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During strong wind events, building roofs are subjected to high wind uplift forces
(suctions), which often lead to severe roofing component damage, or even roof
total failure, flying debris, and water intrusion, hence, interior damages. Typical
roof shapes (e.g., gable and hip) are generally designed using provision codes and
standards to accurately estimate peak load impacting the roofs during wind events
for design purposes. Complex roof geometry can be efficiently examined using
wind tunnel testing and computational modeling to provide quantitative
assessment for wind to narrow down the design alternatives and to examine
the improvement gained from mitigation techniques. In this study, an isolated
low-rise building with a complex roof shape is examined using large eddy
simulation (LES) to numerically assess wind load prediction by validating it with
wind tunnel results. This study presents two roof modification scenarios using
parapets added to roof corners and ridgelines to displace the flow from the
separation locations to reduce the wind impact on the roof. The current study
aims to 1) evaluate wind load on an isolated low-rise building with complex roof
geometry for various angles of attack and 2) mitigate the roof aerodynamically
using parapets, added corners, and ridgeline to reduce the wind impact on the
roof. The validation shows that both the mean and RMS of the pressure
coefficients are in good agreement with the wind tunnel results. The research
results suggest that parapets with 500mm height located at the corner and edges
of complex roof geometry can effectively reduce extreme corner suction by 29%
and roof uplift by 5.6%.
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1 Introduction

It is crucial to perceive wind hazards in the design of low-rise buildings to improve their
structural resiliency over time. The majority of structures built in Canada are categorized as
low-rise buildings used mainly for residential and commercial purposes. In fact, according to
Census Canada in 2016, the overall housing stock was classified as single detached houses,
with more than 53.4% of the total buildings in Canada (Bitsuamlak et al., 2013). The lateral
strength of the low-rise building is typically governed by wind loads rather than seismic
loads; hence, they are more susceptible to wind-induced damage than other structures
(NBCC, 2005). Wind-induced damages in the past 40 years represented over 60% of the total
insured losses due to natural catastrophes (Sandink et al., 2019). For instance, Barrie’s recent
tornado in July 2021 is a sobering reminder of the catastrophic damages that wind may cause
(Insurance of Bureau of Canada, 2022). Increasing population densities and expanding
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development into extreme wind-prone regions, such as coastlines,
will increase the likelihood that structures will continue to encounter
extreme wind events. In addition, wind hazard has a higher risk
compared to the past, and it is expected to increase more in the
future (Mansouri et al., 2022).

Wind-induced damages for roofs are typically initiated due to
the high suction regions caused by flow separations at edges and
corners, leading to the development of conical and separation
bubbles vortices, which are demonstrated in Figure 1A. The
extreme suction initiated by the vortices can lead to cladding or
total roof failure (Lin et al., 1995). Any breach of the building
envelope, in addition to causing water intrusion and interior
damage, can alter the aerodynamics of the building by adversely
affecting the internal pressure that increases wind forces on roofs,
doors, and windows (Bitsuamlak et al., 2013; Elshaer et al., 2019).

Many studies have investigated modifying the roof shape by
utilizing roof mitigation techniques that can change the roof flow
pattern, reduce wind loads, and, consequently, decrease the damage
risk to low-rise buildings. These modification techniques, such as
pergolas and parapets, can be installed on edges and corners and
used as permanent architectural features or for rehabilitation
purposes. Parapets were commonly used with flat-roof versions

of the early Mediterranean revival-style homes (Bitsuamlak et al.,
2013). The parapets installed at the roof edges and corners aim to
change the wind flow pattern on the roof by disrupting the
formation of corner vortices or diverting the flows in the
separation zone, as demonstrated in Figure 1B. They are often
mounted on the edge and corner areas, as shown in Figure 1C,
where their height and orientation are crucial factors impacting their
efficiency (Stathopoulos et al., 1990; Mans et al., 2005; Al-Chalabi
et al., 2022).

Introducing aerodynamic mitigation techniques for roofs of
low-rise buildings can bring answers in the area of wind-induced
hazards, where the wind load can be lowered or mitigated instead of
strengthening the structure to sustain a higher wind impact. Many
previous studies investigated the efficiency of modifying the roof
corners or edges by adding various aerodynamic modifications to
reduce the severity of vortex-induced uplift initiated on the roof of
low-rise buildings (Baskaran and Stathopoulos, 1988; Surry and Lin,
1995; Pindado and Meseguer, 2003; Kopp et al., 2005a; Suaris and
Irwin, 2010; Bitsuamlak et al., 2013; Aly and Bresowar, 2016; Azzi
et al., 2020). A summary of previous studies’ scope and main
findings is provided in Table 1. Based on the findings of previous
studies, it was found that the modification techniques can effectively

FIGURE 1
(A) The formation of conical vortices and separation bubbles over building roofs, (B) the parapet’s mechanism of working over a flat roof using solid
and porous parapets, and (C) various aerodynamic modification techniques on the roof.
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reduce the magnitude of wind load on various components,
subsequently reducing the wind-induced risk of damage to roofs
of low-rise buildings and the building cost. Furthermore, some
previous studies have adopted the concept of linking the
mitigation techniques to an optimization algorithm to find the
optimal configuration of the mitigation techniques in terms of
reducing wind load (Bobby et al., 2014; Bernardini et al., 2015;
Elshaer et al., 2017; Elshaer et al., 2018).

Studying wind load on parapets is crucial since these loads must
be included in the design of the main wind force-resisting systems of
buildings, in addition to being essential for the design of parapets
themselves, including their connection to the roof surface. Parapet
failures caused by strong wind forces can become sources of flying
debris that can damage other buildings. Wind standards and codes
provide very little guidance regarding quantifying the wind load on
parapets. It is worth mentioning that the ASCE-7 (2005) standards
estimate the wind loads on parapets conservatively based on the net
pressure coefficients on both windward and leeward parapet
surfaces.

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

This paper is divided into four sections. Section 1 (the current
section) presents an introduction that includes a review of the

TABLE 1 Scope and the main findings of previous studies focused on building aerodynamic mitigation.

Reference Roof
type

Mitigation technique Findings/comments

Baskaran and
Stathopoulos (1988)

Flat One-side parapets One-side parapet increases the edge suctions in comparison to the
no-parapet case. Corner peak suctions increase even for high
parapets

Perimetric parapets Increase in the corner suctions in the presence of low perimetric
parapets at an oblique wind direction

Surry and Lin (1995) Flat Sawtooth partial parapets Sawtooth parapets tend to stabilize the corner vortices, filtering
out the high peaks

Porous parapets Porous parapets reduced the peak, RMS, and mean Cp near the
corner by 70% and lowered the pressure distribution over the roof

Pindado and Meseguer
(2003)

Flat Perimetric solid and porous parapets Load reduction between solid and porous parapets at low heights
parapets is smaller as the relative parapet height grows

Perimetric solid parapets effectively reduce corner suctions at
high turbulence intensity flow

Kopp et al. (2005a) Gable Perimetric parapet and an isolated parapet on one wall Tall perimetric parapets resulted in a significant reduction in the
peak corner suctions and uniform pressure distribution

Isolated parapets strengthen the flow separation at the sharp
vertical edge as flow curves around the parapet.

Suaris and Irwin (2010) Gable Solid and 33% porous corner and ridgeline parapets 60% decrease in corner suction pressures with a parapet designed
with a length of 10% of the shortest dimension of the model

Perimetric parapets lead to a 50% reduction in pressure
coefficients at the corner zone

Bitsuamlak et al. (2013) Gable
and hip

roof extensions of gable ends, ridgeline extensions, and sideways
extensions of walls

The critical suction at the ridge resulted in a 60% reduction on
both roof geometries after introducing the ridgeline extension

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

Aly and Bresowar
(2016)

Flat Barrier, barrier with an outer slope, barrier with an inner slope,
circular device concaved out, circular device concaved in, and

airfoil

Barriers, slope-in, circular-in, and airfoils reduced the uplift of the
whole structure by 20%, 22%, 24%, and 28%, respectively

Mitigation techniques increased the drag forces on the structure
by 32.8%

Azzi et al. (2020) Gable Discontinuous 33% porous parapets Discontinued parapets reduced the extreme suction at the corner
by 45%, indicating that full perimeter parapets are not obligatory
to mitigate the extreme suction on the roof
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related literature examining the impact of adding aerodynamic
modifications to the roof perimeter and interior zones, in
addition to elaborating on the existing gap in studying
complex roof geometries and wind-induced forces on parapets.
Section 2 presents the methodology of validating the CFD model
with the experimental results along with describing the adopted
mitigation techniques and extreme value analysis adopted in the
study. Section 3 discloses this study’s main findings in terms of
the effectiveness of corner and edge parapets in reducing wind
load on the complex roof geometry, including an assessment of
the wind load generated by the mitigation techniques themselves.
Finally, Section 4 will conclude the main findings of adding
parapets in reducing both extreme corners and edges suction
pressure and forces acting on the roof surfaces without
substantially increasing the loads on the roof’s internal zones
while producing minimum wind load on the mitigation
techniques.

2 Methodology framework

Since this study aims at investigating the effectiveness of adding
aerodynamic mitigations (i.e., parapets) to a complex roof of a low-
rise building to minimize the wind-induced loads and pressures, the
aerodynamic performances of a non-modified model will be
compared to two configurations of modifications (i.e., Config-1
and Config-2), which will be described in Section 2.1. The
modified configurations are designed by adding corner and
ridgeline parapets to the original roof configuration to displace
the high local edge suctions over a much larger area, hence,
lowering the pressure magnitudes at these locations. The original
non-modified model has a complex roof geometry with varieties of
roof slopes and a chimney, occupying a total footprint of
20.88m × 21.7 m with a total height of 5.5 m and an eave height
(H) of 2.34 m in full scale. The low-rise building model utilized in
this study was experimentally tested by Kopp and Gavanski (2010).

FIGURE 2
Original building geometry used in this study (A) dimensions, (B) 3D view layout, and (C) pressure probe locations and roof surfaces.
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The overall model dimensions and 3D view layout are illustrated in
Figures 2A, B, respectively.

This study starts with a validation step to ensure the accuracy of
the adopted Large Eddy Simulation (LES) used in evaluating wind
load for a complex roof of a low-rise building by comparing the
extracted data with wind tunnel test data from the literature. Once
the model is validated, the same LES details and assignments will be
used to examine the modified models. Mitigation techniques
(i.e., parapets) will then be added to the non-modified roof in
two scenarios, namely, “Config-1” and “Config-2,” as will be
explained in the following (Section 2.1). To count for the wind
directionality, evaluating the peak wind loads and pressures on the
roof surface will require repeating the previous procedure for eight
wind angles of attack ranging from 0° to 315° with an increment of
45°. The wind load on the roof surfaces is evaluated by dividing the
complex geometry’s roof surface into six surfaces, namely, R1, R2,
R3, R4, R5, and R6, as shown in Figure 2C. In addition, corner
probes (i.e., tabs) are added to the roof corners to extract pressure
time histories for the peripheral and interior corners of the roof. The
pressure probes are located within the expected flow separation
zones, as shown in Figure 2C. The wind load on the building is
evaluated by extracting the time histories of the wind loads and
pressure coefficients in x, y, and z directions from corner probes for
both Config-1 and Config-2. The critical values of the mean pressure

that can govern the design of the aerodynamically modified complex
roof geometry are extracted after comparing eight wind angles of
attack for all probes. The extreme statistical values of the pressure
and wind load for a design return period of 50 years are evaluated
using the Gumbel approach to conduct a fully probabilistic
assessment of wind loads for the critical wind angle of attack.
The Extreme value analysis gives suitable predictions within the
range of the data and extrapolates to risks of exceedance beyond
(Gumbel, 1961). Details of the extreme value analysis approach will
be explained in Section 2.3, where the critical values of the mean
pressure are extracted from all the peripheral and interior probes.

The proposed procedure is concluded by conducting a
comparative study between the original roof configuration and
the modified roof configurations (i.e., Config-1 and Config-2) in
terms of wind-load induced to examine the effectiveness of adding
the parapets to complex roof geometry in reducing the suction-
acting on the roof surfaces and corners. Figure 3 summarizes the
framework proposed in the study.

2.1 Aerodynamic mitigation techniques

This subsection introduces the layout and dimensions for the
original building configuration and the modified roof
configurations. The current study is carried out using a parapet
height of 500 mm installed on the roof at corners (for Config-1) and
at both edges and corners (for Config-2). The parapet dimensions
are chosen to be of low height and smaller length to ensure cost-
effectiveness, ease of installation, and architectural aesthetics to the
retrofitted building while lowering the wind forces initiated on the
parapets. The first roof modification (Config-1) is developed by
adding parapets at the peripheral corners of the complex roof
geometry with a height of 500 mm, a width of 160 mm, and a
length of 1,000 mm on each side, as shown in Figure 4A. The
aerodynamic improvement intended from the placement of corner
parapets is to displace the conical vortices, reducing the suction at
these damage-prone locations (Kopp et al., 2005a; Bitsuamlak et al.,
2013; Aly and Bresowar, 2016). The second roof modification
(Config-2) is carried out by employing the same eight corner
parapets as Config-1 while adding additional parapets along the
ridgeline to avoid the creation of high negative pressure zones at the
interior surfaces of the roof, as illustrated in Figure 4B.

2.2 Model validation

This subsection will present the validation process and results
for the numerical model adopted in this study. The adopted CFD
model, presented in Figure 5, is validated by comparing the mean
and RMS of pressure coefficient values for the taps located at the roof
of the east end of the building geometry to the experimentally
obtained data presented by (Kopp and Gavanski, 2010). The mean
velocity profile obtained from the wind tunnel experimental test
compared well with the inlet velocity profile corresponding to
suburban terrain roughness, zo of 23mm and 1/α is 0.14, as
given in Eq. 1 and shown in Figure 5A. The turbulence intensity
profile demonstrated in Figure 5B obtained from the wind tunnel
experimental test also matches the turbulence profile shown in Eq. 2.

FIGURE 3
Framework of the aerodynamic mitigation technique for
complex roof geometry.
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FIGURE 4
(A) Location and dimensions of the parapets used in Config-1, and (B) location and dimensions of the parapets used in Config-2.

FIGURE 5
(A) Mean velocity profile and (B) turbulence intensity profile, and (C) longitudinal spectra at the roof reference height.
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Uz � �U10
z

10
( )

1/α (1)

�U10 is the reference wind velocity at 10m height is 9.25 m/s, and z is
referred to as the height in m at the evaluated corresponding wind
velocity.

Iu � cu
zref
z

( )
bu

(2)

Cu and bu are the curvature fitting paraments and zref is the
reference height (i.e., 4.3 m).

Similar to the wind tunnel testing, the CFD is modeled at a
scale of 1:50, where the utilized reference wind velocity (Vref ) of
1.6 m/s (8.2 m/s in full scale), corresponding to a mean roof
height of 0.086m (4.3m in full scale), which matches the
reference height and velocity adopted in the wind tunnel
experimental testing. Figure 5C represents a comparison of
longitudinal spectra for the current LES and wind tunnel
experiment data. It is worth mentioning that the inflow
condition must satisfy the spectra in terms of correlations and
magnitudes. Any discrepancy in the resulting spectra can lead to
inaccurate wind-induced structural responses, particularly if this
discrepancy occurs close to the natural frequencies of the
structure. Furthermore, Figure 5 shows that both simulated
mean velocity and turbulence intensity profiles have been
reasonably maintained throughout the examined
computational domain. This can be evident from comparing
the inlet profiles to the profiles at the building locations
without the influence of the building aerodynamics.

The computational domain dimensions and boundary
conditions are shown in Figure 6A. As observed, the
computational domain size satisfied the minimum values set by
(Franke et al., 2011). The boundary conditions at the top and side
surfaces of the computational study domain are set as symmetry
plane boundary conditions. The ground and building surfaces are
defined as a non-slip wall boundary condition, while the outlet
surface is defined as an outflow. The inlet wall was defined as a time-
varying inlet velocity boundary condition using the CDRFG
technique described by (Aboshosha et al., 2015) and adopted by
(Elshaer et al., 2017). Since the building is located within a rough
terrain, accurately modeling the turbulence impacting the model is
crucial. Therefore, turbulence’s effects on the wind flow will be
initiated using turbulence modeling methods, namely, Large Eddy
Simulation (LES). LES is a reliable and applicable than other
turbulence modeling methods (Mansouri et al., 2022).

A mesh sensitivity analysis is conducted by examining the
impact of the mesh refinements zones on the mean and RMS of

FIGURE 6
(A) Computational domain dimensions (in model-scale) and boundary conditions, and (B) mesh grid resolution utilized in the CFD simulations.

TABLE 2 Results of themesh sensitivity analysis using threemesh size schemes.

Numerical model RMSE
Mean Cp

RMSE
RMS Cp

Coarse 10% 8%

Medium 4.2% 4.5%

Fine 3.7% 3.3%
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the pressure across a gable roof model. The results are then
compared to experimental data presented by (Ho et al., 2005)
where the discrepancies are evaluated by using the RMSE. The
mesh refinement zones ranged from coarse, medium, and fine which
yielded 1, 2.1, and 3 million mesh cells, respectively. Overall, when
compared to the experimental testing, the pressure parameters
(i.e., mean and RMS of pressure), presented in Table 2, show
consistent numerical results with a maximum of 4.5%
discrepancy recorded for RMS readings of the pressure when a
medium-mesh size is adopted compared to 3.3% for the fine
meshing scheme. The coarse mesh scheme recorded a
discrepancy of 8% in RMS of pressure compared to the
experimental results. Therefore, all the numerical simulations of
CFD models were performed by adopting the medium mesh
scheme.

The adopted computational domain was discretized to a
hexahedral ranging from 10mm to 40mm and further refined
near the building to a mesh size of 4mm to capture smaller-scale
turbulence near the building of interest yielding a total mesh of
2.02M cells as shown in Figure 6B. The adopted CFD model
employed Star CCM+ (15.04.008-R8) and utilized the LES
turbulence model while using the dynamic WALE sub-grid
scale, as previous studies found that it can reduce the

computational time by up to 64% (Khaled et al., 2021). The
conditional transient analysis with LES is crucial to ensure the
convergence of a numerical method for partial differential
equations. This condition is known as the Courant-Friedrichs-
Lewy (CFL) (Courant et al., 1928). The latter aims to provide
numerical convergence within each time step by maintaining the
Courant-Friedrichs-Lewy (CFL) below 1.0. CFL is calculated
based on velocity, cell size, and the time step at each cell.
Accordingly, the time step was chosen to be equal to 0.5
milliseconds. The numerical simulations are conducted for
8000-time steps and 4 inner iterations. The first 1,600 time
steps are disregarded to ensure the stability of the
aerodynamic quantities. The values of y + utilized for the
computational domain boundary layers were chosen to be 1.
SharcNet high-performance computer (HPC) is utilized for
conducting numerical simulations (SHARCNET, 2022).

The validation was performed on the study model
corresponding to a wind angle of attack of 130°, which was
repeated 30 times where each test lasted for 360 s, with a time
scale of 1:10. It is worth mentioning that the pressure coefficient
was obtained by referencing the data to the dynamic pressure at
mean roof height, which is typical for aerodynamic data. The
mean and RMS of the pressure coefficient for the probe location,

FIGURE 7
(A) Locations of the pressure taps on the east side used for validation, and (B) mean and RMS of the pressure coefficient at a wind angle of attack
of 130°.
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shown in Figure 7A, at 130° wind angle of attack, shows an
average difference of 14% and 10% for all the probes, respectively,
as demonstrated in Figure 7B. The fluctuation in the pressure
coefficient beyond the separation point is found to be lower than
that of the experimental results. This can be attributed to the
lower resolution in pressure monitoring in experimental testing
versus the numerical results, as in wind tunnel testing fewer
pressure taps are used to represent a region with a larger pressure
gradient, while in CFD it can be represented by multiple mesh
grids. In addition, the experimental mean and RMS values are as
shown in the range obtained from repeating the test 30 times,
which could impact the maximum difference when compared to
experimental values. Furthermore, the complex roof geometry
examined in this study has many features that may implicate the
pressure readings at various locations. For example, three various
roof slopes can intensify the wind flow separation or even act as a
shield and hence reduce the pressure depending on the wind
angle of attack.

2.3 Method for determining the extreme
values

This subsection will briefly explain the extreme value
analysis (EVA) followed in this study to obtain the extreme
statistical values for wind load and pressure acting on the roof.
To ensure the safety and reliability of designed structures,
accurate estimation of the extreme values of externally
applied load effects attributable to the wind is vital (Holmes
and Moriarty, 1999). In principle, this study employs EVA
analysis using the Gumbel approach to evaluate extreme
values for wind forces and pressure (Gumbel, 1961). A
sample of time history for turbulence can be divided into
subintervals of sufficient duration that peak values occurring
can be treated as independent events. In this study, a total of
4,200 data points are divided into 22 segments, each of 190 data
points. For each segment, the peak value is selected to be used to
perform extreme value analysis using the Gumbel method. The

FIGURE 8
(A) Mean, and (B) RMS, of the pressure coefficient for the wind angle of attack of 135° for the non-modified and modified building configurations.
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following analysis is applied throughout this study to find the
extreme values of the pressure and forces (Gumbel, 1961). In
turbulence simulation, we can estimate the probability that the
peak pressure coefficient will not exceed the value Ĉp in a
subinterval. The data are ordered from smallest to largest and
allocated a Gumbel plotting position, given by Eq. 3:

p � m
1 + N

(3)

m is the order, and N is the total number of values.
Then the plotted parameter was transformed into a reduced

variate by −ln(−ln(1 − p)) and the recorded extreme pressure
coefficients are plotted against the reduced variate and a straight
line fitted by linear regression. The extreme pressure values
evaluated are higher than the most significant pressure
coefficients recorded during the tests.

3 Results and discussion

This section studies the effectiveness of adding corner and
ridgeline parapets to reduce the wind load on roof surfaces. The
study compares the mean and extreme pressure values between
the original roof configuration and both modified roof
configurations. The wind load assessment applies to 18 probs

locations situated on both peripheral and internal corners, edges,
and six roof surfaces (Section 3.1 and Section 3.2). Furthermore,
this study presents a wind load evaluation on the parapets
(Section 3.3) as a step to prevent these mitigation techniques
from dislodging and becoming flying hazard debris to the
surrounding.

3.1 Wind-induced pressure on corners and
edges

A total of 18 probes located on the roof are examined in this
section to investigate the impact of the mitigation technique on
extreme pressure for probes located at the corners/ridges for non-
modified and modified roof configurations. The probe’s locations
are selected as they are the most prone locations for roof damage to
initiate during a windstorm. To demonstrate the impact of the
parapets without the consideration of various wind angles of attack,
the oblique wind angle of attack of 135° was selected for the non-
modified and modified models to display the contour plot for the
different mean and RMS of the pressure coefficient for the roof
surfaces, as shown in both Figures 8A, B. Although the later
comparison will take into account all wind angles of attack, it
can be observed from the selected angle of attack (i.e., 135°) that

FIGURE 9
Extreme pressure coefficient values extracted from probes located at the (A) peripheral corners, and (B) interior corner.
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the roof surface edges and corners for both modified configurations
exhibit lower mean and RMS pressure coefficients compared to its
counterpart on the left (Non-modified case). This is due to the fact
that parapets have successfully displaced the wind flow separation
zone and therefore reduced the suction in these locations. Overall,
the pressure testing demonstrated that modifications effectively
lower the roof pressure distribution, reducing the risk of wind
damage to the roof. Although the reduction of negative pressure

is generally applied to the entire roof, it can be concluded that the
decrease in pressure is higher in zones located on the edges and
corners of the roof (e.g., where the parapets are installed) than in
internal areas, which is also concluded by (Azzi et al., 2020).

In addition to reducing the negative pressure (suction) at the
leading corners and edges of the building, parapets are also found to
cause significant positive or downward pressures. These observations
are found along the leading roof surfaces and interior zones. The latter

FIGURE 10
Critical mean and RMS of the pressure coefficient extracted from probes located at the (A) peripheral corners, and (B) interior corner.

FIGURE 11
Normalized roof uplift for non-modified and modified roof surfaces for wind angle of attack ranging from 0° to 315°.

Frontiers in Built Environment frontiersin.org11

Al-Chalabi and Elshaer 10.3389/fbuil.2023.1200383

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1200383


observation is believed to act as a stabilizing force on the roof; however,
it may also be governing when combined with other gravity loads (e.g.,
snow load and dead load) (Kopp et al., 2005a). Furthermore, in thewake
zones of the ridgeline parapets, it is found that 500 mmheight increases
the intensity of pressure in the cornering wind direction. The latter
finding may probably be due to the interaction between the small
vortices of the wake of the parapet and the conical vortex of high-
intensity core occurring at the flow separation along the roof edge,
which was previously noted by (Baskaran and Stathopoulos, 1988). To
reduce the aggravated pressure, increasing the height of the parapets
may be required, as was recommended by previous studies (Baskaran
and Stathopoulos, 1988; Kopp et al., 2005b).

Additionally, it was observed that pressure coefficientsmeasured on
the interior zones for Config-1 are similar to those estimated on roofs
without modifications. The latter indicates that a modified roof with
peripheral corner parapets may not significantly mitigate suction at the
interior zones. This was also concluded by (Lin et al., 1995). The latter
finding supported the idea of adding ridgelines for the Config-2 roof
design. The extreme pressure values recorded for the three models in
this study are displayed in Figure 9A. It is found that the extreme values
of the suction are decreased when compared to the values evaluated at
the corners of the non-modified roof configuration. The reduction
reached a maximum of 29% and 9.4% for both config-1 and Config-2,
respectively.

FIGURE 12
Time history for the roof surface (R2) uplift at a wind angle of 135° for modified roof configurations.

FIGURE 13
Normalized extreme roof uplift force on individual surfaces for Non-modified and modified roof configurations.
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To further investigate the effect of adding parapets on the
pressure of interior zones within the complex roof configuration,
Figure 9B displays the extreme pressure readings for ten probs at the
corners of the internal roof zones. The values of the intense pressure
coefficients extracted from probs 11 and 12 located on roof surface
R1 showed that the ridgeline addition of 500mm height induced

higher suction compared to the other models. This can be attributed
to trapped vortices on the parapets wake zone’s location; hence,
higher parapets on the ridgeline may eliminate these vortices.
Corner probs located on roof surfaces, namely, (R5 and R6),
witnessed a significant decrease in the pressure values when
introducing parapets on the ridgeline of both roof surfaces,

FIGURE 14
Forces acting on parapet “P11” at wind angle of attack 225°.

FIGURE 15
Normalized extreme forces impacting parapets for different configurations.
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reaching 53%. Overall, it is found that the Config-2 models
significantly decrease the pressure at corners and edges compared
to the non-modified roof and Config-1 configurations.

Figure 10 displays the mean and RMS of the critical pressure
coefficient values extracted from the probes investigated in this study. It
can be observed that critical RMS of the pressure coefficients for the
internal and peripheral corner probs are reduced by amaximumof 25%
when both roof modifications are applied to the non-modified roof.
However, the parapet arrangement in Config-1 reduced the critical
mean pressure by a maximum of 13%.

3.2 Wind-induced forces on surfaces of the
roof

As expected, the change in pressure distribution on roof surfaces
has resulted in a consequence change in the uplift forces, which can also
show the effectiveness of adding parapets on the studied complex roof.
Figure 11 shows the normalized extreme uplift force of the entire roof
surface at various wind angles of attack ranging from 0° to 315°. The
normalized wind loads (FN) is calculated using the Eq. 4.

Fx,z−N � Fz
1
2ρairv2As

(4)

Fz is the extreme statistical forces values in both x and z directions,
the ρair is the air density, which has been used as 1.2929 kg/m3, v is
the wind velocity at roof reference height and As is the surface area of
the roof.

As it can be noticed, oblique wind directions are the most critical
(i.e., highest) and, therefore, will govern the design of the roof. In fact,
the non-modified roof configuration at the wind angle of attack of 315°
induced the highest uplift force on the entire roof surface. Furthermore,
the normalized roof uplift at an oblique wind angle of attack, 315°, is
reduced when adding ridgeline parapets (i.e., Config-2) by 5.6%. In
contrast, adding only peripheral corner parapets (i.e., Config-1) led to a
total reduction of the extreme uplift force on the entire roof by 3.6%
compared to the non-modified configuration. Figure 12 shows that
parapets can reduce the standard deviation of the uplift force by up to
7%, which can be attributed to the added down-acting stabilizing
pressure on the interior zones of the roof remarked in Section 3.1.

It is worth mentioning that the uplift wind forces on individual
surfaces resulting from Config-2 have shown a decrease in magnitude,
which is detailed in Figure 13. The maximum reduction of extreme
wind pressure on the roof is found to be 11% on R1. However, it is
noticed that roof surfaces R3 and R4 have a substantial increase in the
wind uplift force when added the corner parapets at the only peripheral
of the roof configuration (i.e., Config-1). This increase in the uplift is
probably due to redirecting the flow by the added parapets, magnifying
the separation bubble at these roof surfaces. The latter can initiate
corner damage during a windstorm. However, adding a 500 mm
ridgeline (in Config-2) is found to reduce the uplift forces by 5%
compared to the original roof configuration on roof surface R4.

3.3 Wind loads on the parapets

Adding parapets to low-rise buildings can cause an additional
risk resulting from attracting elevated wind forces on the roof

surfaces. Accordingly, this sub-section evaluates the wind loads
on parapets for the studied configurations to acquire a better
understanding of the added damage risk from the
implementation of parapets to avoid them becoming flying
hazards to the surroundings (Aly and Bresowar, 2016). Since the
parapets can alter the flow over the roof, evaluating the loads on
parapet surfaces is crucial to be accounted for in designing the main
wind force-resisting system (MWFRS) (Kopp et al., 2005a).
Figure 14 shows an example of time histories for forces in the x,
y, and z directions acting on parapet “P11,” subjected to an oblique
wind angle of attack of 225°. It is known that the wind load on the
parapets is governed by both along and uplift forces; therefore, they
are evaluated for all the parapets in Config-1 and Config-2. The
loads developed on the parapets are obtained using force time
histories extracted from the numerical simulation, then the EVA
is applied to find the extreme statistical values. The normalized wind
loads (FN) are then calculated using the Eq. 5 below:

Fx,z−N � Fx,z
1
2ρairv2Ap

(5)

Fx,z is the extreme statistical forces values in both x and z directions,
the ρair is the air density, which has been used as 1.2929 kg/m3, v is
the wind velocity at roof reference height and Ap is the surface area
of the parapets.

A comparison of the extreme along and uplift force impacting
the parapets in both modified configurations is presented in
Figure 15. The overall extreme uplift wind forces acting on the
parapets located on the ridgeline are found to be higher than those of
the along wind forces. In other words, the extreme uplift force
reached a value of 1.02 for the 135° wind direction acting on the
parapets along the ridgeline. In comparison, the normalized extreme
along force recorded an extreme value of 0.95 for the 0° wind
direction impacting corner parapets. The high suction impacted on
the parapet surface is initiated due to flow separation at the parapet’s
edges and corners. Therefore, choosing the parapet’s manufacturing
material and its connection to the roof is crucial because it
determines its functionality during a wind event. Although
parapets can be made in various materials such as steel, metal,
wood, or even stucco masonry; However, using the steel/metal
material for the parapets is recommended as it can be designed
into any form that the building requires.

4 Conclusion

This study presents preliminary but promising results aiming at
mitigating damages for low-rise buildings with complex roof
geometry to enable them to withstand windstorms. The current
study proposes aerodynamic mitigation techniques for a low-rise
building with complex roof geometry. The procedure utilized
Computational Fluid Dynamics (CFD) to examine the
effectiveness of adding corner and ridgeline parapets. The
mitigation techniques aim to reduce wind loads at corners, edges,
and interior roof surfaces, by weakening the vortices responsible for
initiating damages. In addition, the study investigated the wind load
on the parapets to assess the optimal parapet configuration design. It
is found that parapets located at the peripheral corners have reduced
extreme suction by a maximum of 29% compared to the Non-
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modified roof design. Probes located on the interior roof corners
showed a significant decrease in the pressure values when
introducing parapets on the ridgeline (i.e., Config-2), reaching
53%. The latter indicates that adding ridgeline parapets is crucial
to reducing wind load on the interior zone surfaces of the complex
roof geometry. Furthermore, the extreme roof uplift is decreased by
a maximum of 5.6% when adding ridgeline parapets compared to
the Non-modified roof. It is also found that extreme uplift occurs for
winds approaching the roof in an oblique wind direction to the
parapet face. After examining both along and uplift forces impacting
the parapets, it is concluded that uplift forces are the governing ones
in the design, thus impacting the design of the parapet. The study
showed that corner and ridgeline parapets can be utilized to enhance
the roof aerodynamic performance successfully (i.e., reduce wind
load) on complex roof geometry for both retrofitting and new
construction purposes. These techniques can alleviate roof
damage, which is considered one of the biggest concerns during
windstorms.

It is worth mentioning that adding parapets to low-rise building
roof pose a risk of its own if the parapets are insufficiently anchored
to the roofing system. Hence, they can dislodge and become a source
of flying hazard debris and hence impacts the neighboring building.
Furthermore, insulations installed at the locations where the parapet
walls meet with the roof can increase the risk of water leaks if they
are breached. In addition, parapets may require a drainage system
and regular maintenance throughout the seasons.
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