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A B S T R A C T   

The vulnerability of low-rise residential buildings to extreme wind events, such as hurricanes, is an escalating 
concern due to the frequent failures and losses. Elevated low-rise structures are constructed to reduce the hy
drodynamic load from surges and flooding during hurricanes. However, due to the current lack of information, 
wind loading on elevated coastal structures is not adequately addressed in current international guidelines. To 
address this knowledge gap, large-scale experimental studies were conducted to precisely determine wind effects 
on elevated houses with different numbers of stories and varying stilt heights. In this study, comparisons are 
presented on various tested configurations to show the effect of elevating residential houses on the resulting wind 
loads. In particular, this work investigates the peak pressure coefficients and wind forces on the building roof, 
walls, and floor underside. The experimental program was supplemented by numerical simulations using 
Computational Fluid Dynamics (CFD) to assess the airflow around the model and the role of the air gap un
derneath the floor on altering the aerodynamics. Local peak pressure patterns and wind loads for structural 
design were analyzed with a view to the development of building code provisions. The recommended external 
pressure coefficients for the exterior floor surface are compared to those for a flat roof surface of a low-rise 
building.   

1. Introduction 

Coastal regions have for many years experienced large increases in 
population and business migration. Almost 40% of the world’s popula
tion lives 100 km 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 200 km from the shoreline [3]. The 
infrastructure, residential developments and population density in these 
areas are rapidly increasing. Yet, concerns about the impacts of com
bined wind and wave hazards on the resiliency of coastal communities 
remain unresolved, especially with the increasing occurrence of extreme 
wind events. The National Oceanic and Atmospheric Administration 
(NOAA) [4] has published tropical cyclone records since 1851 in the 
Atlantic Ocean, the Caribbean Sea, and the Gulf of Mexico. Statistical 
analyses 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]. Hurricanes (Harvey, Irma, and Maria) 
in 2017 resulted in insurance claims that exceeded $265B [6–8]. In 
2018, Hurricane Michael’s landfall near Mexico Beach, FL, impacted the 

region with wind speeds exceeding 150 mph and a storm surge 
exceeding 6 ft, causing insurance losses of more than $7.2 billion in 
Florida alone [9,10]. 

Furthermore, in 2019, Hurricane Dorian, which hit the Bahamas, 
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]. 

A traditional approach to reduce the impact of hurricane-induced 
surge and flood loads on coastal structures is elevating houses above 
the ground level using stilts. Elevating residential houses to the Base 
Flood Elevation (BFE) is an effective way to avoid flood hazards [14,15]. 
However, damage assessment studies in the wake of recent hurricanes 
demonstrate elevated homes remain vulnerable to wind hazards. 
Elevating a building on stilts changes its structural properties and ex
poses the building to higher wind intensity [16,17]. Numerous coastal 
buildings have experienced considerable wind-induced damages during 
recent hurricanes, including roof and wall cover loss [18,19]. Amini and 
Memari showed several modes of damage experienced by elevated 
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houses during Hurricane Michael [5]. This survey showed that the most 
common failure mode is the wall and roof cladding. Fig. 1 displays the 
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 150 m away from the shoreline. The severe damage displayed is 
believed to be a result of high-intensity wind and wind-borne debris 
impact. 

Fig. 2a-b present a typical wall and roof cladding damage observed 
on two-story residential houses recorded after the passage of hurricanes 
Sally and Laura, respectively. The gable-roof elevated house shown in 
Fig. 2a is located 300 m away from Alabama’s southern coast. More than 
50% of the building cladding has been removed due to Hurricane Sally’s 
passage. The building shown in Fig. 2b was hit by Hurricane Laura 
which caused severe damage to the roof and wall cladding. Despite the 
severity and destructive effects, there are only a few studies in the 
literature of the wind impact on elevated coastal buildings. 

Holmes studied the effect of elevating a tropical house on the 
resulting surface pressure distribution [20]. The author tested on- 
ground and elevated models using small-scale (1:100) models. The 
study showed an increase of 30% of the wall mean pressure coefficients 
and slight differences on the roof surface compared to the on-ground 
counterpart. Amini and Memari surveyed the performance of several 
coastal houses impacted by recent hurricanes [21]. The study recom
mended considering the new aerodynamics of elevated houses while 
retrofitting to resist higher levels of wind forces. An ongoing experi
mental study is being conducted at the Natural Hazard Engineering 
Research Infrastructure (NHERI) Wall of Wind (WOW) Experimental 
Facility (EF) to assess the wind effects on coastal houses with different 
elevations [22,23]. The study used four 1:5 large-scale aerodynamic 
tests to evaluate the peak pressure distributions on the model surfaces. 

The study included an on-ground case, a mobile home case (0.6 m 
elevation), and two typical elevated cases (2.15 m and 3.6 m elevation). 
The use of large-scale models was to reduce expected Reynolds number 
(Re) effects and increase the reliability of peak pressure values [24,25]. 
Abdelfatah et al. showed slight differences in the roof peak pressure 
coefficients and higher pressure coefficients on the wall surface 
compared to the on-ground case [22], which agrees with the findings 
reported by Holmes 1994 [20]. A considerable increase of pressure co
efficients was observed at the floor surface going from the 0.6 m 
elevation (mobile home) case to a 2.15 m elevated house case. The study 
recommended testing more configurations and a different number of 
stilts. Amini and Memari conducted a parametric numerical study to 
evaluate the effect of elevating the structure on the resulting mean 
pressure coefficients using Computational Fluid Dynamics (CFD) simu
lations [26]. The study adopted the models tested by Holmes to inves
tigate more elevations 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 occurring on the roof surface. 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. 

Very limited information is available in current international stan
dards for the design of elevated structures. To the authors’ best knowl
edge, the provided coefficients to calculate wind loads are not given for a 
wide range of stilt cases and are not explained in detail. For example, the 
American standard (ASCE 7-16, 2016) provides external pressure co
efficients for the edge and middle zones of the underside of elevated 
tanks or silos [27]. However, there is no recommendation for different 
elevations or geometrical changes. Besides, these values are recom
mended for cylindrical structures, which is not applicable for box 
buildings. But, draft provisions are under consideration to be published 
in ASCE 7-22. The Australian and New Zealand standard AS/NZS1170.2 
[28] recommends using the same pressure coefficient for the windward 
walls of elevated or non-elevated cases. For the floor surface, AS/NZS 
standard recommends an averaged pressure coefficient value depending 
on the stilt’s height. 

A new phase of the research at the WOW EF includes an investigation 
of the effect of increasing the number of stories and increasing the stilt 
heights on the overall wind actions on elevated buildings. 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 were tested using 
four different stilt heights. Compared to the results published earlier by 
Abdelfatah et al. [22], some adjustments were made in the current test 
phase to enhance the quality of the test and the results. The pressure taps 
were densified over the model surfaces, and an intermediate column was 
added in the middle of the longest span. The test program considered the 
maximum stilt height used for coastal houses according to FEMA 

Fig. 1. A post-hurricane survey photo of a one-story elevated house located in 
Abaco Island shows the wall and roof damage caused by hurricane Dorian in 
2019 [1]. 

Fig. 2. Post-hurricane survey photos of two-story elevated houses which sustained wall and roof cladding damage in 2020 (a) Hurricane Sally, and (b) Hurricane 
Laura [1]. 
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recommendations [14] and recent post-hurricane damage surveys [1]. 
The tested models were numerically simulated using CFD to present the 
flow characteristics for each case and visualize the effect of the air gap 
beneath the model. In this article, Section 2 describes the test setup and 
the analysis strategy in detail. In Section 3, flow streamline plots are 
provided, and the flow characteristics are discussed. Subsequently, 
contour plots of local peak pressure coefficients are presented. Also, a 
discussion on the differences between area-averaged pressure co
efficients obtained from the experimental data and those available in 
national and international standards for the on-ground case is provided 
for the roof and walls. The area-averaged pressure coefficients on the 
floor surface are provided. 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 3.4. 

2. Experimental procedures 

The experimental program included two main cases; (1) a one-story 
house and (2) a two-story house. In each case, the model was adjusted to 
four different elevations, including an on-ground case. The model di
mensions were selected to be similar to those typical of elevated houses 
damaged during recent hurricane incidents. The model stilt heights were 
selected to simulate realistic conditions of tropical houses as recom
mended by the Federal Emergency Management Agency [14]. In this 
section, the model configuration, test procedures, and instrumentations 
are described. 

2.1. Testing facility 

The testing was performed at the NHERI Wall of Wind (WOW) 
Experimental Facility (EF). The WOW is equipped with 12 fans, which 
can produce a wind speed of up to 70 m/s (i.e., category-five hurricane 
according to Saffir Simpson scale) [29,30]. Fig. 3 shows a view inside 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. In the current study, the 
tested model was placed on the 5 m diameter automated turntable which 
can rotate 360◦. 

2.2. Model setup and instrumentation 

A typical low-rise gable roof model was adopted for this study. The 
prototype horizontal dimensions were 8.76 m long, and 6.4 m wide. The 
model aspect ratio matches typical damaged coastal houses observed 
through recent post-hurricane surveys [1]. For the on-ground one-story 
and two-story cases, the model eave heights were 3.2 m and 5.5 m, 
respectively. The roof pitch slope was 18◦. In both test cases, the model 
was tested on-ground and elevated with three different heights (full- 
scale): 2.15 m, 3.65 m, and 5.2 m. 

A length scale of 1:5 chosen for this experiment enabled the model to 
be adequately accommodated on the turntable. It also allowed the 
blockage ratio to be less than 5%, thereby keeping blockage effects to 
within acceptable levels [31]. In addition, the large length scale chosen 
for this test enabled a relatively high Reynolds number of about 2.2 ×

Fig. 3. A photo taken inside Wall of Wind facility showing the 12-fans intake inside the flow management box with automated roughness elements and spires.  

Table 1 
Model dimensions of the eight tested models and the Reynolds Number for each 
case (scale 1:5).   

Case 
number 

Eave height 
(h) 

Stilt height 
(Sh) 

Reynolds 
Number 

One- 
story 

1S-0 64 cm 0 cm 1.12 × 106 

1S-43 64 cm 43 cm 1.28 × 106 

1S-73 64 cm 73 cm 1.32 × 106 

1S-104 64 cm 104 cm 1.38 × 106 

Two- 
story 

2S-0 110 cm 0 cm 2.00 × 106 

2S-43 110 cm 43 cm 2.11 × 106 

2S-73 110 cm 73 cm 2.21 × 106 

2S-104 110 cm 104 cm 2.23 × 106  

Fig. 4. 3D schematic of the tested model with the pressure taps’ location, di
mensions, and wind direction. 
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106 to be achieved. Table 1 shows the Reynolds number, for each of the 
tested models, calculated using the building height as a characteristic 
linear and the mean wind speed of each case. The model dimensions 
were similar to the previously tested models reported by Abdelfatah 

et al. [22]. However, some changes were done in this study to follow 
coastal houses’ construction recommendations [14]. The long span was 
divided into two spans using two intermediate columns (Fig. 4). In 
addition, the pressure taps were distributed in a more dense pattern, 
especially on the floor surface (Fig. 5). 

As shown in Fig. 6, the scale model was constructed using wooden 
frames. In the elevated cases, six 9 cm (representing 45 cm stilt’s size in 
full scale) wooden members were used to raise the model to the desired 
heights. 9-mm thick polycarbonate panels covered the surfaces of the 
test models. Table 1 lists the eight model cases and their descriptions; 
moving forward in this manuscript, 1S will be used to describe one-story 
cases, while 2S will be used to describe two-story cases. A slight shift 
from the edge, 4.5 cm in the scale model, was left at the outer side of 
each stilt, as shown in Fig. 5. Stilts used in elevated buildings are typi
cally constructed with this small shift from the edges, according to FEMA 
[14]. All the model cases were tested for a wind direction range 0–360◦

with 3◦ increment. 
During the test, the WOW fans were adjusted to produce a mean wind 

speed of 25 m/s at 2 m height. The roughness elements and the WOW 
spires were adjusted to produce the wind profile of the open terrain 
category. Cobra probes were 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 shown in 
Fig. 7a, cobra probes were used to measure the wind velocity compo
nents before placing the model on the turntable. A sampling frequency 
of 2,500 Hz was used for the cobra probe measurements. 

The one-story and the two-story models were instrumented with 262 
and 307 pressure taps, respectively. Due to the building symmetry, those 
taps were distributed along one-quarter of the model roof walls and 
floor. The pressure taps were connected to a total of six Scanivalve 

Fig. 5. Pressure taps distribution on the floor surface and around the stilt of the scaled model.  

Fig. 6. Photos are taken inside Wall of Wind facility during the test of different 
cases of the scaled model (a) one-story on-ground case (1S-0), (b) elevated one- 
story case (1S-73), and (b) elevated two-story case (2S-104). 

Fig. 7. Test instrumentations used during the test (a) Cobra probes for measuring 3-dimensional wind characteristics, and (b) Scanivalve ZOC33 connected to the 
model pressure taps. 
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ZOC33 pressure scanners using flexible tubes, as shown in Fig. 7b. The 
tubes used for pressure sampling were 1.2 m in length and their inner 
diameter is 1.3 mm. Pressure data were recorded with a sampling rate of 
520 Hz for 60 s. 

2.3. Data analysis 

As mentioned earlier, the WOW fan, spires, and automatic roughness 
elements were adjusted so that the post-test analysis results represented 
those applicable in open terrain conditions. The fluctuation of wind 
speed in three directions was recorded for 180 s at the model location. 
The wind speed (U) and the turbulence intensity (Iu) were calculated for 
each height (Z). 

As expected, the relatively long length of the pressure tubing caused 
some distortion during pressure-time history data collection. The 
distortion of pressure signals caused by the tubing was compensated for 
using the inverse transfer function method described by Irwin et al. [32], 
and a low pass filter at 250 Hz was applied. The Transfer Function 
caused the deviation RMS between the long tubing data and short tubing 
data to be 2x10-4. Finally, Equation (1) was used to calculate the pres
sure coefficients. 

CP =
P

1
2 ρV2 (1)  

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

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. Fig. 8a-b shows the non-dimensional longitudinal 
turbulence power spectra of the WOW measured flow at the mean roof 
height of each model (z) versus the Engineering Sciences Data Unit 
(ESDU) [33], full-scale normalized longitudinal turbulence spectral 
density for the coastal region. In the plot, the frequency is denoted as n 
(Hz), the turbulence power spectrum is denoted as S. These figures 
illustrate the missing low-frequency part for 2S-0 and 1S-43 cases, 
respectively. In both cases, the wind speed was recorded at almost the 
same height (6 m in full scale). To ensure the accuracy of the estimated 
peaks, the partial turbulence simulation (PTS) method was used to 
compensate for missing low-frequency content in the peak estimation 
process. 

PTS method is based on quasi-steady theory assumptions. The 
method depends on the match of 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 

Fig. 8. Turbulence power spectra inside WOW compared to von Karman spectrum (a) case 2S-0, and (b) case 1S-43.  

Fig. 9. Atmospheric Boundary Layer in WOW compared to full-scale wind profile [33] (a) Turbulence intensity, and (b) Normalized mean wind speed.  
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method combines the low-frequency effects with the high-frequency 
data obtained in the wind tunnel in order to include the entire spec
trum. The peak pressure coefficients can 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 proba
bility that this peak will not be exceeded in 1 h at full scale is set at 0.78. 
Fig. 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 
were calculated at full scale. Fig. 9a shows the turbulence intensity (Iu) 
at the MRH of each case after adding the missing low-frequency turbu
lence. Fig. 9b shows the normalized mean wind speed profile (U/ Uref), 
where, Uref is the reference mean wind speed at the reference height 
(Zref = 10 m at full scale). Fig. 9a shows the turbulence intensity (Iu) at 
the MRH of each case after adding the missing low-frequency turbu
lence. And Fig. 9b shows the normalized mean wind speed profile (U/ 
Uref), where, Uref is the reference mean wind speed at the reference 
height (Zref = 10 m at full scale). 

The PTS method was developed and validated by Mooneghi et al. and 
Moravej [34,35]. And it has been widely adopted in the large-scale wind 
tunnel testing field [36]. More details about this process were provided 
in the previous test of elevated houses by Abdelfatah et al. [22]. The 
final local peak pressure coefficients are presented in the next section of 
this paper. 

The area-averaged peak pressure coefficients (CP, avg, peak) were 
calculated for each surface to show their variation with wall height (h) 
and stilt height (Sh). Applying a full range of wind directions (i.e., 
0–360◦ with 3◦ increments) increases the confidence to develop a zoning 
scheme for the floor surface. In this regard, the CP, avg, peak values were 
calculated and are proposed in this paper. For different cladding floor 
areas, a comparison is done between CP, avg, peak obtained in the current 
study and the external pressure coefficients for a flat roof recommended 
by ASCE 7-16 (2016). The procedures for calculating CP, avg, peak are 
explained in detail by Abdelfatah et al. [22]. The following section 
presents the resulting pressure coefficients and wind forces for the tested 
cases. The effect of elevating the house on the airflow streamlines is 

Fig. 10. Airflow streamlines at midspan section of the numerical model using CFD (a) 0◦ wind direction, and (b) 90◦ wind direction.  
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examined. The wind effect on the floor surface is presented and 
compared with the roof surface wind loading results. 

3. Results and discussion 

Testing the gable roof model using different number of stories and 
stilt heights enabled the authors to perform a comparative study on the 
aerodynamics of elevated and on-ground house cases. In this section, the 
wind flow characteristics are visualized, and the resulting wind pressure 
effect is demonstrated as well. The eight tested models, as mentioned in 
Table 1, were numerically simulated using Computational Fluid Dy
namics (CFD) to present the flow streamlines. This simulation contrib
utes to understanding the building aerodynamics, the change in wind 
pressures along the model surfaces, and attempts to understand the 
damage modes observed in recent hurricanes. 

Furthermore, the experimental test results are provided in this sec
tion, including area-averaged and peak pressure coefficients for all 
surfaces, including the floor surface. The wind forces were computed 
and compared to on-ground cases. Moreover, a floor zoning scheme and 
area-averaged peak pressure coefficients are proposed in this section. 

The proposed floor zoning and wind loading information is compared to 
these available for flat roof surfaces in ASCE 7-16 (2016). Finally, a set of 
design recommendations for elevated houses, including the floor sur
face, is proposed. 

3.1. Aerodynamic flow simulation using CFD 

The experimentally tested elevated house models were also modeled 
using Computational Fluid Dynamics (CFD) to visualize the wind flow 
around the building. The full-scale (prototype) size of the tested on- 
ground and elevated models were simulated using Reynolds-Averaged 
Navier-Stokes (RANS) equations. The RANS model was considered suf
ficiently accurate and computationally economic to provide guidance on 
mean wind loading [37,38]. Following the recommendations published 
by [39], the domain size was calculated using the total model height (H), 
as shown in Fig. A.1 in Appendix A in this article. The domain di
mensions (85 m in length, 44 m in width, and 38 m in height) were 
sufficient to avoid excessive effects from domain walls. The computa
tional domain was meshed into tetrahedral cells. Mesh sensitivity 
analysis was done using the 1S-43 case, between coarse mesh (~1.7 M 

Fig. 11. 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.  
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cells), moderate mesh (~3.3 M cells), and fine mesh (~4.6 M cells). The 
moderate mesh showed good performance and agreement with the 
experimental results. However, to precisely simulate the flow separa
tion, reattachment, and vortices, the fine mesh was chosen, as shown in 
Fig. A.2. For the large stilt cases, the number of mesh cells exceeded 5 
million cells. The cell size near the model walls was H/48 and the rate of 
mesh size increase did not exceed 20%. Mesh refinements were 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 dimen
sionless wall distance (Y + ) in the range (30–300) to model the log-law 
layer [40]. In the literature, RANS (k-ε) and (k-ω) turbulent models 
showed a good performance and successfully simulated wind effects on 
low-rise gable roof buildings [26,41,42]. Where k is the turbulence ki
netic energy, ε is the turbulence dissipation rate, and ω is the specific 
dissipation rate. The (k-ε) RNG turbulent model was chosen as it showed 
better performance [37,43]. In addition, after comparing the resulting 
Cpmean of (k-ε) and (k-ω) on the roof surface, the RNG (k-ε) agreement 
with WOW is more acceptable, especially in the high suction region, as 
shown in Fig. A.3. 

The wind turbulence intensity (Iu) was defined using Equations (2 
and 3), where Cµ is the turbulence model constant which was taken as 
0.09 (Gorlé et al., 2009). The turbulence dissipation rate (ε) was 
calculated using Equation (4) as recommended by Richards et al. [44]. 

K(Z) =
u*2

̅̅̅̅̅̅
Cμ

√ (2)  

K(Z) =
3(IuU)

2

2
(3)  

ε(Z) =
u*3

κ(Z + z)
(4) 

All the outer walls were defined as slip walls, and the ground surface 
was defined as a rough wall using the same roughness length as the 
prototype (z = 0.08 m). The roughness length was defined using input 
values; roughness height (Cs), roughness constant (Ks = 0.5), and 
calculated using Equation (5) [45]. 

Cs =
9.793z

Ks
(5) 

ANSYS FLUENT 19.0 commercial software was used. Naiver Stokes 
and continuity equations were solved using the control volume method. 
The computational equations were discretized using a second-order 
upwind scheme with standard pressure interpolation. The SIMPLE al
gorithm was used for pressure velocity coupling. To reduce computa
tional errors or uncertainties, a range of 10−4–10−7 was applied for the 
scaled residuals. The eight models were simulated for three wind di
rections (0◦, 45◦, and 90◦ angles). For validation purposes, the resulting 
mean pressure coefficients were compared for both numerical and 
experimental cases. Fig. A.4, in the appendix, shows the resulting mean 
pressure coefficients over the floor surface of the (1S-34) case for three 
wind directions. The comparison shows that the deviation between the 
numerical and experimental results is not exceeding 7%. More 

Fig. 12. Zone boundaries of the roof surface according to ASCE 7-16 and 
pressure taps’ location for all the tested models. 

Table 2 
Peak area averaged pressure coefficients (CP, avg, peak) of the roof surface.  

Test case 1S-0 1S-43 1S-73 1S-104 2S-0 2S-43 2S-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  

Fig. 13. Zone boundaries of the two-story wall surface according to ASCE 7-16 
and pressure taps’ location for all the tested models. 
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comparisons were also published by Abdelfatah et al. [46]. 
Wind flow streamlines help to understand the flow characteristics 

and the consequent wind loads. Fig. 10a shows the flow streamlines of 
various cases under 0◦ wind direction. The plot sections were taken 
along the ridgeline (mid-span B, as mentioned in Fig. 4). The effect of 
house elevation can be seen by comparing the 1S-0 and 1S-104 cases. 
The stagnation point is located at a higher level on the windward wall as 
the model elevation increases. 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-104) 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 Fig. 10b in the 
case 1S-104. These changes in wake and flow separation zones result in 
higher wall suctions than that for the on-ground case. These findings 
agree with the observations discussed by Amini and Memari [26]. Under 
0◦ wind direction, the flow separation formed above the model roof is 

larger in the elevated case (1S-104). Evidently, this is attributed to the 
roof height since a similar separation zone size was also observed in the 
two-story on-ground case (2S-0). In Fig. 10a, the comparison between 2S 
and 0 and 1S-43 shows two different aerodynamics with the same mean 
roof height from the ground. Above the model roof, the separation zone 
is similar in the two cases. 

For various elevated cases, the floor surface is differently affected by 
wind. A vortex was formed just below the floor surface in the smaller 
elevated case, Fig. 10a (1S-43), causing local high suction. However, in 
the large stilt case (1S-104), the vortex formed away from the building, 
and the flow separation on the floor surface was enlarged resulting in a 
less concentrated suction. In Fig. 10b, the vortex formed, under 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-43), Fig. 10a shows that the 
velocity, at the marked locations 0.75 m above the ground level, in
creases from 12.3 m/s near the inlet and reaches 22.5 m/s (80% in
crease) below the model. In the higher elevated case, Fig. 10a (1S-104), 
the velocity below the model at the marked location reaches 17.2 m/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 Fig. 10b. 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. 

3.2. Peak pressure coefficients on roof and walls 

The above discussion on the flow streamlines provides some insights 
into changes in the local peak pressure coefficients calculated using the 
3-s gust wind speed at the model MRH (CPpeak). The change in the CPpeak 
distribution on the wall surfaces can be noticed by comparing on-ground 
and elevated cases. For instance, a reduction of CPpeak 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 Fig. 11a with Fig. 11c, the CPpeak positive values decreased 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 Fig. 11d). On the 
other hand, the roof surface pressure coefficients did not exhibit sig
nificant 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. These observations agree with the previously 
reported results by the authors on a one-story elevated house [22] and 
[26]. 

The peak area-averaged wind pressure coefficients (CP, avg, peak) were 
analyzed to estimate wind loading on Components and Cladding zones. 
Those values were calculated for each stilt case using the corresponding 
3-s wind speed at the mean roof height (MRH). The procedure of 
calculating CP, avg, peak was done by following the recommendations 
provided by the ASCE 7-16 and explained in detail by Abdelfatah et al. 
[22]. Fig. 12 illustrates the roof zone division for the tested models ac
cording to the ASCE 7-16. The figure also shows the distribution of 
pressure taps located in each zone. The dimension “a,” which defines the 
size of each zone, was taken to be 0.9 m (full-scale) (18 cm model-scale). 

Table 3 
Negative CP, avg, peak values on walls of each stilt model.  

Test case 1S-0 1S-43 1S-73 1S-104 2S-0 2S-43 2S-73 2S-104 

Zone name Peak negative pressure coefficient (CP, avg, peak) 
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 4 
Positive CP, avg, peak values on walls of each stilt model.  

Test case 1S-0 1S- 
43 

1S- 
73 

1S- 
104 

2S-0 2S- 
43 

2S- 
73 

2S- 
104 

Zone 
name 

Peak positive pressure coefficient (CP, avg, peak) 

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  

Fig. 14. A plan view of the 3D streamlines around the model stilt of 1S-43 case 
using CFD. 

N. Abdelfatah et al.                                                                                                                                                                                                                            



Engineering Structures 257 (2022) 114096

10

For every possible tributary area, the recorded pressure time histories 
were averaged and normalized to obtain a time history of area-averaged 
wind pressure coefficients. The PTS method was applied to the resulting 
time history to calculate the CP, avg, peak. 

Table 2 summarizes the resulting CP, avg, peak for the roof zones ob
tained for the eight tested models while considering 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 higher CP, avg, peak values range between 10% and 20% 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% 

Fig. 15. 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. 

Fig. 16. 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, (c) case 2S-104.  
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Fig. 17. Proposed zone boundaries of the floor surface; (a) zone labeling, and (b) zone width (a) relation with the stilt height (Sh).  

Fig. 18. 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. 

N. Abdelfatah et al.                                                                                                                                                                                                                            



Engineering Structures 257 (2022) 114096

12

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 7% lower at the 
edge zones. Using the mean roof height wind speed as a reference im
plies an increase in the global and local uplift wind forces on the roof as 
the mean roof height increases. 

The same procedures were applied on the wall surfaces. Fig. 13 
clarifies the zone boundaries for the walls according to ASCE 7-16. 
Similarly, zone 5 width (a), was taken to be 0.9 m (full-scale) (18 cm 
model-scale). Tables 3 and 4 show the negative and positive CP, avg, peak 

Fig. 19. 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. 

Table 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 2S-43 2S-73 2S-104 
WOW (Fl) −0.98 −0.78 −0.73 −1.1 −0.92 −0.8  

Fig. 20. Normalized mean wind forces on each surface (a)one-story, and (b)two-story.  
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values corresponding to tributary area 0.9 m2 (full scale), representing 
the envelope of all wind directions. The table shows that both positive 
and negative averaged coefficients are more critical in the on-ground 
cases. The positive CP, avg, peak values in the one-story and two-story 
elevated cases are lower by 20% and 15%, respectively, compared to 
their on-ground counterparts. Additionally, the two-story cases CP, avg, 

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 
increase possibly is due to the use of larger reference wind velocity for 
taller buildings. 

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 [28], 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 [28]. No advice is currently available in the 
ASCE 7-16 standard on elevated buildings. 

3.3. Floor surface zoning scheme and proposed pressure coefficients 

In this section, floor local peak coefficients are provided, and a 
scheme for pressure distribution zoning is proposed. Based on the pro
posed zoning scheme, the area-averaged pressure coefficients for 
different effective areas are presented as well. 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 
(2016). 

3.3.1. Local peak pressure coefficients on the floor surface 
The velocity streamlines shown in Fig. 14 reveal the flow separation 

at the edge of the floor surface in both wind directions 0◦ and 45◦. In the 
0◦ direction case, the streamlines show the occurrence of flow separation 
at the column edges and air circulation taking place at the floor corner. 
However, no pronounced vortex shape was found as in the 45◦ case. The 
noticed flow separation justifies the high local suction at the edges of the 
floor surface, as shown in Fig. A.4 in the appendix. It worth mentioning 
that, in case of wind acting in the oblique direction, higher suction re
gion appears around the stilts. As shown in Fig. 14, the plan view of the 
flow streamlines below the model floor surface shows conical vortices 
formed in case of oblique wind direction with higher wind speeds 
compared to the 0◦ wind case. These vortices are the main reason for the 
suction regions occurring along the sides of the stilts. 

Fig. 15a-c show the peak local pressure coefficient values among all 
wind directions for the one-story elevated cases. The pressure co
efficients were calculated by taking the reference velocity at the MRH. 

The figure shows high suction regions observed along the floor edges. 
However, using the mean roof height as a reference height to calculate 
the pressure coefficient on the floor was not optimum to present the 
effect of changing the model stilt height. This is particularly important 
when looking at the effect of one-story vs two-story cases. By comparing 
with Fig. 15d-f, which present the normalized pressures using floor 
height velocity as a reference, Fig. 15a-c show smaller coefficients that 
are not consistent with the flow streamline observations that indicate a 
lower suction on the floor as the stilt height increases. In addition, 
Fig. 15a-c indicate slight differences in the pressure coefficients without 
a noticeable trend. In contrast, Fig. 15d-f show a more consistent trend 
in the resulting pressure coefficients on the floor. For this reason, CPpeak 
normalized using reference wind velocity at the floor surface will be 
used to determine the zoning scheme for the floor surface. This also 
helps in evaluating the differences between one-story and two-story 
cases. More discussion on these observations is provided in the next 
section. 

3.3.2. Floor zoning scheme and area-averaged pressure coefficients 
Fig. 15 d-f and Fig. 16 a-c show the CPpeak contour plot for one-story 

and two-story elevated cases. As stated in the previous section, the 
reference velocity is taken at the floor level. 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 CPpeak values, 
normalized using dynamic pressure at the floor level, were used to 
obtain a zoning scheme for the floor surface. Abdelfatah et al. suggested 
dividing the floor surface into three zones: a column zone, an edge zone, 
and a middle zone [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 in
vestigations are needed for different column patterns. 

Fig. 17a 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 zone, 
the area average pressure coefficients (CP, avg, peak) were calculated for 
different tributary areas and are plotted as shown in Figs. 18 and 19. The 
width of zone 2 is a variable named “a” which was empirically estimated 
using Equation (6). This equation is recommended to be used under two 
conditions: (1) the column width “c” shall not be less than Sh/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 paper suggests using the same equation for different 
numbers of stories. 

Fig. 21. Streamlines of the two compared on-ground and elevated cases.  
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a = 3c −
3Sh

40
(6)  

where Sh is the floor height, and c is the column width. 
For the current case of study, the column size was fixed (0.45 m in 

full scale), the relation between the zone width (a) and the stilt height 
(Sh) is drawn (Fig. 17b). The graph reveals the inverse relation between 
the two variables, for any given (c). The decrease of the zone width stops 
when it reaches twice the stilt width (0.9 m in full scale), and it remains 
constant after that. 

Fig. 18 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 at (2) the Floor level (WOW (Fl)). The plots also 
include the logarithmic relation between the external pressure coeffi
cient and cladding effective area on a flat roof surface according to ASCE 
7-16. To easily compare the floor pressure coefficients with these rec
ommended for a flat roof provided by ASCE 7-16, the Logarithmic best 
fit (LBF) line was computed for the WOW data. The figure facilitates the 
evaluation of wind loading using different velocity reference heights. 
For the one-story cases, Fig. 18a-c, the CP, avg, peak normalized using 
MRH velocity are close or lower than the ASCE external pressure co
efficients for a flat roof. This is observed in the two-story cases too 
(Fig. 18d-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 0.9 m2 and 46.5 m2(full scale), 
respectively. 

For the edge zone (2), the same observations are noticed in Fig. 19 a- 
f. The ASCE CP, avg, peak values for a flat roof are much 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 on the floor surface can be calculated using a logarithmic 
relation of CP, avg, peak ranging between −3.1 and −1.7. 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 tanks. From 
the shown results, it is clear that both values are not applicable to be 
used in case of elevated houses. 

In the current study, the mean pressure coefficients (CP, mean) were 
also averaged over the whole floor surface to get CP,avg, mean. Because 
only the quarter was instrumented, the mean coefficients are used as it 
could be derived using the model symmetry. Table 5 lists the resulting 
CP,avg, mean values on the floor surface for the critical case 90◦ wind di
rection. For the current tested cases, the external pressure coefficients 
were calculated using the AS/NZS 1170.2 standard. This aims to 
compare the recommended external coefficients by AS/NZS 1170.2 
standard against real conditions. The recommended negative external 
pressure coefficient over the floor surface is −0.6, which is 8–45% lower 
than WOW (Fl) CP, avg, mean value. It 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. 

The aim behind this was to compare the results with the AS/NZS 
1170.2 standard. 

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

3.4. 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 was 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 was normalized 
to the roof wind force multiplied by −1. Fig. 20a-b show 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 these imposed on an on-ground counterpart. 
For the roof surface, the plot is for the critical wind direction (60◦) which 
causes the highest suction. The plots show a gradual increase in the roof 
suction force till it reaches 29% and 21% in the one-story case and two- 
story case, respectively. However, for the windward wall positive force 
and under the critical wind direction (0◦), there was no certain trend; the 
increase is significant in the one-story case, unlike the two-story case. 
Fig. 20a-b also show that the sidewalls’ maximum suction force, for the 
wind direction (0◦), occurs in the shortest stilt cases (1S-43) and (2S-43). 

For the floor, the critical wind case was found to be 90◦. Fig. 20 
reveals that the vertical force, acting on the floor downward, is always 
larger 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 
in the two-story case because the force acting on the roof is more sig
nificant due to the increase in the wind speed at larger heights. In 
conclusion, the stilt height significantly affects the resulting total ver
tical, shear force, and overturning moment acting on the house 
foundations. 

To further investigate the effect of the air gap underneath the 
elevated model while eliminating the effect of the MRH, a comparison is 
conducted between the mean forces calculated for the 1S-43 and 2S- 
0 cases. These two cases are chosen as they have the same MRH, 
around 6 m (full-scale). As shown in Fig. 21, the airflow over the model 
roof in the two cases looks similar. However, the presence of air gap 
significantly affects the streamlines, as illustrated in section 3.1. 

The resulting mean forces show that the roof forces on the two 
models are approximately equal. For wind acting parallel to the roof 
ridge, the wall surfaces experience 30% lower suction force and 22% 
lower pressure force in the elevated case (1S-43). This is due to the 
reduction of the area affected by wind. Finally, the floor surface added a 
new vertical force, which is 19% higher than the force acting on the roof 
in case of wind acting perpendicular to the model ridge. Such force will 
reduce the overall tension on the building foundations. 

4. Conclusion 

An experimental investigation of wind effects on elevated houses 
complemented by numerical simulation using Computational Fluid 
Dynamics (CFD) methods was conducted. First, a commonly used 
coastal house configuration was tested using large-scale models at the 
Wall of Wind (WOW) Experimental Facility under different wind di
rections. This study considered two building types: (1) One-story and (2) 
Two-story gable roof models. For each building type, four cases were 
considered: (a) an on-ground house, (b) at 2.15 m elevation, (c) at 3.65 
m elevation, (d) at 5.2 m elevation. Also, the wind-structure interaction 
for the tested models was computationally simulated using CFD RANS 
simulations to study the wind flow and assess elevated buildings’ 
aerodynamic behavior compared to an on-ground building. 

Local peak pressure coefficients (CPpeak), calculated using the 
experimental pressure time histories, were used to present contour plots 
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along each surface for the on-ground and elevated building cases. 
Compared to their on-ground counterpart, the following observations 
were found for the elevated buildings: (1) No significant change was 
observed in CPpeak 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 were observed. 

For the floor underside surface, the flow streamlines and the result
ing pressure coefficients showed that the vortices formed in shorter stilts 
cases more suction force than taller stilts cases. From the flow stream
lines and the resulting pressure distribution, the study concluded that 
the higher suction along the edges is caused mainly due to wind acting 
perpendicular to the roof ridge. However, the wind acting at oblique 
directions is responsible for the high suction around the stilts. An in
crease in the wind velocity was noticed, especially in the small stilt 
cases, beneath the model floor. This wind speed increase is believed to 
be responsible for the damage of house attachments and stairs that 
occurred in the past hurricanes. 

From the variation of the peak pressure coefficient on the floor un
derside surface, a zoning scheme was 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 co
efficients were calculated for the floor underside and compared to flat 
roof external coefficients available in the ASCE 7-16 standard. This 
comparison showed 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 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. 
This floor suction, acting downward, is larger than the force acting 
upward on the roof surface. However, by investigating two models with 
the same mean roof height while one is on-ground and the other is an 
elevated model, a reduction was found in the suction and pressure 
forces. 

As with any experimental investigation, the current results were 
obtained on a limited number of building configurations. It would be 
useful in the future to examine other building shapes and stilt arrange
ments as well as the effects of partially blocking the underneath of the 
building. 
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Appendix A 

In this appendix, more information about the CFD model of elevated 
buildings. The domain size empirical values are shown in Fig. A.1, which 
agrees with the provided recommendations in the literature [47]. 
Fig. A.2 shows the domain mesh of the 1S-43 case. The WOW atmo
spheric boundary layer was precisely simulated by using fine layers near 
the ground. The mesh resolution near the model is increased to better 
resolve the finer details of the flow in critical regions. 

A comparison study was done to choose the turbulent model. Fig. A.3 
shows the resulting Cpmean along the ridgeline of the roof surface (1S-43 
case) under 0◦ wind direction, for two different turbulent models, (k-ε) 
RNG and (k-ω) SST [48]. Where k is the turbulence kinetic energy, ε is 
the turbulence dissipation rate, and ω is the specific dissipation rate. SST 
stands for the shear stress transport formulation, which switches the 
model to (k-ε) behavior. Comparing both results with WOW Cpmean 
shows a better agreement using (k-ε) RNG turbulent model. 

Fig. A.4 shows the resulting Cpmean for the floor surface of both WOW 
and CFD. The plots highlight the agreement between the two cases. In 
the zero-wind angle, the Cpmean gradient is similar for both plots (CFD 
and WOW); the high suction (-0.84) occurs at the windward region and 
gradually drops to be −0.15 at the leeward region. Higher local suction 
(-0.92) occurs near the columns. For the 45◦ and 90◦ wind angles, the 
high and low suction regions agree well in both cases. However, the 
WOW plots show 5% higher Cpmean than CFD near the columns. 

Fig. A1. The figure is taken from Ansys fluent software to show the compu
tational domain dimensions. 
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Fig. A2. 3D and frontal view of the simulated 1S-43 CFD model mesh using Ansys fluent.  

Fig. A3. Cpmean comparison (k-ε) RNG and (k-ω) SST with WOW for the roof surface of 1S-43 case under 0◦ wind direction.  
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