Florida International University

FIU Digital Commons

FIU Electronic Theses and Dissertations University Graduate School

3-30-2022

Experimental Analysis and Numerical Investigation of
Aerodynamics of Elevated Structures

Nourhan Abdelfatah
Florida International University, nabde006@fiu.edu

Follow this and additional works at: https://digitalcommons.fiu.edu/etd

6‘ Part of the Civil Engineering Commons, and the Structural Engineering Commons

Recommended Citation

Abdelfatah, Nourhan, "Experimental Analysis and Numerical Investigation of Aerodynamics of Elevated
Structures" (2022). FIU Electronic Theses and Dissertations. 4982.
https://digitalcommons.fiu.edu/etd/4982

This work is brought to you for free and open access by the University Graduate School at FIU Digital Commons. It
has been accepted for inclusion in FIU Electronic Theses and Dissertations by an authorized administrator of FIU
Digital Commons. For more information, please contact dcc@fiu.edu.


https://digitalcommons.fiu.edu/
https://digitalcommons.fiu.edu/etd
https://digitalcommons.fiu.edu/ugs
https://digitalcommons.fiu.edu/etd?utm_source=digitalcommons.fiu.edu%2Fetd%2F4982&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/252?utm_source=digitalcommons.fiu.edu%2Fetd%2F4982&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/256?utm_source=digitalcommons.fiu.edu%2Fetd%2F4982&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.fiu.edu/etd/4982?utm_source=digitalcommons.fiu.edu%2Fetd%2F4982&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcc@fiu.edu

FLORIDA INTERNATIONAL UNIVERSITY

Miami, Florida

EXPERIMENTAL ANALYSIS AND NUMERICAL INVESTIGATION OF

AERODYNAMICS OF ELEVATED STRUCTURES

A dissertation submitted in partial fulfillment of
the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
CIVIL ENGINEERING
by

Nourhan Abdelfatah

2022



To: Dean John L. Volakis
College of Engineering and Computing

This dissertation, written by Nourhan Abdelfatah, and entitled Experimental Analysis and
Numerical Investigation of Aerodynamics of Elevated Structures, having been approved in
respect to style and intellectual content, is referred to you for judgment.

We have read this dissertation and recommend that it be approved.

Arindam Gan Chowdhury

loannis Zisis

Seung Jae Lee

Wallied Orabi

Peter Irwin, Co-Major Professor

Amal Elawady, Co-Major Professor

Date of Defense: March 30, 2022

The dissertation of Nourhan Abdelfatah is approved.

Dean John L. Volakis
College of Engineering and Computing

Andrés G. Gil
Vice President for Research and Economic Development
and Dean of the University Graduate School

Florida International University, 2022



© Copyright 2022 by Nourhan Abdelfatah

All rights reserved.



DEDICATION
In the memory of my father, Mr. Sayed Abdelfatah (May Allah bless his soul).

I owe you this work and everything I achieved in life.



ACKNOWLEDGMENTS

Alhamdulillah, Thanks Allah the Almighty for His blessing and for giving me
strength during my study and my whole life.

I would like to express my ample gratitude to my major advisor, Dr. Amal Elawady,
for her mentorship, guidance, and continuous support since | joined her research group and
through my Ph.D. journey. Giving me the opportunity to start experimental work from the
first year to get more experience and do extensive valuable studies on my dissertation topic.
I would like also to express my deepest gratitude to my co-major advisor, Dr. Peter Irwin.
It was such a great honor to get the chance to work with him. | really appreciate his
scientific support, and constructive ideas that enriched my dissertation.

| am eternally grateful to Dr. Arindam Chowdhury for his guidance through my
courses and experimental test at the Wall of Wind Experimental Facility. | really appreciate
his support, and encouragement. | sincerely appreciate Dr. loannis Zisis guidance during
my first steps in numerical analysis. Many thanks for his valuable suggestions.

I would like to express my sincere gratitude and appreciation to the committee
members, Dr. Seung Jae Lee and Dr. Wallied Orabi, for their help, continuous support,
valuable suggestions, and insightful inputs.

Thanks to Dr. Armin Mehrabi, the Graduate Program Director at the Civil and
Environmental Engineering department at FIU, for his guidance and support during my
journey of doctorate degree study.

I would like also to acknowledge the support of my colleagues in the wind

engineering team and the Wall of Wind staff for their help during my experimental work.



| am sincerely grateful to Mr. James Erwin, who helped me in the experimental work, and
Dr. Mohammadtaghi Moravej, who helped me in the post-test analysis part.

| am thankful to the National Science Foundation (NSF) for supporting my
research. The financial support provided by the NSF Award (Award# 1520853 & 2037899)
is much acknowledged and appreciated. Furthermore, | would like to thank the University
Graduate School (UGS) in Florida International University (FIU) for offering me the
prestigious Dissertation Year Fellowship (DYF) to support writing and finalizing my
dissertation.

A special feeling of gratitude is for my husband, Dr. Hassan Eldeeb. His
unconditional love, support, and wisdom made the Ph.D. journey more pleasant. Thanks
for being there for every challenge | face. And to our lovely son Hamza Eldeeb. He was
born in the middle of this journey, and his patience allowed me to work hard on this
dissertation. | hope | would be able to make it up to him.

Thanks to my mother, Ms. Hanaa Tantawy, who did her best to provide me with
the best education and life. All the sacrifices she did, have made me what I am now.
Nevertheless, my sisters’ support, Eng. Mennatuallah and Dr. Rana who encouraged me

during the Ph.D. journey. No matter the distance, you are the closest to my heart.

Vi



ABSTRACT OF THE DISSERTATION
EXPERIMENTAL ANALYSIS AND NUMERICAL INVESTIGATION OF
AERODYNAMICS OF ELEVATED STRUCTURES
by
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Professor Amal Elawady, Co-Major Professor
Professor Peter Irwin, Co-Major Professor
In coastal residential communities, flooding is a frequent natural hazard that
impacts the area. Elevated low-rise buildings are constructed to reduce the hydrodynamic
load from surges and flooding. Yet, elevated buildings are exposed to high-intensity wind
during hurricanes. Due to the current lack of information, wind loading on elevated coastal
structures is not adequately addressed in current international guidelines. Post-storm
damage assessment has revealed severe damages sustained by elevated buildings’
components such as roofs, walls, and floor. Creating an air gap underneath the floor
changes the structure’s aerodynamics. Besides, the wind speed increase, due to elevation,
causes an increase in the resulting wind loads. These factors result in a variation of the
pressure distribution from their slab on grade counterparts. To address this knowledge gap,
large-scale experimental studies were conducted at the Wall of Wind Experimental Facility
at Florida International University, to assess wind effects on elevated houses. The
experimental program was supplemented by numerical simulations using Computational

Fluid Dynamics (CFD) to provide a visual explanation of the flow streamlines through

vii



different configurations of coastal houses. The study covers different numbers of stories,
varying stilt heights, different floor aspect ratios, number of stilts, and the effect of adding
stairs. This study provides experimental and numerical aerodynamic datasets to assess local
and area-averaged peak pressure coefficients for the building surfaces of the tested cases.

From the experimental and numerical studies, the resulting external pressure coefficients
compared to the provided coefficients by the international standards for on-ground cases
show their applicability for elevated house walls and roof surfaces. For the elevated
building floor underside surface, the provided external pressure coefficients for flat roofs,
by ASCE 7-16, can be used while using the wind speed at the mean roof height as a
reference. This study reveals a significant increase in the total shear, vertical forces, and
overturning moment on the building foundations. The study also includes a visualization
of the wind streamlines through the air gap showing the flow circulation below the model
floor and behind every stilt. The provided flow streamlines justify the observed suction on
the floor surface due to flow separation at the floor edges and around the stilts. The flow
streamlines also show a considerable increase in the wind velocity passing through the air
gap. Design recommendations and guidelines are proposed in the last chapter to adequately
calculate wind loads on elevated buildings and increase the resiliency of coastal residential

structures.
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1. CHAPTERI
INTRODUCTION

1.1 Hurricane Hazards in Coastal Areas

Coastal areas attract high populations, due to the beautiful nature and weather, in the
United States and around the world. Population migration to coastal cities results in the
creation of many workforce opportunities in business and entertainment sectors. In the US
only, more than 8 trillion dollars in goods and services, over 55 million employment
opportunities, and income of more than 3 trillion dollars that total about 50% of the nation’s
economy were invested in coastal cities [1]. Such observation justifies that almost 40% of
the world’s population lives 100km or less from the coast, according to the United Nations
[2]. In 1996, Hinrichsen estimated that by 2025 approximately 70% of the world population
would live 200km from the shoreline [3].

The National Oceanic and Atmospheric Administration (NOAA) [4] has published
tropical storms and hurricane records since 1851 in the Atlantic Ocean, the Caribbean Sea,
and the Gulf of Mexico. Statistical analysis of the published extreme wind events showed
a total increase of 36% in the number of storms over the past 50 years. In addition,
currently, there is a 50% probability that ten storms will occur per year [5]. Thus, along the
shoreline, residential structures are frequently exposed to strong windstorms and flooding
hazards that cause severe structural damage resulting in significant economic losses and
fatalities.

From the financial impact point of view, the losses of hurricanes are majorly expressed

by the dollar amounts of insurance claims. Hurricanes (Harvey, Irma, and Maria) in 2017



resulted in claimed losses that exceeded $265B [6]-[8]. In 2018, Hurricane Michael’s
landfall near Mexico Beach, FL, impacted the region with wind speeds exceeding 67m/s
and a storm surge exceeding 1.9m, causing insurance losses of more than $7.2 billion in
Florida alone [9], [10]. Furthermore, in 2019, Hurricane Dorian, whose eye hit the
Bahamas and its cone impacted Florida and South and North Carolina, resulted in insured
losses of about $6.5 billion [11]. In 2020, the coastal areas of the US were hit by Hurricanes
Sally, Laura, and Delta. The insured losses were estimated to be more than $15 billion for
Hurricane Laura alone [12], [13].

The loss statistics, together with the increased number of rapidly intensified hurricanes,
emphasize the fact that the recorded human and financial tolls from hurricanes of the last
few decades have been immense and are expected to increase during the next years. This
has led to calls for improving resiliency of the built environment in coastal areas. In an
attempt to overcome flooding hazards impacting coastal communities, the Federal
Emergency Management Agency (FEMA) recommends elevating coastal structures to a
safe level, named the Base Flood Elevation (BFE), defined with respect to the structure’s
location relative to the seashore [14]. In many cases, this construction practice helps protect
coastal houses against flooding hazards [15], [16]. In addition, several architectural
benefits motivate owners to build their houses on stilts, such as increasing the natural
ventilation by creating an air gap underneath the house floor, maximizing the aesthetic
perspective of the house view, and allowing building houses in rocky areas [17]. Yet, the

wind actions on such elevated buildings are critical and should be carefully considered.



1.2 The Necessity of Studying the Aerodynamics of Elevated Houses
Elevating residential houses to the Base Flood Elevation (BFE) is an effective way to
avoid flooding hazards [14], [18]. However, damage assessment studies in the wake of
recent hurricanes demonstrate that elevated homes remain vulnerable to wind hazards.
Elevating a building on stilts changes its structural properties and exposes it to higher wind
intensity. The building's new configuration allows the formation of new wind forces
compared to an on-ground replica [19], [20]. After hitting the building windward wall, the
flow streamlines experience a considerable change after elevation, as shown in Figure 1.1.
The critical changes occurring due to house elevation are listed in the following points;
(1) The flow separation at the top and bottom edges of the windward wall is affected by
the presence of air gap, consequently, it affects the resulting pressure distribution on
the roof and walls.
(2) The air moving under the building passes through a narrow region where an increase
in the wind speed is predictable, causing potential structural damages.
(3) The presence of stilts and the floor surface is expected to result in flow separation
and turbulence, causing higher suction.
(4) The change in the pressure distribution over the surfaces and the suction force acting
on the floor affect the resulting shear force and overturning moment on the

foundation.



Wind profile

| On ground one-story case ‘ | Elevated one-story case | | Elevated two-story case |

Figure 1.1 Schematic drawing of the air flow through gable roof houses

Figure 1.2 A one-story elevated house after hurricane Dorian in 2019

The stated aerodynamic changes resulting from elevating a low-rise building on stilts
justify the considerable wind-induced damages experienced by numerous coastal buildings
during recent hurricanes, including roof and wall cover loss [21], [22]. In the literature,
Amini et al. showed several modes of damage experienced by elevated houses during
Hurricane Michael [5]. The damage survey showed that the most common failure mode is
the pull-out of wall and roof cladding. Figure 1.1 displays roof and wall damage of a one-
story elevated house located in Abaco Island, Bahamas, after the impact of Hurricane
Dorian. This structure is located 150m away from the shoreline. The severe damage

displayed is believed to result from high-intensity wind and wind-borne debris impacts.
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(a) (b)

Figure 1.3 Two-story elevated house wall and roof cladding damage (a) Hurricane
Sally, and (b) Hurricane Laura

Similarly, Figure 1.3 (a-b) presents a typical wall and roof cladding damage observed
on two-story residential houses recorded after the passage of hurricanes Sally and Laura,
respectively [23]. The gable-roof elevated house shown in Figure 1.3a is located 300m
away from Alabama’s southern coast. The figure shows that more than 50% of the building
wall cladding has been removed. The building shown in Figure 1.3b was hit by Hurricane
Laura which caused severe damage to both the roof and wall cladding.

Despite the severity and destructive effects, there has been a little attention in the
literature regarding the evaluation of wind actions on elevated coastal buildings. Holmes
studied the effect of elevating a tropical house on the resulting surface pressure distribution
[24]. The author tested on-ground and elevated models using small-scale 1:50 and 1:100
gable-roof models at the James Cook University wind tunnel facility in Australia. The eave
heights of the on-ground and elevated models were 3.0 and 5.1 m, respectively. The roof
pitch angle was 10°. The two models were tested only under three different wind directions

of 0°, 60°, and 90°. The barrier-roughness method was adopted to adjust the scaling of the



flow with respect to the model size [25]. A rural terrain wind profile Atmospheric
Boundary Layer (ABL) was produced, and the assumed roughness length was 0.035 m.
The results showed a significant increase in the wall pressure coefficients, especially on
the windward walls, as the model elevation increases. The increase of mean pressure
coefficient on the windward wall was around 35% for 0° wind direction, and 30% for 90°
and 60° wind directions.

Speaking about the scaling effects, Holmes observed discrepancies between the
observed peak pressures measured using the 1:100 scale model compared to those
measured for the 1:50 scale model. The smaller model showed lower peak pressure values,
although the mean pressure coefficients recorded using the two scaled models were nearly
the same. It was suggested that the reason behind such discrepancies was Reynolds Number
(Re) scaling mismatch. Mismatching of Re similarity in wind tunnel testing is expected to
affect the resulting peak pressures, especially for the corner zones subjected to oblique
winds [26]. As a result, the use of large-scale models is recommended to reduce expected
Reynolds number (Re) mismatching effects and increase the reliability of peak pressure
values [27], [28]. Accurate consideration of Re is essential to reproduce corner vortices
and flow separation and reattachment points [27], [29], and [30]. After testing a small scale
(1:100) low-rise gable roof building, Hoxey et al. concluded that the Re effect could be as
high as -0.5 in the pressure coefficient (Cp) value per decade of the Re values [28].
Recently, Moravej conducted a wind tunnel study using various scaled models of the Texas
Tech Building [31] [32]. The largest-scale model (1:6) showed the best agreement in the
external pressure distribution compared with the full-scale measurements. Additionally, a

large-scale wind testing is preferred to reproduce better building details, which in turn



affects the aerodynamics of the building. On the other hand, for large-scale wind tunnel
testing, it is typically not possible to simulate the full spectrum of turbulence eddies,
particularly the large (i.e., low frequency) eddies, due to the limitations of the size of the
test section. This may result in an underestimation of peak pressure coefficients. To address
this issue, an analytical approach named Partial Turbulence Simulation (PTS) method has
been previously developed and validated by the Wall of Wind (WOW) Experimental
Facility (EF) research team to correct the measured peak wind pressures using large-scale
models [33]. More details about the use of this analytical method are provided in the next
chapters.

The topic of elevated houses aerodynamics has started to get higher focus in the recent
years. Amini et al. conducted a parametric numerical study to evaluate the effect of
elevating the structure on the resulting mean pressure coefficients using Computational
Fluid Dynamics (CFD) simulations [34]. The study utilized the experimental results
reported by Holmes [24] to validate their CFD model to further investigate other elevation
heights and the wind flow characteristics. The author simulated a 1:20 on-ground and
elevated (by 2.1 m and 4.2 m (full scale)) gable roof building. The results showed a slight
increase in the suction coefficients on the roof surface for the examined elevated models.
After counting the wind velocity increase and model elevation, the author stated that the
increase of the pressure coefficients over the model surfaces caused an increase of 50 %
and 95 % in the overturning moment acting on the 2.1 m and 4.2 m elevated cases,
respectively, compared to the on-ground case. Also, Amini and Memari surveyed the

performance of several coastal houses impacted by recent hurricanes [35] using publicly



available damage survey studies. The study recommended considering the new
aerodynamics of elevated houses to resist higher levels of wind forces.

Very limited information is available in the current national and international standards
for the design of elevated structures. For example, the American standard ASCE 7-16,
provides external pressure coefficients for the edge and middle zones of the underside of
elevated tanks or silos [36]. However, there is no recommendation for different elevations
or geometrical changes. Besides, these values are recommended for cylindrical structures,
which are not applicable for box buildings. This year (2022), the last released version of
the American standard ASCE 7-22 include new provisions to calculate wind loads on
elevated houses while considering the findings of the large-scale tests conducted in WOW
[37], [38]. The Australian and New Zealand standard AS/NZS1170.2 [39] recommends
using the same pressure coefficients values for the windward walls of elevated or non-
elevated cases. For the floor surface, AS/NZS1170.2 standard recommends an averaged
pressure coefficient value depending on the stilt’s height while neglecting the effect of
other geometrical configurations.

Both reasons, the lack of guidelines and the noticeable damages occurring due to
hurricanes and extreme wind events, emphasize the importance of studying the
aerodynamics of elevated structures, which is the main core of this dissertation's research
aims. The external pressure coefficients on the structure surfaces are needed for an
adequate design. Wind flow characteristics need to be investigated to avoid any future
damages. The following section shows the objectives and the steps taken in the current

study to fill the explained knowledge gaps.



1.3 Research Objectives

This research study constitutes two integrated experimental and numerical analyses of
wind actions on elevated low-rise buildings. As a first step towards filling the current
research gaps, a large-scale experimental program is conducted at the Natural Hazard
Engineering Research Infrastructure (NHERI) Wall of Wind (WOW) Experimental
Facility at Florida International University (FIU). The experimental study aims to provide
an understanding of the main differences between the aerodynamics of elevated buildings
compared to their on-ground replica and the role of the floor underside air gap in changing
the wind flow surrounding the structure. The experimental program includes an on-ground
case, different stilt heights, and different number of stories under varying wind directions.
The test program is designed while considering the commonly used and the maximum stilt
heights according to FEMA recommendations [14] and recent post-hurricane damage
surveys [23]. The experimental study evaluates the local peak pressure coefficients on the
building surfaces, including the roof, floor, and walls of typical elevated houses. These
values are then used to calculate the wind loads on each surface cladding (i.e., area-
averaged pressure coefficients).

The experimental study also includes a discussion on the differences between area-
averaged pressure coefficients obtained from experimental data and those available in
national and international standards. For the floor surface, a proposed empirical method is
developed to provide the floor area-averaged pressure coefficients for different stilt
heights. Also, to better understand the variation of wind loads with the variation of the

house elevation, mean wind forces on the model surfaces are calculated and presented.



For the numerical simulations, Computational Fluid Dynamics (CFD) is used to
simulate the air flow around elevated houses. Compared to experimental wind tests, CFD
methods provide a wide range of output data to describe the air flow characteristics and the
resulting wind loads. CFD is also distinguished by its ability to simulate different flow
turbulence characteristics, atmospheric boundary layer profiles, and various building
geometries at a low cost compared to conventional wind tunnel testing [40]. In this study,
both Reynolds-Averaged Navier—Stokes (RANS) and Large Eddy Simulation (LES)
models of elevated buildings, including those tested physically, are developed. The CFD
models are first validated against the experimental results and then extended to assess the
aerodynamics of other geometrical configurations. The RANS model can be an effective
tool to perform an extensive parametric study to provide insights on the mean wind loading.
However, it is insufficient to calculate peak velocity and pressures. LES simulation has
shown the efficiency and accuracy of simulating wind flows through bluff bodies in
literature [41]-[44]. It allows simulating time-dependent flow and calculating
instantaneous velocity. The developed numerical models contribute to understanding the
building aerodynamics, the change in mean and peak pressures along the model surfaces,
and the damage modes observed in recent hurricanes. The wind flow characteristics are
studied, and the resulting wind pressure effect is demonstrated as well.

The following bullets summarize the main research objectives of the dissertation;

1- Perform large-scale experimental wind testing on elevated houses with different
stilt heights and number of stories.

a) Analyze the experimental data to present the resulting pressure coefficient

on the building surfaces.
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b) Assess the sufficiency of available design guidelines and standard
recommendations to calculate wind loads on elevated houses.

c) Propose guidelines to calculate external wind pressure on the floor surface.

2- Develop and validate a CFD model and conduct an extensive numerical parametric
study.

a) Use the recorded experimental data to identify the boundary conditions and
validate the numerical model.

b) Study the flow characteristics of the validated CFD models.

c) Perform parametric study to identify the geometrical controlling
parameters that affect the aerodynamics of elevated houses (i.e., Stilt
height, Aspect ratio, .etc.).

d) Perform CFD simulation using LES to estimate peak pressure coefficients.

1.4 Dissertation Structure

The structure of this dissertation is organized as follows to present the full study done
to fulfill the research aims stated in the introduction “Chapter 1°.

Chapter 2 introduces the wind effect on one-story elevated houses with different stilt
heights through a large-scale experimental test at the Wall of Wind Experimental Facility
(WOW-EF) at FIU. The test plan is designed to investigate how the air gap underneath the
floor would change the aerodynamics of elevated buildings compared to their slab-on-
grade counterparts. The test results are compared to their corresponding values given in the
ASCE 7-16 standard when possible. The study proposes preliminary pressure coefficients

and zone divisions for the floor underside surface, which is not currently available in the
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design standards. The results of this study demand more parametric studies on elevated
structures.

Chapter 3 presents an extensive experimental study on one- and two-story elevated
houses with different stilt heights. The results are used to update the proposed zone scheme
suggested in Chapter 2. Based on the suggested zoning, the pressure coefficients are
calculated and compared to international standards. This study recommends examining
other building shapes and stilt arrangements as well as the effects of partially blocking the
underneath of the building which is widely noticed for elevated low-rise structures.
Accordingly, to perform a parametric study, numerical simulations are needed to identify
the controlling parameters with respect to the geometrical configurations and to understand
the effect of the new aerodynamics on the flow streamlines.

Chapter 4 presents the RANS CFD model developed for elevated buildings. First, to
validate the CFD model, a comparison between the data extracted from the CFD simulation
with WOW results is conducted. Consequently, a parametric study is presented. This study
investigates the wind flow characteristics surrounding the buildings while considering
various geometrical configurations and assesses the wind actions on elevated structures
and their variations with the building’s stilt height and floor aspect ratio. The mean wind
forces coefficients on the model surfaces and foundation are evaluated. However, the
RANS simulations are limited to mean wind forces and pressure coefficients. Thus, to
present peak pressure coefficients, Large Eddy Simulation is needed.

Chapter 5 presents a numerical study performed using Large Eddy Simulation. A
simulation of an elevated model tested at the WOW EF is included in this chapter. First,

the model parameters are validated by comparing mean and peak pressure coefficients
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obtained using the LES simulations to the experimental results. Second, the instantaneous
flow streamlines and the flow separation and vortex shedding beneath the model floor level
are discussed. This chapter also includes a simulation to examine the effect of increasing
the house floor aspect ratio and the number of stilts on the resulting peak pressure
coefficients.

Chapter 6 Summarizes the research findings and the contribution of this study. It
includes the proposed guidelines to calculate wind pressures on elevated houses’
Component and Cladding. Some Recommendations for future work are added to this

chapter as well.
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2. CHAPTER I

A STUDY OF AERODYNAMIC PRESSURES ON ONE-STORY ELEVATED
HOUSES

The importance of studying the aerodynamics of elevated houses is discussed in the
Introduction chapter of this dissertation. To fulfill the main research aim about assessing
the elevated houses’ acrodynamics, a large-scale experimental study is conducted at the
Natural Hazard Engineering Research Infrastructure (NHERI) Wall of Wind (WOW)
Experimental Facility at Florida International University (FIU). The study provides an
understanding of the main differences between the aerodynamics of elevated buildings
compared to their on-ground replica. It also identifies the role of the underside air gap in
changing the wind flow surrounding the structure. The experimental program considers
one on-ground model and three different stilt heights (i.e., zero-stilt height) under varying
wind directions. This chapter discusses the model configuration and instrumentation in
section 2.1, and then the test program in section 2.2. Next, in section 2.3, the post-analysis
methodology is explained. The results section (2.4) starts with evaluating the peak pressure
coefficients on the roof, floor, and walls of the tested elevated houses. The area average
peak pressure coefficients are also presented and compared with their corresponding values
given in the ASCE 7-16 standard when possible. These values can be used in calculating
the wind loads on the components and cladding of each surface (i.e., area-averaged
pressure coefficients). They can also help in the design of the building foundations. Then,
it presents a proposed empirical method to evaluate the floor area-averaged pressure

coefficients for different stilt heights.

14



2.1 Model Description and Test Objectives

A typical low-rise gable roof building model is adopted for this study. The prototype
dimensions are 8.76 m long, 6.4 m wide, and 3.8 m high. The roof pitch slope is 18°. To
examine the effect of elevating a structure on the wind pressure distribution, four different
stilt heights are adopted for this study: zero-stilt (e.g. slab-on-grade), 0.6 m stilt, 2.15 m
stilt, and 3.65 m stilt. The chosen geometric configurations represent typical elevated
houses in the coastal regions of the United States. Only four stilts are used to elevate the
models to assess the wind effect on the raised floor surface while minimizing the shielding
effect of any intermediate column. The building roof angle and floor aspect ratio are chosen
to match with typical configurations found in surveyed damaged elevated houses after the
impact of Hurricane Irma [23].

A large length scale of 1:5 is chosen for this test. The large length scale enables a
relatively high Reynolds number of about 1.3 x 10° to be achieved. This increases the level
of confidence in the resulting peak pressure coefficient. Moreover, the ratio between the
area of the building model and the area of the test section, also known as the blockage ratio,
is less than 5% to minimize blockage effects [45]. The test model is constructed using 5x10
cm wooden members for internal frames and four edge 10x10 cm wooden members for the
stilts. The surfaces of the test models are covered by 9-mm thick polycarbonate panels.
Figure 2.1 shows an illustrative plan view of the test model on the turntable of the WOW

facility.
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Figure 2.1 Plan view of the test arrangement

All models are tested under wind directions ranging between 0° to 90° in 3° increments.

A schematic of the model showing the geometric notations used in this study is provided

in Figure 2.2, and the building dimensions for each test case are given in Table 2.1.

Table 2.1 Summary of stilt house dimensions

Building, Scale Length  Width  Height  Stilt Heights J }~ ”]
L) (B) (H) (SH) S~ 7 >
Fullscale, 1:1  876m  64m  38m 0.0,06, 2.15365m S~
Test Model, 1:5 175cm 128 cm 76cm 0.0, 12,43, 73¢cm Figure 2.2 MOdEI
schematic

2.2 Experimental program at the Wall of Wind Experimental Facility

The Wall of Wind (WOW) Experimental Facility (EF), located at FIU, is a large-scale

open-jet wind testing facility. The WOW contains 12-fans arranged in two rows in an arc

shape. The WOW is capable of producing wind speeds that reach up to 70 m/s, which is

equivalent to a Category 5 hurricane on the Saffir-Simpson Scale [46], [47]. Figure 2.3
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shows the WOW intake and a 6 m x 4.3 m flow management box which encloses roughness
elements and spires to simulate Atmospheric Boundary Layer (ABL) flows. The facility is
equipped with an automated turntable of 4.9 m diameter that allows rotations of the test
model to simulate different wind directions. More design details and testing capabilities of

the WOW are provided by Chowdhury et al. [46].

(a) (b)

Figure 2.3 Wall of Wind facility (a) WOW 12-fans intake, and (b) downstream flow
management

As shown in Figure 2.4, the large-scale models are fixed at the center of the turntable at
the WOW EF. The tested cases are named with reference to their scaled stilt height: (a)
zero-stilt, which represents an ordinary slab-on-grade low-rise gable roof building, and it
is used for comparison purposes with the elevated house cases, (b) 12-cm stilt, which
represents a full-scale stilt height of 0.6 m (e.g., typical elevation for mobile homes), (c)
43-cm stilt, and (d) 73-cm stilt. The last two cases are decided to present typical elevated
houses with full-scale stilt heights of 2.15 m and 3.65 m, respectively. These elevations

are identified from a recent damage assessment survey [23].
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stilt, and (d) 73-cm stilt

Cobra probes, which are capable of measuring the three components of the wind
velocity, are used to measure the velocity profile before placing the model on the turntable
(Figure 2.5a). Cobra probe measurements are also taken at the roof mean height of each
test case (e.g., 65.5 cm for zero-stilt, 77.5 cm for 12-cm stilt, 108.5 cm for 43-cm stilt, and
138.5 cm for 73-cm stilt). A sampling frequency of 2,500 Hz is used for cobra probes
measurements. For all the test cases, the WOW fans are operating at 40% throttle
equivalent to a mean wind speed of 28 m/s. This throttle rate is chosen to optimize the test

without exceeding the pressure measurement range of the pressure scanner.
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(a) (b)

Figure 2.5 Test instrumentations used during the test (a) Cobra probes, and (b)
Scanivalve ZOC33
Scanivalve ZOC33 pressure scanners are used to measure wind pressure time histories.
All the instruments are calibrated before starting the test. 375 pressure taps are distributed
over the building surfaces, as shown in Figure 2.6. The pressure taps are connected to a
total of six Scanivalve ZOC33 pressure scanners using flexible tubes, as shown in Figure
2.5b. The tubes used are 1.2m in length and their inner diameter is 1.3mm. The figure
shows that a relatively dense distribution is used at the model edges to capture high-

pressure gradients expected near the corners and edges.
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Figure 2.6 Pressure taps location on the walls, floor, and roof of the scale model (all
dimensions are in cm)

Pressure data are recorded with a sampling rate of 520 Hz. For each of the tested cases,
the test duration is 60 seconds. Flow field parameters are adjusted to simulate an open
terrain exposure. Figure 2.7 shows the normalized mean wind velocity (U/ Urs) obtained
for an open terrain exposure along the height; Z, normalized to the reference height, Zer,
at 10 min full-scale. The reference wind speed, Ure, is the mean wind speed at the reference
height. The resulting turbulence intensity did not precisely match the full-scale counterpart,
as shown in Table 2.2. This is because the turbulence spectrum simulated for the large-
scale testing lacks part of low-frequency turbulence. Consequently, the resulting pressure-
time history is corrected using the Partial Turbulence Simulation (PTS) technique to
compensate for the missing turbulence. More details about this method are discussed in

section 2.3.
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Figure 2.7 Vertical profile of the mean velocity

2.3 Data Analysis and Methodology

As mentioned earlier, the WOW fans, spires, and roughness elements are adjusted to
produce the wind profile of the open terrain category. As expected, the relatively long
length of the pressure tubing causes some distortion during pressure-time history data
collection. The distortion of pressure signals caused by the tubing is compensated for using
the inverse transfer function method described by Irwin et al. [48], and a low pass filter at
250 Hz is applied. The Transfer Function causes the deviation RMS between the long
tubing data and short tubing data to reach 2x10%. Then, the pressure coefficients for each

pressure tap are calculated using Eqg. (2.1).

(2.1)

where p is the air density, P is the peak differential pressure (difference between the model
surface and the reference pressure), V is the 3-sec gust wind speed at the mean roof height

for each stilt case.
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The limited test section size impedes the ability to form large eddies with respect to the
model size. As a result, a deficiency in the low-frequency content of the wind tunnel
spectrum occurs and, unless compensated for, would lead to an underestimation of peak
pressure coefficient values. Figure 2.8 shows the normalized wind speed turbulence power
spectrum at the building roof height compared to the Von Karman spectrum curve. The
full-scale spectrum curve is obtained using a surface roughness length, z, equal to 0.08 m,
equivalent to the open terrain exposure simulated at the WOW. In the plot, the frequency
is denoted as n (Hz), the turbulence power spectrum is denoted as S, and the mean roof
height is denoted as z (m). The mean wind speed (U) and turbulence intensity (l.) are
calculated at the mean roof height of each stilt case. Using the Engineering Sciences Data
Unit (ESDU) [49], the full-scale non-dimensional longitudinal turbulence spectral density
is computed for a coastal region using the ASCE Minimum Design Loads and Associated
Criteria for Buildings and Other Structures (ASCE 7-16). These figures illustrate the
missing low-frequency part for all cases. To ensure the accuracy of the estimated peaks,
the partial turbulence simulation (PTS) method is used to compensate for missing low-
frequency content in the peak estimation process.

The PTS is an analytical method based on the quasi-steady theory assumptions. The
method depends on matching the non-dimensional power spectrum of the longitudinal
turbulence for the large-scale model and the full-scale spectrum for the high frequencies.
Then, assuming a Gaussian probability distribution for the low-frequency turbulence, the
PTS method combines the low-frequency effects with the high-frequency data obtained in

the wind tunnel in order to include the entire spectrum. The peak pressure coefficients can
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be estimated by dividing the sample period into subintervals where peak values could be
treated as independent. Each subinterval has its own peak value. And the probability that
this peak is not exceeded in one hour at full scale is set at 0.78. Figure 8 shows that at high
frequencies of the model spectrum and the full-scale spectrum successfully match each
other. After adjusting the resulting pressure coefficients using the PTS method, the peak
values are calculated at full scale. These procedures are done for each stilt height using the
flow characteristic parameters listed in Table 2.2.

Table 2.2 Normal flow characteristics used for partial turbulence simulation analysis

Test Casel Case 1 Case 2 Case 3 Case 4
b Full scale| Scale [|Fullscale| Scale [Fullscale| Scale [Fullscale| Scale
arameter (ESDU) | model | (ESDU) | model | (ESDU) | model | (ESDU) | model
1,(%) 22% 14% 21% 13% 20% 11% 19% 9%
*Ly(m) 18.15 0.5 22.65 0.5 34.63 0.5 47.45 0.5
H (m) 3.274 0.65 3.8 0.77 5.40 1.083 6.93 1.38
U (m/s) 45.76 20.01 46.59 20.63 48.24 22.69 49.52 23.07
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Figure 2.8 Turbulence power spectra of the WOW four stilt cases and full-scale (ESDU)
for an open terrain (a) O stilt, (b) 12-cm stilt, (¢c) 43-cm stilt, and (d) 73-cm stilt
In addition to presenting the local point peak pressure coefficients and distribution, area-
averaged peak pressure coefficients are calculated to gain an insight into the wind loads
acting on components and cladding elements. Following the ASCE 7-16 Standard

provisions [36], the procedure of averaging the local pressure values for different effective
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areas for all wind directions up to 360° is adopted, as explained by He. et al. [50]. These
procedures are applied as follows:

(1) The zone boundaries for the walls and roof are specified with respect to the zoning
procedure described in the ASCE 7-16 standard for the Component and Cladding chapter.

(2) The zone dimensions are calculated based on the full-scale dimensions of the study
building and then are scaled down to the model scale.

(3) For each zone, several possible tributary areas (e.g., representing roof components and
cladding affected by wind) are identified.

(4) For every possible tributary area, the resulting pressure-time history of the enclosed
taps is averaged over the specified tributary area, and the corresponding area-averaged time
histories (Cpavg) are computed.

(5) The PTS technique is then applied for each of the calculated Cpavg to compensate for
the missing low-frequency turbulence and estimate the corrected averaged peak pressure
coefficients (Cp, avg, peak)-

(6) The variations of Cp, avg, peak With respect to the tributary area considered are plotted.

(7) The plotted lines are interpolated or extrapolated as needed and the Cp, avg, peak Value
corresponding to a tributary area of 0.9 m? (full-scale) is obtained and recorded.

The tributary area of 0.9 m? is selected to match the one recommended by the ASCE 7-16

Standard for the smallest effective wind area for the Components and Cladding.

2.4 Results and Discussion
As mentioned earlier, each stilt model is tested under varying wind directions ranging
between 0° to 90°, with the remaining directions being covered by considerations of

symmetry. Therefore, the peak pressure coefficients obtained from the four quarters of the
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building are used to identify and plot the most critical peak pressure coefficients. Hence,
the current representation addresses the worst-case wind effect over the full range of wind
directions (i.e., 0° to 360°). This section starts by showing the distribution of local point
peak pressure coefficient. Then, the analysis adopted to obtain the area-averaged pressure
coefficients is discussed. Finally, the test results are compared to their corresponding

values given in the ASCE 7-16 standard when possible.

2.4.1 Local peak pressure coefficient distribution

The absolute maximum peak pressure coefficients obtained from all tested wind
directions are determined and plotted. Starting with the zero-stilt case, Figure 2.9 shows
the peak pressure coefficients over the roof, and the walls after applying the PTS technique
(Crpeak). The symbols S and E denote the position of each wall of the building (South wall,
and East wall, respectively). Due to the symmetry of the building, the results are presented
only on the East and South walls. Figure 2.10 to Figure 2.12 show the contour plots for the
cases of 12-cm stilt, 43-cm stilt, and 73-cm stilt, respectively. For the roof surface, Figure
2.9 to Figure 2.12 show minor changes when the stilts are introduced and when stilt height
increases. High suction areas are observed along the roof edges and ridge for the four tested
cases with Cppeak reaching a maximum suction of -3.8 at certain taps in the ridge area. These
observations agree with the Moravej et al. [51] findings that reported no significant
variations of the pressure coefficients for a slab-on-grade gable roof structure as the wall
height increases. This means that the flow streamlines surrounding the roof are not highly
affected by the increase in the elevation. The areas of the high suction where the flow
separation occurs are similar at the edges and along the roof ridge. For the wall surfaces of

the zero-stilt case, Figure 2.9 shows that the maximum Cppeax is around 1.4 at the south and
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east walls. For the three elevated cases, the positive Cppeax along the south and east walls
does not show a considerable change compared to the zero-stilt case. Only the 12-cm stilt
south wall shows a slightly higher Cppeax. The positive Cppeax IS large over the whole surface
of the on-ground case. However, the elevated cases experience lower Cppeak at the lower
zone next to the floor surface. This is due to the presence of the air gap where the wind
outflows, unlike the on-ground case. The negative Cppeax Values are higher on the lower
part of the walls near the floor surface because of the flow separation at the lower edge of
the walls.

For the floor surface, the results depicted in Figure 2.10 to Figure 2.12 show a change
in the distribution of the Cppeax as the stilt height increases. The area of critical suction is
observed to be greater in the case of taller stilts. The negative pressure coefficient values
for the 12-cm stilt case range between -0.9, and -3.2, while for the 73-cm stilt case, the
range is found to be from -1.95 to -3.4. The variation of the positive Cppeax in the floor
surface is not significant compared to the negative Cppeak distribution. The 12-cm stilt case
experiences lower Cppeak ranging between 0.2 and 0.5. As the stilt height increases, the
positive Cppeak increases with a maximum of 0.7 in the 73-cm stilt case. Generally, the
pressure coefficient contour of the floor surface is similar in shape to a flat roof surface.
However, for the floor surface, the extent of the suction region increases with the increase
in the stilt height. This is because of the size difference of the vortices formed below the
house, which depends on the air gap’s height beneath the floor. These vortices are found
to be more pronounced for the oblique wind directions ranging between 30° and 60°.

In the study by Holmes, the resulting turbulence spectrum in case of the 1:50 model was

not in a good agreement compared to the Von Karman Spectrum [24]. Holmes has pointed
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out high negative pressure coefficient points at the corner area where pressure distribution
IS sensitive to the location and size of vortices. Those values agree with the current study’s
findings. Unlike Holmes [24], where only 3 wind directions are considered, the current
study addresses the wind effect over the full range of wind directions (i.e., 0° to 360° in
fine angle increments) which can enable developing design guidelines that account for
worst loading cases. In addition, there is a good match with the response spectrum of the
ESDU in the high-frequency region, which provides improved confidence in the measured
peak pressures. The stated observations motivated the author to propose a simple criterion

to calculate the area-averaged external pressure coefficients, as explained in section 2.3.
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Figure 2.9 Maximum local peak pressure coefficients (Cppeak) among all wind directions
for zero-stilt model
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Figure 2.10 Maximum local peak pressure coefficients (Cppeak) among all wind directions
for 12-cm stilt model
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Figure 2.11 Maximum local peak pressure coefficients (Cppeak) among all wind directions
for 43-cm stilt model
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Figure 2.12 Maximum local peak pressure coefficients (Cppeak) among all wind directions
for 73-cm stilt model

2.4.2 Estimation of area-averaged peak pressure coefficients

This section aims to evaluate the peak area-averaged wind pressure coefficient (Cp, avg,
peak) that could be used to estimate wind loading on components and cladding zones
following the recommendations provided by the ASCE 7-16. The analysis is done as
explained in section 2.3. Figure 2.13 shows the roof zone division for the tested model
according to the ASCE 7-16. The figure also shows the distribution of pressure taps located
in each zone. For a roof slope of 18°, the dimension “a* in the figure is taken to be 0.9 m
(full-scale) (18 cm model-scale). Considering zone 2n as an example, Al, A2, and A3 in
Figure 2.13 are the possible “assumed” tributary area for the “component and cladding,”
and Ag is the total area of zone (2n). The area-averaged pressure coefficient time history

Cravg i (t) corresponding to the selected tributary areas are calculated using Eq. (2.2).

2(P;(6)*Ap)
_ A
Cp avgi () — %_p_vz

(2.2)
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Where Pj (t) is the pressure-time history for the tap Ti, Ai is the tributary area of the tap

Ti. The procedure taken to calculate the

T
Cp,avg, peak IS as follows; oL @'
(1) The tributary area A1 which covers !
pressure tap “T1” is calculated. E.

(2) The Cpavg 1 is calculated using Eq. |
(2.2). (3) The PTS is applied to " ¢
compensate for the missing turbulence, Pd 4
giving Cp, avg, peakt. i .
(4) Cp avg2 is computed by averaging q
the two taps T1 and Tz enclosed in the .y & * 4 il foaz b o o ::-
total area of Azand Az using Eq. (2.2). L;J

(5) PTS is applied on the resulting time  Figure 2.13 Pressure tap location through the
' zone boundaries of the roof surface according
history to get Cp, avg, peak2 to ASCE 7-16

(6) Similarly, Cp, avg, peaks Of Ag is
computed using Ty, T2, and Ts.
(7) The values of Cp, avg, peak1, Cp, avg, peak2, Cp, avg, peaks are plotted against the corresponding
tributary area in order to interpolate the Cp, avg, peak COrresponding to the tributary area of
0.9 m,
The following sections (2.4.1, 2.4.2, and 2.4.3) discuss the resulting values of Cp, avg, peak
for each of the model components, i.e., roof, walls, and floor, respectively.

For the zero-stilt case, the roof Cp, avg, peak IS Obtained for all zones while considering the

worst case of all tested wind directions. Figure 2.14a shows the Cp, avg, peak fOr the zero-stilt
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case, and Figure 2.14b shows the external pressure coefficients Cpext provided by ASCE 7-
16, in the Component and Cladding chapter. In the figure, the roof ridge is presented as a
dashed line in the middle. In Figure 2.14, both Cp, avg, peax plots (test results and ASCE 7-
16) correspond to the tributary area of 0.9 m? in full scale. The figure shows that the values
of Cp, avg, peak Obtained for the zero-stilt case are close to the Cpext Values recommended by
the ASCE 7-16 in table 30.3-2B. It should be noted that for the ASCE 7-16, the Cpex: Values
cover a wide range of roof slopes (i.e., 7°-20°) and building heights (i.e., 0 to 18.3m). This
may justify why the Cp, avg, peax Values at the edge zones obtained in the current study are
slightly lower than those provided by the ASCE 7-16. This agreement is a good starting

point for proceeding with the comparison of the stilt height effect.
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Figure 2.14 Comparison between WOW results and ASCE 7-16 a) Cp, avg, peak Obtained from
WOW for zero-stilt model, and (b) Cpex: Obtained using ASCE 7-16
Figure 2.15 compares the roof Cp, avg, peak OF the four tested stilt cases, including the zero-
stilt case. In this figure, the roof Cp, avg, peak Values exhibit a slight tendency to decrease as
the stilt height increases. A maximum reduction of 11% is observed at the corner zone

between the zero-stilt and 43 cm stilt cases. It’s worth mentioning that the pressure
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coefficients are calculated for each stilt case using the corresponding 3-sec wind speed at
the mean roof height. Therefore, this procedure considers the increase in the wind speed
with the height in calculating pressure coefficients. This in turn means an increase in the

global and local uplift wind forces on the roof as the mean roof height increases.
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Figure 2.15 WOW Cp, avg, peak 0n house’s roof comparison of each stilt height (a) O stilt,
(b) 12-cm stilt, (c) 43-cm stilt, and (d) 73-cm stilt

Similar to the analysis procedure described for the roof, this section presents the Cp, avg,

peak for the model walls. Following the ASCE 7-16 Component and Cladding chapter,
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Figure 2.16 shows the zone boundaries for the gable walls. In the figure, the dimension is
taken to be 0.9 m (full-scale) (18 cm model-scale). The Cpext Of the zero-stilt model is
calculated using ASCE 7-16 provisions for the full-scale dimensions and provided in
Tables 2.3-2.4. The tables show the negative and positive Cpext Values corresponding to a
tributary area of 0.9 m?in the full scale, respectively. Also, for the test results, using the
wall zones provided by the ASCE 7-16 (zone 4 and 5, see Figure 2.16), the area-averaged
pressure coefficient for each zone Cp, avg, peak IS cOmputed for each stilt as listed in Tables

2.3-2.4.

Table 2.3 Negative Cp, avg, peak Values on walls of each stilt model compared to Cpex: Value
of ASCE 7-16

Zone name Peak negative pressure coefficient (Cp, avg, peak) Crext
Zero-stilt  12-cmstilt  43-cmstilt  73-cm stilt NIST ASCE 7-16
4 -1.4 -1.4 -1.3 -1.3 -1.3 -1.1
5 -1.7 -1.7 -1.6 -1.8 -1.6 -1.4

Table 2.4 Positive Cp, avg, peak Values on walls of each stilt model compared to Cpex: Value
of ASCE 7-16

Zone hame Peak positive pressure coefficient (Cp, avg, peak) Chrext
Zero-stilt  12-cmstilt  43-cmstilt  73-cm stilt NIST ASCE 7-16
4 1.4 1 1 1 15 1
S 1.2 1.1 1 11 13 1

As for the wall suctions, Table 2.3 shows that the negative Cp, avg, peak Values do not
experience much change as the stilt height increases. Cp, avg, peak Of the zero-stilt model is
about 20% higher than the Cpext Value recommended by the ASCE 7-16. This difference
slightly decreases as the stilt height increases except for zone 5 of the 73-cm stilt case.

Table 2.4 shows that the positive Cp, avg, peak Values are much closer to the ASCE 7-16,
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especially when the model is elevated. For the edge zone of the three elevated cases, Cp,
avg, peak POSitive value agrees well with values recommended by the ASCE 7-16 standard.
For the wall positive pressure, the zero-stilt walls exhibit 30% higher Cp, avg, peak pOSitive

value than the Cpext. The observed differences encouraged the author to conduct a further

investigation by comparing the area- /\

averaged pressure coefficients for the walls | |
o L Ol L P . |
obtained from the current test to those 5] 4 | 15
& P
values available within the National *#| . .~ . .

Institute of Standards and Technology

Figure 2.16 Pressure tap location and
zone boundaries on south face according
to ASCE 7-16

(NIST) aerodynamic database for a similar
gable-roof building. The chosen building
has full-scale dimensions of 13.7 m length,
10.7 m width, and 3.9 m height. This building is tested on-ground using a length scale of
1:100 and a wind speed of 37.5 m/s for an open terrain exposure category. The NIST Cpext
values are provided in Tables 2.3-2.4. It is observed that the resulting Crex: Values obtained
using the NIST database agree well with WOW Cp, avg, peak Values for the zero-stilt case. For
the positive pressure coefficients, the NIST results are higher by 7%, while for the negative
pressure coefficients, the NIST results are lower by 6%. Thus, the differences between the
calculated Cp, avg, peak and the Cpext provided by the ASCE 7-16 and the NIST database are
considered in the acceptable range. On the other hand, in the case of the on-ground and
elevated structures, the Australian and New Zealand wind loading standard AS/NZS

1170.2 recommends using a single value of (0.8) for the windward wall.

35



2.4.3 Proposed external pressure coefficients for the floor of elevated residences

The floor underside surface is a distinctive area from the perspective of the wind
pressure distribution that has received little to no attention in the literature. The structural
system supporting the floor needs to be designed adequately to avoid wind-induced failure
in the beams, joists, and cladding. In addition, it is expected that the overall wind forces
acting on the structure and the foundation would vary compared to an on-ground structure
as a result of the additional forces on the floor underside. Figures 2.10 to 2.12 show that
the wind load on the floor surface is highly affected by the size, number, and locations of
the stilts. The resulting positive and negative wind forces on the floor surface should be
considered in the design of the foundation. The compression force on the floor (i.e.,
positive pressure) increases the resulting structural uplift and overturning moment. The
suction force decreases the overall uplift and overturning moment as it counters the suction
force on the roof. In addition, the suction force may cause a punching force on the building
floor slab against the columns. The objective of this section is to propose area-averaged
peak pressure coefficients to be used for the floor surface for design purposes. The
boundaries and zoning for the floor of elevated houses are proposed herein. Unlike the
constant pressure coefficients recommended by ASCE 7-16 for the undersides of elevated
tanks, the results obtained in the current study exhibits a noticeable change in the pressure
distribution on the floor as the stilt height increases. The zoning scheme proposed in this
chapter is based on observing the extent of the suction zones of the local peak pressure
coefficients and their change with the increase in the stilt height. As discussed earlier, the
high peak negative pressure region becomes larger as the stilt height increases, see Figures

2.10 to 2.12. In addition, high suction is found to be more severe near the edge columns,
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which indicates the formation of the edge vortices. Figure 2.17 (a-b) shows the proposed
zone boundaries for the 12-cm stilt height case. Following the zone numbering provided
by the ASCE-7-16 for flat roofs (which is similar in geometry to the floor), the floor surface
is divided into three regions: (1) middle area of the floor; (2) rectangular area along the
floor edges; (3) L shaped area around the model columns. The zone width is considered as
a variable named "a" in the current study. Empirically, this variable is found to be
approximately equal to 0.3 of the mean roof heights for each stilt case while the length is
found to be about twice the width (2a), as shown in Figure 2.17. The variable “a” is chosen
to cover the high-suction zone at the edges and around the columns. It should be mentioned
that the width and the length of the suggested zones are applicable only for the tested model
dimensions. Also, they are applicable in case of using the wind velocity at the mean roof
height while calculating the wind force on the floor surface. For this reason, more
parametric studies are needed to check the validity of this finding on other shapes of
elevated houses. This underlines the need for more research studies to confirm these
observations for other building configurations (i.e., different floor aspect ratios, columns

arrangements, etc.).

(a) (b)

Figure 2.17 Zone boundaries of the floor surface for 12-cm stilt model (a) zone
dimensions, and (b) tap location in each zone
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The next step is to determine the pressure coefficient for each suggested zone. Similar
to the analysis adopted for the roof and the walls, the Cp, avg, peak Values corresponding to a
tributary area of 0.9 m? are obtained. Figure 2.18 (a-c) shows sample plots of Cp, avg, peak

variation with tributary area for each zone for the 12-cm stilt case. The best fit line is drawn,

then the Cp, avg, peak Value corresponding to 0.9 m? is extrapolated.
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Figure 2.18 Estimating Cp, avg, peak OF the floor surface for 12-cm stilt model (a) zone 1, (b)
zone 2, and (c) zone 3

This method is applied for each floor zone for all tested stilt height cases. The resulting
Cr, avg, peak Values corresponding to a tributary area of 0.9 m? are shown in Figure 2.19. The
figure shows that the Cp, avg, peak OF zones 2 and 3 do not experience a considerable change
with the increase of the stilt height. However, the Cp, avg, peak O the middle zone, increases
significantly by increasing the stilt height; approximately 50% increase is noticed by
increasing the stilt from 12-cm to 43-cm, and approximately an increase of 6 % is observed
by increasing the stilt from 43-cm to 73-cm. This indicates an increase in the total suction
force acting on the building floor with the increase in the stilt height. It should be noted

that the Cp, avg, peak Values shown in Figure 2.19 are lower than the local peak values
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presented in Figure 2.10 to Figure 2.12. This results from the lack of correlation between
the local pressures at each tap considered in the area-averaging process, as clarified by
(Beste and Cermak, 1997). The positive Cp, avg, peak Values are nearly equal along the floor
surface. The calculated positive Cp,avg, peak Values in each zone are shown between brackets
in Figure 2.19. The figure shows no significant difference between the zones positive Cp,
avg, peak fOr all stilt cases. It worth mentioning that the air gap beneath the building does not
include any blockage (e.g., storage rooms or garages). For this reason, the positive pressure

coefficient values are not significant in this case.

I 12-cm stilt I I 43-cm stilt I I 73-cm stilt I
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—~ —~ & & ") o
S g 2 S S S
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Figure 2.19 Cp, avg, peak 0N floor comparison for three stilt models

As mentioned in the introduction, the Australian and New Zealand wind loading
standard (AS/NZS 1170.2) provides the recommended external pressure coefficient for the
underside of an elevated house. For the prototype of the current model, in the case of
elevating the house by 0.6m (full-scale), the AS/NZS 1170.2 recommends using Cpext (-

0.283 and 0.378). For the other two stilts, the external pressure coefficient Cpext is
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recommended to be (-0.6 and 0.8). Table 2.5 shows a comparison between the Cpex: Values
recommended by the Australian standard and the Cp, avg, peak Of the floor surface measured
at the WOW. To compare with the single Cpext Value provided by the AS/NZS 1170.2
standard, a new area-averaged pressure coefficient value on the whole floor surface is used
instead of the ones presented in Figure 2.19. To calculate the Cp, avg, peak fOr the whole floor,
the measured pressure-time history on the floor surface of the WOW tested model is
averaged for the whole surface. Then, the PTS is applied to calculate the peak values, as
illustrated in section 2.3. The maximum-minimum negative values among all wind
directions are provided in table 2.5. The table shows that the negative values in AS/NZS
1170.2 are slightly smaller in magnitude than what is observed in this study, except for the
12-cm stilt case where the WOW negative pressure coefficient is significantly higher than
the value provided by the standard.

Table 2.5 Negative Cp, avg, peak Values on the floor of each stilt model compared to Cpext
value of AS/NZS 1170.2

‘ External negative pressure coefficient ’

Stilt case 12-cm stilt 43-cm stilt 73-cm stilt
WOW -0.76 -0.70 -0.73
AS-NZS -0.283 -0.6 -0.6

In the future, it is recommended to test the elevated case with a partially closed air gap
under the floor to determine the total positive force increase with height, as it would lead
to a pronounced increase in the overall uplift and overturning moment acting on the
building. Generally, both negative and positive wind loads should be considered to assure
structural integrity and safety. More studies are encouraged to assess the variations of wind

actions for typical configurations of elevated buildings. For future work, it is recommended
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to study different roof shapes, floor aspect ratios, number of stories, and different

arrangements of the stilts.

2.5 Conclusion

This chapter presents the effect of air gap beneath the elevated house model on the
resulting peak pressures coefficients compared to their slab-on-grade counterpart. The
following results are observed from the four large-scale models tested at the WOW EF.
The local peak pressure coefficients, Cppeak, ON the roof and the walls show minor changes
as the stilt height increases. However, the aerodynamics of the floor is influenced by the
stilt height. High suction regions are particularly observed for the floor surface around the
columns and the edges. The extent of the high suction zones on the floor underside is more
significant for higher stilt cases, and the magnitude of peak pressure coefficients is found
to increase as the stilt height increases. The presence of the columns in the case of elevated
houses contributes to the formation of floor separation, especially for oblique wind
directions. These vortices are believed to be the main reason for the high suction region
observed at the corners. The variation of the local positive Cppeak 0n the floor surface as a
function of stilt height is not significant compared to negative Cppeak. However, both
negative and positive pressures should be considered in the design of the floor surface as
well as in estimating the loading on the foundation. Generally, it is expected that the size,
number, and locations of the stilts affect the resulting wind loads, and thus more studies
are needed to fill the current gaps.

The area-averaged pressure coefficients for the roof surface are in a good agreement
with the Cpext Values provided by the ASCE 7-16 standard for a similar slab-on-grade

building. These coefficients are calculated using the 3-sec wind speed at the roof mean
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height. On the other hand, for the wall surfaces of the zero-stilt case, the resulting negative
Cp, avg, peak Values tend to be higher than Cpex: provided by ASCE 7-16. For further
investigation of the wall Cp, avg, peax Values, comparisons are done with the NIST database
values of a similar building. This comparison shows a good agreement with the test results.
With respect to the effect of the stilt height, the Cp, avg, peak Values on the roof surface show
slight change for the three elevated cases. While for the walls, Cp, avg, peak Values are found
to slightly decrease as the stilt height increases. It should be noted that the reference wind
speed increases considerably for each larger stilt height, and thus the corresponding
pressure value is expected to be higher.

The current study proposes pressure coefficients and zone divisions for the floor
underside surface, which is not currently available in the design standards. The zone width
of each stilt case is found to be correlated to the corresponding roof mean height of the
elevated structure. The width and the length of the high suction corner and edge zones of
the floor surface are found to increase as the stilt height increases. In the interior zone, Cp,
avg, peak Values show a higher increase with the increase of the stilt height compared to the
edge zones. The magnitude of the suction force acting downward on the floor underside
surface increases by 30% with the increase of the stilt height. This should be considered in
the building design as a function of the stilt height.

The current study results successfully introduced a new surface (floor) that has never
been presented in detail. The pressure taps located over the floor surface successfully fulfill
the study aim. However, it is necessary to densify the pressure taps over the high gradient
regions and monitor the pressure distributions around the columns. In addition, more

parametric studies are required on elevated structures. A wide range of real-world
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geometric configurations should be considered, including larger aspect ratios, different
numbers and locations of the stilts, and different numbers of building stories. The following

chapters cover most of these recommendations to better understand the new aerodynamics.
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3. CHAPTER IlI

A COMPARISON BETWEEN THE AERODYNAMICS OF ONE-STORY AND
TWO-STORY LOW-RISE ELEVATED RESIDENCES

This chapter presents an investigation of the effect of increasing the number of stories
and the stilt height on the overall wind actions on elevated buildings [52]. As explained in
the introduction, this study aims to deliver a better understanding and to further reduce the
current knowledge gap related to wind impacts on elevated coastal buildings. One-story
and two-story gable roof residential houses are tested using four different stilt heights.
Compared to the results stated in the previous chapter and published by Abdelfatah et al.
[53], some adjustments are made in the current test phase to enhance the quality of the test
and the results. The pressure taps are densified over the model surfaces, and an intermediate
column is added in the middle of the longest span. The test program considered the
maximum stilt height used for coastal houses according to FEMA recommendations [14]
and recent post-hurricane damage surveys [23]. In this chapter, a summary of the test setup
and the analysis strategy is included in sections 3.1 and 3.2, respectively. In section 3.3,
contour plots of local peak pressure coefficients are presented. Section 3.3 also includes a
discussion on the differences between area-averaged pressure coefficients obtained from
the experimental data and those available in national and international standards for the on-
ground case for the roof and wall surfaces. The area-averaged pressure coefficients on the
floor surface are provided in section 3.4. To better understand the variation of wind loads
with the variation of the house elevation, mean wind forces on the model surfaces are

calculated and presented in section 3.5.
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3.1 Experimental Procedures

The experimental program includes two main cases: (1) a one-story house and (2) a
two-story house. Figure 3.1 shows a view of the flow management box and displays the
arranged automated roughness elements and the vertical spires. These flow controllers can

be adjusted to simulate the desired terrain category flow.

Automated roughness elements

Figure 3.1 Wall of Wind 12-fans intake of the flow management box with
automated roughness elements and spires.

The prototype on-ground dimensions are 8.76 m long, and 6.4 m wide. For the on-
ground one-story and two-story cases, the model eave heights are 3.2m and 5.5 m,
respectively. The roof pitch slope is 18°. In both test cases, the model is tested on-ground
and then elevated with three different heights (full-scale): 2.15 m, 3.65 m, and 5.2 m. The

models are tested using the same length scale of 1:5.
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Unlike the model presented in chapter
two, the long span is divided into two

spans using two intermediate columns

(Figure 3.2). Stilts used

buildings are typically constructed with

this small shift from the edges, according

to FEMA [14]. Thus, a slight
shift from the edge, 4.5 cm in the
scale model, is taken at the outer
side of each stilt, as shown in
Figure 3.3. In addition, the
pressure taps are distributed with
a denser pattern, especially on
the floor surface (Figure 3.3), to

enhance the accuracy of the

results.

in elevated

Pressure Y o)
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Figure 3.3 Pressure taps distribution on the floor
surface

Figure 3.4 shows a sample of the tested models mounted on the turntable at the WOW

EF. The materials used to build the model are the same as those used for the experiment

explained in chapter two of this dissertation. Table 3.1 lists the eight model cases and their

descriptions; 1S is used to describe one-story cases, while 2S describes two-story cases.

All the model cases are tested for a wind direction range 0° to 360° with 3° increment.

46



(@) (b) (©)

Figure 3.4 Different cases of the scaled model inside WOW (a) one-story on-ground case
(1S-0), (b) elevated one-story case (1S-73), and (b) elevated two-story case (2S-104)

Table 3.1 Model dimensions of the eight tested models (scale 1:5)

Case number Eave height (h) Stilt height (Sh)

1S-0 64 cm 0Ocm

g 1S-43 64 cm 43 cm
g 1S-73 64 cm 73 cm
1S-104 64 cm 104 cm

o 2S-0 110 cm Ocm
= 2S-43 110 cm 43 cm
2 2S-73 110 cm 73 cm
i 2S-104 110 cm 104 cm

During the test, the WOW fans are adjusted to produce the same mean wind speed
reported in chapter two. Cobra probes are installed at different heights, including the mean
roof height (MRH) of each tested case (e.g., 75 cm for 1S-0, 117 cm for 1S-43, 148 cm for
1S-73, and 178 cm for 1S-104). As explained in the previous chapter, Cobra probes are
used to measure the wind velocity components before placing the model on the turntable

with a sampling frequency of 2,500 Hz. The one-story and two-story models are
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instrumented with 262 and 307 pressure taps, respectively. Due to the building symmetry,
those taps are distributed on one-quarter of the model roof walls and floor. The pressure
taps are connected to six Scanivalve ZOC33 pressure scanners using flexible tubes.

Pressure data are recorded with a sampling rate of 520 Hz for 60 seconds.

3.2 Data Analysis

The fluctuation of wind speed in the three principal directions is recorded for 180
seconds at the model location. The mean wind speed (U) and the turbulence intensity (lu)
are calculated for each mean roof height (Z). Post testing, a transfer function is applied to
the recorded pressure-time history as recommended by Irwin et al. [48]. Eq. 3.1 is used to

calculate the pressure coefficients.

Cp = ——
P %pVZ

(3.1)

where p is the air density, P is the peak differential pressure (the difference between the
model surface and the reference pressure), V is the 3-sec gust wind speed at the mean roof
height for each stilt case.

As explained in chapter two, the limited test section size impedes forming large eddies
with respect to the model size. Figure 3.5 (a-b) illustrate the missing low-frequency part
for 2S-0 and 1S-43 cases, respectively. In the plot, the frequency is denoted as n (Hz), the
turbulence power spectrum is denoted as S. In both cases, the wind speed is recorded at
almost the same height (6 m in full scale). Using Engineering Sciences Data Unit (ESDU),
full-scale normalized longitudinal turbulence spectral density is computed for the coastal
region. To ensure the accuracy of the estimated peaks, the Partial Turbulence Simulation

(PTS) method is used to compensate for missing low-frequency content in the peak
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estimation process. Figure 3.6a shows the turbulence intensity (lu) at the MRH of each case
after adding the missing low-frequency turbulence. And Figure 3.6b shows the normalized
mean wind speed profile (U/ Ures); where, Ure is the reference mean wind speed at the
reference height (Zrr =10m at full scale). The final local peak pressure coefficients are

presented in the next section.
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Figure 3.5 Turbulence power spectra inside WOW compared to von Karman spectrum (a)
case 2S-0, and (b) case 1S-43
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Figure 3.6 Atmospheric Boundary Layer in WOW compared to full-scale wind profile
[49] (a) turbulence intensity, and (b) normalized mean wind speed

3.3 Peak Pressure Coefficients on Roof and Walls

The local peak pressure coefficients are calculated using the 3-second gust wind speed

at the model MRH (Cppeak). The change in the Cppeax distribution on the wall surfaces can

be noticed by comparing on-ground and elevated cases. For instance, a reduction of Cppeax

positive values and an increase in Cppeak Negative values occur at the lower zone of the

elevated model walls compared to their on-ground counterparts. By comparing Figure 3.7a

with Figure 3.7c, the Cppeak positive values decrease by 60 % at the lower region, while a

blue strip of high negative Cppeak Values appears at the lower end of the walls of the elevated

case (1S-104). This is observed as well for the two-story elevated cases (see Figure 3.7d).

On the other hand, the roof surface pressure coefficients did not exhibit significant

differences between the tested cases. Roof Cppeak Negative values are higher in the on-

ground one-story case and slightly decrease as the elevation increases.
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Figure 3.7 Maximum and Minimum local peak pressure coefficients (Cppeak) among all
wind directions (a) case 1S-0, (b) case 2S-0, (c) case 1S-104, and (d) case 2S-104

51



The peak area-averaged wind pressure coefficients (Cp,
avg, peak) are analyzed to estimate wind loading on
Components and Cladding zones. Using the 3-sec wind
speed at the mean roof height (MRH), the procedure of
calculating Cp, avg, peak IS done by following the
recommendations provided by the ASCE 7-16 and explained
in detail in chapter two [53]. Figures 3.8 and 3.9 show the
zone boundaries for the roof and wall surfaces, respectively.

Table 2.2 summarizes the resulting Cp, avg, peak fOr the roof

zones obtained for the eight tested models while considering

®°

o4 2 B

Figure 3.8 Zone
boundaries of the roof
surface according to
ASCE 7-16

the worst case of all tested wind directions and tributary area 0.9 m2. The Cp. avg, peak Values

look consistent with no significant variations. They exhibit a slight tendency to decrease as

the stilt height increases. The one-story cases exhibit 10% and 20% higher Cp, avg, peak Values

compared to two-story cases. Compared to the 1S-0 case, the Cp, avg, peak Values of the one-

story elevated cases are 5 % lower at the middle zone and 10% lower at the edge zones.

While for the 2S-0 case, the Cp, avg, peak Values of the elevated cases are 12 % lower at the

middle zone and 7% lower at the edge zones. The slight change in the Cp, avg, peak Values

agrees with the results reported in chapter two. Consequently, the aerodynamics of elevated

one- and two-story cases do not significantly affect the suction at the roof surface compared

to their on-ground counterparts.
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Table 3.2 Cp, avg, peak OF the roof surface

Testcase | 1S-0 15-43 1S-73  1S-104 25-0 25-43 28-73  2S-104
Zone
3e -2.50 -2.42 -2.41 -2.26 -2.32 -2.09 -2.07 -2.12
3r -3.02 -2.96 -3.02 -2.97 -2.78 -2.63 -2.67 -2.73
2e -1.93 -1.78 -1.78 -1.72 -1.85 -1.65 -1.74 -1.68
2r -2.40 -2.34 -2.23 -2.14 -1.97 -2.00 -1.85 -1.91
2n -2.46 -2.30 -2.33 -2.26 -2.08 -2.06 -1.94 -2.00
1 -1.81 -1.72 -1.72 -1.68 -1.81 -1.63 -1.58 -1.63
The same procedures are applied on the wall
z
surfaces. Tables 3-4 show the negative and positive /
Cp, avg, peak Values corresponding to a tributary area 0.9
m? (full scale), representing the envelope of all wind A
directions. The table shows that both positive and 5 1. ,4 .
negative averaged coefficients are more critical in the
on-ground cases. The positive Cp, avg, peak Values in the -
one and two story elevated cases are lower by 20%  Ejgyre 3.9 Zone boundaries of

and 15%, respectively, compared to their on-ground

counterparts. Additionally, the two-story cases Cp, avg,

the two-story wall surface
according to ASCE 7-16

peak Values are 20% lower than one-story cases. The negative Cp, avg, peak IS NOt Noticeably

affected by the elevation in case 1S-43 compared to the on-ground replica. However, in the

taller stilt cases (1S-73) and (1S-104), Cp, avg, peak Values are around 15% lower than the on-

ground case. This decrease possibly is due to the larger reference wind velocity for taller

buildings.
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Table 3.3 Negative Cp, avg, peak Values on walls of each stilt model

Test case 1S-0 1S-43 1S-73 15-104 25-0 25-43 25-73 25-104

Zone Peak negative pressure coefficient (Cp, avg, peak)

name
4 -1.76 -1.73 -1.50 -1.48 -1.72 -1.57 -1.50 -1.56
5 -2.22 -1.93 -1.95 -1.88 -1.84 -1.64 -1.55 -1.64

Table 3.4 Positive Cp, avg, peak Values on walls of each stilt model

Test case 1S-0 1S-43 1S-73 15-104 25-0 25-43 25-73 25-104

Zone Peak positive pressure coefficient (Cp, avg, peak)

name
4 1.24 1.03 1.01 0.98 0.97 0.86 0.81 0.83
5 1.25 1.08 1.07 1.04 1.00 0.91 0.85 0.92

The presented results indicate that a simple conservative approach would be to use the
on-ground pressure coefficients to design roofs and walls of elevated cases. This agrees
with the recommendations provided by the Australian and New Zealand wind loading
standard [39], which provides the same pressure coefficient value for an elevated house’s
walls as for the on-ground case. The AS/NZS 1170.2 standard provides averaged pressure
coefficient values (0.8 & -0.6) for the floor underside regardless of its dimensions [39].
Also, no advice is currently available in the ASCE 7-16 standard on elevated buildings.
The following section presents the resulting pressure coefficients and wind forces for the
tested cases. The wind effect on the floor surface is presented and compared with the roof

surface wind loading results.
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3.4 Floor Surface Zoning Scheme and Proposed Pressure Coefficients

This section provides floor local peak coefficients and a scheme for pressure distribution
zoning. Based on the proposed zoning scheme, the area-averaged pressure coefficients for
different effective areas are presented. In addition, the analyzed data from the current wind
tests are compared with available design provisions for flat roof surfaces of low-rise

buildings in ASCE 7-16 [36].

3.4.1 Local peak pressure coefficients on the floor surface

Figure 3.10 (a-c) shows the peak local pressure coefficient values for the one-story
elevated cases among all wind directions. The pressure coefficients are calculated by taking
the reference velocity at the MRH. The figure shows high suction regions observed along
the floor edges. Using the mean roof height as a reference height to calculate the pressure
coefficient on the floor could be misleading to present the effect of changing the model
stilt height, especially for the multi-stories low-rise buildings. This is particularly important
when looking at the effect of one-story vs. two-story cases. Alternatively, it could be more
reasonable to use the floor height as the reference height. Thus, compared with Figure 3.10
(d-f), which presents the normalized pressures using floor height velocity as a reference,
Figure 3.10 (a-c) shows smaller coefficients. In addition, Figure 3.10 (a-c) indicates slight
differences in the pressure coefficients without a noticeable trend as the stilt height
increases. In contrast, Figure 3.10 (d-f) shows a more consistent trend in the resulting
pressure coefficients on the floor for the tested elevated cases. For this reason, Cppeak

normalized using reference wind velocity at the floor surface is used to determine the
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zoning scheme for the floor surface. More discussion on these observations is provided in

the next section.

I 1 ] ' [
a A W N =

(d) (€) (f)

Figure 3.10 Minimum Cppeak contours on the floor surface among all wind directions (a)

case 1S-43 using reference velocity at MRH, (b) case 1S-73 using reference velocity at

MRH, (c) case 1S-104 using reference velocity at MRH, (d) case 1S-43 using reference

velocity at floor level, (e) case 1S-73 using reference velocity at floor level, and (f) case
1S-104 using reference velocity at floor level.

3.4.2 Floor zoning scheme and area-averaged pressure coefficients
Figures 3.10 (d-f) and 3.11 (a-c) show the Cppeak COntour plot for one-story and two-story

elevated cases. The reference velocity is taken at the floor level, as stated in the previous
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section. A slight reduction in the width of the high suction region occurs as the stilt height
increases for both one-story and two-story cases. However, the one-story case exhibits
higher pressure coefficient values compared to the two-story one. In the smallest stilt case
(1S-43), the Cppeak ranges between -6.3 and -3.5 along the edges and reaches -2.7 at the
middle region. In case 2S-43, the Cppeak range at the edge is between -5.5 and -3.3. The
Cprpeak Values, normalized using dynamic pressure at the floor level, are used to obtain a
zoning scheme for the floor surface. In chapter two, the author suggested dividing the floor
surface into three zones: column, edge, and middle zones [22]. However, adding
intermediate columns in this study caused an additional suction along the floor edge.
Therefore, it is recommended to merge the edge and column zones into one zone.
Consequently, the floor surface is divided into two zones. More investigations are needed

for different column patterns.

(a) (b) (©)

Figure 3.11 Minimum Cppeak contours on the floor surface among all wind directions
using reference velocity at floor level (a) case 2S-43, (b) case 2S-73, and (c) case 2S-104.
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Figure 3.12a demonstrates the proposed zones for similar floor surfaces: middle zone
(1), and edge zone (2). This zoning scheme is similar to the one provided by the ASCE 7-

16 standard for a flat roof. For each

1.5

zone, the area average pressure Lo,
coefficients (Cp, avg peak ) are [ | N
2

calculated for different tributary

o [ 1 |
areas and plotted in Figures 3.13 and a o

0.6

3.14. The width of zone 2 is a | W e

[IP2)

variable named “a” which s

(a) (b)

Figure 3.12 Proposed zone boundaries of the

Equation (3.2). This equation is floor surface; (a) zone labeling, and (b) zone
width relation with the stilt height

empirically estimated using

recommended to be used under two

conditions: (1) the column width “c” shall not be less than Sp/10, and (2) the zone width
“a” shall not be less than 2c. As the relationship between the stilt height and zone width
“a” is consistent in the one-story and two-story cases, the author suggests using the same

equation for different numbers of stories.

3Sy
40

a=3c (3.2)

where Sy is the floor height, and c is the column width.

For the current case, the column dimension is fixed (0.45m square section in full scale),
the relation between the zone width and the stilt height is drawn (Figure 3.12b). The graph
reveals an inverse relationship between the two variables, for any given (c). The reduction
of the zone width is linear until it reaches twice the stilt width (0.9m in full scale), and it

remains constant after that.
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Figure 3.13 shows the variation of Cp, avg, peak With the corresponding effective tributary
areas for zone 1. The plots show the resulting Cp, avg, peak NOrmalized using dynamic velocity
at (1) the mean roof height (WOW (MRH)) and (2) the Floor level (WOW (FI)). The plots
also include the logarithmic relation between the external pressure coefficient and cladding
effective area on a flat roof surface according to ASCE 7-16. To easily compare the floor
pressure coefficients with these recommended for a flat roof provided by ASCE 7-16, the
Logarithmic best fit (LBF) line is computed for the WOW data. The figure facilitates the
evaluation of wind loading using different velocity reference heights. For the one-story
cases, Figure 3.13 (a-c), the Cp, avg, peak Normalized using MRH velocity are close or lower
than the ASCE external pressure coefficients for a flat roof. This is also observed in the
two-story cases (Figure 3.13 (d-f)). This indicates that using the pressure coefficients of a
flat roof surface to calculate wind forces on elevated building floor surface is conservative
if the reference wind velocity is taken to be at the mean roof height. However, using the
wind velocity at the floor surface, the recommended pressure coefficient for zone 1 ranges
between -2.7 and -1.5 for tributary areas ranging between 0.9m? to 46.5m?(full scale),

respectively.
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Figure 3.13 Cp, avg, peak for the middle zone 1 for different effective tributary areas (a) case
1S-43, (b) case 1S-73, (c) case 1S-104, (d) case 2S-43, (e) case 2S-73, and (f) case 2S-104.
For the edge zone (2), the same observations are noticed in Figure 3.14 (a-f). The ASCE
Cpr, avg, peak Values for a flat roof are much more conservative compared to the WOW (MRH)
values. Therefore, the ASCE values can be conservatively used to calculate vertical forces
on the floor surface while using the reference wind velocity at the mean roof height.
Otherwise, the Cp, avg, peak 0N the floor surface can be estimated using a logarithmic relation
of Cp, avg, peak ranging between -3.1 and -1.7 for tributary areas ranging between 0.9m? to
46.5m?(full scale), respectively. The ASCE 7-16 standard recommends using external

pressure coefficients -0.9 and -0.6 for the edge zone and the middle zone of the elevated
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tanks. From the results shown, it is clear that both values are not applicable to be used in

case of elevated houses.
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Figure 3.14 Cp, avg, peak fOr the edge zone 2 for different effective tributary areas: (a) case
1S-43, (b) case 1S-73, (c) case 1S-104, (d) case 2S-43, (e) case 2S-73, and (f) case 2S-104

In the current study, the mean pressure coefficients (Cp, mean) are also averaged over the

whole floor surface to get Cpavg, mean. Because only the quarter is instrumented, only the

mean coefficients are calculated as it could be derived using the model symmetry. Table

3.5 lists the resulting Cp avg, mean values on the floor surface for the critical case 90° wind

direction. For the current tested cases, the external pressure coefficients are calculated

using the AS/NZS 1170.2 standard to compare the recommended external coefficients by

61



AS/NZS 1170.2 standard against real conditions. The recommended negative external
pressure coefficient over the floor surface is -0.6, which is 8 % to 45 % lower than WOW
(FI) Cpavg, mean Value. It’s worth mentioning that the pressure coefficients provided by the
standard should cover peak values as well. Therefore, further investigation should be done
to provide external pressure coefficients for the floor surface.

Table 3.5 Negative Cp, avg, mean Values on the floor of all the tested cases

No. of stories ‘ One-Story ’ Two-Story
Stilt case ‘ 1S-43 1S-73 1S-104 ‘ 25-43 25-73 25-104
WOW (FI) -0.98 -0.78 -0.73 -1.1 -0.92 -0.8

More studies are required on different configurations of elevated houses with various
distributions of stilts to codify external pressure coefficients for the floor surface. Until
then, the author recommends using the wind velocity at the building roof height to calculate

the wind loads on the floor surface.

3.5 Mean Wind Forces on the Model Surfaces and the Expected Effects

It is of interest to investigate the total wind forces acting on the building surfaces to
provide an insight into the overturning moment and base shears acting on the building. For
each surface of the tested models, the mean wind force is calculated for every wind
direction and normalized to the corresponding wind force for the counterpart on-ground
case. Only for the floor surface, the wind force is normalized to the roof wind force
multiplied by -1. Figure 3.15 (a-b) shows the variation of the normalized wind forces (Fn)
with the stilt height (in full scale) for all surfaces. In general, the figure shows that elevated
buildings experience higher forces compared to those imposed on an on-ground

counterpart. For the roof surface, the plot is for the critical wind direction (60°) which
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shows the highest suction. The plots show a gradual increase in the roof suction force till
it reaches 29% and 21% in the one-story and two-story cases, respectively. However, there
is no certain trend for the windward wall positive force, under the critical wind direction
(0°); the increase is significant in the one-story case, unlike the two-story case. Figure 3.15
(a-b) also shows that the sidewalls’ maximum suction force, for the wind direction (0°),

occurs in the shortest stilt cases (1S-43) and (2S-43).
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Figure 3.15 Normalized mean wind forces on each surface (a) one-story, and (b) two-
story
For the floor, the critical wind case is found to be 90°. Figure 3.15 reveals that the
vertical force, acting on the floor downward, shows more significant increase than the roof
suction force. For the one-story case, the increase is 60% for the 1S-43 and 1S-73 cases
and 70% for the 1S-104 case. On the other hand, in the two-story case, the increase is 48%

for the 2S-43 case and around 54% for the 2S-73 and 2S-104 cases. The percentage is lower
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in the two-story case because the force acting on the roof is more significant due to the
increased wind speed at larger heights. In conclusion, the stilt height significantly affects
the resulting total vertical, shear force, and overturning moment acting on the house

foundations.

3.6 Conclusion

An experimental investigation of wind effects on elevated houses is conducted. This
study considers two building types: (1) One-story and (2) Two-story gable roof models.
Local peak pressure coefficients (Cppeak), Calculated using the experimental pressure time
histories, are used to present contour plots along each surface for the on-ground and
elevated building cases. Compared to their on-ground counterparts, the following
observations are found for the elevated buildings: (1) No significant change is observed in
Crpeak Values of the roof surface for the elevated cases; (2) The wall surfaces of the elevated
cases experienced lower positive and higher negative Cppeak at the lower edge due to the
flow separation; (3) High suction regions along the floor underside edges and around the
stilts are observed. These observations agree well with chapter two findings.

For the floor underside surface, the resulting pressure coefficients show that shorter
stilts cases sustain more suction force than taller stilts cases. From the variation of the peak
pressure coefficient on the floor underside surface, a zoning scheme is proposed. The
proposed zoning scheme adopts an empirical equation that incorporates the column’s width
and stilt height to calculate the width of the high suction edge zone. Based on the suggested
zoning, the area-averaged pressure coefficients are calculated for the floor underside and
compared to flat roof external coefficients available in the ASCE 7-16 standard. This

comparison shows the applicability of using the pressure coefficients provided by ASCE
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7-16 for a flat roof to calculate wind forces on the floor underside surface of an elevated
house where the reference wind velocity is taken at the mean roof height of the elevated
house building. Otherwise, higher pressure coefficients should be used if the floor level is
considered at the reference height.

The experimental results show a considerable increase in the overall (global) uplift force
on the roof surface and on the floor underside, especially in the one-story elevated cases,
as the stilt height increases. As with any experimental investigation, the current results are
obtained on a limited number of building configurations. It would be useful in the future
to examine other building shapes and stilt arrangements as well as the effects of partially
blocking the underneath of the building.

The following chapters present the usage of numerical analysis to examine different
configuration variables. They provide a visualization of the flow streamlines and
characteristics. The numerical study also investigates the resulting global wind loads on

the house foundations.
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4. CHAPTER IV

PARAMETRIC NUMERICAL STUDY TO EVALUATE MEAN WIND LOADS
ON ELEVATED HOUSES

In this chapter, various configurations of elevated houses are numerically simulated to
study the wind flow through the building and present the resulting wind pressures and
forces. Computational Fluid Dynamics (CFD) method is adopted to perform the numerical
simulations in this dissertation. The CFD analysis is a numerical approach used to simulate
the air flow around bluff bodies by applying the equations of fluid motion at discrete points
through the studied fluid field. The CFD numerical analysis has been successfully used in
a wide range of applications in the wind engineering field. Compared to experimental wind
tunnel tests, CFD simulations provide dense output data to describe the flow characteristics
and the resulting wind loads. CFD is also distinguished by its ability to simulate different
flow turbulence characteristics, atmospheric boundary layer profiles, and various building
geometries at a low cost compared to conventional wind tunnel testing [40]. To
successfully reproduce a wind tunnel test using CFD simulations, it is essential to
accurately define the appropriate domain and mesh size, boundary conditions, and
discretization methods. However, the computational cost factor is also critical because the
most precise CFD modeling (e.g., Direct Analysis) could take years to be developed and
analyzed. Several studies in literature discuss the effect of those parameters and how to
choose the model size to provide accurate results at a reasonable computational cost [54]-
[60].

This chapter presents a simulation of a full-scale (prototype) size of the on-ground and

elevated houses tested at the Wall of Wind facility and reported earlier in this dissertation
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using a steady-state Reynolds Averaged Navier Stokes (RANS) model. The RANS
simulation is widely used to study the aerodynamics of low-rise buildings. Tominaga et al.
used RANS model to test the wind effect on low-rise buildings with different roof angles.
The authors were able to get a good agreement for the mean wind pressure compared to
the model tested at a wind tunnel. The simulation of RANS model allowed the author to
study the mean wind speed and mean pressure coeffcients near the model and over the flow
field.

Amini et al. [34] conducted a parametric numerical study using RANS model to evaluate
the effect of elevating the structure on the resulting mean pressure coefficients using
Computational Fluid Dynamics (CFD) simulations [34]. The study utilized the
experimental results reported by Holmes [24] to validate their CFD model to further
investigate other elevation heights and the wind flow characteristics. The results showed
the efficiency of the RANS model to present mean pressure coefficients. After simulating
an on-ground case and two different stilt heights, Amini et al. [34] presented velocity
streamlines and investigated the height effect on the uplift force and overturning.

Therefore, RANS model is chosen for the current numerical study to represent mean
wind actions on elevated buildings. This simulation enables the understanding of elevated
building aerodynamics, the change in mean pressures along the model surfaces, and
attempts to understand the damage modes observed in recent hurricanes. The wind flow
characteristics are investigated for different cases, and the resulting mean wind pressure is
reported [63].

The chapter starts with a validation study comparing the mean pressure coefficients

calculated using RANS modeling and the ones resulting from the experimental study.
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Then, a parametric study is conducted with the following objectives: (1) investigate the
characteristics of wind flow surrounding the building for various geometrical
configurations, and (2) assess wind actions on elevated structures and their variations with
the variation of the building stilt height and floor aspect ratio. This study aims at identifying
the geometrical controlling parameters and, therefore, facilitate the codification of the
results. In addition, the CFD study enables the identification of the most critical

configurations and geometrical range for future experimental studies.

4.1 CFD Model Description

The model used in this simulation is the prototype dimensions of the elevated houses
tested in the experimental program. Figure 4.1 shows a schematic of the simulated model
and the coordinate system used in the numerical analysis. First, a validation study is
conducted on the 2.15m elevated two-story model discussed in chapter three. The full-scale
model is 8.76 m long and 6.4 m wide with a gable roof angle of 18°. The CFD simulation
is performed for three wind directions; 0°, 45°, and 90° (i.e., 0° wind flow at Y-dir. and 90°
wind flow at X-dir.). Next, the same data setup and boundary conditions are used to
perform the parametric study to assess the relationship of the resulting wind load with the
variation of the model stilt height and the floor aspect ratio. The study plan is summarized
in Table 4.1. The stilt heights considered in this study range between 0 m and 5.2m stilts
with 0.6m increment, and the floor aspect ratio ranges between 1 and 2.5 with 0.25

increment.
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Figure 4.1 Full-scale elevated house schematic and the global axis

Table 4.1 Parametric study variables

One-story and Two-story elevated house
Different stilt heights Different floor aspect ratio
Floor aspect
atio 136 1 136 1.5|175 2 |2.25| 25
Stilt height
(m) 06(12|18|21|24| 3 |36|42[48|52 2.1m
Wind
Direction
Zero * * * * % * * * * * * * * * *
45 * * * * % * * * * * * * * * *
90 * * * * % * * * * * * * * * *
* Without Stairs ** With Stairs

The 1S and 2S symbols refer to the one-story and two-story cases, respectively. The stilt
height in meters is added in numbers after the used symbol (i.e., 1S-5.2 for the one-story

model elevated by 5.2m).

4.2 Governing Equations

As mentioned in the introduction, CFD methods adopt fundamental fluid equations to
describe the air movement through the domain. These fundamentals are; (1) The mass
conservation law, (2) The force acting on anybody is the product of mass and acceleration
(Newton’s second law), and (3) The energy conservation law. The simplified form of

continuity and momentum equations are shown in equation Equations (4.1 and 4.2), for a
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fluid velocity, pressure, location, and dynamic viscosity variables donated by u, p, x, and

u, respectively.

aui _
=0 (4.1)
o0)y _ _op , 0 (0w

To perform an accurate simulation, all the air properties, speed, friction, and volume
forces should be defined precisely. The continuity, energy, and momentum equations are
then embedded in the Navier Stokes equations and solved at the three dimensions based on
the finite volume approach. The general form of the Navier-Stokes (NS) equations for

incompressible flow is as shown in Equation (4.3) [64].

p(%;’(u_ﬂiﬂ):_a_uui(%Jr%)J,ﬁ (4.3)

at ax; ax; ax; \ox; = ox;
where body force is donated by the symbol fj, t is time, and p is constant.

The difficulty of solving the flow equation is due to the second nonlinear term on the
left side, which describes heat transfer through a fluid. The first term on the left side is the
instantaneous acceleration. On the right side, the first term is for the pressure gradient, and
the second one is the viscous dissipation which stabilizes the simulation. Equation (4.4)
divides the instantaneous velocity into two parts; the mean velocity (i) and the fluctuating
part (u';). Equation (4.5) is substituted into the NS equation to incorporate the turbulence
occurring in the wind flow.

u;, =u+u; (4.4)

Various fluctuating flow parameters can be averaged based on the averaging concepts

proposed by Reynolds. This can be accomplished using RANS equation to help in reducing
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the computational cost. RANS simulation calculates the mean values separately from the
fluctuating variables by solving supplementary equations of turbulence statistics. This
simulation has been proven to work efficiently only if used to calculate mean or RMS

values of the flow quantities [65], [66]. It requires coarse mesh to transport large eddies.

ouy  o(u)\ _ _op 9 ( (3w 3w\ e
(G 5o =g lu e SR) ) o “9

ax; ax; ax;

The turbulent model named RNG k-¢ is used to perform the current simulation where,
k is the turbulent kinetic energy, and ¢ is the turbulent dissipation rate. The RNG model
which transports Equations (4.6 and 4.7) has been formed by using a mathematical
technique called "renormalization group” (RNG) methods. Also, the simulation is
performed as a steady-state, which averages the flow over time. This method has been

explained in detail by Yakhot et al. [67].

ok | alku)\ _ 9 ok B

PG+ Tt) =5 (“k“eff ax,.> + G = pe (4.6)
de | d(eu)) _ @ de € g2

p (5 + 6_xi) = o (ae.ueff a_x,> + Cie . (Gr) = Coep—— R, (4.7)

where, Gk is the generation of turbulent kinetic energy due to mean velocity gradients. peff
is the effective viscosity. Ci;= 1.42, C,. = 1.68, and C, = 0.0845. And for the current case,
the inverse effective Prandtl numbers for k and € are ax = o, =1.393. R. takes into account

the effects of rapid strain in complex turbulent flows and is calculated using Equation (4.8).

R, = (M);>Te2 (4.8)

1+Bn3

n=S«/ ¢, and 1o=4.38
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4.3 Computational Domain and Mesh Criteria

As recommended by Franke et al. [68], the domain dimensions are chosen to avoid any
external effect through the domain walls. The distance between the tested model and the
inlet should be less than 6H, where H is the total height of the building. As shown in Figure
4.2, this distance is taken as 5H, which is equivalent to the turntable location from the flow
management box in the WOW EF. The height of the computational domain is considered
to be 7H which takes the stilt height into account. The length behind the building till the
outlet is taken to be 15H. The adopted dimensions allow the blockage to be less than 5%

so it does not affect the test results [69].

Figure 4.2 Full-scale single-story elevated house inside the wind flow domain and
domain meshing.

The computational domain is meshed into tetrahedral cells. Mesh sensitivity analysis is
conducted using the 1S-2.1 case, between coarse mesh (~1.7 M cells), moderate mesh
(~3.3M cells), and fine mesh (~4.6M cells). The moderate mesh shows good performance
and agreement with the experimental results. However, the fine mesh is chosen to precisely
simulate the flow separation, reattachment, and vortices, as shown in Figure 4.3. For the

large stilt cases, the number of mesh cells exceeds 5 million cells. In the chosen mesh size,
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the cell size near the model walls is H/48 and the rate of mesh size increase does not exceed
20%. Mesh refinements are applied around the stilts to precisely monitor the flow

separation. At the vertical direction, the first cell height is around 3.2 mm to keep the

dimensionless wall distance (Y+) in the range (30-300) to model the log-law layer [70].

- o s o e e . .

Figure 4.3 3D and frontal view of the simulated 1S-2.1 CFD model mesh using Ansys
fluent

4.4 Boundary Conditions and Solver Settings

ANSYS FLUENT 19.0 commercial software is used. All the boundary conditions
should be chosen carefully to describe the open terrain ABL and its characteristics. At the
upwind boundary, the wind profile logarithmic law is used to define the mean wind velocity
U change with height z, which is equivalent to the experimental study as well. Using the
appropriate friction velocity (u*), von Karman constant (k=0.4), and roughness length (zo
=0.08m), same as for WOW conditions, the mean win velocity U is defined using Equation
(4.9). Figure 4.4 shows the wind profile at the model location of the computational
simulation compared to the recorded mean wind speed at WOW EF. Uy is the mean wind

speed at the reference height (Zrf), 10m in Full-scale and 2m in WOW.
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U(z) = L= (4.9)

000 020 040 060 080 100  1.20
x  wow Uiuref VYL _ _ cED Uuret

Figure 4.4 Wind flow ABL of the numerical and experimental flow

Both RANS (k-g) and (k-o) turbulent models successfully simulate wind effects on low-
rise gable roof buildings [34], [61], [62], where w is the specific dissipation rate. The (k-¢)
RNG turbulent model is chosen for this study as it shows better performance [65], [66]. In
addition, after comparing the resulting Cpmean, along the ridgeline of the roof surface, of (k-
¢) and (k-w), the RNG (k-g) agreement with WOW is more acceptable, especially in the
high suction region, as shown in Figure 4.5. In the figure, SST stands for the shear stress

transport formulation.
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Figure 4.5 Cymean comparison (k-¢€) RNG and (k-®) SST with WOW for the roof surface
of 1S-2.1 case under 0° wind direction
The turbulent Kinetic energy defines the wind turbulence (ly) using Equation (4.10 and
4.11), where Cp is the turbulence model constant and taken as 0.09 [71]. The turbulent

dissipation rate is calculated using equation (4.12) as recommended by [72]

ux?

K(2) = %= (4.10)
K(z) = 22" (4.11)
e(z) = o (4.12)

All the outer walls are defined as slip walls, and the ground surface is defined as a rough
wall using the same roughness length as the prototype (zo=0.08m). The roughness length
is defined using input values; roughness height (Cs), roughness constant (Ks=0.5), and
calculated using Equation (4.13) [54]. The used parameters for the numerical simulation

are explained in this section and summarized in Table 4.1.

9793z,
Ks

C, (4.13)
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Table 4.2 Numerical simulation parameters

Property Setting
Solver Pressure Based Steady
Viscous model RANS
Turbulent model k-¢ RNG
Minimum cell size H/48
Rate of cell size increase <1.2
Y* <300

Velocity at the inlet

Defined ABL Equations (4.9 — 4.12)

Domain ground

0.08m roughness

Model walls wall
Pressure velocity coupling SIMPLE
Momentum Second-order upwind

Turbulent Kinetic energy

Second-order upwind

Turbulent disspation rate

Second-order upwind

Convergance Criteria

10*“to 107

Pressure Under Relaxation Factor

0.3

4.5 Validation Analysis using Experimental Results

In this section, comparisons are conducted between the mean pressure coefficient
(Cpmean) distribution using CFD against their counterpart values from the WOW tests for
the 2.1 m two-story (2S-2.1) elevated case, as shown in Figures (4.6-4.8). In the figures,
the symbols N, S, E, and W refer to the wall location as per the experimental model inside
WOW (i.e., E refers to the East wall). The figures show a good agreement between the two
modeling methods. In the case of wind acting at 0° direction, the roof and floor surfaces
experience higher suction near the windward region where the wind separation occurs. The
floor surface experiences higher suction around the stilts, and it is lower at the midspan.
The agreement is better in the side walls. The windward wall of the CFD model experiences
higher pressure at the middle than that for the WOW model. The difference does not exceed

7%. In case of 90° wind direction, the resulting Cpmean matches well on the roof, windward
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wall, and floor surfaces. However, the floor surface of the CFD model experiences higher
suction near the intermediate column. In oblique wind direction, CFD results agree with
the experimental results showing that higher suction occurs on the floor surface near the

silts.

WOW Mean pressure coefficient CFD Mean pressure coefficient

Figure 4.6 Local Cymean Of 2S-2.1 case CFD vs. WOW-0° wind direction

WOW Mean pressure coefficient CFD Mean pressure coefficient

Figure 4.7 Local Cpmean Of 2S-2.1 case CFD vs. WOW-45° wind direction
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WOW Mean pressure coefficient CFD Mean pressure coefficient

b

Figure 4.8 Local Cpmean Of 2S-2.1 case CFD vs. WOW-90° wind direction

As shown in Figure 4.9, several slices are taken to present a more detailed comparison
between the two methods. Figures 4.10 and 4.11 show the Cymean plot variation with the
model length for the 2S-2.1 case. Those figures show the agreement between the
experimental and numerical results. For the wind moving along the Y-direction (0 wind
direction), Figure 4.10 shows that the agreement is good, especially for the windward wall,
sidewall, and floor surfaces. For wind moving along the X-direction (0 wind direction),
Figure 4.11 shows a high suction region beside the intermediate column, which is also
observed in Figure 4.8. Generally, the figures show that the difference between the two

methods does not exceed 10%.
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Zero wind direction
path-line

90° wind direction
path-line

Figure 4.9 Full-scale elevated house path-lines for different wind flow directions
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Figure 4.10 Cpmean Variations along different lines of 2S-2.1 case CFD vs. WOW 0° wind
direction
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Figure 4.11 Cpmean Variations along different lines of 2S-2.1 case CFD vs. WOW 90° wind
direction

Finally, as shown in Figure 4.12, a comparison is presented for each surface for the
average pressure coefficient (Cp) with WOW results. CFD positive pressure coefficient is
around 7% higher than WOW for the windward wall. There is a 3% difference at the East
wall and roof surfaces. CFD values are 6% higher for the floor surface. The deviation
between CFD and WOW is very small and acceptable. This agreement takes us forward to
the next steps of conducting the parametric study using the same boundary conditions

identified for the validated model.
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Figure 4.12 Mean pressure coefficient of each surface of 25-2.1 case CFD vs. WOW (°
wind direction

4.6 Flow Streamlines and the Resulting Wind Pressure Coefficients

4.6.1 Effect of increasing the stilt height

In this section, the results of the simulated one-story and two-story gable roof models,

with different stilt heights ranging between Om to 5.2m with 0.6m increment, are explained.
First, the wind flow streamlines are presented to help

TS

| gy S

~
=~
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O% =

understand the flow characteristics and the consequent

wind loads. A midspan slice is taken along the

ridgeline, as mentioned in Figure 4.13. Figure 4.14a 0° wind

shows the flow streamlines of various cases under 0°

Figure 4.13 Midspan section

wind direction. The effect of house elevation can be .
of the simulated model

seen by comparing the 1S-0 and 1S-5.2 cases. As the
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model elevation increases, the stagnation point occurs at a higher elevation on the
windward wall. This causes differences in the pressure distribution on the windward wall.
The air circulation in the structure wake moves slightly down in the elevated case (1S-5.2),
under 0° wind direction, and a separated flow forms on the floor surface. And, in the case
of 90° wind direction, the wake moves down until it merges with the separated flow formed
below the floor, as shown in Figure 4.14b in the case 1S-5.2. These changes in wake and
flow separation zones result in higher wall suctions than the suction found for the on-
ground case. These findings agree with the observations discussed by Amini and Memari
[34]. Under 0° wind direction, the flow separation formed above the model roof is larger
in the elevated case (1S-5.2). Evidently, this is attributed to the roof height since a similar
separation zone size is also observed in the two-story on-ground case (2S-0). Also, in
Figure 4.14a, the comparison between 2S-0 and 1S-2.1 shows two different models with
the same mean roof height from the ground. Above the model roof, the separation zone is

similar in the two cases.
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Figure 4.14 Airflow streamlines at midspan section of the CFD model (a) 0° wind
direction, and (b) 90° wind direction.

Below the floor surface, air circulation occurs in the smaller elevated case, Figure 4.14a
(1S-2.1), causing local high suction. However, in the large stilt case (1S-5.2), the
circulation happens away from the building, and the flow separation on the floor surface is

enlarged, resulting in a less concentrated suction. In Figure 4.14b, the vortex formed, under
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90° wind direction, is more critical and causes higher suction on the floor. The most
important observation is the wind speed increase beneath the building floor. This
observation justifies the reoccurring damages observed for the floor in elevated houses
during extreme wind events. For instance, in the lower elevated case (1S-2.1), Figure 4.14a
shows that the velocity, at the marked locations 0.75m above the ground level, increases
from 12.3 m/s near the inlet and reaches 22.5m/s (80% increase) below the model. In the
higher elevated case, Figure 14.4a (1S-5.2), the velocity below the model at the marked
location reaches 17.2m/s (39% increase). The velocity increase beneath the floor surface is
more critical in the two-story case due to the larger blocked area of the two-story walls, as
shown in Figure 14.4b. The velocity reaches 23.5 m/s (91% increase) and 25.2 m/s (104%

increase) in the cases 1S-104 and 2S-43, respectively.
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Figure 4.15 A plan view of the 3D streamlines around the model stilt of 1S-2.1 case and
the resulting Cpmean

Figure 4.15 shows the flow separation at the edge of the floor surface in both wind
directions 0° and 45°. This flow separation causes higher suction along the edges. It is worth
mentioning that, in case of wind acting in an oblique direction, a higher suction region
appears around the stilts. Figure 4.15shows the plan view of the flow streamlines below
the model floor surface with conical vortices formed in case of oblique wind direction with
higher wind speeds than 0° wind case. These vortices are the main reason for the suction

regions occurring along the sides of the stilts.
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4.6.2 Effect of increasing the floor aspect ratio

This section covers the resulting flow
streamlines and pressure coefficients while
changing the floor aspect ratio. The contour

line plots provided in this section are for = /

four different aspect ratios (A=1, 1.5, 2, and Figure 4.16 1S-2.1 elevated house
after increasing the floor aspect ratio

2.5) and the same stilt height (St=2.1 m).

The floor aspect ratio (A) is changed by increasing the building length (L), as shown in
Figure 4.16. By increasing A, the vortices’ size at the wake increases and become one large
vortex, as shown in Figure 4.17. This is expected to cause an increase in the resulting
suction on the leeward wall. Figure 4.17 shows that the distance prior to flow reattachment
on the roof surface slightly increases as the aspect ratio increases. This increase is
negligible as it does not cause much difference in the high suction region, as shown in
Figure 4.22. Below the model floor, for A=1, the flow is reattached at the end of the floor
surface (i.e., L=W). When A=1.5, the flow is reattached at the middle (i.e., L=0.75W).
Thus, as the floor aspect ratio increases, the distance of the flow separation on the floor

decreases.
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Figure 4.17 Airflow streamlines at the midsection of the computational domain for
different stilt heights under 0° wind direction

The resulting mean pressure coefficients can be investigated from Figures 4.18 to 4.20,
for the three wind directions 0°, 45°, and 90°. As shown in Figure 4.18, by comparing the
two floor aspect ratio cases (A=1 and A=2.5), the high suction region occurs along the
same length in the two cases. In the large aspect ratio case (2.5), the high suction region is
located at the first quarter of the model length (L), similar to the Cpmean distribution on the
walls and roof surface, for wind acting at 0° direction. It is also noticed that the Cpmean are
not much affected by the floor aspect ratio increase. However, by checking Figure 4.20 for
the 90° wind direction, the suction occurring around the columns is higher in case of A=2.5.
The increase of high suction region, for A=2.5, is noticeable near the intermediate column.
The roof surface windward region experiences higher suction in case of A=2.5. The same

observations occur in the suction values, for the 45° wind case. The current study tests only
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the change in floor aspect ratio without increasing the number of stilts. Therefore, in the
future, it is recommended to investigate more cases with different aspect ratios and stilt

patterns.
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Figure 4.18 Mean pressure coefficient of 1S-2.1 case with A=1&2.5 and 0° wind
direction

Aspect ratio = 2.5

Aspect ratio =1

Figure 4.19 Mean pressure coefficient of 1S-2.1 case with A=1&2.5 and 45° wind
direction
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Aspect ratio = 2.5
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Figure 4.20 Mean pressure coefficient of 1S-2.1 case with A=1&2.5 and 90° wind
direction

4.7 Total Wind Forces and Overturning Moment

For each surface of the one-story models, the wind force is calculated then normalized
with respect to the wind force of its counterpart on-ground case. Then, the relationship of
the resulting force ratio with the stilt height is drawn, as shown in Figure 4.21. Similarly,
the normalized force relationship with the floor aspect ratio is drawn, as shown in Figure
4.22. As illustrated in Figure 4.9, for wind acting at zero direction, it hits the North wall.
In that case, the wind force on the North wall increases rapidly with the stilt height; for
every 0.6m stilt height, the total force increases by around 10% till the force doubles when
the stilt height is 4.8m. And this is also observed on the East wall for 90° wind direction.
At the oblique direction, the force ratio becomes triple for the 5.2m stilt case. However,
when these walls are aligned with the wind direction, they don’t experience a noticeable
change. For the roof surface, at 45° and 90° wind directions, after elevating the house 0.6m

upward, the force value drops to 80%, then it increases gradually to be higher by 15% than
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the on-ground case. At 0° wind directions, after elevating the house 0.6m, the force on the

roof surface drops to 95%, then it increases till it becomes higher by 40% than the on-

ground case. For the floor surface, the wind force is normalized with respect to the 0.6m

stilt case. The shaded region of the graph, from 0 to 0.6m, has no data because this surface

appears from the 0.6m stilt case. In case of 45° wind direction, the total vertical force

increases by 35% for the 5.2m stilt case. In the other two wind directions, the total force

decreases, compared to the 0.6m stilt, till the 2.1 m case, then it increases till it becomes

10% higher than the smallest stilt case. This observation indicates that the 45° wind case is

responsible for the increase of the negative pressure region on the floor surface
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Figure 4.21 Relation between the average pressure coefficient of each model surface and
the stilt height

The force increase is also noticed by increasing the model aspect ratio. By normalizing

the resulting force on each face using the model with A=1 as a reference, a significant force

ratio increase occurs, especially in the floor and roof surfaces. The building windward walls



experience a noticeable increase in the positive wind force (e.g., North wall for 0° wind
direction) and reach up to 40% in case of A=2.5. This increase is higher for the East wall
due to the wall area increase. At 90° wind direction, there is around 80% increase in the
wind for every 0.25 increase in the floor aspect ratio. For the roof and floor surface, the
vertical force in case of A=2.5 is five times the case A=1. The zero wind direction graph
clearly shows the slight change of the acting wind force on the sidewalls, roof, and floor,

as observed from the contour plots.
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Figure 4.22 Relation between the average pressure coefficient of each model surface and
the floor aspect ratio

Investigating the total resulting forces on the building foundation is an essential

objective of the current study. This section presents the effect of changing the stilt height

and floor aspect ratio on the total uplift, shear force, and overturning moments. Figures

4.23 and 4.24 show the total force and overturning moment acting on the model

foundations. The normalized forces are calculated by dividing the stilt case total force over
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the on-ground case total force. The force direction is named according to the building axis
shown in Figure 2.1. The following graphs present only the forces at the longitudinal
direction of the wind flow or the vertical direction. The lateral wind forces are very small
(e.g., Fx in case of wind acting at zero direction), so the normalized force appears in the
graph to be zero. From Figure 4.23, by increasing the model stilts, there is a noticeable
increase of the total shear forces Fx and Fy in case of wind acting at angles 90° and 0°,
respectively. And the total force in case of 5.2m stilt reaches 2.5 times the on-ground case.
For the vertical force, the mean force F; is always acting upward. This means the uplift
force on the roof surface is larger than the force acting on the floor surface. Figure 4.23
shows lower values of vertical forces in the elevated cases due to the presence of a new
force acting downward on the floor surface. In the largest stilt case, the ratio turns negative,
in case of 0° wind direction, because the force acting on the floor surface is larger than that
for the roof surface. The 4™ and 5" graphs show that the overturning moment resulting
from the wind flow drops at 0.6m stilt case then increases tremendously. The 0° wind case
which hits the North wall causes a 450% increase in the resulting moment on the 5.2m stilt
case. For the 90° wind case, the flow hits the East and roof surfaces causing an 800%
increase in the moment (My). It is worth mentioning that the percentage of increase is
affected by the surface area increase, which also means an increased moment arm. A
similar observation can be seen in Figure 4.24. However, the effect of changing the floor
aspect ratio on the moment is not as significant as the stilt height effect. For instance, My
increases by 250% in case of A=2.5. However, the vertical force increases with the aspect
ratio increase to reach 350% in case of A=2.5. Therefore, the resulting increase of the shear

and overturning moment on the building foundation, due to stilt height increase, is
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substantial and should be considered in the future design of elevated house. In addition, the
increase of the vertical force, acting upward, due to the aspect ratio increase is considerable
as well. As the surface area increase has a big share in the mean force increase, more
investigation is needed in the future on large floor aspect ratio cases. For this reason, the
following chapter includes a more extensive study of a large floor aspect ratio case to

investigate also the peak pressure coefficients.
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Figure 4.23 Relation between normalized total wind forces on the foundation and the stilt
height
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Figure 4.24 Relation between normalized total wind forces on the foundation and the
floor aspect ratio

4.8 Investigating the Effect of Adding Stairs on an Elevated House

This section investigates the effect of adding external staires beside a single-story
elevated house. CFD simulation is conducted to evaluate the effect of external stairs on the
wind flow and the resulting wind loads. This numerical simulation is done on a full-scale
2.1 m elevated house with the same dimensions, roof angle, and boundary conditions as
the parametric study. The computational domain dimensions and the mesh size are taken
the same. However, the mesh size is coarsened along the stairs due to the complicity of its
geometry. The same solver setting is used in this simulation as well. Figure 4.25 shows the

model configuration simulated and tested at three wind directions; 0°, 45°, and 90°.
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Figure 4.25 Gable roof house drawing elevated by 2.1 m with stairs

As shown in Figure 4.26, some deviations appear in the mean pressure coefficient
distribution on the right figure due to the presence of the stairs. There is a slight reduction
of the Cpmean in case of the house with stairs. This difference is noticeable only for the floor
surface; the pressure coefficient is much lower, especially at the leeward part. The same
reduction can be seen in the other two wind cases in Figures 4.27 and 4.28. Both roof and
floor surfaces experience lower negative pressure. These observations reveal that there is
no need to add the stairs in the experimental studies as it does not cause a noticeable effect

and does not increase the wind loads on the house.
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7ft-Stilt elevated house without stairs 71t-Stilt elevated house with stairs

Figure 4.26 Mean pressure coefficient of S1-2.1 case with and without stairs under 0°
wind direction

7ft-Stilt elevated house without stairs

Figure 4.27 Mean pressure coefficient of S1-2.1 case with and without stairs under 45°
wind direction

96
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N

Figure 4.28 Mean pressure coefficient of S1-2.1 case with and without stairs under 90°
wind direction

By comparing the average pressure coefficients (Cp), Figure 4.29 shows that there is not
much difference between the two cases. For 0° and 45° wind directions, after adding
external stairs, the negative Cp value on the building roof and walls is lower by around 7%
and 5%, respectively. However, the positive C, value on the windward wall is higher by
7%. After adding stairs, the C, considerably decreased by 35%, as concluded from the
contour plots. Table 4.3 shows the wind force acting on the elevated house in case of with
or without stairs. It reveals that the total force acting on the elevated house (including wind
load on the stairs) did not experience a noticeable change. The force share of the stairs is
5%, 15%, and 13% for 0°, 45° and 90°, respectively. These are considerable values that

should be considered in the future design of stairs.
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Figure 4.29 Mean pressure coefficient of each surface of 1S-2.1 case without stairs vs.
with stairs

Table 4.3 Total force acting on the elevated house and external stairs

Global forces (Newton)

without stairs with stairs
Model Stairs Total
Fx Fy Fz Fx Fy Fz FX Fy | Fz FX Fy Fz
0 -10 7855 368 51 7461 | 1761 353 | 392 | -239 404 7853 | 1522

45 | -9913 | 6712 | 3704 | -8460 | 5920 | 4926 | -1114 | 978 | -2 -9574 | 6898 | 4925
90 | -10250 37 -3297 | -9055 | -57 | -1338 | -1137 | -51 3 -10192 | -109 | -1335

4.9 Conclusion
The chapter presents a parametric study performed using CFD modeling on a full-scale
(prototype) on-ground and elevated houses. RNG k-¢ turbulent model is used to solve the

governing equations inside the computational domain. First, the validation study shows a

98



good performance of the RANS model compared to the experimental work results for the
two-story case. Using the same model parameters, a parametric study is conducted to
investigate the characteristics of wind flow surrounding the building for different stilt
heights and floor aspect ratios.

The flow streamlines inside the computational domain show that the flow separation
region increases as the stilt height increases. However, the flow separation region decreases
by increasing the model aspect ratio. In the small stilt cases, the wind speed increases
beneath the building floor due to venture effect through the air gap. A flow circulation of
air took place between the intermediate columns. This clarifies the reason behind the high
negative pressure around the model stilts. The resulting local mean pressure coefficients
are similar for different floor aspect ratios of the elevated house in case of wind acting
parallel to the roof ridge. However, for 45° and 90° wind directions, the suction occurring
in the roof surface and around the stilts in the floor surface is significant when the aspect
ratio is large.

Through this chapter, the effect of stilt height and floor aspect ratio on the total forces
acting on the foundation is studied as well. The total shear force acting on the foundation
increases significantly as the stilt height increases. The total vertical force dropped by
elevating the house due to the presence of a new force on the floor. By increasing the floor
aspect ratio, the overturning moment and the vertical force increases significantly. The
increase of the surface area contributes to this increase. These forces need to be considered
during the design of foundation.

This study reveals several recommendations which need to be considered in future

work. Higher wind velocity is noticed beneath the house floor of the (1.8m -2.4m) stilt
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cases. These stilt heights are widely used and need to be monitored precisely to avoid the
occurrence of several damages. The observed increase in the pressure coefficients
emphasizes the need to study changing the building floor aspect ratio. The resulting
increase of the shear forces and the overturning moments, due to stilt height increase, acting
on the building foundations is significant and should be taken into consideration in the
foundation design. The increase of the total vertical force, for large aspect ratio, acting on
the foundations is noticeable and should be considered. The commonly used configuration
of stairs does not cause a noticeable effect on the resulting pressure, and it can be excluded
from experimental testing to reduce time and cost. The shown results need more
investigation showing peak pressures and instantaneous wind streamlines. Therefore, it is
recommended to simulate the transient flow using Large Eddy Simulation (LES) to better
understand the flow characteristics. The next chapter shows a numerical simulation using

LES of an elevated house with a larger aspect ratio and standing on more stilts.

100



5. CHAPTERV

LARGE-EDDY SIMULATION OF WIND FLOW THROUGH ELEVATED
HOUSES

This chapter discusses the aerodynamics of a large-scale elevated gable-roof house
using Large Eddy Simulation (LES) modeling. The LES method is a widely used in the
field of Computational Fluid Dynamics (CFD), which has shown efficiency and accuracy
of simulating wind flows through bluff bodies in the literature [41]-[44]. It allows
simulating time-dependent flow and calculating instantaneous velocity and peak pressures
over the bluff bodies surfaces. Using LES method, the wind flow is separated into small
and large eddies. The LES turbulence model can simulate small scales (subgrid) and solve
large scales accurately. This simulation can generate the separation and recirculation
regions better than the Reynold Average Navier Stokes (RANS) simulation [73]. The LES
method requires more time to solve the flow quantities at all the grid points.The filtering
feature (averaging over the space) allows obtaining the instantaneous mean, peak values,
and wind fluctuation. This is the main advantage of using LES over the RANS method. It
is worth mentioning that the LES method does filtration of the peak values to reduce the
computation time.

In literature, Xing et al. studied the wind flow through a gable roof low rise building
[62]. The study showed better agreement and more efficiency in the LES model, compared
to a 1:20 scaled wind tunnel model, than RANS model. The LES model provides better
performance than the RANS model in showing local pressure coefficients especially for
oblique wind angle. Aly et al. used the LES simulation to study the wind effect on low-rise

buildings and compared the results with full-scale field measurements [74]. The
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comparison showed a great performance of LES model in reproducing peak pressure
coefficients. Amini et al. conducted a numerical simulation using LES to study the effect
of increasing the number of stilts from four to nine [61]. The authors used the one-story
model presented in chapter two for their simulations. The numerical model was validated
by comparing the results with the WOW experimental results. However, the defined
turbulence intensity does not match the modified one for the WOW after applying PTS
(Partial Turbulence Simulation). Amini et al. showed an increase in wind flow speed below
the model floor and observed a high suction region near the edges and around the stilts
regardless of the wind direction. The authors recommended performing more numerical
studies to better understand the aerodynamics and studying more patterns of stilt
distribution [61].

The parametric study discussed in chapter four of this diseertation shows an increase in
total wind forces due to the increase in the floor aspect ratio. However, the numerical study
provided in chapter four focused only on assessing mean wind forces and mean pressure
distribution using RANS modeling. In this chapter, to arrive at a conclusion regarding the
peak wind loads on elevated structures with a large floor aspect ratio, another numerical
study is performed using LES. First, a validation study is conducted with a floor aspect
ratio of 1.36 (A _1.36 case), as shown in Figure 5.1. Second, a new case study is simulated
with a floor aspect ratio of 2 (A_2 case). Only one stilt height case is adopted in the current
study (2.15m). This stilt height is one of the group houses that experience severe damages
during hurricane events, according to lbrahim et al. [75]. This study contributes to
understanding the transient flow through an elevated house and investigating the effect of

increasing the aspect ratio and the number of stilts on the flow shape and the resulting peak
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pressures. More importantly, the numerical simulation carried out in this study provides
important insights on the suitable modeling parameters for LES simulations of an elevated
building. The chapter starts by presenting the model configuration and dimensions. Then,
the computational domain dimensions, mesh size, and the adopted equations are explained
in sections 5.2 and 5.3. A comparison study is included in section 5.4 to validate the CFD
model using the results obtained experimentally from the WOW testing. The resulting flow
streamlines and the mean wind velocity are presented in section 5.5. In addition, the
resulting wind pressure coefficients and wind forces of the new case study are presented in

section 5.5.

Figure 5.1 Elevated house schematic and the global axis

5.1 Model Description

The numerical modelling is conducted using a 1:5 length scale. The configuration of the
validation model (A_1.36) is the same as the one-story elevated model tested at the WOW
and explained in chapter three. As shown in Figure 5.2, the model is 1.75 m long and 1.28
m wide with a gable roof angle of 18°. The model stands on six stilts to raise the model by
43 cm above the ground level. The model configuration is explained in detail in section
3.1. The CFD simulation is conducted for three wind directions; 0°, 45°, and 90 (i.e., 0°

wind direction parallel to the roof ridge). Next, the same data setup, scale, and boundary
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conditions are used to simulate the case study model (A_2), as shown in Figure 5.2, using
LES simulation. The scaled model dimensions are 1.5 m width x 3 m length with a gable
roof angle of 18°. For the case A_2, the number of stilts is increased to 12 to assess the

resulting effect on the pressure distribution along the floor surface.
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Figure 5.2 Floor surface of the elevated model scale (1-5) dimensions in (m)

To ensure the quality of the computational model, the simulation is conducted through
three steps; (1) simulation of the Atmospheric Boundary Layer (ABL) before adding the
model to compare the wind profile and turbulence characteristics with the WOW replicas,
(2) simulation of the validation model (A _1.36) to compare the resulting pressure
coefficient and distribution with the experimental results (Figure 5.3 a), (3) simulation of

the new case study (A _2) (Figure 5.3 b). ANSYS fluent software is used to conduct the
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LES numerical simulation at the three stages to simulate the velocity fluctuation with time

and the resulting pressure-time history.
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Figure 5.3 3D computational domain (a) validation model, and (b) case study model

5.2 Governing Equations

Using ANSYS Fluent v19, the fundamental fluid equations are applied as explained in
chapter four, section 4.2. Turbulent flow includes a wide range of length and time scales. The
large eddies are more challenging to solve than the small eddies, which tend to be more
isotropic. Using LES in Fluent, the filtration separates large eddies and solves them directly
using the governing equation. The effect of the small eddies is taken into consideration using
the grid model. These features allow LES to be a better tool for simulating the complex ABL
flow and wind effect on structures.

After applying the filtration on the Navier-Stokes equation, the governing equation is
as shown in Equation (5.1). Where, fluid velocity, pressure, time, location, and dynamic

viscosity variables are donated by u, p, t, X, and p, respectively.

p (@ + 6(171'171')) _ _ 0P n Mi(@) _ 0T (5.1)

at 6x]- 0x; ax]' ax]' axj
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The subgrid Reynolds stress 7;;, defined in Equation (5.2), is modeled using sub grid
scale model (SGS).
75 = p(WW; — W) (5.2)
For the current study, Wall-Adapting Local Eddy (WALE) viscosity model is used to
resolve the SGS part [76]. The WALE model is more practical than other SGS models as
it modifies the SGS viscosity near the wall structure to account for the wall damping effect
[76], [82]. The WALE model is proven to work better than Dynamic Smagorinsky Model
(DSM) model to simulate ABL when compared to experimental results and Direct
Numerical Simulation (DNS) [78], [79]. However, it needs local mesh refinement near the
model surface to precisely simulate the effect of walls in damping the flow [78]. Another
advantage of the WALE model is that it does not require any explicit filtering [77];
therefore, it depends only on the locally provided information of the flow and walls to get
the eddy viscosity [78]-[81].

In this model, turbulent eddy viscosity vt is used to model the small-scale turbulence,

and it can be calculated using Equation (5.3).

* * 3/2
(‘Sif ‘Sij) (53)

vy = (Cy A)? — 5/4
(Sijsij)5/2+ (5:1 45:1)

A is the subgrid length scale, and Cy is a constant taken as 0.5.
The velocity gradient tensor s;; == (g% + g% ) — ~6,;3%. and g;;=2 (5.4)
yd Sij = 5\Gij T 9ij 3 91j9kk 9ij= -

ax;

The rate of strain tensor for the resolved scale §L-j is defined using Equation (5.5).

§y= (@4 (5.5)

ij - E 6x]- 6xi
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5.3 Computational Domain and Solver Settings

The simulation is conducted in three-dimensional, considering an incompressible fully
turbulent flow. To yield accurate results, no symmetrical reduction is applied to count for
the air fluctuation in all directions. The domain dimensions are chosen to avoid any external
effect through the domain walls [68]. As shown in Figure 5.4, the distance between the
tested model and the inlet is taken as 5H, where H is the total height of the building. The
height above the model is taken as 5H. The length behind the building till the outlet is taken

15H. The adopted dimensions allow the blockage to be less than 5% [69].

5H

SH L 15H

St

Elevation view

5H

SH L 15H

5H

Plan view

Figure 5.4 Computational domain dimensions
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5.3.1 Domain meshing

All the boundary conditions should be carefully selected to describe the open terrain
ABL. Reynolds-Averaged Navier-Stokes (RANS) simulation and RNG k-¢ turbulent
model are used to define the flow characteristics for the free stream LES model without
adding the house. The domain is divided into layers in the vertical direction to adequately
simulate the ABL. For the free stream RANS model, the domain is divided into around two
million tetrahedral cells. The first layer’s height is around 1mm, which kept the
dimensionless wall distance (Y+) between 50 and 100. In the next step of defining the
boundary conditions of the LES, Y+ is kept lower than 5 to resolve the viscous sublayer
[61], [74].

For the computational domain with the elevated model, a structured tetrahedral grid is
used to mesh the domain. Mesh sensitivity analysis is conducted on the validation case,
between five different mesh sizes, starting from coarse mesh (1426121 cells) and reaching
fine mesh (12395389 cells). Figure 5.5 shows the resulting average mean pressure
coefficient for each mesh size. The objective is to ensure that the resulting data are
independent of increasing the number of cells. The sensitivity study is applied using the 0°
wind direction. As shown in Figure 5.5, starting from the medium mesh size (3651526
cells), the differences are negligible (below 1%) and the results are not affected by the mesh
size. Therefore, considering the accuracy and the computational cost, the medium size

mesh is chosen for the current simulation.
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For the chosen mesh size, a structured tetrahedral grid is constructed using small cell
H/48 over the walls, and the rate of cell size increase does not exceed 1.2 [41], [68]. To use
the WALE LES model, it is essential to use a fine mesh near the model walls to precisely
resolve the near walls’ viscous layers [78], [79], [81]. As shown in Figure 5.6, the mesh is
refined using H/64 minimum size near the walls, along the stilt edges, and along the model

edges to monitor the air flow around the model stilts.

5.3.2 Boundary conditions

The first step is defining the preliminary RANS model. Using the appropriate friction
velocity (u*), von Karman constant (k=0.4), and roughness length (zo =0.016m), the ABL
mean wind velocity U and the model turbulence are defined in the RANS model using the
same criteria explained in chapter four (Section 4.4, Equations 4.9 — 4.13). All the outer
walls are defined as slip walls, and the ground surface is defined as a rough wall using the
roughness length as the prototype (zo=0.016m). The roughness length is defined using input
values; roughness height (Cs), roughness constant (Ks=0.5), and calculated using Equation
(4.13) [54].

The next step is to define the resulting ABL using RANS model as a boundary condition
of the LES WALE model to simulate the freestream of air without adding the elevated
model. All other boundaries (i.e., walls, ground roughness, air flow parameters) are kept
the same. In the LES model, the vortex method is used to define the flow fluctuation
through the model [83], [84]. This method adds a perturbation to the mean wind profile at
the inlet 2D plane. It is defined by setting up the number of vortices (N) entering the field
through the inlet area (A). Then, each particle (i) is assumed to carry an amount of vorticity

defined by its circulation (I'i) and spatial distribution (). These parameters are calculated
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using Equations (5.6 and 5.7). And the size of a local vortex is controlled by the parameter
(o), which is calculated using the defined k and & parameters taken from the defined ABL,

as shown in Equation (5.8).

_a T Ak(xy)
Fi (X, }’) - \[3N[2 In(3)-31n (2) (56)
M) = 5 (207207 — 1) 267297 &0
3/2
L (5.8)

2¢

where, c is a constant taken as 0.16, and o is also controlled by the local mesh size. This
method has shown more successful agreement with full-scale mean and peak pressure data

than the scaled wind tunnel test, as noticed by Aly et.al. [74].

5.3.3 Solver setting
ANSYS Fluent is used to perform the numerical simulation. Naiver Stokes and continuity
equations are solved using the control volume method. The equations of the transient
formulation are discretized using a second-order implicit scheme. In the implicit scheme,
the model parameters are dependent on each other, unlike the explicit solution. Using an
implicit scheme makes it harder to reach the target accuracy of the model and needs a
smaller time step, which adds more computational cost. However, this solution is more
stable than the explicit method [85], [86]. In order to provide an accurate simulation while
depending on the locally defined parameters, WALE subgrid model is used in the current
study [78]-[81]. This scheme was used by Aly et al. to simulate low-ride building and

showed accuracy in the mean and peak pressures compared to experimental results [74].
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The transient simulation uses time step (At) 0.0004 sec to keep the Courant number

(Equation 5.9) less than 1. The LES model parameters are summarized in Table 5.1.

Courant Number = U 2—; (5.9)

Table 5.1 Numerical simulation parameters

Property Setting
Solver Pressure Based Transient
Viscous model LES
Inflow fluctuation Vortex method
SGS WALE
Minimum cell size H/64
Rate of cell size increase <1.2
Y* <5
Velocity at the inlet RANS model
Domain ground 0.0016m roughness
Model walls wall
Pressure velocity coupling SIMPLE
Momentum bounded differencing scheme
Pressure Second-order
Transient scheme Bounded second-order implicit
Simulation time 10 seconds
Time step At 0.0004 second
Courant Number <0.75
Convergance Criteria 10° to 107
Pressure Under Relaxation Factor 0.3

The resulting velocity and pressure time history are recorded using frequencies 2500
and 500 HZ, respectively. Figure 5.7 shows the resulting mean wind profile inside the
computational domain, at the model location, compared to the recorded mean wind speed
inside WOW facility, where Urer is the mean wind speed at the reference height (Zrer= 2m).
lu is the turbulence intensity after applying PTS, as explained in chapter two (Section 2.3).

The agreement between WOW and CFD wind profiles is a good indication of a successful
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simulation. However, a validation study to compare mean and peak pressure coefficients

is needed to examine the accuracy of the results.
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Figure 5.7 Mean wind speed and turbulence intensity profile comparison

5.4 Validation Study

A validation study is conducted using the meshing criteria, boundary conditions, and
solver settings discussed in section 5.3. The one-story 2.15 m elevated model tested at the
WOW EF (full scale) is adopted for this study. The model is simulated using a scale of
(1:5), the length scale used for the WOW experimental test. The model configuration and

dimensions are the same as the experimentally tested model shown in Figure 5.8.
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Figure 5.8 One-story 2.15 m elevated model inside WOW

The simulation is carried out for three different wind directions (0°, 45°, and 90°) for
10 seconds each. After finishing the simulation, the mean and peak pressure coefficients
(Cpmean and Cpmin) are calculated from the recorded time history [87]. Figure 5.9 compares
the Cpmean, OVer the floor surface, from the CFD model with their counterparts from WOW
testing. A slice is taken parallel to the wind direction, for the 0° and 90° wind cases, and at
the longitudinal and transverse directions for the 45° wind case, to provide a more detailed
comparison along the model surfaces. Figure 5.10 shows the Cpmean Variation along the
section line. The figure includes a schematic drawing to show the section line using a
dashed line, and the direction is indicated using arrows. These section lines start with the
windward wall, roof, leeward wall, and finally, the floor surface. In the graph, the distance

of each pathline is normalized using its total distance.
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Figures 5.9 and 5.10 show a good agreement with the WOW results. In the 0° wind
direction, the deviation is around 5% and located at the central area of the roof and floor
surface where the pressure gradient occurs. For the 45° wind direction, CFD Cpmean IS
slightly higher, especially on the floor surface which shows 10% higher Cpmean. However,
both show the same pressure gradient. The agreement in the 90° wind case is much better;
the floor high suction regions are well simulated using CFD. In General, using the LES,

the agreement in the Cpmean is better than the RANS model presented in chapter four.
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Figures 5.11 and 5.12 show the resulting peak Cpmin extracted from the CFD output time
series. For the Cpmin Values, more deviations are noticed. The contour pattern is similar in
CFD and WOW cases. However, the CFD model shows higher Cpmin Values on the floor
surface near the windward edges. The reason behind this is believed to be the usage of the
vortex method to define the flow turbulence. This was also noticed by Aly et.al., who
discovered a 12% deviation in the resulting peak pressure compared to full-scale field
measurements [74]. In case of 0° wind direction, in the experimental and numerical cases,
the Cpmin reaches -2.1 through the windward region of the floor surface and -2.6 near the
stilts. However, the numerical model shows a larger region of the high suction than that for
the WOW results. The plot in Figure 5.12a shows that the higher suction occurs at the
leeward wall and floor surface. Although, the agreement on the roof and windward surface
is very good. This difference is also noticed in the 90° wind case. However, the agreement
near the stilt is good and can also be observed in Figure 5.12d. The major difference is
along the mid-span, where the Cpmin reaches -2.7 in the CFD model and -2.1 in the WOW
model, as observed in Figure 5.11d.

The best agreement occurs in the 45° wind case. CFD model successfully simulated the
high suction regions similar to the WOW. But, around the top right stilt, the Cpmin in the
CFD model is -1, which is higher than the WOW maodel (-0.6). The shown agreement in

the Cpmin is considered fairly sufficient to study the new case model.
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5.5 Results and Discussion

The observed agreement of the validation study encourages the author to present the
flow field properties and examine the new case study. The model scale, meshing criteria,
boundary conditions and solver equations, which successfully work with the validation
model, is used again to simulate the A_2 case standing on 12 stilts, as shown in Figures
(5.2 and 5.3b). This section discusses the wind flow characteristics and the resulting
pressure coefficients. First, the instantaneous flow streamlines are shown for the three wind
directions. The mean velocity over the domain is presented to examine the effect of
increasing the model floor aspect ratio. In addition, the influence of increasing the number
of stilts on the wind velocity through the gap is also evaluated. Next, the mean and peak
pressure coefficients are included to investigate how the new stilt pattern affects the

resulting suction on the floor surface. Finally, the resulting total forces are discussed too.

5.5.1 Flow streamlines and wind profile

In chapter four, the resulting streamlines, averaged over time, revealed the significant
effect of the air gap, the formed vortices in oblique wind directions, the wind flow increase
through the gap, and the resulting high suction on the floor surface. Therefore, looking at
the simulated cases’ streamlines could verify or add to the previous findings. For instance,
Figures 5.13 and 5.14 show the streamlines at the 5™ second of the flow simulation of the
A 1.36 and A_2 cases, respectively. The figures show how the air flow speed is affected
by its movement through a narrow passage. In the two aspect ratio cases and all wind
directions, the velocity increases to more than 30m/s. The velocity increase is affected by
the number of stilts. For instance, the 0° wind flow in Figure 5.14 shows the decrease of

the wind speed through most regions below the model due to the presence of more stilts
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obstructing the flow and causing more flow turbulence. The figures also reveal the flow
circulation in the downstream flow, passing the model stilts in all wind cases. The velocity
dropped dramatically along the circulation to be -5m/s. The high-velocity gradient causes
high suction on the flow surface, as observed in Figures 5.9 and 5.11. The velocity gradient
is found to be higher in the oblique wind direction (Figure 5.13, 45° wind), which causes

higher suction around the stilts, as noticed in Figure 5.11b.

Velocity
35.0

26.0

45° wind direction

0° wind direction

Figure 5.13 Flow streamlines below the floor surface for three wind directions A_1.36

These observations agree well with the findings of chapter four and the results reported
by Amini et al. while testing the effect of increasing the number of stilts [61]. However,
the turbulence observed in the current study is greater than the Amini et.al. results. The

reason behind that is the defined flow turbulence, in the current study, which is the same
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as the corrected profile after applying PTS to get comparable pressure coefficients that

match WOW.

Velocity
35.0

26.0

-10.0
[ms~-1]

90° wind direction

0° wind direction

Figure 5.14 Flow streamlines below the floor surface for three wind directions A 2

The air circulation observed in figures 5.13 and 5.14 can be justified by monitoring the
wind velocity near the stilts and verifying the formation of vortices. The vortex shedding
frequency can be determined using the non-dimensional Strouhal number (St), as shown in

Equation (5.10).

St = %D (5.10)
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where, f is the shedding frequency, D is the bluff-body size, and U is the flow velocity.
For the marked points A, B, and C (Figure 5.13), the velocity-time history is recorded
below the floor surface of the A 1.36 case for the 0° 45° and 90° wind directions,
respectively. These points are chosen where the air circulation is observed. The Power
Spectral Density (PSD) curve is drawn from the recorded velocity fluctuation, as shown in
Figure 5.15. The figure reveals the occurrence of vortex shedding at a frequency of 1 Hz
for the 0° and 90° wind cases. For the 45° wind case, the shedding frequency is 2 Hz because
the used velocity in the PSD is at local x, y directions, as shown in Figure 5.13. For the
square column size (0.09m) with sharp edges, the St is assumed to be equal to 0.1. This
justifies the formation of small vortices with size (D = stilt width) and moving at a very
low speed of 0.5m/s. The natural frequency of this building in full scale (assuming its mass
is 60 tons) ranges between 0.3 and 0.4 Hz, which is lower than the shedding frequency.
This means that the shedding frequency passed the building vibration frequency, and the
building acceleration may not increasing. However, because the elevated buildings are
considered to be flexible (i.e., with the natural frequency less than 1 Hz), wind-induced
dynamic effect may dominant the response of the structure. Thus, further in-depth studies

focusing on assessing the vibration of elevated builings are necessary.
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Figure 5.15 PSD curve for the velocity fluctuations for three wind directions A_1.36

Another observed phenomenon from the RANS model parametric study is the wind
velocity increase through the air gap. This phenomenon is also observed in this chapter
using the LES model. To examine the variable affecting the wind speed increase, a contour
plot of the mean wind speed (U) at the mid-span section is extracted from the CFD
simulation and presented in Figure 5.16 (a and b). In addition, the figure includes a plot of
U variation with length at 0.2m height in the LES model (1m in full scale). In the plot, U
is normalized using the mean wind speed at the inlet (Uiniet), and the distance is normalized
using the model length along the wind direction. From the figures, at 1m in full-scale, the
Uintet is equal to 14m/s and after moving through the air gap, U reaches 27.8m/s, which is
twice the inlet mean wind velocity. Then the mean velocity drops gradually to 80% Usinjet

and returns to the average velocity after moving twice the building length in the 0° wind
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case. The concentration of the high-velocity region at the first span is not much affected by
the model length. Figure 5.17, for the A_1.36 case, reveals the same observation. However,
the only case where the wind flow is obstructed by a large wall surface is the 90° wind
direction of A_2 case. In this case, the wind velocity increase is 225% of the Uinet. The plot
in Figure 5.16a also shows that the wind speed is affected by the presence of stilts where

the flow speeds by 20% then drops after passing the stilts.

-1.8
e
(a) (b)
Figure 5.16 Mean wind velocity variation for A_2 (a) 0° wind direction, and (b) 90° wind
direction
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Figure 5.17 Mean wind velocity variation for A_1.36 (a) 0° wind direction, and (b) 90°
wind direction
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Along the vertical direction, Figure 5.18 shows the mean wind speed (Ugsp) Variation
with the gap height (Zgap) (i.e., line D), as shown in Figure 5.16. These plots show a clear
comparison for A_2 with the Uiniet for 0° and 90° wind cases. The figures show that the
increase of the windward area adds a 15% increase to the mean wind speed below the
house’s floor surface. This observation is needed to emphasize the importance of clearing

the empty ground area during strong wind events.
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Figure 5.18 Mean wind velocity profile below the model floor compared to the inlet
profile for A_2 (a) 0° wind direction, and (b) 90° wind direction

5.5.2 The resulting pressure coefficients of the new case study

From the 10 seconds simulation of the A_2 model, Cpmean and Cpmin are calculated and
presented in this section. The Cpmin Values are extracted from the resulting time history
using the approach introduced by Sadek et al. [87]. Figure 5.19 presents the resulting
coefficients on the floor surface for the 0° wind case. The figures reveal the presence of a
new suction region (Cpmin = -1.1) between the intermediate stilt and the floor edge. This
high suction region extends at the two sides of the stilt due to the velocity gradient noticed

from the flow streamlines. In the Cpmin the suction region reaches -2.5, nearly the same
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value observed in the A_1.36 model at the corners. For the leeward area, the Cpmean
decreases gradually till it reaches the stilts. The suction tends to be zero at the upstream
region of the stilts, and suction occurs again at the downstream region of each stilt (around
-0.33). The gradual change in the Cpmean along the side edges is observed to be the same as
for the A_1.36 case. The CpminOver the third span is 20% higher in the A_2 case. However,
it is nearly similar over the second span. Generally, the presence of stilts causes
consequence separation and reattach of the flow. This is also concluded from the wind
speed jumps noticed in Figure 5.16b. The same observation is noticed for the 45° and 90°
wind cases in Figure 5.21. Every stilt added to the floor surface introduces high suction
around it. And the Cpmin values are nearly similar.

Therefore, the comparison confirms that the suction mean or peak coefficients are not
significantly affected by the floor aspect ratio. But the location and the area of high suction
region are significantly affected by the stilt location. The less is the span length, the more
is the high suction scatter. The high suction area distribution change is the reason behind

the total suction force increase concluded in chapter four.
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Figure 5.19 Pressure coefficient distribution on the floor surface for 0° wind direction
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Figure 5.20 Pressure coefficient distribution on the floor surface for 45° wind direction
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Figure 5.20 Pressure coefficient distribution on the floor surface for 90° wind direction
(@) Cpmean, and (b) Cpmin

5.5.3 Wind forces

As described in the previous chapters, the wind forces are strongly affected by the
change in the elevated house configuration. Chapter four concludes a considerable increase
in the vertical forces acting upward, which needs more investigation. For the Walls, roof,
and floor, the average force coefficients time history over the face is extracted from the
CFD simulation. From the extracted time history, mean and peak values of force
coefficients are calculated. Then the percentage of the force coefficient increase (A_2
model divided by the A_1.36 model), per each surface, is calculated using Equation 5.11
and listed in table 5.2. The overall increase percentage of the shear and vertical forces are

also calculated and shown in Table 5.3. The Fx and Fy stand for the shear forces in case of
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90° and 0° wind directions, respectively. F; stands for the total vertical force, whether

positive (F,1) or negative (Fz|).

CFx2-CFx,1.36

x,1.36

CFx% = x 100 (5.11)

Fx2-Fx136

Fy %= x 100 (5.12)

x,1.36

In the 0° wind case, the mean force coefficients experience a slight decrease, after
increasing the floor aspect ratio, which is considered a negligible change. No increase
occurs in the larger aspect ratio case for the positive peak coefficients on the windward
wall. 11% decrease occurs for the negative peak coefficients on the side walls of the A_2
case. The increase of force coefficients on the windward and leeward walls causes a 5%
increase in the Fy, as shown in Table 5.3. The peak force coefficients on the roof and floor
surfaces experience 4% and 2% increase, respectively. Due to the floor area increase, the
total mean vertical force increases significantly by 173% upward. The worst cases for peak
vertical force are; 41% increase upward or 63% increase downward.

For the 90° wind case, the wall surfaces do not experience a considerable increase in the
force coefficients of the A_2 case. However, the negative peak forces coefficient decreases
on the sidewall because the high suction region is only concentrated on the first span for
all cases. A significant increase in the wall surface area causes a considerable increase in
the total shear forces in case of 45° and 90° wind cases. For the floor surface, the observed
increase in the high suction region around the new stilts, in the 90 wind case, causes 4%
and 11% increase in the mean and negative peak force coefficients. The total mean vertical
force on the foundation increases to be triple its value. This is observed too in case of

oblique wind direction (45°).
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The results shown in this section agree with chapter four findings. The increase in the
vertical force is very significant for the larger floor aspect ratio. And by increasing the
number of stilts, the increase becomes more considerable. The peak overturning moment,
due to horizontal wind forces, besides the upward vertical force, are acting against the
house stability.

Table 5.2 Mean and peak forces increase in the A_2 case compared to A_1.36 case per
each surface

Force coefficient increase over the surface
Wind
direction Roof Floor | Wall (+ve) | Wall (-ve)
0 3% -2% -2% 2%
Mean 45 0% 6%
0 0%
Peak (+ve) 90 e
0 4% 2% -11%
Peak (-ve) 45 13% 10%
90 8% 11% -10%

Table 5.3 Mean and peak total shear and vertical forces increase in the A_2 case
compared to the A_1.36 case

Total force increase
Fx or Fy F:1 Fzl
0 5% 113%
Mean 45 19% 122%
90 14% 126%
0 3% 41% 63%
Peak 45 42% 85% 107%
90 60% 85% 55%

5.6 Conclusion
The LES model is chosen to investigate peak pressure coefficients numerically of

different configurations of elevated structures. Preciously, LES has shown a great
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performance in simulating low-rise buildings. This study investigates the instantaneous
flow through the air gap and the resulting mean and peak pressure coefficients. Through a
validation study, the boundary conditions have been precisely estimated to develop a
similar flow as the experimental test at the WOW EF. The 2.15m one-story gable roof,
presented in chapter three (1S-43), is adopted for the validation study using the same scale
1:5. Two different floor aspect ratios are compared; 1.36, and 2, standing on 9, and 12 stilts,
respectively. The simulation is conducted for three wind directions; 0°, 45°, and 90°.

The validation study shows a good agreement in the resulting mean and peak pressure
coefficients. The streamlines at five seconds show the increase of wind speed while
entering the air gap. The wind speed drops down due to the presence of stilts and gets more
turbulent. The flow streamlines present the formation of air circulation in the downstream
region, due to the presence of stilts, for all the simulated wind directions. The PSD curve,
drawn using the wind time history at the location of the air circulation, confirms the
presence of vortex shedding.

This chapter demonstrates the mean wind speed over the domain along a mid-span
section. The wind speed below the model floor is found to reach 200% of the wind speed
at the same height in the inlet. It is also noticed that the windward area affects the wind
speed increase; a 50% increase in the wall width adds a 25% increase in the wind speed.
However, the increase of the model length along the wind direction does not affect the
wind speed, but, it causes small speed jumps while passing through model stilts. This kind
of observation is essential to be taken into consideration while designing a small structure,

in the ground floor.
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A comparison is conducted using the resulting mean and peak pressure coefficients of
the A_1.36 and A_2 models. The increase of floor aspect ratio causes a slight increase in
the suction area. However, the gradual change in the suction coefficients between the stilts
and along the wind direction is similar in the two cases. For every new stilt, a new high
suction region is introduced around each new stilt. This increase is believed to cause a
considerable increase in the total vertical force after counting the floor area increase. The
zoning scheme proposed in chapter three can be updated by adding new middle zones for
every new stilt using the same pressure coefficient as the edge zone.

Compared to the A_1.36 case, the force coefficients on the walls are not significantly
affected in the A_2 case. However, the resulting peak shear forces, for 45° and 90° wind
cases, increase by 42% and 60%, respectively. A considerable increase is observed on the
floor and roof surfaces. This increase in wind load on the floor underside cover and the
structural system causes considerable damages during hurricane events. Besides the
surface area increase, this increase leads to a total vertical force increase of 200%.

This chapter shows that LES is a successful tool to be used to observe the wind flow
and the resulting peak pressure coefficients on elevated houses. However, more studies are
required for the elevated houses to build a more dense aerodynamic database similar to that
existing for on-ground low-rise buildings. For future work, it is recommended to study
irregular shapes of houses and elevated houses with partially blocked floors to assess their

aerodynamics.

134



6. CHAPTER VI
CONCLUSIONS AND FUTURE WORK

6.1 Summary of the Dissertation Findings

The ultimate goal of this dissertation is to provide an understanding of the main
differences between the aerodynamics of elevated buildings and their on-ground replica.
This is achived through investigating the role of the underside air gap in changing the wind
flow through the structure using experimental and numerical simulations. First, a large-
scale aerodynamic experimental study is conducted at the Natural Hazard Engineering
Research Infrastructure (NHERI) Wall of Wind (WOW) Experimental Facility (EF) at
Florida International University (FIU). The experimental program considers the on-ground
case and commonly used stilt heights under varying wind directions. The program also
includes a different number of stories (i.e., one-story vs. two-story elevated and on-ground
homes). The experimental program results in an aerodynamic dataset for peak pressure
time histories over the building surfaces. The resulting pressure-time history is used to
evaluate the local peak and area average pressure coefficients on the roof, floor, and walls.
In addition, the aerodynamic test program helps in identifying the high suction regions on
the floor underside, which is hypothesized to be the main cause of failures during
hurricanes and strong windstorms. The experimental pressure time history data is used to
estimate wind loads on each building surface following the Components and Cladding
design methodology from design standards. Second, the experimental program is
complemented by numerical modeling using Computational Fluid dynamics (CFD)

simulations to study the wind-structure interaction and assess the aerodynamic behavior of
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elevated buildings compared to their on-ground counterparts. The CFD simulations include
a parametric study, using Reynolds-Averaged Navier—Stokes (RANS) model, to evaluate
the wind flow streamlines and the resulting mean forces for different stilt heights and floor
aspect ratios. Moreover, Large Eddy Simulation (LES) model is also adopted to study
instantaneous flow streamlines and the resulting peak pressure coefficients. More
importantly, both the RANS and LES simulations and associated modeling parameters are
validated against the experimental data. This is important contribution to the field of Wind
Engineering as it can assist in future CFD studies of elevated structures.

From the experimental study, the local peak pressure coefficients (Cppeak) are calculated
after applying the PTS technique, required for large scale wind tunnel testing peak pressure
analysis, using the 3-sec wind speed at the roof mean height. Compared to their on-ground
counterparts, the elevated models show no significant change in Cppeak Values of the roof
surface. The wall surfaces of the elevated cases experience lower positive and higher
negative Cppeak at the lower edge due to the flow separation. High suction regions along the
floor underside edges and around the stilts are observed.

The area-averaged pressure coefficients (Cp, avg, peak) for the roof surface of the on-
ground case show a good agreement compared with the provided coefficients by ASCE 7-
16 standard for a similar slab-on-grade building. The comparison shows higher values for
the wall surface of the WOW models. Compared to the tested on-ground case, the elevated
cases experience a slight change in the Cp, avg, peak ON the roof surface and lower Cp, avg, peak
on the wall surface. This comparison shows the applicability of using the provided pressure
coefficient values of on-ground low-rise buildings, by ASCE 7-16, for the elevated cases

roof only. For the wall surface, the author suggest to include the lower edge to the side
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zones as it experience high suction in elevated cases. The wind speed increases due to the
elevation increase should be considered because the resulting wind forces are expected to
be higher for the elevated cases.

For the floor underside surface, based on the variation of the Cppeak OVer the surface, a
zoning scheme is proposed. The proposed zoning scheme adopts an empirical equation that
incorporates the stilt’s width and height to calculate the width of the high suction zone at
the edge of the floor. Based on the suggested zoning, the Cp, avg, peak IS Ccalculated for the
floor underside and is compared to flat roof external coefficients available in the ASCE 7-
16 standard. This comparison shows the applicability of using the pressure coefficients
provided by ASCE 7-16 for a flat roof to calculate wind forces on the floor underside
surface of an elevated house where the reference wind velocity is taken at the mean roof
height of the elevated house building. Otherwise, higher pressure coefficients should be
used if the floor level is considered to be the reference height. These high-pressure values
are provided in this dissertation.

While comparing different number of stories, the experimental results do not show a
considerable effect between one-story and two-story elevated houses. The change in the
Crpeak IS slight and tends to be lower for the two-story case for the roof, walls, and floor
surfaces. For the one-story elevated cases, the plot shows a considerable increase in the
overall mean (global) uplift force on the roof surface and the floor underside as the stilt
height increases. This floor suction, acting downward, is larger than the force acting
upward on the roof surface.

From the RANS numerical simulations, the flow streamlines show the increase of the

vortex size below the model floor as the stilt height increases. Also, the vortex size
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decreases by increasing the model length. This leads to the concentration of the high
suction at the windward edges of the floor surface. In the short stilt cases, the wind speed
increases beneath the building floor due to the venture effect, a well-known phenomenon,
occurring through the air gap. A flow circulation of the air took place between the
intermediate stilts. The LES model provides enhanced data of the instantaneous flow
streamlines, which clarifies the formation of vortices at the downstream region of each stilt
for all wind directions. A high velocity gradient is also observed, which causes high
negative pressure around the model stilts.

The resulting local mean pressure coefficients on the roof and floor surfaces, for the
RANS model, are similar for different floor aspect ratios of the 2.15m elevated house, for
0° wind case (i.e., wind is parallel to the roof ridge). However, for 45° and 90° wind
directions, the suction occurring on the roof surface and around the stilts on the floor
surface is significant, especially when the aspect ratio is large. From the flow streamlines
and the resulting pressure distribution, the study concludes that the higher suction along
the edges is caused mainly due to wind acting perpendicular to the roof ridge. However,
the wind acting in oblique directions is responsible for the high suction around the stilts.
The total shear force of the building increases significantly as the stilt height increases
while the total vertical force dropped by elevating the house due to the presence of a new
force on the floor acting downward. By increasing the floor aspect ratio, the overturning
moment and the vertical force significantly increases.

The LES numerical study adopts a 2.1m elevated house with a floor aspect ratio of 2
and stands on 12 stilts. This configuration is the most widely used in coastal areas based

on recent damage survey studies. The model parameters are identified and experimentally
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validated. The instantaneous streamlines at five seconds show a wind speed increase while
the flow is entering the air gap. The wind speed drops down due to the presence of stilts
and gets more turbulent. The mean wind speed below the model floor is found to reach
200% of the wind speed at the same height in the inlet. It is also noticed that the windward
area affects the wind speed increase; a 50% increase in the wall width results in a 25%
increase in the wind speed just after entering through the air gap. However, the increase of
the model length along the wind direction does not affect the wind speed; it causes small
speed jumps while passing through the model stilts. The comparison of the resulting mean
and peak pressure coefficients in the LES models shows that the increase of the floor aspect
ratio causes a slight increase in the suction area in all wind directions. However, adding
new stilts introduces new high suction regions around each new stilt. This increase leads
to a considerable increase in the total vertical force after counting the floor area increase.

Using LES viscous model with WALE subgrid model and vortex method to define flow
turbulence, the mean and peak pressures are successfully simulated and are found in a good
agreement with the experimental models.

The dissertation aims to show the controlling parameters and define their effect on the
resulting wind pressures. The controlling parameters identified in this study are listed in
the following bullets;

e Number of Stories.
- The pressure coefficients over the roof, wall, and floor surfaces are lower by
increasing the number of stories.

e Elevating low rise building over the ground level.
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- Wind speed increases through the air gap, especially in small stilt cases
(around 2m height)
- The average pressure coefficients decrease over the roof and wall surfaces
for elevated cases.
- After elevation, suction wind force develops on the floor underside surface.
- The total vertical force decreases due to the new suction force on the floor
surface.
- The total shear and overturning moment increase considerably due to the stilt
height increase.
e Increasing the number of stilts
- Around each new stilt, a new high suction region occurs on the floor surface.
e Increasing the floor aspect ratio
- The total vertical force increases.
- The wind flow speed increase through the air gap becomes more significant
due to the increase in the windward wall surface area.

The conclusion of the current study justifies the observed damages to elevated buildings
post-hurricane events. The wind speed increase due to the building height increase causes
a typical failure in most coastal houses; cladding and cover removal. The presence of the
air gap causes a considerable change in the wind flow streamlines. For instance, the flow
separation at the lower edges causes typical wall and floor cover removal damage. The air
circulation and the high wind speed gradient below the floor surface cause cladding
removal around the columns and floor underside cover damage. Figure 6.1a shows a 50%

of wall cladding removal only due to wind forces, during Hurricane Florence in North
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Carolina. The suction affecting the floor underside surface causes cover removal, as shown
in figure 6.1b. This kind of failure is critical and could lead to the change of the internal
pressure and eventually lead to severe interior damage to the home. In the current numerical
study, the noticed wind velocity increase is believed to be responsible for the damage to

house attachments, as shown in figure 6.1b.

1_
. M. ‘

Hurrica;ne Michael

Hurricane Florence —— - - Hurricane Florence

(b) L ©

Figure 6.1 Cladding damages due to wind 2.2 m elevated houses (a) wall cover removal
during Hurricane Florence in North Carolina, (b) floor cover removal during Hurricane
Florence in North Carolina, and (c) floor cover removal during Hurricane Michael in
Florida

As explained in the introduction, the damages shown are typical in most elevated houses
along the coastline, as per post-hurricane survey reports. Therefore, by relying on the
following recommendations, retrofitting existing buildings is essential to mitigate potential

damage.

6.2 Design Recommendation and Future Work

6.2.1 General recommendation for the future design of elevated houses

The results provided in this study are used to develop several recommendations and to
propose design guidelines to help enhance the available standards’ provisions. This section
includes a list of those guidelines to calculate wind loads on the cladding of elevated

buildings. These recommendations are applicable only for the regular shape of gable roof
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buildings as the ones presented in this dissertation. For other configurations of elevated

buildings (i.e., larger number of stories, irregular shapes, and different roof types), more

studies are encouraged to investigate their aerodynamic behavior.

For low-rise building roof, the pressure coefficients used to design the cladding of
the on-ground cases can be used in the elevated cases. However, a special attention
should be paid to the consideration of the mean roof height of elevated structures
as it affects the calculations of the wind forces on the surfaces, stilts, and
foundations.

For the wall surface, the zoning criterion and external pressure coefficients for on-
ground low-rise buildings can be used for elevated houses with a modification.
Since the lower edge of the wall is subjected to high suction, it is essential to use
the high negative pressure coefficients provided in the codes for the side edges
(zone 5 according to the ASCE standard) to design the lower edge of the wall
surface.

The floor surface should be divided into zones with respect to the stilt locations
where the high suction zone is located to surround each stilt. The zone scheme
proposed in chapter three can be used in case the building’s stilts are located only
at the edges. Otherwise, it is recommended to divide the floor surface into strips, as
shown in figure 6.2 a, to consider the resulting high suction occurring around the
stilts. The width of the zone “a” can be computed using the stilt height and the
column size as explained in chapter three (Section 3.4.2/ Equation 3.2).

After splitting the floor surface into zones, the pressure coefficients provided by

ASCE 7-16 for a flat roof are applicable to be used to calculate wind forces, while
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wind velocity should be taken at the mean roof height of the elevated building.
Otherwise, higher pressure coefficients should be used if the wind speed is
calculated at floor level. These higher pressure coefficients are provided in chapter
three (Section 3.4.2).

The numerical studies show that the high suction values, on the floor surface, are
not considerably affected by the floor aspect ratio. Only the distribution of high
suction regions is affected by the stilt location.

The presence of an air gap causes a considerable increase in the wind velocity
beneath the house that reaches 200% of the free flow speed. The presence of several
stilts causes more turbulence in the flow. By increasing the windward wall area, the
flow speed increase is more considerable. Therefore, any small structure or closed
room located at the ground level should be designed considering this significant
wind speed increase.

Although the suction force acting on the floor surface is considerable, it does not
cancel out the suction on the roof surface. The resulting vertical force primarily acts

upward, affecting the stability of the building.
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Figure 6.2 Proposed zone scheme on the floor surface with internal column strip

This year (2022), the newly released version of the American standard ASCE 7-22 is
realsed and is showing new sections describing the wind flow effect on elevated houses
component and cladding while considering the large-scale test findings reported in Chapter
2 of this dissertation [37], [38]. The new provisions are given for elevated houses with stilt
heights larger than 0.6m. The new provisions use the same external pressure coefficients
of low-rise buildings for the roof and walls of elevated cases. The pressure coefficients on
the floor surface are considered the same as a flat roof surface. The adopted zoning scheme
is the same as that for flat roof surface. However, the zone dimensions are calculated using
the stilt height, which leads to underestimating pressure coefficients for small stilt cases
and overestimating them for the large stilt case. As per the ASCE 7-22 provisions, for
elevated buildings, it is recommended to use the velocity at the mean roof height to
calculate the wind loads on components and cladding. This is proven to be sufficient in the

current study (Chapter 3) for regular-shaped elevated buildings. The zoning criteria do not

144



include high suction zones for internal columns. For future verification and development
of the available provisions, it is recommended to test tall elevated buildings (i.e., height of

more than 18.3m) and partially enclosed elevated buildings.

6.2.2 Recommendations for the future studies

Generally, it is expected that the size, number, and locations of the stilts affect the
resulting wind loads. Thus, more studies are needed to fill the current knowledge gap. In
addition, other irregular shapes of elevated houses need to be studied to verify the
applicability of the proposed scheme. It would be useful in the future to examine the effects
of partially blocking the underneath of the building to study the peak pressures on elevated
houses. The stairs attachment to the building didn’t show a noticeable effect on the
resulting pressure on the building surfaces, and it can be excluded from experimental
testing to reduce time and cost. Future studies are encouraged to consider the simultaneous

wind and wave actions on elevated buildings.
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