates are subsequently changed. Therefore, the inflow turbulence has been generated
individually for the numerical models listed in Table 3.4 while adopting identical inflow
parameters. For the first scenario, Fig. 3.14 indicates a relatively high error for both mean and
RMS pressure values, particularly at separation locations when the CD width is equal to building

length (i.e., CD-DW-L) and is equal to the minimum requirement by the current code of practice
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(i.e., CD-DW-1.7L). The discrepancy in the mean pressure is higher than 8% for a domain width

of 1.7L compared to a 1.5% error for a domain width of 3L. In contrast, the models with a width

of 1.7L led to an error in the mean pressure readings that reached 22% compared to 4% for the

model with a width of 3L.
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Model Length Width Height
CD-DW-L 6.5L L 6H
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Fig. 3.14 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof
examining the computational domain width for the building located at 270°.

The second scenario examines the computational width for the same study building located at a

wind angle of attack of 315° where discrepancies are estimated with respect to the numerical model

with a computational domain of 4L. Fig. 3.15 displays the pressure parameters (i.e., mean and

RMS) for models with computational domain widths ranging from L to 4L. The mean and RMS

of pressure produce high discrepancies compared to the benchmark model (i.e., CD-DW-4L). The

model with a width of 1.7L (current code of practice) led to an overall substantial mean pressure

RMSE of 9% compared to less than 3.5% for the model that adopted a width of 3L. The high

RMSE is probably due to the insufficient distance between the symmetry boundary conditions and
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the building, which, therefore, impacted the convergence of the wind flow, as demonstrated in Fig.

3.16.
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Fig. 3.15 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof
examining the computational domain width for the building located at 315°.
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Fig. 3.16 Mean velocity contours for a building located at 315° for different computational
domain width.

3.5.3. Computational Domain Height Study

For a single building, the height of the computational domain is recommended to be at least SH
(i.e., 5 times the building height). The latter recommendation is based on a blockage ratio of 3%.
Four models are tested to study the required computational domain height, and the dimensions of
the computational domain are listed in Table 3.6. The inflow generator is generated individually

for each tested model, as changing the computational domain height alters the inlet coordinates
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required in the inflow generator. The mean velocity contours for the four examined models are
illustrated in Fig. 3.17. In contrast, Fig. 3.18 displays the results that verify the current code of
practice that examines the computational domain height by utilizing mean and RMS pressure
values. It was found that employing a domain with a height higher than 6H led to producing RMS
with an error of less than 2%, compared to 5% for models simulated at domain height <SH.
Furthermore, the later models produced mean pressure values along the roof with discrepancies
ranging between 10 and 13%. Overall, the recorded RMSE values were found to be of lower values

for a computational domain height of SH and above.

Table 3.6 Computational domain (CD) study models with different heights

Model Length Width Height
CD-DH-4H 6.5L 3L 4H
CD-DH-5H 6.5L 3L SH
CD-DH-6H 6.5L 3L 6H
CD-DH-7H 6.5L 3L 7H

Mean of Velocity Magnitude (m/s)
0.00 3.0 6.0 9.0 12.0 15.0

[ D - .

Fig. 3.17 Mean velocity contours for a building located at 270° for different computational
domain heights.
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Fig. 3.18 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof
examining the height of the computational domain.

3.6. Computational Domain Discretization
The adopted computational domain discretization is also known to have a significant impact not
only on the accuracy of the inflow generation but also its impact extends to precision in resolving
the turbulence through the computational domain; hence, it signifyingly influences the accuracy
of the wind load on buildings. This section will include examining the grid scheme (SCH), size
(SZ), and shape (SHP) adopted. Both grid schemes and shapes are selected based on the most
commonly used in previous studies, as mentioned in the literature review. The inflow for models
with various grid schemes and sizes is generated for each case separately, as the inlet coordinates
for the grid vary from one model to another. As a result, three independent studies were conducted,
where the mean and fluctuation of the pressure were used to evaluate the discrepancies by

comparing them to the experimental test.
3.6.1. Computational domain grid size study

The grid sizes for the refinement zones employed in the study for four models are demonstrated in
Table 3.7. It is worth mentioning that the model donated by CD-GSZ-3 adopted an identical mesh
refinement zone as the validated study model. To examine the discrepancies in the computational
wind load evaluation triggered by domain discretization, RMSE calculations were evaluated
relative to the experimental values. Upon examining the computational domain grid size for the
four models employed, a high discrepancy in the mean pressure is estimated with an error of 12%

when a coarse grid is utilized (i.e., CD-GSZ-1) as shown in Fig. 3.19 . In contrast, less than 4%
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error was found when the grid size for the same refinement zones was refined (i.e., CD-GSZ-3 and
CD-GSZ-4). Besides, the pressure fluctuation shows a good agreement with the experimental

wind tunnel test, where discrepancies were below 3% for models that adopted a fine refinement

grid around the study building (i.e., CD-GSZ-2,3, and 4).

Table 3.7 Computational domain discretization for refinement zones

Numerical Zone 1 Zone 2 Zone 3 Total number of
model mech cells
CD-GSZ-1 H/6 H/11 H/15 580,000
CD-GSZ-2 H/7 H/14 H/18 930,000
CD-GSZ-3 H/8 H/16 H/22 1,450,000
CD-GSZ-4 H/10 H/22 H/30 2,500,000
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Fig. 3.19 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof
examining the size of the computational domain discretization.

3.6.2. Computational Domain Grid Scheme Study

The location of the refinement zones within the computational domain is crucial in capturing the
vital flow characteristic. Fig. 3.20 shows the four grid schemes examined in this study, where the
results can signify the efficient scheme in wind load evaluation. It can be noted from Fig. 3.21
that both grid schemes 2 and 4 (i.e., CD-GSCH-2 and CD-GSCH-4) displayed high accuracy for
the mean and RMS of the pressure when compared to the wind tunnel test. The later models have
recorded discrepancies (i.e., RMSE) for the mean and RMS of the pressure values lower than 4%
and 2%, respectively. This is probably attributed to the fact that these grid schemes introduce
refined mesh zones in the crucial areas around the building of interest. The latter secured the
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accurate capturing of the shear layer and the vortices around and in the wake of the target building;

therefore, they were sufficiently resolved. This is probably attributed to the fact that these grid

schemes introduce the refinement zones where vital wind characteristics are captured within

crucial areas around the study building.
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Fig. 3.21 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

3.6.3. Computational Domain Grid Shape Study

Fig. 3.20 Computational domain discretization schemes examined in this study.
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examining the scheme employed in refinement zones.

14

To examine the impact of the grid shape on the wind load computational evaluation, three common

shapes of grid cells are assessed in this study: tetrahedral, hexahedral, and polyhedral, as shown in

Fig. 3.22. Fig. 3.23 shows that using a tetrahedral mesh shape to discretize the entire domain
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resulted in a significant error of 11-14 % compared to 2 and 3% when using a hexahedral grid
shape for both mean and pressure fluctuation on the roof, respectively. This is due to the large
skewness of its grid cells and the presence of multiple edges [68]. This highlights the fact that the
tetrahedral grid is deficient in accurately resolving the flow field within the computational domain.
The latter is in line with the study presented by Hirsch et al. [81] and Wang et al. [82], where it
was found that when the mesh shape hexahedral is employed for the computational grid, it will
introduce minor truncation errors compared to the tetrahedral, as the former is known to display
better iterative convergence. Hexahedral ability to refine the mesh makes a tremendous difference

when directional flow features are present. Overall, polyhedral grid cells are found to produce results

close to that of the hexahedral grid, and more accurate than that of the tetrahedral grid. This is because the

grid lines of polyhedral cells have better orthogonality to the wall compared to tetrahedral [82].

The mean pressure is found to be overestimated at the separation locations, leading to an RMSE
of 10% when a polyhedral grid is employed compared to the experimental wind tunnel test. It is
noted that model discretizing using polyhedral requires approximately double the storage and CPU
time in creating the mesh continuum than hexahedral. Hence, considering both the accuracy of
wind load evaluation and the computational time consumed, the hexahedral computational domain
is found to be the most efficient grid shape. Therefore, it can be concluded that the advantages of

hexahedral grid adaptation exceed both polyhedral and tetrahedral grid cells.
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Hexahedral grid cell Polyhedral grid cell Tetrahedral grid cell

Fig. 3.22 Grid cell shapes examined in the study.
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Fig. 3.23 Mean and RMS of the pressure coefficients for probe points across the roof examining
the shape of the grid employed in the refinement zones.

3.7. Summary and Conclusion

This paper aims to enhance the accuracy of LES evaluation of wind load on low-rise buildings by
efficiently defining the inflow synthesizing and computational domain specifications. Qualitative
and quantitative assessments of flow parameters are performed on forty LES models by comparing
them to wind tunnel tests. The simulation accuracy is assessed based on the value of the RMSE
for the pressure readings (i.e., mean and RMS). The study investigates the relationship between
the maximum turbulence frequency resolved by LES and the employed grid in the crucial
refinement zones around the building model. Furthermore, this study examines the current code of
practice impacting the selection of the computational domain size. Also, a study was performed to
examine the computational domain grid discretization size selected based on the study model
height and the most commonly used schemes for the grid refinement zones and grid shapes. The
following findings are concluded.

I.  The suitable maximum dimensional frequency used for inflow generation can be evaluated

based on the grid size, building height and velocity at the reference height, f,4x =

M. By utilizing a computational domain with grid refinement zones with sizes

ranging from H/16 to H/22, and f,,,4, of 100 Hz, a minimum RMSE value was found for
the mean and RMS of the pressure of 3% and 2%, respectively.
II.  The current practice utilized to determine the minimum domain is found to slightly
overestimate the mean pressure along the leading part of the roof, leading to an RMSE of
10% compared to 4.7% for models that adopted a domain length of over 6.5L.
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The current code of practice recommended that the minimum computational domain width
be 5H (i.e., 1.7L). However, this will lead to substantial discrepancies in the values of the
mean pressure estimated by 21% compared to 4.7% when using a model with a
computational domain of a width of 3L.

The computational domain adopted a height greater than or equal 6H (i.e., CD-DH-6H and
CD-DH-7H), found to result in minimum discrepancies when compared to the wind tunnel
test. Mean and RMS pressure values yielded maximum RMSE of 3% and 1.8%,
respectively.

The computational domain adopted fine grid size for the refinement zones around the
building ranging from H /10, to H/30, which have led to minimum discrepancies when
compared to the wind tunnel test for the mean and RMS of the pressure, which yielded 4%
and 1.5%, respectively.

The model adopted two grid refinement zones extended from the inlet and around the
building and another located around the building (i.e., CD-GSCH-4), which is found to
produce accurate pressure readings at both roof edges and across the ridgeline where the
maximum RMSE is found to be maximum for the mean pressure at the value of 4.7%.
The computational domain discretized with tetrahedral mesh shape produced the maximum
error for the pressure reading on the roof by above 11% and 14% for mean and pressure
fluctuation compared to 4% and 3% for the model discretized with hexahedra grid,

respectively.
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CHAPTER 4

Impact of Maximum Turbulence Frequency on Wind Flow and
Pressure Distribution for Low-Rise Buildings Using Discrete
Random Flow Generator

4.1. Introduction
Evaluating wind loads is crucial for maintaining buildings' structural integrity and safety,

particularly in areas prone to severe weather conditions. Wind-induced forces can heavily impact
low-rise buildings as they are located within the Atmospheric Boundary Layer (ABL), which is
characterized by turbulent wind flow, making them more susceptible to wind damage than other
structures. During windstorms, claddings can be damaged due to uplift forces, which can
jeopardize the integrity of low-rise buildings. Numerous studies have found that uplift forces
resulting from pressure variations can initiate roof failure [1-3]. Thus, precisely predicting wind
loads at critical locations on low-rise buildings, such as separation locations, is crucial for
constructing resilient structures capable of withstanding high winds. With the development of
computational fluid dynamics (CFD) techniques, large eddy simulation (LES) has been widely
applied to simulate turbulent flows of engineering interest. For instance, Tominaga and
Stathopoulos employed both Large Eddy Simulation (LES) and Reynolds-Averaged Navier-
Stokes (RANS) models to investigate pollution dispersion around buildings and within street
canyons [4,5]. Similarly, Gousseau et al. applied LES to examine pollution dispersion in an urban
city center [6]. Furthermore, LES has been widely adopted in numerous studies to investigate the
wind aerodynamics of low-rise buildings, providing a detailed understanding of wind-induced
pressures, vortex formation, and flow separation that are difficult to model with traditional
methods like RANS equations [7-10]. In addition, it has been particularly useful in studying the
complex wind phenomena associated with tall buildings, including vortex shedding, pressure
distributions, and the interaction of wind with surrounding urban environments [11-14].
Experimental and computational studies evaluating wind loads typically focus on replicating the
wind profile within the buildings surrounding the Atmospheric Boundary Layer (ABL). In the case
of low-rise buildings, large-scale turbulence can potentially elevate gust speeds, thereby modifying
the overall loading conditions. In contrast, small-scale turbulence can dictate the aerodynamic
loading by reshaping the flow patterns around the structure, causing a substantial amplification of

high negative surface pressures occurring beneath the reattached shear layers [15].
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The accuracy of LES results in wind load evaluation significantly depends on the accuracy of the
injected turbulent inflow. Accurate modelling of turbulent inflow boundary conditions (BC) is
essential for the reliable evaluation of building aerodynamic forces and building responses, which
requires accurate matching of turbulent spectra, correlation and magnitudes with respect to the
appropriate upstream conditions [15—17]. The turbulent flow injected into the computational
domain is typically generated by matching ABL flow statistically using numerous methods such
as (1) Random Flow Generation methods (RFG) [16-20], (ii) Digital Filtering Methods (DFM)
[21], and (iii) Synthetic Eddy Methods (SEM) [22]. Existing Random Flow Generator (RFG)
techniques face a challenge in that turbulent profiles degrade with increasing distance from the
inlet. Many of these methods overlook the distance between the inlet and the incident location (i.e.,
test location), adversely impacting the quality of the incoming turbulence at the test location. The
latter method requires an input range of dimensional frequency that varies between minimum
(finin) and maximum frequency (fnay). The latter defines the largest frequency that a grid can
resolve. In order, to perform highly accurate LES simulation, the majority of the turbulence (e.g.,
80% of turbulence) has to be resolved rather than being modelled, which can be controlled by
defining f,, ., shown in Fig. 4.1 [23]. Generally, the value of f,,,,, is used, as input in the turbulence
flow generator, typically resembles the frequency range employed in the experimental testing.
However, this frequency range is not necessarily resolved as it highly depends on the refinement,
and accordingly, the minimum resolved wavelength. Aboshosha et al. developed and employed
one of the RFG methods (i.e., Consistent Discrete Random Flow Generation CDRFG) to study tall
building aerodynamics [24]. Later, several studies utilized the same method to study low-rise
building aerodynamics [10,25-27]. Melbourne [28] has established that capturing small-scale
turbulence at a reduced frequency, fh/U, where f is turbulence frequency, U is wind velocity ,
and h is roof height, equals to 10, is critical to ensure curacy of capturing flow features around a
low-rise building. Adjacently, Morrison and Kopp [29] argued that for low-rise buildings, the vital
turbulence scales are the ones captured at a reduced frequency that varies between 0.1 and 2.0.
Hence, to accurately model wind loading on low-rise buildings, incoming turbulence must be
resolved up to a frequency corresponding to the characteristic scale of the building, which requires

proper modelling of small-scale turbulence, particularly at the separation locations [30].

Despite that, there are no clear guidelines on the way of defining the value of f,,,,, required for the

inflow generation, leading to accurate wind load evaluation for low-rise buildings. In light of the
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discussion above, this study aims to systematically define the required CFD details to produce
accurate ABL flows with Large Eddy Simulation (LES) models, particularly including a discussion
aims at efficiently selecting turbulence maximum frequency (f;,q,) employed as an input in the
turbulence flow generator concerning grid size in the refinement zones that can accurately capture
the pressure fluctuation induced on the building facade. The efficient selection of the value of f,,, 4,
will depend on assessing the mean and RMS pressure values across the gable roof of the low-rise
structure, and the accuracy of the wind load evaluation will be correlated to the experimental wind

tunnel test conducted by Ho et al. [31].
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Fig. 4.1 The correlation between a power density spectrum and turbulence modelling in LES

[15].

This section (Section 1) provides a review of prior large eddy simulation (LES) studies that have
employed different inflow generators, focusing primarily on low-rise buildings. Section 2 outlines
the numerical model validation with the wind tunnel experimental test conducted by Ho et al.
(2005). Section 3 presents the methodology framework followed to find the efficient approach to
evaluate the maximum turbulent frequency as an input in the turbulent generator CDRFG. Section
4 presents mesh sensitivity analysis to validate the mesh resolution utilized in the study as well as
compares the accuracy of the inflow generated using CDRFG against experimental wind tunnel
results for low-rise buildings using a range of values for maximum input frequency, F,,,,, between
0.5 Hz to 100 Hz. Finally, Section 5 concludes with a summary of the study's findings and

implications.
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4.2. Numerical Model Validation
Two models are employed to validate the turbulence content and ensure horizontal consistency,
one involving an empty domain study. These models analyze flow characteristics such as mean
velocity and turbulence intensity. The CFD model used in this study is validated against
experimental testing conducted at the Boundary Layer Wind Tunnel II at the University of Western
Ontario by Ho et al. [31]. The validation is performed using a gable roof low-rise building with
dimensions of 38.1x24.4 m? (i.e., B X L)with a roof total height (h) of 13.2 m in full-scale. The
validated CFD model serves as a benchmark for evaluating CFD efficiency. This validation
involves comparing the mean and RMS pressure coefficient values for 12 taps located across the
gable roof, as depicted in Fig. 4.2. Mean velocity and turbulence intensity profiles are generated
to match an open-terrain exposure with a roughness height, z,, of 30 mm (in the full scale) with
a reference velocity of 37.6 m/s at a reference height of 10 m in full-scale. The current model is
set to match the wind tunnel experimental model adopted at a length scale and timescale of 1: 100

and 1: 25, respectively.

k 38.1m }

[-12.9m —|
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Fig. 4.2 Exploded view of the study model building with a gable roof slope of 1:12 and test

probe’s location (12 probes in total).

This study follows the equations proposed and published by the Engineering Sciences Data Unit
(ESDU) intensity [32,33] to compare vertical profiles for mean velocity and turbulence intensity.
This study's velocity and intensity profiles align with wind tunnel experimental data using the
Power Law (Eq. 2) for mean wind velocity. The U;, represents the wind velocity at a height of 10

m, with a value of 37.6 m/s. The variable "z" denotes the height in meters corresponding to the
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reference wind velocity, while the terrain roughness for open exposure (1/a) is 0.13, consistent
with the approach used by Ho et al. (2005). Turbulence intensity is calculated using the equation
provided (Eq. 2) for the target profile.

_\Ya
U, =Uso (E) 3)
= e (220)™ @

To verify the numerical model, STAR-CCM+ 2020.2 (15.04.008-RS8) is utilized with LES for wind
load assessment. A computational domain measuring 3.4m X 2.5m X 0.7 m (in model scale)
is employed, depicted in Fig. 4.3. Symmetry plane boundaries are set for the top and side surfaces.
Non-slip wall boundaries are assigned to the ground and building surfaces, while the outlet is
designated as an outflow boundary. Consistent Discrete Random Flow Generation (CDRFG) is
used for inflow generation [24]. The inlet wall is defined as a time-varying inlet velocity boundary
condition using the CDRFG technique described by Aboshosha et al. and later adopted by Elshaer
et al. [14,24]. The building is placed 0.6 m away from the inlet; hence, pressure data collection
started after 800-time steps to ensure flow stabilization. The computational domain is divided into
three refinement zones using hexahedral mesh cells. Zone 1 employs a base mesh size of 15 mm,
while zones 2 and 3 use 8.0 mm and 6.0 mm, respectively, resulting in a total of 1.45 million mesh
cells, as depicted in Fig. 4.3. The mean wind velocity and turbulence intensity profiles utilized in
the wind tunnel experiment demonstrated favorable agreement with the numerical profiles, as
depicted in Fig. 4.4. This alignment with wind tunnel data suggests the capability to simulate
Atmospheric Boundary Layer (ABL) flow within an empty domain, indicating horizontal
homogeneity in the vertical profiles of mean velocity and turbulence intensity at the building

location.
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Fig. 4.4 Mesh discretization of the validation model.

The simulation duration is 8.0 seconds (in model scale), employing a time-step of 0.5 milliseconds,
resulting in a total of 16,000-time steps. The time step is chosen based on the velocity scale and
the minimum cell size to ensure the Courant-Friedrichs-Lewy (CFL) number remains below unity
for solution convergence [34]. For reference pressure used in calculating Cp, a probe point is
positioned at the midpoint of the inlet before the building at a height of 0.48 m (model scale).
Upon running the validation model, the mean and RMS of the pressure coefficient across the
ridgeline are compared to wind tunnel test results, as illustrated in Fig. 4.5 (a) and (b), respectively.
The validation model exhibits good agreement between numerical and experimental pressure
parameters, as shown in Fig. 4.6. Mean Cp results demonstrate a root mean square error (RMSE)
(see Eq. 3) of 1.65%, while pressure fluctuations exhibit a 4.3% difference compared to

experimentally obtained data.

2
RMSE = M (5
n
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where Rg,, refers to pressure readings extracted from the experimental wind tunnel test, R, gg

refers to pressure readings extracted from numerical simulation, and n is the number of readings.
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Fig. 4.5 (a) Mean velocity profile and (b) Turbulence intensity profiles.
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Fig. 4.6 (a) Mean and (b) RMS of the pressure for probes located at the building roof.

4.3.Methodology Framework

Structured analysis is conducted based on the validated LES model by systematically varying a
single parameter and evaluating the discrepancies in computational wind load compared to the
wind tunnel test. The examined parameters include the maximum frequency resolved by the grid
employed in LES, the computational domain size and computational domain discretization. The

mean and RMS of the pressure coefficient (Cp) are extracted from the probes across the building
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roof, as shown in Fig. 4.7. The accuracy of the CFD model is examined by evaluating the Root

Mean Square of Error (RMSE), as shown in Eq. (3).

Fig. 4.7 The probe’s (12 in total) locations are examined in this study.

Throughout the study, the computational domain spatial discretization utilized three grid
refinement zones with the size selected based on the building roof reference height. The sizes of
the grid refinement zones and their location for the benchmark model are listed in Table 4.1. As
mentioned earlier, this study utilizes the turbulence inflow generator technique, based on
synthesizing random divergent free turbulent velocities where the input parameters are modified
to enforce the generated turbulent velocity components to match the properties required for the

LES study.

Table 4.1 Grid size with reference to building height (h) the computational domain.

Zones Grid size
Zonel h/8
Zone 2 h/16
Zone 3 h/22

Generally, this study adopted a maximum frequency of 100 Hz input to generate the turbulent
inflow mimicking the open terrain wind profile setup. The input data details for this study are
utilized as input in the MATLAB code and are detailed in. The velocity information for each cell
at the inlet is supplied using the CDRFG technique, as proposed by Aboshosha et al. [24]. The
benchmark model's velocity profile corresponds to 9,728 cells at the inlet. The code is run for a
sampling period of 8.0 seconds in the model scale to generate the inflow velocity fluctuation. The
methodology followed by this study is summarized in Fig. 4.8.
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Fig. 4.8 Methodology framework adopted in this study.

4.4. Results and Discussion
4.4.1. Mesh Sensitivity Analysis

In computational fluid dynamics (CFD) simulations, mesh resolution is critical in capturing the
intricate details of fluid flow, particularly in the context of turbulent flows and their interaction
with building surfaces. To ensure the accuracy and reliability of the results, it is essential to conduct
a mesh sensitivity analysis. This process involves evaluating how the resolution of the
computational grid affects key flow characteristics, such as pressure distributions on the surfaces
of interest. In this study, four numerical models with varying mesh resolutions are utilized to assess
the impact of mesh size on the simulation outcomes as shown in Fig. 4.9 and Table 4.2. Each
model employed a different level of refinement, from coarse to fine (i.e., Mod-1 to Mod-4), to
determine the extent to which the mesh resolution influences the accuracy of wind flow and
pressure predictions on low-rise buildings. The objective is to identify the optimal mesh resolution
that balances computational efficiency with the ability to resolve key turbulent features, especially
in regions of high flow complexity, such as near the roof and windward wall of the structure. This

section presents a comparative analysis of the results obtained from these models, focusing on the
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mean and root mean square (RMS) values of velocity and pressure distributions across the building
roof surfaces, RMSE calculations are evaluated relative to the experimental values. Upon
examining the computational domain grid resolution for the four models employed (as it can be
seen in Fig. 4.10), a high discrepancy in the mean pressure is estimated with an error of 12% when
a coarse grid is utilized (i.e., Mod-1). In contrast, less than 4% error in the mean pressure is found
when the grid size for the same refinement zones adopted higher mesh resolution (i.e., Mod-1 and
Mod-4). Besides, the pressure fluctuation shows a good agreement with the experimental wind
tunnel test, where discrepancies are below 3% for models that adopted a fine refinement grid
around the study building (i.e., Mod-3 and Mod-4). To balance computational accuracy and cost,
Mod-3 is selected to examine the impact of the maximum frequency (fjqx) on wind flow
characteristics and pressure distribution. This model offers an optimal trade-off, ensuring sufficient

resolution to capture essential flow features while minimizing computational expenses.

il ]

Mod-1 Mod-2

Mod-3 Mod-4

Fig. 4.9 Computational domain discretization for refinement zones.

Table 4.2 Computational domain discretization for refinement zones

Numerical Zone 1 Zone 2 Zone 3 Total number of
model mech cells
Mod-1 H/6 H/11 H/15 580,000
Mod-2 H/7 H/14 H/18 930,000
Mod-3 H/8 H/16 H/22 1,450,000
Mod-4 H/10 H/22 H/30 2,500,000
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Fig. 4.10 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining the size of the computational domain discretization

4.4.2. Effect of Maximum Turbulence Frequency on Wind Flow and Pressure Distribution
This section explores the impact of varying maximum frequency values used to generate synthetic
turbulent flow that simulates the Atmospheric Boundary Layer (ABL). All the numerical models
developed for this study adopted the same computational domain size and spatial discretization.
The inflow is generated using multiple values of f,,,., to correlate the maximum frequency
employed in the synthetic turbulence method to the accuracy of the wind load evaluation compared

to the wind tunnel test experiment.

According to previous studies, the maximum frequency expected to impact the wind load on low-
rise buildings ranges from 0.3 to 30 Hz [15]. Hence, input values for the inflow generator for f,,,,,
ranges from 0.5, 1, 10, 25, and 100 Hz are examined. Fig. 4.11 presents a comparison between
numerical wind profiles generated at various maximum frequencies of 0.5 Hz and 100 Hz at the
inlet with those obtained from the experimental wind tunnel study. As it can be noticed, the wind
profile generated using an fp,4, of 0.5 Hz displayed smoother velocity variations, reflecting the
influence of lower-frequency, larger, and slower-moving eddies that cause more gradual changes
in the flow. These larger eddies are less disruptive, resulting in a wind profile with lower turbulence
intensity, as the flow has fewer small-scale, high-energy fluctuations. Conversely, the wind profile
generated with a higher frequency input, such as f;,,4, of 100 Hz, captured a greater number of
smaller, faster eddies, which led to rapid fluctuations in the velocity profile. This dynamic

behavior, characterized by localized and fast-changing variations in wind velocity, contributed to
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an increase in turbulence intensity, as seen in the more chaotic nature of the flow. The greater range
of smaller eddies included in the high-frequency wind profile amplifies the chaotic motion of the
air, which can significantly influence the resulting wind loads. This distinction between the profiles
is clearly depicted in Fig. 4.12, where the increased turbulence intensity is evident in the higher-
frequency simulation.
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Fig. 4.11 Wind profile at the inlet for various f;,,,, for an empty computational domain (a) mean

wind velocity, (b) turbulence intensity, and (c) aerodynamic profile location.

To study further the impact of the flow's energy distribution and turbulent characteristics, Fig. 4.12
highlights the effect of different maximum frequencies injected into the wind profiles and their
influence on the cut-off frequency at the inlet. Upon examining the spectra profile at a height of
9.75 m, the results indicate a noticeable decrease in energy for the wind profile generated using an
fmax of 0.5 Hz. This decrease suggests that the turbulent energy associated with eddies at
frequencies lower than 0.5 Hz is not fully maintained in the flow. Essentially, the lower f;,,,, fails
to capture smaller, faster-moving eddies, resulting in a reduced range of turbulent scales being
resolved. Conversely, profiles with higher f,,,, such as 100 Hz, maintained energy across a
broader spectrum. In this case, the cut-off frequency is much higher as more energy is preserved
in the flow, ensuring that the simulated wind profile can resolve the full range of turbulent
fluctuations impacting the structure. The energy maintenance of capturing the wide range
frequencies in the longitudinal spectrum is evidently correlated with the grid resolution and f, 4.
The cut-off frequencies are found to increase with the increase in the maximum frequency used in

the turbulence generator. The latter is found to be caused by the increased energy of the streamwise
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velocity fluctuations. Generally, it can be deduced that the maximum cut-off frequency is 6 Hz for
numerical models adopted f;,,4, of 100 Hz, as an input in the turbulence generator. This finding
aligns with a study conducted by Al-Chalabi et al. (2024), where the maximum dimensional

frequency is correlated to grid resolution [15].

To examine the computational discretization efficiency in resolving the turbulence flow generated,
the wind flow profiles (i.e., mean velocity and turbulent intensity) at each corresponding height
are computed from LES at the building location (i.e., at 0.6 m from the inlet in an empty domain),
as shown in Fig. 4.13. The latter profiles are injected into the computational domain to simulate
wind flow in an open terrain setup. It is worth mentioning that identical grid refinement zones are
selected for all the examined cases for a consistent comparison and to demonstrate their efficacy
in resolving large and small eddies velocity spectra. Wind flow profiles for the probe line located
at the building location in the computational domain undergo considerable evolution as the values
of the maximum frequency increase. In other words, the turbulent intensity keeps growing from
what is supplied at the inlet. A similar trend is observed for mean velocity profile cases. Broadly
concluding, the LES cases with turbulence generated at frequencies higher than 25 Hz show a good
correlation between the experimental and numerical mean velocity and turbulence intensities.
Besides, it can be noticed that the high-frequency end of the simulated velocity spectra possesses
lower energy because of grid filtering. Moreover, upon using low f,q., We neglected (filtered)
part of the turbulence magnitude, and therefore, the wind speed profiles injected at the inlet are
adjusted to a smoother profile to reflect the lower turbulence intensity. Hence, it is crucial to

precisely model the proper turbulence by selecting f,,,, and a suitable grid resolution.
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Fig. 4.13 Wind profile at building location for various f;,,4, for an empty computational domain

(a) mean wind velocity, (b) turbulence intensity, and (c) aerodynamic profile location.

Fig. 4.14 illustrates the velocity Root Mean Square (RMS) across the computational domain for

different input maximum frequencies, providing valuable insights into how the inflow turbulence

evolves within the domain. For lower input frequencies (€.g., finax of 0.5 Hz), the velocity RMS

exhibits smoother variations, indicating a more gradual and sustained turbulent flow, dominated
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by larger, slower-moving eddies. This is due to the limited range of resolved frequencies
contributing to the turbulence. As the input frequency increases (€.g., fnax 0f 10 Hz to 100 Hz),
the velocity RMS shows more pronounced fluctuations, particularly in regions closer to the
surface, reflecting the presence of smaller, high-energy eddies that are captured by the higher
frequency input. The increase in velocity RMS values corresponds to a higher turbulence intensity,
as the broader spectrum of turbulent structures contributes to more dynamic flow conditions. This
suggests that higher input frequencies more accurately resolve small-scale turbulence, leading to

greater variability in the wind flow across the computational domain.

e

Velocity RMS
0.0 13 2.7 4.0

Fig. 4.14 Velocity fluctuation throughout the computational domain.

The velocity spectra agreement with ESDU formulation over the low-frequency part is very
encouraging for the computation of the peak pressure on low-rise buildings in future studies using
this numerical CFD model. Both Fig. 4.15 and Fig. 4.16 depict the mean and RMS fluctuations
on building roof surfaces for different maximum frequencies which offer critical insights into the
impact of turbulent inflow on wind-induced pressure distribution. For lower f;,,4,values, the mean
pressure distribution appears relatively uniform across the roof surfaces, indicating smoother wind
flow. This is because the lower frequency inflow is dominated by large-scale eddies that interact
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less dynamically with the roof, leading to more stable pressure values. The corresponding RMS
fluctuations are also subdued, reflecting the reduced turbulence intensity in the flow. This smoother
interaction is typical of flows with fewer small-scale turbulent structures, resulting in less variation
in the wind pressure over time. In contrast, for higher f;,,,,values, both the mean and RMS pressure
distributions show greater variability across the roof surfaces. The mean pressure values become
more localized and exhibit more distinct gradients, reflecting the influence of smaller, faster eddies
generated by the higher frequency inflow. These eddies cause more rapid and localized changes in
wind pressure, leading to a more complex pressure distribution pattern. Additionally, the RMS
fluctuations are significantly higher, indicating an increase in turbulence intensity. The presence
of high-frequency eddies causes greater variability in the wind loads on the roof surfaces, leading
to stronger pressure fluctuations over time. A qualitative and quantitative assessment is presented
in Fig. 4.17 which shows that in models simulated using frequencies ranging between 0.5 Hz and
100 Hz, both the mean and pressure fluctuation on the roof encountered minimal changes with a
high degree of accuracy compared to the wind tunnel test. The RMSE recorded for the mean and
pressure fluctuating are 3.1% and 2.6% for a model with a maximum frequency input of 100 Hz,
respectively. In contrast, the mean pressure is found to be estimated with RMSE n of >13%, while
the pressure fluctuation error is found to be >8 % when the utilized input values of F,,, the

turbulence generator is 0.5 Hz.
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Fig. 4.15 Mean pressure on the building surfaces.

116



(a) 02

Mean C

021

-04 1

061

08 F

121

-14r

-1.6

%i‘l\

fma.x 5 fmax fmax
f max— f max= 100 H
Cp RMS
0.0 0.33 0.67 1.0
Fig. 4.16 Cp RMS of the pressure on the building surfaces.
; ; (b)
Ho et al. 2005 0.7 ;
+ Fmax=0.5Hz Ho et al. 2005
v Fmax=1Hz 06 + Fmax=0.5Hz ||
¢  Fmax=10 Hz v Fmax=1.0 Hz
0 Fmax=25Hz ¢  Fmax=10Hz
#  Fmax=100 Hz 0.5 0 O Fmax=25Hz |-
- & % Fmax=100 Hz
U 04T
[}
E 03
\\ | 02
‘ 1 0.1

4 6 8 10 12 14 0

Probes No. Probes No.

10

Fig. 4.17 (a) Mean and (b) RMS of the pressure coefficients for probe points across the roof

examining a range of maximum turbulent frequencies.

4.5. Summary and Conclusion

This study explored the influence of maximum frequency values f,q4, used in the inflow

generation of synthetic turbulent flows within the Atmospheric Boundary Layer (ABL) and their

impact on wind load evaluations for low-rise buildings. By employing numerical models using

LES, the investigation assessed how variations in f;,,4, affected the generation of turbulent inflow
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and the subsequent wind pressure distributions on building surfaces. The findings revealed that
lower values of fiqx (€.g., 0.5 Hz) resulted in smoother wind profiles with reduced turbulence
intensity, primarily due to the presence of larger, slower-moving eddies. These profiles exhibited
less variation in velocity and turbulence, which, while more stable, did not adequately capture the
smaller, higher-frequency eddies that contribute to more dynamic wind behaviour. On the other
hand, higher values of fj,qax (up to 100 Hz) generated more turbulent flows with increased
fluctuation in wind velocity, replicating the smaller, faster-moving eddies in the flow. This resulted
in higher turbulence intensity and a more accurate representation of wind pressures, particularly
on roof surfaces. A significant outcome of the study is the strong correlation between fp,4, and the
accuracy with load evaluations on low-rise buildings and the aerodynamic profile injected into the
computational domain. Higher f,,,, values led to more accurate mean and RMS pressure
distributions on building surfaces. In conclusion, the analysis highlighted the importance of
carefully selecting maximum frequency values in synthetic turbulence generation for LES-based
wind load evaluations. These findings underscore the need for precise inflow generation
techniques in computational wind engineering to ensure that low-rise structures are designed to
withstand wind-induced forces in various terrain conditions. The study's recommendations
contribute to improved computational efficiency and more reliable wind load evaluations, leading

to safer and more resilient building designs.
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CHAPTER 5

The influence of terrain roughness on parapet efficiency in
mitigating wind loads on low-rise buildings: An experimental
study

5.1. Introduction
The significance of buildings' acrodynamic performance has grown in recent decades, primarily

due to the heightened intensity and frequency of windstorms [1]. Most low-rise buildings are
traditionally constructed with limited consideration of wind loads, and therefore more vulnerable
to windstorms [2]. The fluctuating nature of wind patterns, specifically within urban
environments, along with the added variability caused by the disrupted wind flow due to
interaction with buildings can result in significant pressure fluctuations influenced by the flow
dynamics and building geometrical configuration [3]. A substantial number of post-disaster
damage studies and insurance revealed that damage in low-rise buildings is initiated by roof
damage hence, it is considered the leading cause of damage to residential dwellings [4]. According
to recent studies, in Ontario, Canada, the percentage of low-rise building damages caused by wind
events exceeded 72%, whereas, in 2018, damages cost suppressed the 300 million dollars [5].
Wind load distribution and magnitude on low-rise buildings depend on many factors, which can
be mostly summarized as the building geometry and the upstream flow characteristics [6]. These
factors significantly influence the response of building components, impacting their structural
integrity and performance [7]. A wide range of variables are involved in wind load magnitude on
low-rise building roofs and walls, such as terrain roughness, incidence angle, and structural details
(i.e., roof shape) [8].

Numerous studies have examined the impact of wind load on low-rise buildings where the most
critical mean and peak suction are observed on roof corners near the edge for oblique wind
directions caused by the existence of conical vortices resulting from flow detachment at edges and
corners as depicted in Fig. 5.1 [9—13]. These vortices can lead to a chain of failures in the building
structure that may start from the dislodging of the roof component to total roof connection failure,
hence failing the entire system [14], as demonstrated in Fig. 5.2. Improving the resiliency of low-
rise buildings can be achieved by adding aerodynamic mitigation techniques located at the roof
edges and corners. Though most are solid and straight, there is an infinite variety of parapet

geometries. Solid parapets can displace the corner vortices away from the roof surface, reducing
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the peak suctions at the corner. Building codes, such as NBCC, based on testing of isolated low-
rise buildings, have recommended using perimetric parapets at a height of 1.0 m on low-rise

buildings to allow the reduction of design pressure on the roof to up to 18%.
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Fig. 5.1 Schematic view of conical vortices developing on the top surface of a bluff body
subjected to the oblique fluid flow [15].
Over the past few decades, numerous numerical and experimental studies have examined the
aerodynamic efficiency of the parapets installed at various locations on the roof surfaces of low-
rise buildings in an open terrain exposure. These studies have helped to understand better and
predict the working mechanism of aerodynamic mitigation techniques in reducing the wind
pressures on mainly the roof surfaces of low-rise buildings. Several studies have found that the
efficacy of a parapet in reducing the magnitude of wind pressures highly depends on the parapet's
height and wind direction [9,16,17]. Some studies concluded that roof geometrical configurations
are critical in determining the parapet's efficiency in reducing the pressure's mean and RMS
[18,19]. Other studies examined the impact of parapet's porosity installed on gable roofs of low-
rise buildings embedded in open terrain on their aerodynamic mitigation efficiency [20,21].
Furthermore, to alleviate the impact of flow separation at edges, previous studies have examined

the addition of spoilers and soffits on a low-rise building roof [8,22,23].

’ Damages to the roof ‘

|
' ' 1

‘ Water intrusion | ‘ Wall-connection failure ‘ ‘ Flying debris ‘
1 i — .
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system neighbouring building

Fig. 5.2 Damages to low-rise buildings during wind event
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The low-rise building is located in the lower of the atmospheric boundary layer. Hence, the impact
of terrain roughness is more notable due to elevated turbulence. Terrain configuration, among other
factors, as underscored in Davenport's wind loading chain, can impact wind-induced pressure,
introducing uncertainties in wind loads [24]. Very few studies have discussed the effect of terrain
complexity on wind loads. Previous studies examined wind pressure coefficients and flow fields
around isolated low-rise buildings through wind tunnel tests, numerical simulations, and full-scale
measurements utilizing uniform terrain conditions [25-29]. The current design codes for wind
loads are evaluated, while the aerodynamic pressure coefficients are based on wind-tunnel
measurements on isolated buildings [30,31]. Isolated buildings are rare, particularly for low-rise
buildings, normally arranged in groups in populated areas. The existence of nearby buildings
disrupts wind flow and hence alters the pressure distribution variations compared to those observed
in isolated low-rise structures [32]. Studies by Tamura [28] and Wang and Stathopoulos [33] have
emphasized the influence of upwind terrain within a range of 500 m to 1000 m from buildings,
highlighting the importance of considering broader terrain configurations in wind load
assessments. To meticulously understand the impact of examining how wind pressure varies on
low-rise buildings located in a real-life urban condition, a series of wind tunnel experimental
studies are conducted by Ho et al. [30] and Chang and Meroney [34]. Their research highlights the
intricate relationship between nearby buildings and the resulting pressure patterns, showing
significant fluctuations in surface pressure caused by neighbouring structures. Ho et al. studied the
effects of three types of immediate upstream surroundings on wind loads on flat-roof low-rise
buildings for open and suburban exposures [35]. They found higher wind loads in smoother
terrains due to increased peak wind speeds. Conversely, peak pressure coefficients can be higher
in rougher terrains due to reduced mean wind speeds and increased turbulence intensity. Chang
and Meroney investigated the effect of surrounding buildings arranged in various symmetric
configurations with different separation distances. They concluded that shielding impacts are
significant, especially when the street canyon is narrow, and the effects are greater in urban cases
than in open country cases [34]. Lee-Sak An et al. conducted a series of wind tunnel tests using 50
actual terrain morphology to evaluate the impact of terrain complexity on wind pressure across
low-rise buildings [36]. The roof contour examination revealed that reattachment length in

complex terrain is longer than in homogeneous terrain due to higher turbulence intensity, which
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reduced the shear layer's curvature. The findings apply to the minimum mean and RMS of the
pressure coefficients across the roof.

While extensive research has focused on the impact of parapet placement in reducing wind loads
on buildings in open terrain, there has been less exploration of the effectiveness of low-height
parapets in mitigating wind loads in suburban areas, which is common in urban settings.
Accordingly, this study aims to address three key areas: (a) unlike most previous studies that have
focused on a 3:12 roof slope, this research seeks to explore aerodynamic mitigation for low-sloped
gable roofs; (b) while prior investigations have primarily examined corner and perimeter parapets
on roofs in open terrain, this study will assess the performance of these parapets in both open and
suburban terrains; and (c) previous studies typically used parapets with full-scale heights ranging
from 0.75 to 0.9 m, whereas this study employs a more practical parapet height of 0.6 m. The
research will evaluate the effectiveness of parapets in reducing wind pressures on structures under
two different terrain roughness conditions and with two parapet configurations added to the
benchmark model: perimetric parapets (M1) and corner parapets (M2). The parapet's performance
will be assessed using the mean, RMS, and peak pressures induced on the building fagade,
especially at critical locations where post-damage surveys have shown damage initiation. All
models are tested at wind angles of attack ranging from 0° to 90° with 10° increments.

The current study is divided into five sections. Section 1 (this section) discusses the main motive
behind this study. Section 2 provides a detailed methodology framework to examine the low-height
parapet's efficiency in various terrain setups. Section 3 presents an overview of the experimental
wind tunnel testing setup, including the utilized wind aerodynamic profile for open and suburban
terrains. In addition, details of the utilized test model geometrical configuration and the tap
arrangement are presented, and the details of the geometrical configuration of the various parapets
are tested. The following section, section 4, provides the experimental results of modified and non-
modified models in various terrains to examine the parapet's efficiency in terms of the mean, RMS,
and the peak of the pressure, mainly on the roof of a low-rise building. A subsection for a numerical
analysis using Large Eddy Simulation (LES) is added to investigate the reason for the reduced
parapet efficiency in suburban terrain further. Section 5 presents a summary and conclusion for
the findings and recommendations for utilizing parapets in wind load mitigation on low-sloped

gable roofs of low-rise buildings located on various terrains.
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Methodology Framework

To meet the objectives of this study, the benchmark model (i.e., BM) is tested for the open (i.e.
O.T.) and suburban terrains (i.e., S.T.) for all wind angles of attack (i.e., 0° to 90° with 10°
increments). A total of 186 pressure taps are utilized and connected to the Data Acquisition System
(DAS) to collect surface pressure. Mean fluctuation and peak pressure on the building surface are
obtained to assess the pressure magnitude and distribution and examine the added aerodynamic
modification efficiency. The critical wind angle of attack is obtained based on the highest suction
values on the roof surface. Modification techniques (i.e., perimetric and corner parapets) are added
to the benchmark model and tested at all wind angles of attack, where only the critical wind angle
of attack results will be displayed for comparison with the BM model. The flow chart explains the
method followed in this study and is presented in Fig. 5.3.

Conduct WT test on BM model located within open
and suburban terrains for wind angles of attack
ranging from ranging from 0°, 10°, 20°, ...,90°

Find the critical AOA for BM model with respect to
extracted values of mean and RMS of Cp of building
surfaces

Apply modification techniques on roofs
edges/corners: Perimetric parapets (M1) and Corner
parapets (M2)

Examine the parapet aerodynamic mitigation
efficiency in reducing mean, RMS, and Peak of the
pressure induced on the building roof surface

Fig. 5.3 Flow chart showing the methodology followed in this study.
5.2. Experimental Wind Tunnel Test Setup
The wind tunnel test is conducted at Toronto Metropolitan University (TMU), which produces a
smooth flow. To generate turbulence, the system uses horizontal slats fixed on four Spiers along
with 6 rows of staggered roughness blocks of 100 mm height, as shown in Fig. 5.4. The test setup
at TMU-WT is validated using the TTU building, and low-rise buildings [37,38]. One rigid arm is
used to fix four pitot tubes upstream of the models at heights ranging from 0.067 m to 0.75m
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(model scale) to measure the mean wind flow during the test. The benchmark low-rise building
model has model-scale dimensions of 0.152 m (width) x 0.23 m (length) x 0.067m (height)
fabricated at a length scale of 1: 60 and a gable roof with a slope of 0.25: 12. Special attention is
given to the roof edges and corners; hence more pressure taps are installed in these regions. A total
of 186 tabs are used to measure pressure distributions on the low-rise building model surfaces,
most of which are located on the roof, as illustrated below. The tabs are connected to the data
acquisition (DAQ) system mounted under the turntable. Each pressure tab was linked to a

corresponding channel using a tube measuring 1.3 m long with an inner diameter of 1.28 mm.

= Pitot tub
Inflow Slats system Hot fubes

Generated flow _ del
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Fig. 5.4 Wind tunnel testing facility at TMU.
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Fig. 5.5 The building model and the layout of the pressure taps on the surfaces.

Two boundary layer flows are simulated in the wind tunnel using a combination of turbulence-

generating elements for different terrain types (i.e., open and suburban terrains). According to
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building codes, the roughness of open terrain conditions ranges from 0.01 m to 0.15m. The
suburban terrain exposure roughness lengths range between 0.15 m and 0.7 m. The turbulence
production mechanism is adjusted to achieve wind profile characteristics of open terrain z, of
0.03 m and for suburban terrain of 0.25 m. The measured mean velocity and turbulence profiles
show good agreement with the ESDU using the Power Law (i.e., Eq. (1)) for the mean wind
velocity. The U refers to the wind velocity at 10 m height. The z refers to the height in meters
corresponding to the reference wind velocity. The turbulence intensity is calculated for the target

profile using the equation below (Eq. (2)).

U, = Upo()"* Q)

e = e (22)™ @

z

The mean wind velocity profiles have been normalized by the velocity at 10 m (full-scale). The
resulting turbulence intensities (I,,) at the mean roof height (4.0 m in full-scale) are equal to
approximately 15% and 21%, respectively. The mean velocity and turbulence intensity profiles
are in reasonable agreement with the target profiles from the ESDU, as depicted in Fig. 5.6. The
surface pressure is collected at a sampling rate of 520 Hz for the wind angle of attacks ranging
from 0° to 90° with 10° increments, the total testing time is 2 hours, and 30 minutes corresponds
to 15 minutes for every wind increment (full-scale). This direction is then estimated by measuring
the angle between the tunnel airflow and the building model's roof ridge. The same setup is
repeated to test two aerodynamically mitigated models using parapets. All the details of the wind
tunnel setup are presented in Table 5.1. Both parapet configurations added have the same height
and width but vary in location and length, as demonstrated in Fig. 5.7. The pressure coefficient is
obtained by referencing the data to the dynamic pressure at mean roof height (i.e., 4m in full scale).
The dynamic pressure coefficient referenced to mean roof height is given by, C,, = P/qy, . Hence,
P is the pressure difference measured between the pressure time history measured on the model

surface and the reference static pressure (i.e., P;(t) — Pqp), While g, is the reference dynamic

pressure given by % p Urzef at mean roof height at an air density, p, of 1.2929 kg/m3.
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Fig. 5.6 (a) Normalised mean wind velocity profile and (b) Turbulence intensity profiles.

Table 5.1 Measurement configurations and parameters

Test setup Open Terrain Suburban Terrain
Length scale 1:60
Time scale 1:15
Velocity scale 1:4

Pitot tube heights
Wind angle of attack
Roof reference height (H)
Test duration
Sampling frequency
Reference velocity at H

Roughness length (z,)

0.067, 0.25, 0.45, and 0.75m
0°, 10°, 20°, ...., 90°
0.067 m
30 seconds
520 Hz
10.4 m/s (full scale)
0.25m

12.9 (full-scale)
0.03m
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Parapet thickness = 4 mm
Parapet height (hp) =10 mm

Fig. 5.7 Modified models using perimetric (M1) and corner parapets (M2).
5.3. Results and Discussion
A 60-second (model-scale) test is run for benchmark and modified models for each wind angle of
attack where peak, mean, and pressure fluctuation are measured on the building surfaces for open
and suburban terrain exposures. The results presented here offer a set of data that provides a
qualitative delineation of the influence of approach flow conditions on parapet efficiency in

altering and reducing pressure distribution and magnitude at different terrains.

5.3.1. Identification of critical wind angle of attack
The test model is placed on the test floor, with the ridgeline facing the wind direction (i.e., 0°), as
depicted in Fig. 5.3 (a). To further examine the impact of the terrain on the pressure magnitude
and distribution on the benchmark roof surface, the mean and RMS of the pressure values for
pressure taps located at the edges (i.e., RF — Ag, A, Ag), reference height (i.e., RF — Cs, C;, Co),
and at the centre close to the ridgeline (i.e., RF — Es, E-, Eg) are presented in Fig. 5.7, Fig. 5.8, and
Fig. 5.10, respectively. The solid and dotted lines show the differences between the values of open

and suburban terrain readings, respectively.

Following the testing of the benchmark model, the differences between mean and RMS C, values
for the benchmark model are apparent, especially on taps located at the leading edge near the
corner. For suburban flow conditions with higher turbulence levels, the value of mean pressure is
lower compared to smooth flow conditions (i.e., open terrain). The latter is caused by the rapid
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decrease in velocity of the approached flow in the rough terrain compared to smoother ones. It can
be noticed that the minimum values of the mean pressure are located at the edges when the flow
approaches the benchmark model at an oblique wind direction of 50°. This is because strong
conical vortices are formed at the roof's edges due to the incident approached flow at the leading
edge of the roof surface, where the rolling of the separated shear layer can induce a peak suction
when the gust attacks the building from an oblique direction. The contour plot for the mean and
RMS of the pressure for the benchmark model located in an open terrain is presented in Fig. 5.11(b)
and (b). In particular, the maximum suction (Cp = —2.8) for tap A, in open terrain, the suction
for the same tap is almost doubled compared to that for suburban terrain. It can be depicted that
for the benchmark model in an open terrain oriented at 50°, the peak suction at the location on the
longer side of the roof parallel to the ridgeline occurred at a distance of x = 8 mm, y = 8 mm
away from the leading corner, while for the shorter side, perpendicular to the ridgeline, it occurred
at distance x = 8mm, y = 68mm, away from the leading corner. The maximum suction occurs
at a point a slightly away from the roof corner with a magnitude inversely proportional to the
conical vortices height as found by previous studies [39]. This can indicate that reducing suction
can be achieved by modifying edges/corners aerodynamically. In addition, the precise location of
the peak suction pressure can be used to guide the effective length of the discontinuous corner
parapets (Ly,). In contrast, it is also found that the pressure fluctuation is amplified remarkably by
the approaching of particularly turbulent flow (i.e., in suburban terrain). Previous studies found
that for buildings with flat roofs, the suction fluctuation near the roof corner can reach three times
larger in the turbulent flow than in the smooth flow [40]. Even though the present study focuses
on the pressure magnitude and distribution on the roof surface, the cp distribution on all building
surfaces is presented in Fig. 5.10. The latter results depict the mean and standard deviation of the
roof surface contour plots of the 6 pressure taps on the benchmark model orientated at 50° with
respect to the flow. At the same oblique wind angle of attack, the mean and RMS of the pressure
on all the building surfaces are presented in Fig. 5.11(a) and (b). The mean pressure contours are
stretched along the flow direction, and high suction pressures are noted near the leading corner
and edges. In addition, the mean Cp for interior roof zones and edges of the descending roof surface
is low. This is probably related to the reattachment of the separated shear layer on the roof of the
low-rise building. The flow is on the surface more perpendicularly oriented to the incoming flow

where the stagnation area is larger and the respective Cp values are higher. On the contrary, the
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vertical surfaces oriented toward the negative x- and y-coordinate are characterized by nearly

uniform suction.
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Fig. 5.8 Pressure reading for taps located at edge parallel to the ridgeline (a) mean and (b) RMS
of the pressure coefficient.
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Fig. 5.9 Pressure reading for taps located at reference roof height and parallel to the ridgeline (a)
mean and (b) RMS of the pressure coefficient.
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Fig. 5.10 Pressure reading for taps located parallel and close to the ridgeline (a) mean and (b)
RMS of the pressure coefficient.
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Fig. 5.11 Pressure contours for the BM model located in an open terrain setup (a) mean and (b)
RMS of the pressure coefficient.
5.3.2. Modified models using perimetric and corner parapets
Overall, it is known that adding a parapet can reduce the pressure's mean and fluctuation,
preventing the cladding's dislodging during wind events. The NBCC has recommended the
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reduction of pressure on low-sloped gable roofs by up to 18% if perimetric parapets exist at heights
> 1m. This suggestion is based on wind tunnel testing for a building model at an isolated (i.e.,
open terrain) setup. To investigate further the impact of suburban terrain (real-life scenario) on the
efficiency of low-height parapets, this study compares the efficiency of parapets installed at low-
sloped gable roofs in reducing the pressure on the roof surfaces by employing the most common
configuration of parapets (i.e., perimetric, M1 and corner, M2). Since it is found that terrain can
amplify the peak pressure, which can lead to initiating the damage at a specific instant,
instantaneous peak pressure values will be presented along the mean and fluctuation of the pressure
[25]. The contour of the mean and RMS of the pressure for the non-modified and modified models
are presented in, Fig. 5.12 and Fig. 5.13. The dotted lines around the modified models refer to the
parapet's locations. Reattachment (i.e., downward acting pressure) is noted for the rear roof regions
after introducing perimetric parapets for both terrains. Conversely, down-acting pressure regions
are found to be significantly limited when introducing corner parapets. Overall, the contour plots
show very low pressures in the interior region of the roof, and reductions in the magnitude of

negative pressures are magnified at the edges with the introduction of perimetric parapets under
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Fig. 5.12 Mean Cp variation for benchmark and modified models located in open terrain and
suburban terrain exposures.

the direction of 50°.
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Fig. 5.13 RMS of Cp variation benchmark and modified models located in open and suburban

terrain exposures.

To further analyze the parapet impact, a total of 48 taps at 4 locations on the roof surface are
selected where a high suction zone can be found, as shown in Fig. 5.13. Point pressures are
compared between the bare-roof case and those with parapets to understand their effects in
reducing localized pressures. For the open terrain case, the suction pressure along the diagonal and
the leading edges decreases with the presence of the parapet. For suburban flow conditions with a
higher level of turbulence, a reduction in the value of mean pressures is noted in the case of the
perimetric parapet. A perimetric parapet influences pressure recovery, resulting in flow
reattachment in the rear region of the roof (i.e., descending roof surface). Introducing a higher
level of turbulence (i.e., suburban terrain) led to a decrease in the efficiency of the corner parapets,
particularly at the edges. In particular, in Fig. 5.14, by comparing the mean pressure found at the
tap Agof the open to the suburban terrain, it is found that they are close in value to approximately
— 2.0, which can serve as an indication that may not influence the corner parapets' efficiency in
reducing mean pressure. In summary, it is observed that the highest suction pressure decreases for
both flow conditions in the case of the perimetric parapets. The decrease in the mean pressure is

relatively more pronounced for open country flow than suburban flow.

136



o & ob
RF-A,—Ag | © o
. RF—Ag—Jo (o] o ggg
T RF - D, — Dy ° © 1 1
RF—-A; -], o o leOdlj
oo o o o o ¢ob
) 1
o0 © [¢) o [e} b oo
L3 L4) L2!
oo~ o-=-o--[>o---0---9d-00d
oo o o o o §Db
00 0O, O (e} o O
oG- 0---o0->e---e---0-06b
L

Fig. 5.14 Taps locations selected for mean, RMS and peak pressure comparisons.

For a safe cladding and structural design, mean pressure alone is insufficient to ensure structures'
safety. Hence, pressure fluctuations and peak values are obtained. It is noticed that the parapet's
efficiency in reducing the pressure fluctuation has significantly varied from open to suburban
terrain. In the case of the benchmark model located in open terrain, the standard deviation
Cp values ranged from 0.2 to 0.8. In contrast, with the addition of the perimetric parapet, the
standard deviation Cp varied from 0.1 to 0.46. It is noticed that the introduction of the perimetric
parapet reduces the standard deviation Cp on the roof, as shown in Fig. 5.15. The latter parapets
are reduced in some areas, especially at the leading corner, for the cases of 55% and 20% for tap
Ag. The only exception is found for the interior zones, whereby introducing suburban terrain
suppressed the pressure fluctuation on the benchmark model as depicted in Fig. 5.15 (¢). Upon
adding the corner parapets on the benchmark model located in rough terrain, it is found to be not
efficient in reducing the standard deviation of roof pressures, specifically at tap Ag. This indicates
that corner parapets may not reduce roof pressures under oblique wind directions. Corner parapets
that have increased in length may reduce the increased turbulence resulting from a cultured build-

up environment.
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Fig. 5.15 Mean pressure reading for taps located along the ridgeline at (a) L1, and (b) L2 and
perpendicular to the ridgeline at (c) L3, and (d) L4.
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Fig. 5.16 RMS pressure reading for taps located along the ridgeline at (a) L1, and (b) L2 and
perpendicular to the ridgeline at (c) L3, and (d) L4.
It is noticed that the standard deviation of Cp values for the taps on the benchmark are higher than
those of the roof with a parapet, which means there is a reduction in turbulence at the roof edges
with the introduction of the parapet. Accordingly, the peak pressures are also reduced. Perimetric
parapets yielded greater reductions in peak pressures. The corner and edge zones experienced high
minimum pressures as can be seen in Fig. 5.17. The tap located on the leading corner of the roof
has a minimum localized pressure coefficient. In fact, the taps on the corner of the roof in suburban
terrain had a peak Cp of nearly —8.84, which is reduced to —3.66 in the case of the perimetric
parapet compared to —5.0 for corner parapets. Tap Ag and By are selected to present the impact of
terrain on the parapet's efficiency in reducing the pressure. These taps are located at the edges of
the test model; hence a high suction region of the roof'is expected. Table 5.2 shows the best benefit

in reducing localized pressures at 50° wind direction.
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Fig. 5.17 Peak pressure reading for taps located along the ridgeline at (a) L1, and (b) L2 and
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Table 5.2 Pressure values for Tap A8 and By at 50° wind direction

Configuration Tap Ag Tap By

Mean RMS Peak Mean RMS Peak
BM O.T. -2.89 0.722 -7.34 -1.411 0.75 -3.67
BM S.T. -2.52 0.923 -8.84 -1.66 0.826 -5.57
M1 O.T. -1.43 0.23 -2.37 -1.48 0.229 -2.36
M1 S.T. -1.79 0.64 -3.67 -1.94 0.655 -4.6
M2 O.T. -1.96 0.355 -2.37 -2.1 0.26 -3.07
M2 S.T. -1.994  0.867 -4.92 -2.145 0.912 -4.49
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5.4. Flow visualization to the impact of terrain on parapets efficiency using
LES

To further understand the reason for the parapet's reduced efficiency in aerodynamically mitigating
pressure induced on the roof of low-rise buildings impacted by the terrain, Large Eddy Simulation
(LES) is conducted using the benchmark model using STAR-CCM+ 2024 (19.04.009). A
computational domain of dimensions of 3.4 m x 2.5 m x 0.7 m (in model scale) can clarify the
process and mechanism of these non-periodic and localized phenomena because of their abundant
detailed data. The boundary conditions at the top and side surfaces of the computational study
domain are set as symmetry plane boundary conditions. The ground and building surfaces are
defined as a non-slip wall boundary condition, while the outlet surface is defined as an outflow.
The simulations adopted the previous setup published by Al-Chalabi et al. [15]. For the benchmark
model located at an angle of attack of 50°, 3D iso-surface view of the flow topology and mean
pressure coefficient obtained by LES for non-modified(BM) and modified models (M1 and M2)
for open and suburban terrains are depicted Fig. 5.18 (a) to (f). The iso-surface represents the Q-
criterion, defined as the second invariant of the instantaneous velocity gradient. It can be noticed
that the peak suction occurs at the leading corner as the longitudinal component of the velocity
increases considerably, particularly near the right side of the leading edge for the open and
suburban terrains. Two zones immediately downstream of the leading edges of the top cube surface
characterized by strong suctions can be clearly observed. Upon adding perimetric parapets, it can
be seen that it is successful in displacing away the separated flow along the leading edges. In
contrast, the corner parapets are only effective in displacing the flow away at a distance from the

corner equal to the paper's length.
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Fig. 5.18 3D views iso-surface of the flow topology at 50° wind angle of attack models model in
open terrain (a) BM, (b) M1, and (c) M2, and suburban terrain (d) BM, (e) M1, and (f) M2.

5.5. Summary and Conclusion
Aerodynamic testing is carried out on a low-sloped gable roof building with a footprint of
152 x 230 mm. A 1:60 length scale benchmark model is tested at open and suburban terrain.
Tests are conducted in a boundary layer wind tunnel under simulated flow conditions representing
open country and suburban flow conditions. The highest suction pressure is observed near the
leading edges of the roof close to the upwind corner for wind approaching 50°. The edges and
corners of the benchmark model are then modified using low-height parapets (i.e., perimetric and
corner). The objective is to understand the effects of introducing suburban terrain (real-life
scenario) on parapets' efficiency in altering pressure distribution and magnitude on the roofs
compared to open terrain setups. Overall, it is found that the parapets assist in alleviating peak
suction pressure. The effectiveness of perimeter parapets in reducing suction pressure coefficients
decreased with increasing terrain roughness. The presence of the parapet significantly reduces the
magnitude of wind pressure, influences pressure recovery, and results in flow reattachment. This
happens because the parapet wall raises the position of corner vortices, which causes reductions in
the negative pressures. The results reveal that parapets can reduce roof pressures and alter the
pressure distribution on the roof. Hence, installing a parapet above the roof surface at the edges

can be an aerodynamic mitigation technique. In general, the results indicated the following:
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Upon testing the benchmark models in open and suburban terrains for all wind angles of attack
(i.e., form 0° to 90°). At 50°, the mean suction is the highest for the open terrain, and the pressure
function is higher for suburban terrain caused by conical vortices. The difference in the value of
the mean is amplified at the edges, where tap Ag, showed a reduction of 30% in mean pressure for
benchmark in suburban terrain. On the contrary, the peak pressure at the same location is found to
be amplified when introducing the benchmark to high turbulence, representing a build-up
environment. Mean pressure on the internal roof zones is found to be not altered when introducing
rough terrain. On the contrary, the pressure fluctuations on the internal zones of the roof surfaces

for the benchmark model are found to increase in some locations by over 60%.

At the longer leading edge of the study building, the mean, peak and fluctuation of the pressure at
the heights reaching the tap Ag magnitudes of perimetric parapets have successfully reduced for
both terrains. However, the reduction rate for mean and pressure fluctuation is almost 50% less
for suburban terrain than open terrain. Corner parapets for the same tap are found to have an
efficiency in reducing pressure fluctuation that decreased from 50% for the open terrain to 6% for
the suburban terrain. In addition, the corner parapets' efficiency in reducing the peak pressure is

reduced by 30% compared to suburban terrain.
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CHAPTER 6

Sensor Placement Optimization for Low-rise Buildings Using
Multi-resolution Dynamic Mode Decomposition technique
6.1. Introduction

6.1.1. Challenges in Accurate Wind Load Measurement

Low-rise buildings are susceptible to wind-induced forces, which often lead to initiate damages to
cladding and, in severe cases, can lead to wall connection failure and, hence, the total collapse of
the system [1]. Accurately evaluating wind loads, uplift forces, and the effects of surrounding
terrain, designers can enhance the resilience of structures, improving safety, comfort, and cost-
effectiveness in mitigating wind-related risks. In Canada, the construction industry relies on the
National Building Code of Canada (NBCC) [2]. According to the NBCC, a wind tunnel test is
required to evaluate a building's wind load for dynamically sensitive and very sensitive structures
to ensure stable and safe design during wind events. Hence, wind tunnel testing remains a crucial
benchmark for evaluating wind loads because it provides empirical data by simulating real-world
wind conditions. It is particularly beneficial for optimizing the design of low-rise buildings in
regions prone to high winds or extreme weather, such as hurricanes and tornadoes. Therefore,
pressure distribution must be analyzed across buildings' exterior surfaces to ensure structural
integrity and serviceability. A critical aspect of experimental testing for low-rise buildings is the
number of pressure sensors, and their placement on the building surfaces is crucial to extracting
information needed to design wind-resistant buildings. Therefore, a reliable approach is required
to enhance data collection procedures in the Boundary Layer Wind Tunnel test (BLWT). Initially,
sensor placement methodologies deployment, utilization and management are proposed for
structural diagnosis (i.e., structural health monitoring), particularly in the design phase [3] and
field measurement [4,5]. In the field of structural health monitoring, Yuan et al. and Worden et al.
suggested using advanced techniques like optimization algorithms and machine learning to
determine optimal sensor locations. In these studies, sensors are placed sequentially at positions
that provide high entropy values in model predictions, improve the performance of the system and
avoid the use of an additional number of sensors and the related wiring that can add significant

weight to the system, which can directly affect the operating costs [5—7].
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Driven by the need to balance the cost and the amount of information required when deciding on
sensor positions, Optimal Sensor Placement (OSP) is a central challenge in predicting, estimating,
and controlling high-dimensional systems, particularly in fields such as wind engineering [8].
Optimal sensor placement allows for accurate estimation of the full state of the system, such as
identifying pressure fluctuations while maximizing data quality and minimizing redundancy
[9,10]. In applications like wind load evaluation on building surfaces, capturing the most critical
pressure points using a limited number of sensors can significantly reduce both the cost and
complexity of experimental setups [11]. Turbulence is a crucial high-dimensional system that
demonstrates multiscale phenomena, making it essential for optimizing sensor placement in the
study of wind load evaluations on low-rise buildings [12]. However, determining which sensor
locations will yield the most accurate and representative data without oversampling remains a
difficult problem, especially when dealing with the complex pressure fields induced by turbulent
wind flows [13]. According to the literature, sensor locations are often chosen based on bluff body
aerodynamics, using heuristics and intuition derived empirically through engineering judgment
and past experience; for low-rise buildings, previous wind experiments allocated sensors primarily
at critical locations identified through post-damage surveys, where damage is likely to initiate due
to vortex formation at flow separation points. However, if sensor placement misses a critical
location, a significant amount of information is lost, commonly referred to in other studies as the
sensor placement problem. The number of sensors, though it varies according to the application
and the structure to be monitored, is often constrained by the high cost of sensors and the time-
consuming task of deploying them [14]. Coupled with the fact that, on some occasions, placing
sensors in critical locations can be challenging due to limited accessibility and the complex
geometry of the model tested at various length scales. Hence, placing limited numbers of sensors
in the optimal locations to extract the most information about the wind pressure or speed field can
be challenging. The number of pressure sensors used in wind tunnel experiments typically ranges
from 150 to 600, with a significant portion placed at critical locations such as corners and edges,

where wind-induced pressures are often the highest due to flow separation effects.
6.1.2. Approaches to Sensor Placement and Data Decomposition in Fluid Dynamics

To optimize the process of sensor placement, automation can be crucial in efficiently selecting

sensor positions that provide the most valuable data while minimizing expenses. One can
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determine the optimal sensor placement by employing automated techniques, such as optimization
algorithms or machine learning, thus ensuring comprehensive data collection at a reduced cost.
This strategy can be employed to capture the most critical pressure points and provide valuable
insights into the wind pressure distribution and the corresponding aerodynamic loads on buildings
[15,16]. Previous studies have proposed a sensor optimization framework to establish the optimal
number and placement of pressure sensors for applying wind load evaluations on tall buildings
and in aerodynamic wind measurements in city blocks based on wind tunnel data [4,5,17]. These
studies have utilized decomposition techniques based on data collected to extract actionable
insights, reduce complexity, and build efficient models, whether for understanding fundamental

behaviour, improving the design, or predicting future outcomes.

Data decomposition techniques are powerful tools for capturing critical data and effectively
analyzing and interpreting complex systems for various fields. In fact, these techniques have
gained rapid popularity across various fields, including aerospace and wind engineering, the oil
and gas industry, and medicine[18]. In fluid dynamics, these techniques are foundational for
addressing complex fluid mechanics problems, as they enable the reduction of high-dimensional
flow data into coherent modes that capture essential flow features and predict their future
behaviour [17]. Different techniques can be used for decomposition, such as equation-based and
data-based. Data-based techniques can provide a linear representation of nonlinear dynamical
systems by governing the evolution of scalar observables in the state space. In other words, the
data-driven techniques operate without explicit knowledge of the equations and instead extract
patterns or dynamics directly from observed data [19]. Equation-based techniques, as they rely
fundamentally on the governing equations of the physical system, such as Spectral Methods and
Resolvent Analysis (RA). The latter techniques are primarily equation-based, not inherently data-
driven, as they rely on the linearized governing equations of the system to construct the resolvent
operator. The RA developed by Herrmann et al. in 2021, making an impact in the field of fluid
mechanics by being employed in research aiming toward new applications of flow control
[20]. Luhar et al. reformulated the resolvent analysis to generate predictions for the fluctuating
pressure field in turbulent pipe flow. They used their proposed approach to show how the obtained
response modes reconcile many of the key relationships among the velocity field, coherent
structures, and high-amplitude wall-pressure events [21]. Chavarin et al. considered using a

temporal filter to limit the time horizon and conducted a global resolvent analysis on the baseline
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turbulent mean flow to identify the actuation frequency and wavenumber that provide large

perturbation energy amplification [22].

Data-driven decomposition techniques, such as Fast Fourier Transform, Proper Orthogonal
Decomposition (POD) and Dynamic Mode Decomposition (DMD), are the most widespread
methods, especially in the field of fluid dynamics. The Fast Fourier Transform decomposes a signal
into its frequency components by representing a function as a sum of sines and cosines (or complex
exponentials), each with a specific frequency and amplitude, while assuming stationarity. It does
require time-series or spatial data to provide a frequency-domain representation of the data.
however, it cannot effectively handle time-varying frequencies or transient dynamics [23]. Another
decomposing technique is the Proper Orthogonal Decomposition (POD), which is employed to
identify the principal modes of pressure fields based on their energy content. Higher-order modes
capture features with progressively lower energy, but these features can still contain valuable
information. It can assist in reducing the dimensionality of data while preserving the essential
features of pressure distributions [24]. In addition to the fact that POD is a linear technique, it
captures dominant spatial patterns based on energy content but does not separate different
frequencies [25]. As a result, multiple frequencies can be mixed within a single mode, leading to
a loss of detailed frequency information. This makes it less suitable for analyzing time-varying or
transient phenomena where frequency dynamics are important [26,27]. Smith et al. used POD to
build low-dimensional models for turbulent fluid flow [28]. Willcox and Peraire combined POD
with concepts from balanced realization theory for the reduction of high-order systems, including
a computational fluid dynamics (CFD) model that describes the unsteady linearized motion of a
two-dimensional airfoil [29]. A recent extension of POD is Spectral POD (SPOD), which was
developed to overcome the difficulties classical POD faces when the relevant coherent structures

occur at low energies or at multiple frequencies [30].

A well-known data-based decomposition technique is the DMD. Right after introducing the DMD
algorithm in 2010, Schmid et al. published a new work to demonstrate the potential of Dynamic
mode decomposition (DMD) is a data-driven technique used to identify coherent structures within
a fluid flow, decomposing complex flow fields into simpler, oscillatory modes, which are useful
for analyzing dominant flow features contributing to the overall pressure field [31,32]. This

technique decomposes complex pressure fields into modes that capture the dominant temporal and
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spatial patterns. Unlike POD, which focuses on variance and energy, DMD is an equation-free
method that analyzes dynamic data by decomposing it into modes with distinct temporal
frequencies [33,34]. It is known to be closely linked to the spectral analysis of the Koopman
operator, allowing it to capture both spatial and temporal structures in time-resolved data [35].
This makes DMD particularly useful for analyzing transient dynamics and identifying dominant
frequencies in unsteady pressure fields [36]. However, standard DMD struggles to approximate
transient dynamics or data that contain multiple timescales, making it susceptible to missing subtle,
localized, or time-varying behaviours [18,31]. The latter is attributed to the fact that DMD operates
as a single-step analysis, directly decomposing the entire dataset without iterative refinement or
frequency removal [37]. This makes it suitable for capturing coherent structures and their temporal
behaviour in systems with well-represented dynamics, but it may be less effective for multiscale
or localized phenomena, which require an iterative approach [38,39]. Hence, standard DMD,
originally developed for full-state measurements of high-dimensional fluid vector fields, may not
yield accurate results or may even fail when applied to localized flow fields with limited spatial

dimensions [40,41].

To address the limitations of standard DMD, a more advanced technique called Multi-resolution
Dynamic Mode Decomposition (mrDMD) has been developed. mrDMD enhances the capability
of DMD by analyzing data across multiple time scales, allowing it to capture transient and
intermittent dynamics more effectively [42]. It enhances standard DMD by using hierarchical time
windows to analyze data at multiple scales, capturing both long-term trends and short-term
transients. It employs adaptive resolution for efficient analysis, separates data into components
representing different temporal behaviours, and extends the spectral analysis to cover a broader
range of dynamic features. The latter enables mrDMD to handle multi-scale and transient dynamics
effectively, providing a more detailed understanding of complex systems [43]. Climaco et al.
proposed an approach for damage detection in wind turbine gearboxes using the mrDMD
technique. Gearbox generates signals under varying load conditions, which were analyzed using
mrDMD, resulting in the identification of important features related to the damage [44].
Gonzales et al. created a continuous-time model of the pressure profile over the fluttering airfoil
using mrDMD in order to provide higher temporal resolution information about the system [45].
The mrDMD algorithm was able to isolate the behaviour of an oscillating shock wave over the

surface of the fluttering airfoil and to determine the frequency of the amplitude oscillations of the
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shock wave [45]. Traditional optimization techniques are commonly used to determine optimal
sensor placements and can be computationally intensive. These techniques, including QR Pivoting,
sequential sensor placement, and genetic algorithms (GAs), are used for optimizing sensor
locations [46,47]. Heuristic approaches can efficiently solve complex optimization problems but
depend heavily on pre-defined hyperparameters. Selecting appropriate hyperparameters can be
challenging and may lead to suboptimal results. QR decomposition techniques are generally
efficient, exploring novel methods like con-vex relaxation [48]. Although QR Pivoting techniques
are computationally intensive, they offer stronger optimality guarantees and are often used in

conjunction with heuristics to balance efficiency and solution quality [49].
6.1.3. Study Objectives

This research aims to optimize sensor placement for pressure measurements on the roof surfaces
of low-rise buildings with gable and complex geometries, specifically in open terrain conditions.
Where Computational Fluid Dynamics (CFD) can be valuable for providing pressure time histories
for different building locations as long as it is carefully validated with experimental testing [50].
The objective of the present study is twofold: the goal is to reduce the number of pressure sensors
needed while maintaining accurate wind load evaluations, ultimately enhancing the resilience of
buildings against wind-induced damage. This research uses multi-resolution Dynamic Mode
Decomposition (mrDMD) to decompose multiscale wind pressure data into modes representing
different timescales. QR pivoting then identifies key dynamic modes that best capture the pressure
field’s dynamics. Together, these techniques can help identify sensor locations that minimize the

required sensors while ensuring accurate pressure field reconstruction.

This article consists of five sections. Section 1 (this section) provides the background and literature
review, highlighting the existing gap in the field of optimal sensor placement for an effective wind
load evaluation on low-rise buildings. Section 2 presented a validation for the numerical wind load
evaluation for a gable roof building with an experimental wind test using both mean and pressure
on the building surfaces. Section 3 showcases the overall methodology framework, which is
followed by this study to fulfill the full objectives. Section 4 presents a comprehensive review of
the DMD, mrDMD, and QR Pivoting techniques followed in this study to reduce the placement of
the sensor effectively. The reconstructed pressure values (i.e., predicted pressure data) on the roof

of low-rise buildings are compared against the simulated data (i.e., true pressure) and present a
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case study for practical applications on complex roof geometry of low-rise buildings for efficient
wind load monitoring on low-rise buildings. Section 5, summarizes the study contributions,
emphasizing how optimized sensor placement improves wind load evaluation on low-rise
buildings by reducing costs and sensor requirements. It will highlight the practical applicability of

the findings.

6.2. Numerical model validation
This section presents the validation of the numerical model for the flow aerodynamics and pressure
distribution across the roof of a low-rise building. The CFD model is validated against the
experimental tests conducted at Toronto Metropolitan University by Al-Chalabi et al. [51].
Following the validation, the CFD model will be a benchmark for determining the sensors' optimal
number and placement. The study model replicates the wind tunnel experimental setup, adopting
a length scale of 1: 60 and a timescale of 1:15. The structure used for validation is a low-rise
building with a gable roof featuring a roof slope of 1: 1/4, footprint dimensions 0of 13.8 x 9.0 m?,
and a total roof height of 4.0 m in full scale. Validation is achieved by comparing the mean and
RMS pressure coefficient values recorded by 18 sensors distributed across the front, roof, and rear
surfaces of the building, as shown in Fig. 6.1. The mean velocity and turbulence intensity profiles

are tailored to represent an open-terrain exposure with a roughness height (z,) of 30 m in full scale.
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Fig. 6.1 (a) 3D model showing the locations of the sensors used for validation and (b) Exploded

view of the study model building showing dimensions in model scale.

The equations proposed and published by the Engineering Sciences Data Unit (ESDU) are
followed in this study to compare vertical profiles for mean velocity and turbulence intensity

[52,53]. This study's velocity and intensity profiles agree with the wind tunnel experimental data

154



using the Power Law (i.e., Eq. 1) for the mean wind velocity. The U, refers to the wind velocity
at 10 m height with a value of 15.4 m/s. The z refers to the height in meters corresponding to the
reference wind velocity, while the terrain roughness for open exposure (1/a) is 0.13. The

turbulence intensity is calculated for the target profile using the equation below (Eq. 2).

0, =T () n

L=e ()" @

z

To validate the numerical model, STAR-CCM+ 2020.2 (15.04.008-R8) is employed, and Large
Eddy Simulation (LES) is utilized to conduct the numerical wind load evaluation. A computational
domain of dimensions of 2.2m X 2.61m X 0.4 m (in model scale) is adopted following the
finding by Al-Chalabi et al. [38], as shown in Fig. 6.2Error! Reference source not found.. The
boundary conditions at the top and side surfaces of the computational study domain are set as
symmetry plane boundary conditions. The ground and building surfaces are defined as a non-slip
wall boundary condition, while the outlet surface is defined as an outflow. Consistent discrete
random flow generation (CDRFGQG) is utilized to generate the inflow [54]. The inlet wall is defined
as a time-varying inlet velocity boundary condition using the CDRFG technique described by
Aboshosha et al. and later adopted by Elshaer et al. [54,55]. The building is placed 0.6 m away
from the inlet. Hence, pressure data collection started after 1200-time steps to stabilize the flow.
The Reynolds number (Re) utilized in the CFD is calculated using Uy H /v, where the viscosity, v,
is 1.3 X 1075m/s?. Accurate near-wall modelling is crucial for CFD simulation because the
solution gradients are high in a wall-bounded flow; thus, y+ values are considered to find the most
suitable first cell height from the adjacent wall for a value less than 5 [56]. The computational
domain is discretized into three zones using hexahedral mesh cells. Zone 1 adopted a base mesh
size of 10 mm, while 7 mm and 3.3 mm for Zone 2 and Zone 3, respectively, which yielded 3.31 M
of the total mesh cells, as presented in Fig. 6.3. The sub-grid model WALE is employed as it is
found by previous studies to reduce the computational time by about 35 to 60% compared to other
SGS models without affecting the accuracy of the simulation [57-59]. This is due to its ability to
correctly model the asymptotic behaviour of turbulent eddy-viscosity near the walls and generate

ABL flow with accuracy comparable to LES with the dynamic one-equation SGS model [58].
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Fig. 6.2 (a) Computational domain and mesh zones dimensions (model-scale) and (b) boundary

conditions

The mean wind velocity and turbulence intensity profiles adopted in the wind tunnel experiment
compared to numerical profiles showed good agreement with wind tunnel data presented in Fig.
6.4. The simulation duration is 8.0 seconds (in model scale) with a time-step of 0.7 milli-seconds
and a total time-step of 16,000. The time step is selected based on the velocity scale and the
minimum cell size to satisfy the Courant-Friederichs-Lewy (CFL) number to be below unity to
ensure the solution convergence (see Eq. (1)) [60]. As for the reference pressure used to calculate
Cp, a probe point is placed in the domain at the midpoint of the inlet before the building at the
height of 0.067 m (model scale). After running the validation model, the mean and RMS of the
pressure coefficient across the ridgeline are compared to the wind tunnel test, as shown in Error! R
eference source not found. Fig. 6.5a and Fig. 6.5b, respectively. The validation model results
show a good agreement between the reading numerical and experimental pressure parameters,
where the mean Cp results showed RMSE of 2%, while the pressure fluctuations showed a 3%

difference when compared to the experimentally obtained data.
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Zone 1
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Zone 3

Fig. 6.3 Mesh discretization of the validation model.
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Fig. 6.4 (a) Mean velocity profile and (b) Turbulence intensity profile.
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Fig. 6.5 (a) Mean and (b) RMS of the pressure for probes located at the building roof.
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6.3. Methodology
The study framework utilizes Multi-Resolution Dynamic Mode Decomposition (mrDMD) to
extract critical features from complex, multiscale wind pressure data, enabling the identification
of dominant trends and transient behaviours in the pressure field over the roof of a building. The
methodology begins with data preparation, where time-history wind pressure data is generated for
the roof surface at various wind angle of attack (0°,30°,60°,90"). Each snapshot represents wind
pressure values across the roof's mesh cells at specific time intervals. In addition, a case study for
optimal sensor placement on complex roof geometry is presented where the building is tested at
all AOA (0°to 360° with 90° increment). Given the high resolution of the computational mesh, a
spatial constraint of 5 mm is applied to reduce computational costs while preserving essential
pressure features. This step ensures the dataset is manageable while maintaining accuracy. A time-
delay matrix is constructed to capture both spatial and temporal dynamics, incorporating temporal
evolution into the spatial data. This enables the methodology to represent transient and unsteady
wind pressure patterns effectively. Singular Value Decomposition (SVD) is then applied as part of
the Multi-resolution Dynamic Mode Decomposition (mrDMD) process to analyze the wind load
snapshots. Dominant spatial and temporal modes are identified, capturing both low-frequency
trends (steady wind pressure patterns) and high-frequency variations (transient gusts). Irrelevant
low-frequency components are filtered out, while transient high-frequency features are retained
for further analysis. A sensitivity analysis is conducted during this stage to optimize key

parameters, including cycle frequency, decomposition levels, and truncation rates.

Following the mrDMD analysis, the QR pivoting algorithm is applied to select optimal sensor
locations by identifying the most representative spatial-temporal variations. This step prioritizes
sensors that capture critical dynamic features efficiently. A common number of sensors is
determined to ensure consistency across all wind angles of attack. Finally, the reduced sensor data
is combined with the dominant modes extracted from mrDMD to reconstruct the full pressure field
on the roof. Specifically, the reduced sensor matrix is multiplied by these modes to recreate the
pressure distribution across the roof surface. The reconstruction performance is evaluated using
the Root Mean Square Error (RMSE), defined in equation (3). The framework followed by this
study is presented in Fig. 6.6. below. To study the performance of the reconstruction method, a
regression plot is developed to compare the accuracy of the predicted pressures over the roof
surface compared to true (i.e. target) ones.
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1
RMSE = \/% ;n=1 2:71'1=1(Ppred,i,j - Ptrue,i,j)2 ©)

where m represents the number of time steps (or instances), n represents the number of spatial

points (e.g., pressure measurement locations), Ppr.q,; jis the predicted pressure coefficient at the i-
th point and j-th time step, and Py ; is the observed coefficient at the i-th point and j-th time

step. The following sections detail the methodology used in this study, focusing on the application

of Multiresolution Dynamic Mode Decomposition (mrDMD) and QR Pivoting techniques.
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Fig. 6.6 The framework followed in this study.
6.3.1. Multiresolution Dynamic Mode decomposition (mrDMD)

Wind loads on structures vary significantly over different timescales. Large-scale winds can cause
overall wind direction changes or long-duration gusts, affecting the building’s average load
distribution over extended periods. Meanwhile, smaller, faster dynamics, such as turbulent eddies
or short gusts, induce rapid, high-frequency fluctuations in pressure on different parts of the
structure. To capture these multiscale dynamics, Multi-resolution Dynamic Mode Decomposition
(mrDMD) is employed. mrDMD extends the standard Dynamic Mode Decomposition (DMD) by
applying it iteratively across multiple levels, each corresponding to a specific timescale, to extract
dominant flow structures (modes) contributing to the pressure distribution over time. The time-
history data in this study consists of snapshots, where each snapshot represents the pressure
distribution on the building's roof at a specific time step. mrDMD begins by dividing the time
series into coarse intervals to capture slow, large-scale flow features. At each level, low-frequency

components are removed, and the remaining data is split into smaller subsequences. This recursive
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process isolates high-frequency dynamics localized in time, enabling a time-frequency analysis to
detect elements widely separated in scale. The hierarchical decomposition continues until the
entire dataset is processed as shown in Fig. 6.7. In this manner, a time-frequency analysis is
performed that is capable of and effective at detecting elements in the data sequence that are
localized in time and widely separated in scale. The removal-splitting step is continued until the

entire data sequence is processed.

_ 2

e
X;2

jx 4 me
X;2

5.8

mode removal region Imag @

(1) S:Sf: . ,'f,f)

3

/“ / p /' . Real e

HEN [ [ | [ 1 1]

| —
time
[slow modes fast modes>

frequency

Fig. 6.7 The mrDMD approach successive sampling of the data with m snapshots and decreasing

by a factor of two at each resolution level [32].

Assume a set of snapshot data x4, x5, ..., X,,, Where each x; € R" represents the pressure field data
from CFD simulations at the time t;. Assuming that m snapshots of data are available, the input is
arranged into two data matrices as follows, where each column represents a state of the system at

a discrete time step:
X =[x1, %5, e, Xm—1] and X' = [x3, X3, ..., X | 4)

Assuming that X € C™(~D contains the original snapshots while X’ € C™*(™~D contains the
shifted snapshots. This step will ensure an analysis of how the system evolves from each state. The
time embedding can be used to augment the spatial information by taking advantage of a
temporally consistent sequence of the measured data. This technique mitigates data distortion
caused by noise and augments the spatial details within the input matrix. The time snapshots of
high-dimensional system states are used directly to construct a spatiotemporal decomposition. To

find the best-fit linear operator A € R™ "™ such that X' = AX based on the least-squares
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minimization of the Frobenius norm of the error. This minimization ensures that A captures the
dynamics in a way that best approximates the transition from each state in X to the subsequent

state in X' [31].
A =argminy||X' — AX||p = X'XT (5)

Where|| || Frobenius norm, and t is the Moore—Penrose pseudoinverse.
A = X'XT represents the approximate linear transformation that maps X to X’. The pseudo-inverse
of X can be calculated using XT = (X7 X)~1XT. However, it is found that by using truncated single
value decomposition (SVD), instead of the pseudoinverse, the data decomposition gives a more
stable and efficient way to approximate X in the reduced space. Hence, this study employs SVD
to decompose A and analyze the system’s modes. The truncated SVD captures the main system
dynamics in a reduced-dimensional space, making DMD a practical tool for analyzing large
systems efficiently without unnecessary computation on less significant modes. The matrix A
represents the system's approximate linear dynamics, and this step is used to reveal the system's
temporal and spatial patterns. By performing an eigen decomposition, A can be expressed in terms

of its eigenvalues and eigenvectors as:
X=UyVv* (6)

where * denotes the conjugate transpose, UE C™*" is the left singular vectors (i.e., spatial modes),
> € ¢~ are singular values representing the energy of each mode, V* € ¢m~Dx(m=1) jq
the conjugate transpose of the right singular vectors (i.e., temporal modes). To approximate the
system’s dynamics efficiently, The SVD is truncated to retain only the most significant r modes,

resulting in the reduced matrices:
Ur € CnXT‘, Er € (CrXT', Vr* € (Crx(m—l) (7)

7 is the rank truncation parameter in DMD, which controls the number of modes (i.e., dimensions
or components) retained in the decomposition and assists in avoiding overfitting, especially when
dealing with noisy data. Selecting a lower rank r leads to reducing the dimensionality of the data,
focusing only on the most significant patterns. With Truncated SVD, the direct pseudoinverse is
replaced with the reduced representation, as demonstrated in equation (7). To perform eigenvalues
decomposition of the matrix A (depicted in equation (8)). This step is critical for extracting the

temporal dynamics of the system.
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A=U; XV, %t (8)

T
AW = WA )

Where W is the matrix of eigenvectors obtained from the eigen decomposition of A representing
the dynamic structures associated with each mode present how the system evolves over time. Each
column of W corresponds to a mode that captures specific features of the system's behaviour. In
another word, W represents a spatial pattern in the data that is dominant over time. While A is the
diagonal of eigenvalues with elements A, that represents each mode's growth or decay rates and

oscillations over time. The computation of DMD modes is then conducted by:
o =XV, 'w (10)

Where X'is the matrix of shifted, which contains the system snapshots at successive time intervals.
V. the matrix of right singular vectors from the truncated SVD. They are derived from the SVD of
the snapshot matrix X and are truncated to retain only the top r modes. ;1 is the inverse of the
truncated diagonal matrix of singular values. This step involves inverting the matrix of singular
values, which allows us to weigh the contribution of each mode appropriately during the
computation of the DMD modes. The detailed process of DMD can introduce systematic bias in
the eigenvalue computation of noisy data [61]. To correct for this, a weighted approximation of A
is employed, which incorporates both forward X' = A¢X and backward X = A,X’ time. The

following flowchart, as demonstrated in Fig. 6.9, explains the process followed in this study.

The mrDMD solution expansion can be expressed as:

Tmroup () = Bhoy oy Bty fo; (b exp () (11)

where L is the total number of decomposition levels, J is the number of time bins at each level, and
my, is the number of modes extracted at each level. The indicator function f, ;t is only nonzero
in the interval, or time bin, associated with the value j. The latter ensures the isolation of the data
corresponding to each time bin before applying DMD. This isolation is crucial for recursively

extracting dominant modes at progressively finer timescales.
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Define X = [xy,x3, ..., Xl and X' =
[x2,%3, ..., X,;n] with columns representing the
system states at different times

l

Compute Ajas the forward time evolution operator
using X' = XAy and A, as a backward time
evolution operator

Calculate A = (Ay A;")!/? to incorporate both
forward and backward evolution

I

Conduct SVD on X to decompose it into Uy, V*

xamine all combinations of truncation
ate (R), cycle cutoff frequency (C), and
number of levels (L)

Sensitivity analysis

Evaluate the RMSE in the pressure values

Use A = U:X'V, 351 to project A onto the
reduced basis

I

Perform eigen decomposition on 4 to find
eigenvectors Wand eigenvalues A

l

Compute the DMD modes as ® = X'V, X7 W

Computed DMD modes and
eigenvalues A

Fig. 6.8 mrDMD framework used in the study.

1, te (e, tq]

with j = 1,2,...,2¢~D (12)
0, elsewhere

fepnt =

Where t]-", tfﬂ € R* determines the interval of the jth time bin at the £th decomposition level
(i.e., a variable index that runs through each level from 1 to L, representing the level at which the
specific DMD components are computed). It is worth mentioning that by using the indicator
function f, jyt , time series relies on the hard cut-off. In other words, the function this function is
abruptly switched from 0 to 1 (or vice versa) at the boundaries of the time intervals, leading to the
introduction of very high-frequency fluctuations which may not be part of the actual dynamics in
the data but are simply caused by the abrupt changes in the indicator function. Wavelets like the
163



Haar wavelet can be used to smoothen the transition between segments to prevent aggressive
boundaries at time intervals, preventing these artificial oscillations. In this study, the authors chose
to use a Haar-like windowing function because it is computationally efficient while still addressing

the oscillation problem to some degree [62].
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Fig. 6.9 Illustration of the mrDMD hierarchy.
6.3.1. QR Pivoting Technique for Optimal Sensor Placement

This study explores the pivoted QR decomposition technique, which is defined as standard
mathematical method employed to break down complex data systems into more manageable
components. The primary application in this study is to optimize sensor placement by identifying
the best locations for capturing the most informative data about wind-induced pressure fields. This
is done algorithm at each step to identify the column with the highest norm (or largest entry). This
selection maximizes the determinant of the matrix, effectively choosing the column that will add
the most significant new information at that iteration. This step ensures that each additional sensor
placement captures new and uncorrelated information. By using multi-resolution Dynamic Mode
Decomposition (mrDMD), the system dynamics are decomposed into a set of spatial modes and
their temporal evolution. These modes, which represent dominant flow structures and dynamics,
form the basis for constructing a library of modes represented by a matrix. The QR decomposition
is then applied to this matrix of modes resulted from applying mrDMD, which represent dominant
flow structures and dynamics to select a small set of sensors that can capture critical information

with minimal error. The resulting QR pivoting matrix is then used to reconstruct the pressure field
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by multiplying it with the effective modes extracted from mrDMD. This reconstruction ensures
that the selected sensors provide sufficient spatial and temporal information to approximate the
pressure distribution with minimal error. By leveraging this approach, the study not only optimizes
sensor placement but also validates the effectiveness of the chosen sensors in representing the
underlying dynamics of the system. It is worth mentioning that the number of sensors for all cases

was constrained to 200.

Using multi-resolution Dynamic Mode Decomposition (mrDMD), the system dynamics are
decomposed into a set of spatial modes and their temporal evolution. The library of modes is

represented by the matrix:

) ' ) , ]
& = [¢IE11)’¢IE2 1):¢1£2 2),¢IE3 1)’"” ]E 1)] (13)

where each <;b,g‘j ) represents the modes indexed by ¢ and j. These modes capture the dominant

dynamics in the system. The high-dimensional state vector X(t), which represents the pressure

field at each time t, can be approximated by a linear combination of these modes:

X(@®) = ¢a(®) (14)

where a(t) is a vector of time-dependent coefficients for each mode. In order to estimate the full
state from a few strategically placed sensors by leveraging dominant modes from mrDMD, a linear
relationship is established between the high-dimensional state X(t) and a limited set of sensor

measurements .
y=CX+n=CXa+n (15)

Where, C € RP*" is the measurement matrix, encoding the locations of the sensors. If p < n ,
then the number of sensors used is far fewer than the dimensions of the system. 7 is additive white
noise. To reconstruct the state vector X from measurements, the maximum likelihood of the

estimated coefficient a can be used as follows:
a=(Co)ly (16)

where @, contains the dominant mrDMD modes with amplitude exceeding a threshold ¢ , defined

asr:={i € [1,..,r] |b;] > €}. This estimate will allow to reconstruct the state:

X=d,.4=7o,.(Co,)ty (17)
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To define the optimal sensor placement criterion for determining the best sensor locations, the aim

is to minimize the estimation error for the coefficients a — @. The error covariance is given by:
Y =Var (a—a) =ad?[(CP,)T(CP,)]™? (18)

Where o2 is noise variance. The optimal sensor placement is then formulated to maximize the log

determinant of (C®,)T (C®,) as expressed by [63] is :
y* = argmax,logdet[(CP,)T (CD,)] (19)

The measurement matrix € is designed to capture measurements at specific locations

corresponding to sensor positions. It is represented as:

C=leq e e (20)

where y = {yl, Vore o Vp } is the set of sensor locations, and each e, ;is a canonical basis vector

with a 1 in the position corresponding to a sensor location and Os elsewhere. This matrix structure
ensures sparse measurement, where each sensor only measures a single point in the domain. QR
Factorization with Column Pivoting: The process begins with a matrix A € R™*"™ where QR

Pivoting is performed. This decomposition transforms A into:
ACT = QR (21)

Q is an orthogonal matrix (meaning Q7 Q = I for real matrices), R is the upper matrix, and C is a
permutation matrix that reorders the columns of A to improve factorization. When the factorization

is applied to the transposed mode matrix ®F, the equation developed to the following:
|det ®TCT| = |det(Q)]. |det(R)] (22)

Since Q is orthogonal, det(Q) = *1, so the determinant depends solely on R. With the QR

factorization applied to ®I, the following determinant can be simplified as:
|det ®7CT| = |det Q| [detR| = [T;|Ryl (23)

This results in the following diagonal dominance structure in R:

2 .
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The R;; is the diagonal entries of R. This means that maximizing [[;|R;;| is effectively maximizing
the determinant, which is the criterion for optimal sensor placement. Using the results from the

equation above, the log det[(C®,.)T (C®,.)] can be expressed as follows:
log det[(CP,)T(CD,)] = log([T'.; RZ) = logR?, + logR2, +...+ log R, (25)

The goal is to choose p (pivot points) that best characterize the dominant dynamical modes ®,..
This can be done with at least p = r sensors (where 7 is the rank of the mode matrix ®,. ). Although
oversampling with additional sensors can add robustness, the following equation defines the

optimization criterion for sensor placement.

y* = argmaxy y|=p(log det[(C®,)T (CP,)] — ARy (1)) (26)

where Rg(y) is the regularization function, and A is the tuning parameter that controls the strength
of the regularization. The pivoting procedure yields the following decomposition at the kth

iteration:

(k) (k)
Rll R12 } (27)

®TP =QR =0
' {0 R

where Ri’;) € R*** represent the upper triangular matrix with the most significant information

about the columns selected so far in the pivoting process.

The magnitude of these diagonal entries is maximized at each step, helping ensure that the selected

columns provide the most robust coverage of the dominant modes in ®I. Ri’;) € RF*(=0)
submatrix contains the interactions between the columns already selected (Rg;)) and the remaining
columns. While it doesn’t contain the main information of the selected columns, it provides a
relationship between what has already been chosen and the remaining possible choices. This part
of R is essential for managing the dependencies and ensuring that each newly selected sensor adds

unique information to the set. Rgl;) € RM=K)x(m=k) represents the part of R corresponding to the

columns not yet selected. Each iteration adds one new column to R®

11 » updating the permutation

matrix P € R™" to reflect the sensor placement that maximizes information coverage. As this

process continues, Rﬁ) grows to encompass the most informative subset of @, iteratively

maximizing the determinant in the objective function. This expanded form reveals the contribution
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of each sensor location while balancing it against any imposed constraints, optimizing the selection
process under both maximum information gain and system constraints. In the constrained QR
pivoting process, the selection of columns differs from the unconstrained approach by limiting

choices to a specific subset of indices that meet the required constraints. This adjustment means

R®

that instead of simply picking the column with the maximum two-norm from R,,,

only the
columns that fulfill the imposed constraints are considered. This approach maintains the objective
of prioritizing columns with large two-norms, thus preserving the informativeness of the selected
columns within the constraints. Additionally, by limiting the selection in the last 7 — s steps of the
pivoting process (where s represents the allowable indices or predetermined sensors within the
constrained region), the largest terms in the objective function's expansion remain relatively
unaffected. This ensures that the constrained QR pivoting still closely matches the information-
maximizing goals of the unconstrained approach. Therefore, Equation (24) is modified for the

constrained case to include both the determinant term and the regularization penalty, balancing

information content and constraint adherence.

logdet [(CP,)"(CP,)] — ARy (y) = log(IT} RE) — AR, (y) =

logR?; logR3,+... +10gR{._ g (r_g+. .. +logRE — ARy (¥) (28)
It 1s worth mentioning that although the minimal allowable number of sensors p=r can be
considered, additional sensors can be added for redundancy and robustness through oversampling

optimization [64]. The pseudocode of the QR pivoting without constraints is presented Fig. 6.10

below.
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Fig. 6.10 Pseudo-algorithm for the QR pivoting.

6.4. Results and Discussion
The upcoming sub-sections demonstrate the process of data decomposition using the mrDMD
technique and QR Pivoting for sensor placement for a low-rise building with a gable roof geometry
constructed for all wind angles of attack. In addition, a case study for a complex roof geometry is
presented to demonstrate the framework's effectiveness in optimal sensor placement for complex

roof design for wind angle of attack ranging from 0° to 360° with 90° increments.
6.4.1. Optimal Sensor Placement Framework with Sensitivity analysis

In this subsection, a set of parameters that influence the accuracy of the reconstructed data and the
resulting number of sensors for the tested models is specified. Given the high number of mesh
cells (each representing a potential sensor location) and to avoid sensor placement in challenging
areas, interpolation is applied to exclude cells located within 5 mm of one another. This step
ensures that sensors are not redundantly placed while preserving data integrity in critical regions.
The accuracy of the multiresolution Dynamic Mode Decomposition (mrDMD) in data
decomposition is determined by balancing resolution and precision in capturing the system’s
dynamics. Key parameters, such as cycle frequency (C), truncation rate (R), and number of levels

(L), are interdependent, and their optimal combination varies based on the characteristics of the
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system being analyzed. To address this, a sensitivity analysis algorithm was employed to optimize
sensor placement by identifying the ideal combination of R, C, and L that minimizes the number

of sensors while ensuring the accurate reconstruction of Cp values across all angles of attack.

The comparison across levels 4, 5, and 6 presented in Fig. 6.11 reveals a progressive tightening of
the range of input combinations for optimizing sensor placement. At level 4, a broad range of
truncation rates (R) and cycle cutoff frequencies (C) provides valid solutions that satisfy the 200
sensors constraint while maintaining low RMSE values. The solutions are more forgiving at this
level, meaning slight deviations in the chosen values of R and C still yield acceptable results. At
level 5, the range of explored values becomes narrower, with valid combinations of R and C
concentrated in a more specific region. For instance, truncation rates below 200 and cycle cutoff
frequencies between 10 and 20 dominate the valid solutions. Deviations outside this range either
exceed the sensor threshold or increase RMSE, demonstrating increased sensitivity to input values
compared to level 4. By level 6, the valid range of input combinations becomes significantly
restricted. Only a small subset of truncation rates (R < 100) and cycle cutoff frequencies (C
between 10 and 20) result in solutions that meet both the sensor threshold and acceptable RMSE
levels. Deviating from these ranges, even slightly, leads to a rapid increase in RMSE or a dramatic
rise in the number of sensors, showing that higher levels demand much more precise input tuning

to achieve the desired outcomes.

la]

RMSE
Number of Sensars

Fig. 6.11 Optimization results for levels (a) L=4, (b) L=5, and (c¢) L=6 show the relationship
between truncation rate (R), cycle cutoff frequency (C), and the number of sensors with RMSE.
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The contour plots (i.e., Fig. 6.12) of the true and predicted Cp distributions visually represent the
pressure fields on the gable roof. The contours display the spatial variation of Cp, highlighting
areas of high and low pressure across the roof surface for each AOA. A good match between the
true and predicted Cp contours is indicated by the similarity in the contour patterns, gradients, and
critical pressure zones. This suggests that the sensitivity analysis successfully identified
parameters that capture the dominant aerodynamic behavior on the roof. However, noticeable
discrepancies, such as shifts in pressure zones or differences in contour sharpness, indicate areas
where the model struggles to accurately replicate the true Cp distribution, particularly in regions

with flow separation, reattachment, or other complex aerodynamic phenomena.

The scatter plots on the right column provide a quantitative assessment of the regression model's
performance in capturing the correlation between true and predicted Cp values. The correlation
coefficient (R?), displayed on each plot, measures how well the predicted Cp values correspond to
the true values. High R? values indicate that the sensitivity analysis optimization effectively tuned
the cycle frequency, truncation rate, and level to predict Cp with high accuracy. Conversely, lower
R? values or significant scatter deviations suggest limitations in capturing certain pressure
characteristics, possibly due to insufficient parameterization or challenges in modelling localized
flow features unique to specific AOAs. The variation in performance across different AOAs
provides insights into the robustness of the sensitivity analysis optimization process. For some
AOA:s, the predicted Cp contours and scatter plots show strong agreement, indicating that the
optimized parameters generalize well to those flow conditions. However, for AOAs with more
complex flow dynamics (e.g., involving strong vortices or asymmetric flow patterns),
discrepancies in the contours and lower R? values suggest that the model may require further
refinement, such as incorporating additional parameters or improving the representation of
turbulence effects. Overall, the analysis reveals that the sensitivity analysis optimization
demonstrates varying levels of success in predicting Cp distributions on the gable roof. While
strong correlations and similar pressure contours in some AOAs highlight the model's
effectiveness, discrepancies in others underscore the need for further improvements. This
emphasizes the importance of systematically refining the cycle frequency, truncation rate, and

level to enhance predictive accuracy across a wide range of aerodynamic conditions.
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Fig. 6.12 Reconstructed pressure data on the roof of low-rise buildings along with a regression

model for each AOA.
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Fig. 6.13 illustrates the comparison between the true and predicted mean pressure coefficients (Cp)
for wind angles of attack at 0°, 30°, 60°, and 90°. The comparison includes spatial contour plots
for both predicted and true Cp fields, as well as regression models, to assess the accuracy of the
predictions. For an angle of attack of 0°, the predicted and true pressure distributions exhibit
excellent agreement across the entire roof surface. The contours show a uniform pressure gradient
typical of wind flowing perpendicularly to a simple surface. The regression model highlights this
accuracy, with an R? value of 0.99991, confirming good correlation between the predicted and
true values. The minimal scatter observed in the regression plot further demonstrates the precision
of the reconstruction process. At 30°, the pressure field becomes more complex due to the oblique
wind direction, introducing localized regions of higher suction near the leading edges and
separation zones. Despite these complexities, the predicted pressure contours closely align with
the true distribution, accurately capturing the key aerodynamic features. The regression plot yields
an R? value of 0.99975, reflecting strong agreement and minimal reconstruction error. For an angle
of attack of 60°, the pressure variations intensify, particularly near the leading roof edges where
significant gradients occur due to flow separation and reattachment. The predicted and true Cp
fields remain consistent, with slight deviations observed in regions of complex flow interactions.
The regression model confirms the accuracy of the reconstruction, with an R? value of 0.99916,
indicating a strong correlation between predicted and true values. At 90°, the flow stagnates on the
windward face, leading to sharp pressure drops and turbulence downstream. This results in an
asymmetrical pressure distribution, with pronounced regions of flow separation on the trailing side
of the roof. Despite the increased complexity, the reconstructed Cp fields match the true fields
effectively. The regression analysis yields an R? value of 0.99838, demonstrating the robustness

of the reconstruction method even under challenging aerodynamic conditions.

Fig. 6.14 Compares the true and predicted Root Mean Square (RMS) values of the pressure
coefficient for wind angles of at ,30°,0° 30° 60°, and 90°. The results are presented as spatial
contour plots for both true and predicted fields alongside regression models to evaluate prediction
accuracy. At 0°, the predicted RMS values closely align with the true data, displaying a near-
uniform gradient across the surface. The regression plot confirms this agreement with a high R?
value of 0.99938, demonstrating minimal error and excellent correlation. For 30°, the pressure

distribution becomes more complex, with regions of higher RMS values near leading edges due to
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oblique wind flow. Despite this complexity, the predicted and true contours remain consistent, with
an R? value of 0.9955 indicating strong accuracy. At 60° the RMS values show greater variability,
particularly near separation regions where localized peaks are observed. The predicted RMS fields
capture the key features effectively, though slight deviations appear in high-gradient areas. The
regression analysis yields an R? value of 0.9866, reflecting a slight reduction in accuracy but
maintaining reliable performance. For 90° the RMS distribution is influenced by flow stagnation
on the windward face and turbulence on the leeward side. The predicted results match the overall
pattern well, with an R? value of 0.9804, confirming the robustness of the reconstruction under

complex aerodynamic conditions.

Fig. 6.15 Illustrates the optimized placement of sensors on the surface of a gable roof, accounting
for pressure variations across all angles of attack (AOAs). The contours represent the eigenvector
distributions of the pressure coefficient (Cp), with cooler colours (blues and greens) indicating
regions of higher variability and warmer colours (yellows and reds) corresponding to areas of
lower variation. The sensors, represented by white markers, are strategically distributed to ensure
comprehensive coverage of critical zones with significant pressure fluctuations, such as leading
edges and areas prone to flow separation. Conversely, regions with minimal variability require
fewer sensors, reflecting an efficient and resource-conscious optimization. The optimization
process for combining all AOA cases uses Level 6 (L = 6) analysis, with a truncation rate (R =
150) and a maximum cycle cutoff (C = 7). These parameters balance data complexity and
accuracy by retaining key aerodynamic information while filtering out higher-frequency noise.
The truncation rate is selected to ensure sufficient data retention to capture the dominant pressure
patterns, while the cycle cutoff focuses on significant frequency components, improving
measurement reliability. Considering all AOAs, the sensor layout provides robust and accurate
coverage for varying wind conditions. High sensor density in regions of high Cp ensures critical
aerodynamic phenomena are captured while minimizing redundant sensors in less dynamic areas,
reducing resource usage. This optimized layout enhances the reliability of pressure measurements,
supporting accurate wind load predictions and structural assessments. By ensuring high-resolution
data collection across critical zones, this approach contributes to better computational models and

informs safer, more efficient structural designs.

174



Pradicted C, mean AOA=0"

[a] )

5 05

1
10

15
15

2
20

25
5 4s ¢
0 s

"
3

a5
40

5
45

55

5 10 15 20 F =]

True C,, mean AOA=0”

C, mean
€, mean
‘Output ~= 1*Target + 0.00048

-1.2 - 038 -06 -0.4 02 0

e Target
Pradicted C, mean AOA=30"
o
[b] D
s as as : R=0.99975
o
' . o
10 0.2 | | m— Fit
Y=T
15 18 04
15 o~
2 2 g 08
» =
25 ¢ e + .08
H E
] (-
b d A
{3 4
’ £
T2
» as T
) Be
4 5
35 0.8
as 48
w© 18
5 5 2
s
o a5 -2 1.5 -1 05 0
s ) S 5 T EEE Target
Predicted C, mean AOA=60" True C,, mean ADA=60"
o
[C] - . : R=0.99916
'
15 o~ s
, g
=
+ 4
25 g
§ e
£ =
4 d c
!
as H
. -}
0 .
as
5 25,
25 -2 15 -1 05 o
55
5 10 15 2 25 k) Tlrg8l
Predicted €, mean AOA=80"
d ° soes
[ ] : R=0.99838
0s ]
© Dam
. —_—
w 02 ¥=T
15
15 3
S 04
2 =]
-
w0 -
25 g 506
t L
2 |, & E C
! o8
20 35 3
3
4 o 4
»
45 i
40 12
. " " " " " "
% Az - 08 06 0.4 02 0
55
5 10 15 0 25 30 TﬂmEl

Fig. 6.13 Comparison between true and predicated mean pressure coefficient and regression

model for wind angle of attack (a)0°, (b) 30°, (¢) 60, and (d) 90°.
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Fig. 6.15 Optimized sensor placement across (a) 0°, (b) 30°,(c) 60°,(d) 90°, and (e) combined all
AOAs, illustrating eigenvector distributions of pressure coefficients (Cp) and highlighting
critical regions of pressure variation with strategically placed sensors for accurate and efficient

data collection.
6.4.2. Optimal Sensor Placement for Complex roof geometry of low-rise building

The aerodynamic behavior of complex roof geometries introduces significant challenges due to
the development of intricate flow phenomena such as flow separation, reattachment, and vortex
formation regions. Unlike simple roof geometries, which exhibit relatively uniform pressure
distributions, complex roof designs create highly localized pressure variations, leading to areas of
high suction and significant flow disturbances. This behavior is particularly critical in modern
residential buildings, where intricate architectural features, such as multiple slopes and roof ridges,
influence the wind load distribution. For this case study, a real-world-inspired design adapted from
the Kopp and Gavanski model was analyzed, with full-scale dimensions of 20.88 m X
21.7m x 5.5 m (Fig. 6.16). The geometry included multiple ridges, intersections, and varied

roof slopes, reflecting the increasing complexity in contemporary residential construction [65].
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Fig. 6.16 Complex roof geometry layout and dimensions in full scale (a) Side view illustrating
roof slope and ridge measurements, (b) Front elevation view of the roof structure, and (c) Top

view (roof plan) displaying overall roof geometry and dimensions.

To analyze the wind-induced pressures, a Large Eddy Simulation (LES) was performed under an
open terrain inflow profile to resolve the flow turbulence accurately. The LES results provided
spatiotemporal data for pressure coefficient (Cp) fields across the building surface, which
exhibited significant variations near roof ridges and intersections due to flow separation and
reattachment. Using the LES-generated data, multi-resolution Dynamic Mode Decomposition
(mrDMD) is applied to extract the dominant spatial modes of the pressure fields across different
time scales. The mrDMD technique effectively identified critical areas of pressure variation,
capturing the most influential aerodynamic features of the flow. Following the mrDMD analysis,
QR pivoting is employed to optimize sensor placement by identifying the most influential spatial
points for data reconstruction. The reconstructed pressure fields, illustrated in Fig. 6.17, present
time snapshots of the reconstructed and true pressure fields (Cp) at three distinct time steps, 3000,
10000, and 25000, for an attack (AOA). The predicted pressure fields, obtained using optimized
sensor placements, align closely with the true LES data, effectively capturing critical flow
phenomena such as flow separation, reattachment regions, and zones of significant pressure
gradients. The regression plots validate the accuracy of the reconstruction, showing minimal
deviation from the ideal line and consistently high R? values 0.9985, 0.9979, and 0.9987. These
results confirm that the spatial modes extracted through mrDMD capture the dominant pressure
dynamics, while the optimized sensor placements ensure accurate reconstruction over time. The

close agreement between predicted and true fields across all snapshots demonstrates the
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methodology's effectiveness in handling both spatial and temporal variations of the pressure field

for complex roof design.
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Fig. 6.17 Reconstructed pressure data on the roof of low-rise buildings along with a regression

model for all AOA.
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The optimization results for various truncation levels and cycle cutoff frequencies, shown in Fig.
6.18, highlight the trade-off between sensor count and reconstruction error (RMSE). showing the
relationship between truncation rate (R), cycle cutoff frequency (C), and the number of sensors (Z)
with the associated Root Mean Square Error (RMSE). The top row of 3D surface plots illustrates
how the number of sensors and reconstruction accuracy depends on the truncation rate and cycle
cutoff frequency. At lower truncation rates, the required sensors increase significantly to achieve
acceptable accuracy. As the truncation rate increases, fewer sensors are needed, with the RMSE
gradually stabilizing, indicating that higher truncation rates contribute diminishing improvements

to reconstruction quality. Similarly, the cycle cutoff frequency influences the sensor count and
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accuracy. Higher values of C improve accuracy, as reflected in the lower RMSE values, but require
a larger number of sensors. The bottom row of 2D contour plots provides a clearer visualization of
the trade-offs between truncation rate, cycle frequency, and accuracy. The plots highlight regions
where the RMSE is minimized, corresponding to an efficient balance between sensor count and
reconstruction performance. At low truncation rates, the RMSE remains high due to insufficient
mode capture. However, as R and C increase, the RMSE reduces significantly, forming distinct
regions where the reconstruction error is minimized. Progressing from Level 4 to Level 6, the total
number of sensors decreases considerably while maintaining high reconstruction accuracy. Level
6, in particular, achieves the most efficient optimization, with RMSE values stabilized close to
zero and a significant reduction in sensor count. The findings underscore the importance of
selecting appropriate truncation rates and cycle cutoff frequencies to achieve cost-effective and
efficient sensor placement for monitoring aerodynamic pressures on complex roof surfaces.
Finally, the optimized sensor placement for combined AOAs is shown in Fig. 6.19, where the
eigenvector distributions of pressure coefficients (Cp) reveal the critical regions of pressure
variation. The strategically placed sensors effectively captured the aerodynamic behavior while
significantly reducing measurement redundancy. This case study demonstrates the effectiveness of
combining LES, mrDMD, and QR pivoting to address the challenges posed by complex roof
geometries. The methodology ensures a robust, cost-effective approach to wind load evaluation
while maintaining high accuracy. These findings are particularly valuable for improving modern

residential buildings' design and structural resilience with increasingly intricate roof designs.
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Fig. 6.18 Optimization results for levels (a) L= 4, (b) L= 5, and (¢) L= 6 show the relationship
between truncation rate (R), cycle cutoff frequency (C), and the number of sensors with RMSE.
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Fig. 6.19 Optimized sensor placement for the combined AOAs, illustrating eigenvector
distributions of pressure coefficients (Cp) and highlighting critical regions of pressure variation

with strategically placed sensors.
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6.5. Summary and Conclusion
This study examines the aerodynamic behaviour of low-rise buildings with complex roof
geometries, addressing challenges such as wind-induced pressures, flow separation, and vortex
formation. Using large eddy simulation (LES), high-fidelity pressure data were generated to
capture critical aerodynamic features, including localized suctions and pressure gradients near
ridges and leading edges. A combined multi-resolution dynamic mode decomposition (mrDMD)
and QR pivoting approach was applied to optimize sensor placement, reducing sensor count by up
to 80 percent while maintaining accuracy. The methodology was validated through time snapshots
and RMS comparisons across various wind angles of attack, achieving high correlation values
above 0.98 and minimal errors. The results effectively captured spatial and temporal pressure
variations while illustrating trade-offs between truncation rates, sensor count, and accuracy. The

main contributions of this study include:

I.  Sensors were strategically placed to capture critical aerodynamic features, such as leading

edges and flow separation zones for both case studies (i.e., gable and complex roof

geometry).

II. A truncation rate (R < 100) and cycle cutoff frequency (10 < C < 20) achieved minimal
RMSE and reduced sensor requirements, balancing accuracy and cost, showcasing efficient

Trade-offs in Optimization

III. It is found that the gable roof geometry requires fewer sensors due to uniform pressure
distribution, with Level 4 optimization providing sufficient accuracy. On the other hand,
the complex roof geometry needed higher sensor density to capture localized pressure

variations and complex aerodynamic phenomena, especially at Level 6 optimization.

IV.  The gable roof geometry achieved minimal reconstruction error across all AOAs, with
R? > 0.99, even at lower optimization levels. On the other hand, Complex Roof geometry
maintained high reconstruction accuracy (R? > 0.998) but exhibited slight deviations in

regions with complex flow interactions, such as flow separation and reattachment.

V. In the case of the gable roofs, broader valid ranges of truncation rates (R > 200) and cycle
cutoff frequencies (C > 20) allowed flexibility, simplifying the optimization process,

while it was found that Complex roofs required higher levels (e.g., Level 6), leading to
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tighter constraints (R < 100, 10 < € < 20 ) to balance reconstruction accuracy and

sensor count, ensuring effective coverage of critical aerodynamic regions.
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CHAPTER 7

Conclusion and Recommendations
7.1. Summary
This thesis addresses critical challenges in evaluating and mitigating wind-induced forces on low-
rise buildings by integrating experimental and numerical methods focusing on practical and
efficient solutions. The research spans multiple studies to comprehensively investigate the
aerodynamic performance of low-rise buildings and propose effective mitigation and optimization
strategies. The aerodynamic efficiency of parapets is explored in detail, including their impact on
both typical roof geometries (i.e., gable) and complex roof structures in suburban terrains.
Experimental and numerical investigations reveal the role of parapets in displacing flow separation
zones, reducing wind loads, and mitigating corner suctions. The studies also highlight the potential
drawbacks of parapets, including increased interior roof loads and the risks posed by flying debris,

emphasizing the need for a balanced design approach.

The thesis advances numerical wind load evaluations using Large Eddy Simulation (LES), with a
focus on improving turbulence inflow generation, computational domain specifications, and grid
refinement. Key findings include defining optimal parameters, such as the turbulence maximum
frequency (fjqx) and grid resolution, to enhance the accuracy of wind pressure predictions. The
results demonstrate the limitations of current computational guidelines and propose improvements
to ensure reliable evaluations for low-rise building geometries. The performance of aerodynamic
mitigation techniques, including parapets and roof modifications, is assessed across various terrain
types, wind directions, and roof slopes. Results emphasize the importance of considering terrain
effects and building arrangements in wind load assessments, which are often overlooked in current

standards.

An innovative framework for Optimal Sensor Placement (OSP) is developed, leveraging multi-
resolution Dynamic Mode Decomposition (mrDMD) and QR pivoting algorithms. This framework
identifies optimal sensor locations on building surfaces, significantly reducing the number of
sensors required (i.e., over 80%) while maintaining data accuracy. This approach enhances the
efficiency and affordability of experimental wind load evaluations, addressing practical constraints

such as cost and accessibility.
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Through these studies, the thesis contributes to the understanding of wind-induced forces on low-

rise buildings, providing practical guidelines for acrodynamic mitigation, sensor optimization, and

accurate wind load evaluations. These findings have implications for improving structural

resilience, reducing costs, and enhancing the safety of low-rise buildings in diverse environmental

conditions, particularly in regions prone to extreme weather events.

7.2. Main Contribution

Examining the effectiveness of common of Aerodynamic Mitigation Techniques for Complex

Roof Geometries

Introduced and evaluated corner and ridgeline parapets for low-rise buildings with
complex roof geometries using Computational Fluid Dynamics (CFD).

Demonstrated that corner parapets reduce extreme suction by up to 29%, while ridgeline
parapets decrease pressure values at interior roof zones by 53% and overall roof uplift by
5.6%.

Highlighted the critical role of parapet design in mitigating wind loads while addressing

potential risks such as flying debris and water leaks at parapet connections.

Advancement in large eddy simulation (LES) accuracy for wind load evaluations

Systematically defined optimal inflow turbulence parameters, including the maximum
turbulence frequency and grid size, to improve LES predictions.

Guideline to estimate the required mesh size Ax within the computational domain that
resolves the turbulence up to the maximum frequency, f;,4, Or to determine f,,,, that can
be resolved by a pre-designed grid of size Ax.

Identified that computational domain dimensions, grid refinement zones, and grid
discretization schemes significantly impact wind load accuracy on low-rise building,
achieving RMSE as low as 3% for mean pressure and 1.5% for pressure fluctuations
when optimized parameters are employed.

Highlighted the limitations of current computational wind load evaluation on low-rise
buildings guidelines, particularly for minimum domain width and height, and provided

refined recommendations to reduce discrepancies.

Evaluation of the efficiency of the aerodynamic mitigation add to low-rise buildings in

suburban and open terrains
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Conducted wind tunnel tests on low-sloped gable roofs with perimetric and corner
parapets in open and suburban terrain conditions.

Found that terrain roughness reduces parapet efficiency, with mean and fluctuating
pressure reductions 50% lower in suburban terrains compared to open terrains.
Demonstrated that parapets alter pressure distributions by raising vortex positions and

promoting flow reattachment, effectively reducing peak and mean roof pressures.

Identification of terrain-induced variations in wind load patterns

Showed that suburban terrain amplifies pressure fluctuations at internal roof zones by
over 60% while reducing mean suction at edges by 30%.

Highlighted that parapet efficiency in reducing peak and fluctuating pressures varies
significantly between terrains, with reduced performance in higher turbulence suburban
conditions.

Framework for optimal sensor placement (OSP):

Proposed a methodology integrating advanced techniques like mrDMD and QR pivoting
to optimize sensor placement for wind load evaluation.

Anticipated reduction of over 80% in sensor count without compromising accuracy,

making experimental setups more cost-effective and scalable.

7.3. Future work and recommendations

Exploration of Flexible Parapets: Investigate the acrodynamic performance of flexible

parapets as an alternative to rigid designs. Flexible parapets may provide adaptive responses

to varying wind conditions, potentially reducing extreme pressures and mitigating the risk of

structural damage or failure.

Study of Complex Building Arrangements: Extend the analysis to include low-rise

buildings situated in densely populated areas with complex arrangements, focusing on the

influence of surrounding structures on wind flow and pressure distribution.

Validation of Mitigation Techniques in Full-Scale Models: Conduct full-scale testing of

aerodynamic mitigation strategies, including parapets and roof modifications, to validate

numerical and wind tunnel findings under real-world conditions.
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Dynamic Effects on Roof Components: Analyze the dynamic effects of wind-induced
vibrations on roof components, including cladding and parapets, to better understand fatigue
and failure mechanisms.

Development of Hybrid Frameworks: Develop hybrid frameworks where CFD and
experimental results complement each other, leveraging experimental sensor data to refine
boundary conditions and turbulence parameters.

Incorporation of Machine Learning: Incorporate machine learning to predict optimal

sensor configurations for different building geometries and terrain conditions.
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