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Side protrusion, i.e., the addition of material on the side of a tall building, has been demonstrated as an effective
strategy to mitigate the aerodynamic responses under a broad range of design wind speeds. This study in-
vestigates the possibility of producing similar behavior of side protrusion via a corner protrusion strategy. The
proposed strategy is evaluated using two parameters, which are the gap ratio (GR) and the protrusion ratio (PR).
High-frequency force balance (HFFB) wind tunnel testing was carried out to examine the aerodynamic perfor-
mance of ten models under different wind angles. The results demonstrate that the corner protrusion strategy can
achieve similar performance as the side protrusion strategy using nonstructural components (NCs). The re-
ductions of base overturning moment (OTM) for model CP-14-86 are 33%, 39%, 33%, and 24% at the mean
hourly design wind speeds (cities) of 42 m/s (San Francisco), 53 m/s (New York), 62 m/s (Houston), and 77 m/s
(Miami), respectively. The effectiveness of the corner protrusion strategy occurs when the PR is larger than 6%.
The benefits of using NCs to reduce wind responses of tall buildings are discussed, which is expected to be a

competitive aerodynamic strategy not only for new buildings but also for retrofitting existing buildings.

1. Introduction

For high-rise buildings, the mitigation of aerodynamic responses
over a broad range of wind speeds is important when it comes to various
design objectives, such as habitability, serviceability, and survivability
design [1]. The effectiveness of external shape modification, which is
referred as aerodynamic strategy in this study, on the wind behavior of
high-rise buildings is well documented in some recent review papers
[19,35,39]. The aerodynamic shape of the building affects the position
of flow separation (and reattachment, if any) and similarly the vortex
shedding frequency. An appropriate aerodynamic strategy can reduce
wind design demands, leading to the desired design objectives with
lower construction and maintenance cost.

The aerodynamic strategy of high-rise buildings can be roughly
divided into: (1) height modification, such as tapering [6,25], setback
[21,44], or twisting [26]; and (2) cross-section modification, which is
the focus of this study. Currently, most of existing studies of
cross-section modification concentrate on corner modification strategy,
including chamfered [9,10,20,22,24,42-44,46], recessed [9,44,46], and
rounded [2,20,43]. In addition to academic research, this strategy has
also been successfully applied to one of the world’s tallest skyscrapers,
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Taipei 101, resulting in a reduction of 25% in base moment demands
[18]. Although the benefits of the corner modification strategies are well
recognized in the community of wind engineering, the original floor
area is normally reduced and converted to an irregular shape due to the
constraint of footprint, which might not be preferred from the
perspective of owners.

Building on the work in traditional corner modification strategies, Lu
et al. [32] conducted a systemic study of cross-section modifications,
including (1) subtractive (e.g., corner recession), (2) additive (e.g., side
protrusion), and (3) the hybrid of both strategies (see Fig. 1) from the
perspective of a square benchmark model. The models presented in
Fig. 1 are designated by “corner type”-“side type”. For corner type, B and
S represent basic corner and single corner recession corner, respectively.
There are three side types, which are: basic side (B), U-shape side pro-
trusion (U), and wide side protrusion (W). Other than the subtractive
strategy (Fig. 1(b)), the floor area can be maintained or increased using
the additive (Fig. 1(c)) or the hybrid (Fig. 1(d)) strategies while
achieving better aerodynamic performance of high-rise buildings over a
broad range of design wind speeds. The base overturning moment
(OTM) for the models with subtractive (S-B) and additive strategies
(B-W and B-U) normalized by the benchmark model is presented in
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Fig. 1. Plan view of various cross-section aerodynamic strategies [32].
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Fig. 2. Normalized OTM of subtractive and additive cross-section aerodyanmic
strategies at various design wind speeds [32].

Fig. 2.

The responses of the hybrid strategy are not included since it is not
the focus of this study. In Fig. 2, the results show the effectiveness of the
subtractive strategy in reducing the OTM under high-wind speeds. For
example, the OTM of S-B is reduced by more than 40% for wind speeds
higher than 50 m/s. However, the responses for S-B over low wind
speeds (e.g., 35 m/s to 40 m/s) are amplified up to 20%. This amplifi-
cation attributed to the increase of vortex shedding frequency, which is
another downside of the subtractive strategy [32]. Conversely, the po-
tential of additive strategies by adopting side protrusion can be observed

Engineering Structures 309 (2024) 118055

based on the reduction of OTM for B-W and B-U throughout the wind
speeds of 30 m/s to 70 m/s, which provides a different option for de-
signers and owners if the footprint can be increased.

As shown in Figs. 1 and 2, the similar performance between B-W and
B-U implies that the middle portion of the B-W side protrusion is not
significant to the overall behavior. This represents that the same wind
design demands can be achieved using various external shapes for a tall
building. However, it is not clear if the aerodynamic performance of B-U
will be influenced by further increasing the gap in the side protrusion,
which is the first objective of this study. If the desired behavior can be
maintained with a larger gap in the protrusion, this can provide more
flexibility for design objectives beyond aerodynamic responses, such as
floor area, operation purposes, and aesthetics. Furthermore, the pro-
trusion strategy might be able to be achieved via nonstructural com-
ponents (NCs) instead of changing the external shape if the gap is large
enough. Since the influence of NCs on the mass, damping, and stiffness
for a building is expected to be limited, this could be a more efficient
design process if there are multiple strategies to compare.

In the past decade, the potential of applying NCs on the surface of tall
buildings has gained growing attention to achieve various objectives,
including energy saving [38], energy harvesting [11], ventilation [34,
501, solar shading [48], and aerodynamic behavior. Table 1 provides an
overview of studies on the aerodynamic behavior of buildings with
various NCs using computational fluid dynamics and physical wind
tunnel testing. The information presented in the table includes research
approach, aerodynamic strategy, protrusion ratio, wind direction,
building height, and performance indicator.

As listed in the table, the nonstructural components can be facades
(also called ribs or plates in different studies) [5,7,15,17,27-31,49,52],
mullions [41], double-skin facades [12-14,40], and curtain walls [37].
The protrusion ratios of NCs vary from 1.6% to 16% relative to the width
of the building. Based on the orientation of the NCs, the aerodynamic
strategies can be roughly divided into (1) vertical orientation, (2) hor-
izontal orientation, and (3) the hybrid of both. In the literature, the NCs
have significant influence on the flow characteristics, local pressure
coefficients, and aerodynamic coefficients of high-rise buildings. For
flow characteristics, Liu et al. [30] reported that the size of wake vortex

Table 1
Overview of studies on the aerodynamic behavior of buildings with various NCs.
Reference Research Aerodynamic strategy Protrusion ratio Wind direction Building height ~ Performance
approach ©) indicator
Stathopoulos and Zhu SMPM Mullion (vertical) 1.6 % and 3.2 % 0°— 180° 15 m and PC
[41] 120 m
Quan et al. [37] SMPM and HFFB Curtain wall 3.6 % 0°— 360° 206 m PC, AC, PSD
Huetal. [13] SMPM and Aero DSF (vertical) 5% 0° 180 m PC, PSD
SR
Yuan et al. [52] SMPM Plate (horizontal) 7.5 %, 10 %, and 0°— 45° 150 m PC
12.5%
Hui et al. [17] SMPM Plate (horizontal) 7.5 %, 10 %, and 0°— 45° 150 m PC, AC, PSD
12.5%
Hu et al. [14] SMPM and PIV DSF (vertical) 5% 0° 180 m PC, PSD, FF
Yang et al. [49] SMPM Plate (vertical) 7.5 % and 12.5 % 0°— 90° 150 m PC, AC, PSD
Cheng et al. [7] SMPM and HFFB Facade (horizontal, vertical, and 2% and 4 % 0°— 360° 200 m PC, AC
hybrid)
Liu et al. [29] SMPM and PIV Rib (horizontal and vertical) 12.5% 0° 150 m PC, AF, FF
Liu et al. [28] CFD Rib (vertical) 2%— 16 % 0° - PC, AC, and FF
Chen et al. [5] SMPM Facade (horizontal, vertical, and 1.6 % 0°— 90° 183 m PC
hybrid)
Hui et al. [15] CFD Rib (vertical) 10 % 0° PC, AC and FF
Liu et al. [27] CFD Rib (vertical) 0%— 14 % 0° and 45° PC, AC and FF
Hou et al. [12] AERO Smart morphing DSF 4.8 % 0°—90° 184 m SR
Skvorc and Hozmar [40] SMPM and HFFB Porous 5% 0°— 45° 200 m PC, AC, PSD
DSF
Liu et al. [30] CFD Rib (horizontal, vertical, and hybrid) 6 % 0° 80 m PC, FF
Liu et al. [31] CFD Rib (horizontal) 6 % 0° 80 m PC, FF

Protrusion ratio is defined as the depth of the protrusion divided by the width of the building. SMPM: simultaneous multi-channel pressure measurement, HFFB: high-
frequency force balance, PIV: particle image velocimetry, AERO: aeroelastic testing, PC: pressure coefficient, AC: aerodynamic coefficient, PSD: power spectral density,
SR: structural response, DSF: double-skin facade, CFD: computational fluids dynamics FF: flow field
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is influenced by the horizontal facades, and the flow separation and
shear layer are affected by vertical facades. The change of local pressure
coefficients is significantly influenced by the positions of facades [7].
The reduction of the local pressure coefficients can be reduced by more
than 20% with various protrusion ratios [5,37,52]. For aerodynamic
coefficients, it was demonstrated that vertical facade is a more effective
strategy than that of horizontal facade [17,27,30]. Regarding the
effectiveness, the standard deviation (or fluctuating) of lift coefficients
can be reduced by more than 50% with protrusion ratios vary from 6%
to 12.5% [15,27,28,30,31,49].

As discussed in the literature review, it is well-known that the impact
of NCs on the local pressure coefficients is significant, which can benefit
to the design of components and cladding (C&C). For main wind force
resisting system (MWFRS) design, however, the reduction of design
demands under various wind speeds received much less attention in the
literature, which is a topic that should not be ignored. Since the struc-
tural responses (e.g., OTM, roof drift, and acceleration) of tall buildings
under wind loading are velocity/frequency dependent [1,23,45,53], itis
not clear how large the influence of NCs can have for different cities with
different design wind speeds solely based on the reductions of aero-
dynamic coefficients. Moreover, shifts toward performance-based wind
engineering will require the consideration of structural responses at
multiple wind speeds spanning habitability, serviceability, and surviv-
ability. Therefore, the second objective of this study is to examine the
influence of various protrusion ratios targeting at using NCs on the
aerodynamic performance of tall buildings at different wind speeds, as
indicated by the full-scale structural response.

To summarize, the two objectives are (1) to investigate the potential
of corner protrusion strategy using nonstructural components for
MWERS design, and (2) to identify effective corner protrusion ratios. A
total of ten models, including a square benchmark model, are generated
in this study. A well-recognized cross-section modification strategy is
taken as a starting point to investigate the influence of gap size in the
protrusion (for the first objective) and the protrusion depth (for the
second objective) for a corner protrusion strategy. High-frequency force
balance (HFFB) testing was conducted to capture the aerodynamic
behavior of each model under various wind angles. The peak OTM was
used to evaluate the full-scale structural responses at a broad range of
wind speeds considering the time (mean and background components)
and frequency domain (resonant component) results.

This paper is organized as follows: model description is presented in
Section 2, followed by the experimental method and evaluation
approach in Section 3. The aerodynamic performance for each model is
discussed in Section 4. The conclusions are summarized in Section 5.

2. Model description

The plan views of the ten models considered in this study are pre-
sented in Fig. 3. The models are all doubly-symmetric in cross-section
and prismatic along the height. The 40 cm tall models represent a
300 m tall building at 1:750 scale with various plan dimensions. SQ70
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(the model with a square 70 mm x 70 mm cross-section) is taken as the
benchmark to compare with the other aerodynamic modification
models, which are all considered as additive strategies because of a
larger footprint in comparison with the benchmark model. The aero-
dynamic modification models are designated by CP-PR-GR. CP denotes
Corner Protrusion. The PR (protrusion ratio) and GR (gap ratio) are the
two parameters for the corner protrusion strategy. PR indicates the ratio
between the protrusion length and nominal building width (70 mm),
and GR indicates the ratio between the width of the gap in the side
protrusion and the nominal building width (70 mm). For example, CP-
14-43 has 10 mm-protrusion length (10 mm / 70 mm = 14%) and
30 mm-gap in the protrusion (30 mm / 70 mm = 43%). As found in the
literature, a PR of 0% to 14% is selected as it is a reasonable range for
NCs to achieve. GR was selected to vary from 0% to 86%. The combi-
nation of PR and GR creates the models shown in Fig. 3; the grey areas
indicate what make each model unique while the white area is the un-
derlying benchmark model dimensions.

CP-14-0 is taken as the initial side protrusion strategy to study the
influence of GR and PR on the wind performance of tall buildings. It is
worth mentioning that CP-14-0 is also a well-recognized corner reces-
sion strategy from the perspective of subtractive design with an 11%
modification ratio from a baseline 90 mm x 90 mm plan model. How-
ever, it is not clear if CP-14-0 will perform better than SQ70 under
various wind speeds, which is the preliminary task that needs to be
confirmed before discussing the two objectives.

For the first objective, the GR is varied to investigate feasibility of
using the corner protrusion strategy to imitate the behavior of CP-14-0.
The gap sizes for CP-14-0, CP-14-14, CP-14-43, CP-14-71, and CP-
14-86 are O cm, 1 cm, 3 cm, 5cm, and 6 cm, respectively. CP-14-86
(the model with the largest GR) is regarded as the corner protrusion
strategy achieved via NCs. The narrowest protrusion is 5 mm wide,
selected to avoid local vibrations under wind tunnel testing using the
foam material. Next, the protrusion lengths are decreased from 10 mm
(CP-14-86) to 2 mm (CP-3-86) with a 2 mm decrement, all with a fixed
GR of 86%. The purpose of this is to examine the effects of the protrusion
length on the corner protrusion strategy using NCs. All models are
prismatic throughout the height, representing that the corner protrusion
strategy is in vertical orientation. The photographs of SQ70, CP-11-86,
and CP-6-86 are presented in Fig. 4.

3. Experimental method and evaluation approach
3.1. HFFB testing setup

HFFB wind tunnel testing [45] was carried out in the boundary layer
wind tunnel (BLWT) at the University of Florida (UF) (see Fig. 4). The UF
BLWT is an open-circuit wind tunnel that measures 3 m high x 6 m wide
x 38 m long. A length scale of 1:750 was selected to generate a suburban
terrain condition with power-law index of 0.22 using the Terraformer
[3,4]. The configuration of the Terraformer was set to a uniform height
of 31 mm at 0° (wide) orientation. A terrain extension sheet was
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Fig. 3. Plan view of ten models.
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(c) CP-11-86 under 0°
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(d) CP-6-86 under 0° (close up)

Fig. 4. Photographs of HFFB testing in the UF BLWT.

installed in the downwind of the Terraformer to maintain the desired
approach flow condition over the turntable. Fig. 5(a) and (b) show the
mean wind speed and turbulence intensity in the longitudinal direction
at the center of the test section. The mean wind speed at model height
was 9.8 m/s, corresponding to a Reynolds number of 4.5 x 10* based on
the width of the benchmark model. The power spectral density (PSD) of
the approach flow in the longitudinal direction at the top of the model is
plotted in Fig. 5(c).

The external shapes of the ten models were produced from a light-
weight high-density foam material. Inside the model, a 25.4 mm outer
diameter hollow aluminum rod with 3.175 mm wall thickness was used
to provide sufficient stiffness for the force-balance system. During HFFB
testing, a TFI cobra probe was placed 40 cm above the ground (model
height) offset in the across-wind direction to measure the reference wind
velocity. Because all models are doubly-symmetric in cross-section (see
Fig. 3), a span of 45° is sufficient to capture responses from 0° to 360°. A
total of 10 wind angles from 0° to 45° at 5-degree increments for each
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model were tested. A six-axis load cell (ATI Industrial Automation, Delta
model) was used to capture the base responses. Time series data were
recorded at 2000 Hz for 1 min for each wind angle using a dSPACE
MicroLabBox real-time processor.

3.2. Post-processing procedure

The flowchart of HFFB post-processing procedure is presented in
Fig. 6(a). For each wind angle, the time series data of base moments in
the along-wind and the across-wind directions were used to evaluate the
aerodynamic performance. Along-wind and across-wind are the
response axes, referred to the global coordinate system of the wind
tunnel (relative to the wind direction). The data were filtered through a
low-pass Butterworth filter with a cutoff frequency of 30 Hz to remove
the physical model resonance in the time domain and frequency domain
results. The mean, background, and resonant components are used to
generate structural responses for each model. As mentioned in the
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1.E-03 e
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(c) PSD responses at model height

Fig. 5. Approach flow conditions of wind tunnel testing (H = 40 cm, U(H) = 9.8 m/5s).
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Calculate
structural responses
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across all wind angles

!

Calculate moments:
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(3) resonant

!

Calculate
structural responses
at selected wind speeds

!

Calculate cumulative
largest structural responses
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(Section 4.3.1)

Calculate

structural responses
(end)

(b) Subroutine of calculating structural response

Fig. 6. Flowchart of HFFB post-processing procedure.

introduction, the structural responses of a building can be OTM, roof
drift, and acceleration. To avoid any confusion, in this study, “structural
response” refers to the OTM. Torsional responses, another response axis,
were below the manufacturer’s stated resolution of the load cell and
were not included in analysis. The analysis process is discussed below.

3.2.1. Base moment coefficients in time domain

In the time domain, the mean and standard deviation (STD) statistics
in both along-wind and across-wind are calculated from the time series
data for each wind angle. The statistics are normalized by 1pU?BH>
where p is the air density, U is the mean wind speed at model height
(9.8 m/s), B is the model width (0.07 m), and H is the model height
(0.4 m). The four non-dimensional base moment coefficients are CMD
(mean component in along-wind), CML (mean component in across-
wind), ocup (background component in along-wind), and ocyy (back-
ground component in across-wind).

3.2.2. PSD responses in frequency domain

In the frequency domain, the PSD responses (f * S(f)) with respect to
the reduced frequency are calculated for each wind angle in both along-
wind and across-wind directions. The reduced frequency (fz) can be
expressed as:

_f*B _fi*Bs

U U @

T

where f is the model-scale excitation frequency. The corresponding full-
scale wind speeds (Ur) at building top can be determined based on Eq.
(1). The full-scale fundamental frequency (f;) is assumed to be 0.1 Hz.
Based on the length scale of 1:750, the full-scale building width (Br) and
height (Hp) are 52.5 m and 300 m, respectively. With the cutoff fre-
quency of 30 Hz, the upper bound of f that can be investigated is 0.21
(30 Hz x 0.07 m / 9.8 m/s), corresponding to a lower bound full-scale
wind speed of 25 m/s (0.1 Hz x 52.5 m / 0.21). The highest full-scale
wind speed of interest at the building top is 85 m/s, corresponding to
a fgr of 0.06 (0.1 Hz x 52.5 m / 85 m/s).

3.2.3. Full-scale structural responses
Based on the assumption of a Gaussian process, the full-scale peak
base over-turning moment (OTM) can be expressed as [23,53]:

M(f) =M+ \/ M} + My(f) @

where M (f) is the full-scale peak OTM, M is the full-scale mean OTM, Mp
is the full-scale background dynamic OTM, and My is the full-scale
resonant OTM. Eq. (2) is calculated independently for the along-wind
and across-wind directions.

In Eq. (2), responses vary with wind angle. Since the largest re-
sponses do not always occur at the wind angle of 0° when aerodynamic
strategies are applied [32], the envelope or dominant responses across
all wind angles is extracted for each component independently (along
versus across wind) to avoid an unconservative design.

The full-scale mean (M) and STD (o)) OTMs can be determined
based on the moment coefficients (CMD and ocyp for along wind and
CML and ¢y, for across wind) obtained from the time domain results
multiplied by }pU2BgHz. The full-scale background OTM can be
expressed as:

Mp = gp * om 3

where g is the gust factor for the background component. The full-scale
resonant component can be expressed as:

Mi(f) = gx * oy * g*A(f)*% @

where gg is the gust factor for the resonant component, ¢ is the full-scale
building damping ratio, and A(f) is the amplification factor for the
resonant component, which can be expressed as:

_8()

;)
OM_HFFB

A(f) ©)

where oy grrp is the model-scale STD moment response obtained from
wind tunnel testing. The gust factors for the background and resonant
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components are assumed to be 3.5 [23,45,53]. A 1% damping ratio is
assumed for the models considered under all wind speeds.

Because the resonant component does not change linearly with wind
speed/reduced frequency, the cumulative largest responses for MWFRS
design at different wind speeds is considered to avoid an unconservative
design, which will be discussed along the structural response in Section
4.3.1. Additionally, it is needed to identify the dominant axis of the
structural response of interest, which is normally controlled by the fre-
quency domain results in the across-wind direction (will be discussed in
Section 4.2.1).

4. Results of wind tunnel testing

This section compares the aerodynamic performance of the ten
models under wind loading. The time domain results (base moment
coefficients) are presented in Section 4.1. The frequency domain results
(PSD responses) are discussed in Section 4.2, The full-scale OTM for the
MWEFRS under various wind speeds considering all wind angles are
examined in Section 4.3. A brief discussion is presented in Section 4.4.

4.1. Time domain results

4.1.1. Largest base moment coefficients across all wind angles

Fig. 7 shows the largest values of mean and STD base moment co-
efficients enveloped over all wind angles for the ten models in along-
wind and across-wind directions. For mean moment coefficients
(Fig. 7(a)), the responses are dominated by the along-wind direction for
all models. The CMD for the benchmark model (SQ70) and CP-14-0 are
0.66 and 0.75, respectively. The larger response of CP-14-0 indicates
that increasing the footprint of a building (additive aerodynamic strat-
egy) do not benefit to CMD. With respect to the effects of PR, it can be
observed that the CMD is increased through SQ70 to CP-14-86. The
largest CMD is 0.92 occurs at CP-14-86, which is 39% larger than that of
SQ70. Because of negligible resonant component in the along-wind di-
rection (will be discussed in Section 4.2), the amplification of CMD due
to corner protrusion is not expected to increase the design demand for
the MWFRS of tall buildings. However, more attention is needed when it
comes to C&C design, such as curtain walls or windows.

Regarding the STD moment coefficients (Fig. 7(b)), the responses are
not solely dominated by along or across wind. For example, the STD
moment coefficients for CP-14-71, CP-14-86 and CP-11-86 are domi-
nated by the along-wind direction (o¢yp), and CP-6-86, CP-3-86 and
SQ70 are dominated by the across-wind direction (ocyz). For the
benchmark model, the across-wind STD moment coefficient (ocyz) is
0.166. Regarding the effectiveness of increasing footprint of a building
(additive aerodynamic strategy), the ocyy of CP-14-0 is decreased to

=m=-Mean CMD
=@-Mean CML

°ooooo0oo0oo
ocnxavwhuoN®O
T

Mean moment coefficient

Q N O 0O
NP AN S
Q" "b‘b"‘b"‘b‘f‘Q'Q'Qib"’
S

(a) Mean moment coefficient
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0.133, equivalent to 20% reduction in comparison with the benchmark
model.

With respect to GR, the effectiveness in reducing ocyy is preserved
for various GRs, showing that the aerodynamic performance is not
sensitive to the gap in the side protrusions for the background compo-
nent. In general, the structural responses of high-rise buildings are
dominated by the dynamic responses in the across-wind direction [8,
32]. Although the ocyp responses are increased with larger GRs (see
Fig. 7(b)), the possibility of using the corner protrusion strategy to
achieve the same ideal aerodynamic performance in across-wind as
CP-14-0 is demonstrated.

With respect to the effects of PR, the oy, responses for CP-3-86 (3%
PR) and CP-6-86 (6% PR) are 0.166 and 0.165, respectively (see Fig. 7
(b)). In comparison with the benchmark model, there is no reduction of
ocu for the two models. For models with a larger PR, the oy, responses
for CP-9-86 (9% PR) and CP-11-86 (11% PR) are 0.142 and 0.129,
respectively, which are equivalent to 14% and 22% reduction. The re-
sults indicate that a PR larger than 6% is needed to suppress the across-
wind background component (derived from oy as in Eq. 3) for models
with the corner protrusion strategy.

4.1.2. Base moment coefficients at various wind angles

The envelope over all wind angles was the focus of the previous
section. This section investigates the influence of GR on base moment
coefficients for each model under various wind angles, plotted in Fig. 8.
In along-wind (Fig. 8(a) and (b)), although the responses for aero-
dynamic modification models are decreased for wind angles of 0° to 10°,
both the CMD and ocyp are increased when the wind angles are larger
than 15° in comparison with the benchmark model. This situation is
more significant for CP-14-86, whose largest values, occurred at 45°, are
clearly larger than that of the benchmark model. For example, the
largest CMD for CP-14-86 is 39% larger than that of SQ70 (discussed in
Section 4.1.1). The results indicate that the side protrusion and the
corner protrusion strategy cannot reduce the aerodynamic coefficients
in the along-wind direction when all wind angles are considered.

For CML (Fig. 8(c)), the responses are significantly suppressed under
wind angles of 10° to 20°, which are the critical wind angles for the
benchmark model. For ocy(Fig. 8(d)), although the responses are
increased for wind angles larger than 15°, the peak values across all
wind angles for the aerodynamic modification models are still smaller
than that of the benchmark model.

Regarding the influence of GR, the results seem to suggest that the
aerodynamic coefficients are not sensitive to the gap in the middle of
side protrusion for the models with GR smaller than 71%. From CP-
14-71 to CP-14-86, the increase of responses for wind angles of 25° to
45° (see Fig. 8(a), (b), and (d)) indicate the flow characteristics for the
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Fig. 7. The largest base moment coefficients across all wind angles.
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Fig. 8. Base moment coefficients for models with various gap ratios (GRs).
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Fig. 9. Base moment coefficients for models with various protrusion ratios (PRs).
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corner protrusion strategy (CP-14-86, 5 mm width for the protrusions)
are different for the model with larger protrusion width (larger than
10 mm) at the wind angles. The mechanism behind this needs flow
visualization techniques, such as CFD or PIV, to confirm. Even so, it is
worth emphasizing that CP-14-86 is still a competitive strategy to
suppress the mean and background components when it comes to the
MWERS design.

The influence of PR on aerodynamic coefficients under different
wind angles is presented in Fig. 9. As shown in Fig. 9(a) and (b), the
adverse effects of corner protrusion strategy in along-wind for models
with larger PRs (discussed in Fig. 7) is attributed to the increase of re-
sponses for wind angles of 20° to 45°. The strategy does not lead to any
unfavorable effect for CML (see Fig. 9(c)). For ocyy (Fig. 9(d)), the re-
sponses of CP-3-86 and CP-6-86 are almost identical to the benchmark
model, confirming that a PR smaller than 6% for the corner protrusion
strategy does not benefit the background components under any wind
angles. For models with a PR larger than 6% (CP-9-86, CP-11-86, and
CP-14-86), although the responses are increased at wind angles larger
than 20°, the peak values of ocyy are still smaller than that of the
benchmark model, which can reduce the design demands of MWFRS for
tall buildings.

This section discussed the time domain results of the ten models
under wind angles of 0° to 45°. Among the mean and background
components in along-wind and across-wind directions, the CMD pro-
duces the largest magnitudes and o¢yy is a critical response for the
design of MWFRS. For CMD and o¢yz, the responses of wind angles of
0° to 10° for aerodynamic modification models are smaller, while the
responses of wind angles larger than 15° are larger than that of the
benchmark model. This indicates the need to consider all possible wind
angles to achieve a conservative design for tall buildings. Regarding

enveloping responses, the largest CMD responses for aerodynamic
modification models are larger than that of the benchmark model,
suggesting a potential drawback for C&C design. For o¢yyy, although the
responses are increased for some wind angles, the envelope responses for
aerodynamic modification models are all smaller than that of the
benchmark model. Regarding MWFRS design, the effectiveness of the
protrusion strategy is increased with PR and not sensitive to GR.

4.2. Frequency domain results

4.2.1. The envelope of PSD responses across all wind angles

Fig. 10 shows the envelope of PSD responses across all wind angles
for the models with various GRs. As discussed in Section 3, the upper
bound and lower bound of interested reduced frequencies (design wind
speeds) are 0.21 (25 m/s) and 0.06 (85 m/s), respectively. In Fig. 10, the
PSD responses in along-wind are significantly smaller than that of
across-wind over the range of the frequencies of interest. Because of the
gust and amplification factors in Eq. 4, the structural responses are
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expected to be dominated by the across-wind direction. In other words,
the impact of the observations in Section 4.2 are much more significant
than those in Section 4.1. Therefore, the design of MWEFRS for the
aerodynamic modification models should not be influenced by the worse
base moment coefficients obtained in the along-wind direction.

In Fig. 10(b), the dominant reduced frequency (or Strouhal number)
for SQ70 is 0.1. It can be observed that the PSD responses for CP-14-0
are smaller than that of SQ70 throughout the reduced frequencies
considered, suggesting the effectiveness to mitigate resonant responses
under various wind speeds using the side protrusion strategy. The rea-
sons are attributed to (1) the peak PSD responses are significantly
reduced, and (2) the dominant reduced frequency is maintained the
same as the benchmark model, which is a feature that cannot be ach-
ieved using subtractive aerodynamic strategy. L.e., a corner recession cut
into SQ70 would lead to adverse responses (as compared to SQ70) at
lower wind speeds [32].

With respect to the influence of GR, the similar PSD responses be-
tween various models across different reduced frequencies (see Fig. 10
(b)) indicates that the resonant responses are not influenced much by the
gap in the side protrusion strategy. This shows the feasibility of using the
corner protrusion strategy to achieve similar performance as the side
protrusion strategy (CP-14-0).

The envelopes of PSD responses for the models with various PRs in
along-wind and across-wind directions are shown in Fig. 11(a) and (b),
respectively. The same as Fig. 10, the resonant responses are dominated
by the across-wind direction. In Fig. 11(b), the reduction of peak PSD is
more significant for models with a larger PR. This behavior is also
observed from the whole range of the reduced frequencies. The PSD
responses for CP-3-86 and CP-6-86 are only reduced by a narrow range
of reduced frequencies in comparison with CP-14-86. This indicates that
a PR smaller than 6% can only provide limited reduction in the resonant
component over a small range of design wind speeds. For CP-9-86, CP-
11-86, and CP-14-86, the results show that the corner protrusion
strategy is an effective strategy to alleviate the dynamic responses for
tall buildings over a broad range of design wind speeds.

4.2.2. Across-wind PSD responses at different wind angles

To further dive in the effect of the approaching wind angles, the
across-wind PSD responses under various wind angles for the models
with different PRs are shown in Fig. 12. For the benchmark model
(Fig. 12(a)), the resonant responses are dominated by the wind angles of
0° and 5° throughout different reduced frequencies. When wind angles
are larger than 15°, the dynamic responses are negligible. The trends of
critical wind angles remain the same for CP-3-86 (Fig. 12. (b)) and CP-
6-86 (Fig. 12. (c)). The patterns for dominant wind angles for the corner
protrusion strategy change in between the PR of 6% and 9%. For CP-
9-86 (Fig. 12(d)), the dominant wind angle occurs at 5°. As PR further
increased, the peak responses are controlled by 10° and 15° for CP-
11-86 and CP-14-86, respectively.
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Fig. 10. Envelope of PSD responses for models with various gap ratios (GRs).
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Fig. 11. Envelope of PSD responses for models with various protrusion ratios (PRs).
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Fig. 12. Across-wind PSD responses for models with various protrusion ratios (PRs) under different wind angles.

In addition to the peak value, the PSD responses are not dominated
by the same wind angle at different reduced frequencies for the corner
protrusion strategy. For example, CP-14-86 is dominated by the wind
angle of 20° for reduced frequencies smaller than 0.08, and controlled
by the wind angle of 5° for reduced frequencies of 0.1 to 0.12. This in-
dicates the need to analyze the results for all possible wind angles to
achieve a conservative MWFRS design of high-rise buildings. On the
other hand, although the dominated resonant components at different
reduced frequencies can be significantly reduced using the corner pro-
trusion strategy, the responses for wind angles larger than 20° are sub-
stantially increased (see Fig. 12(e) and (f)) in comparison with the
benchmark model (see Fig. 12(a)) as a tradeoff, which is consistent with
the time domain results of ocpyr. As discussed above, the flow behavior
for the corner protrusion strategy is significantly changed for different
PRs even under the same wind angle.

4.3. Structural responses for MWFRS under different design wind speeds

This section discusses the full-scale OTM responses for the ten models
under different design wind speeds. Due to the negligible resonant
component in the along-wind direction (see Fig. 10), the OTM responses
are all dominated by the across-wind direction.

4.3.1. MWERS design for tall buildings

After looking at the various contributing components in the above
sections, Fig. 13 shows the full-scale peak OTM responses (calculated
using Eq. 2) for SQ70 in the along-wind and across-wind directions for
wind speeds of 25 m/s to 85 m/s. The peak OTM responses in across-
wind are significantly larger than that of along-wind because of the
resonant component results in the frequency domain. This also applies
to the other aerodynamic modification models considered in this study.
For across-wind responses, due to the variation of PSD at different
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Fig. 13. Peak OTM for the benchmark model (SQ70).

reduced frequencies, the OTM responses do not increase linearly with
wind speed. As shown in Fig. 13, the peak OTM in across-wind is slightly
reduced when wind speeds higher than 65 m/s. This indicates that only
considering a specific deign wind speed for certain performance objec-
tive (e.g., survivability) is not enough for MWFRS design. To be con-
servative, it is suggested to consider the cumulative largest response up
to a design wind speed for the MWFRS design of high-rise buildings. For
example, the OTM at 65 m/s (72 x10% kN-m) should be used as the
demand for the design wind speed of 75 m/s.

4.3.2. Cumulative largest structural response

The cumulative largest OTM responses for the models with various
GRs are presented in Fig. 14(a), and the results normalized by the
benchmark model are plotted in Fig. 14(b). By considering the cumu-
lative largest response, the OTM responses presented in Fig. 14(a) do not
decrease as wind speed increases. The design wind speeds of 1700-year
return period [1] at San Francisco (SF), New York (NY), Houston (HOU),
and Miami (MIA) are labeled in the figures to represent different levels
of demands for survivability design in the US. The corresponding mean
hourly design wind speeds at building roof are 42 m/s, 53 m/s, 62 m/s,
77 m/s, respectively.

In Fig. 14, the peak OTM responses for CP-14-0 are smaller than that
of the benchmark model throughout the wind speeds considered (25 m/
s to 80 m/s). This is resulted mainly from the mitigation of the back-
ground (Fig. 7(b)), and resonant (Fig. 10(b)) components in the across-
wind direction. The reductions of OTM for CP-14-0 at the design wind
speeds of SF, NY, HOU, and MIA are 23%, 40%, 40%, and 24%,
respectively. This confirms the effectiveness of the additive side pro-
trusion to achieve better aerodynamic performance for MWFRS under a
broad range of design wind speeds. In addition, the variation of the
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reductions for OTM at different wind speeds suggests that only consid-
ering aerodynamic coefficients in the time domain is not enough to
evaluate the performance of various aerodynamic strategies for tall
buildings.

On the other hand, it can be observed that the influence of GR on the
peak OTM is not significant. This demonstrates the feasibility of using
the corner protrusion strategy to achieve the similar performance of the
side protrusion strategy. The reductions of OTM for CP-14-86 (the
model with the largest GR) at the design wind speeds of SF, NY, HOU,
and MIA are 33%, 39%, 33%, and 24%, respectively, which are com-
parable to those of the CP-14-0. This shows the corner protrusion
strategy can be produced via NCs.

The original cumulative largest OTM and normalized OTM for the
models with various PRs are presented in Fig. 15. The results suggest
that the performance of the corner protrusion strategy is reduced when
PR decreases. The normalized peak OTM for CP-11-86 at SF, NY, HOU,
and MIA are 19%, 33%, 22%, and 19%, respectively. For CP-9-86, the
results are 3%, 20%, 15%, 15%, respectively. When the PR is smaller
than 6%, the effectiveness to suppress wind responses disappears.
Furthermore, CP-3-86 and CP-6-86 produce larger OTM than that of
SQ70 at wind speeds lower than 45 m/s and higher than 75 m/s. The
reason for this is attributed to the larger resonant responses at the cor-
responding reduced frequencies (see Fig. 11(b)). The results indicate
that a PR larger than 6% is needed for the corner protrusion strategy to
benefit the design of MWFRS for high-rise buildings.

4.4. Discussion

This study demonstrates the effectiveness of using the corner pro-
trusion strategy to mitigate wind responses for tall buildings under
various wind speeds. The results show that promising aerodynamic
performance achieved from traditional aerodynamic strategy (CP-14-0)
can be reproduced with various GRs (CP-14-14, CP-14-43, CP-14-71,
and CP-14-86). This gives designers more freedom to pursue other
design objectives, such as floor area, operation purposes, and aesthetics.
For the last item, it is worth mentioning that a corner protrusion is not a
rare external shape for tall buildings (i.e., the Empire State Building and
the Taipei Nan Shan Plaza) in the real-world, which supports the
feasibility and practicality of using the strategy to mitigate wind
responses.

The need to conduct wind mitigation for high-rise buildings is well
recognized in the community of wind engineering. However, this task is
decoupled from the early design stage of high-rise buildings for current
design practice in the industry [36]. Any changes on building shape or
structural properties later in the design stage can be very expensive, time
consuming, or even impossible, since floor area and structural responses
are influenced at the same time. The results for models with 86% GR
indicate the feasibility of using NCs to achieve the corner protrusion
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Fig. 14. Cumulative largest OTM for models with various gap ratios (GRs).

10



W.-T. Lu et al.

90

80 | —=CP-3-86
0T —CP-6-86
E 60
50 //—' —CP-9-86
c 40 CP-11-86
= 30

10 —SQ70

0 Il 1 L Il
25 35 45 55 65 75 85

Mean hourly wind speed (m/s)

(a) Original responses

Engineering Structures 309 (2024) 118055

1.2
11 —CP-3-86
1
=09 —CP-6-86
0 0.8
§3'Z _,\/\-\,\ /\/ —CP-9-86
T05 | CP-11-86
Eo4 |
S03 | ——CP-14-86
02
01 | —SQ70
0 | 1 1 Il 1
25 35 45 55 65 75 85

Mean hourly wind speed (m/s)

(b) Normalized responses

Fig. 15. Cumulative largest OTM for models with various protrusion ratios (PRs).

strategy for a later-stage modification. By applying NCs, the structural
properties of the building can be preserved as the mass and the stiffness
of the NCs are typically negligible in design. This indicates that the
trends obtained from the OTM responses can be directly applied to the
other structural responses (e.g., roof drift or acceleration) of interest.
The corner protrusion strategy using NCs can simplify the design process
if there are multiple strategies to compare and different objectives to
pursue, which is another promising alternative for designers. In addi-
tion, the original floor area is maintained, relieving the dilemma of
traditional aerodynamic strategies mentioned above.

In addition to designing a new building, the corner protrusion
strategy using NCs could also provide a potential solution for aero-
dynamic retrofit of an existing building. The reasons for the retrofit can
be (1) the deterioration of structural components, (2) the update of wind
provisions, or (3) the change of approach flow conditions. Regarding the
last item, it is well recognized that the aerodynamic performance of tall
buildings is significantly influenced by proximity buildings due to the
interference effect. The aerodynamic coefficients for an existing building
could be amplified up to 50% if a new building is built in the oblique
upwind direction [16,33,47,51,54]. By changing the external shape
using NCs, the demands of the MWFRS could be decreased without
retrofitting the structural components or adding damping inside the
building. This is expected to be a competitive alternative since the in-
fluence during retrofitting (e.g., downtime) and after retrofitting (e.g.,
operation space) is significantly reduced.

5. Conclusions

This study investigates the effectiveness of the corner protrusion
strategy with the aim of using NCs (nonstructural components) to
mitigate the design demands of MWFRS (main wind force resisting
system) for tall buildings over a broad range of design wind speeds. Two
parameters, GR (gap ratio) and PR (protrusion ratio), are used to eval-
uate the various configurations for the corner protrusion strategy. HFFB
(High-frequency force balanced) wind tunnel testing was conducted at
the University of Florida to examine the wind performance of ten models
under different wind angles. The aerodynamic coefficients in the time
domain and PSD responses in the frequency domain are used to generate
the base overturning moment (OTM) for the ten models. Due to the
variation of PSD responses at various reduced frequencies, it is suggested
to consider the cumulative largest responses for MWFRS design at
different wind speeds. The following conclusions can be drawn based on
the results obtained in this study:

(1) The effectiveness of additive side protrusion strategy (CP-14-0) to
mitigate wind responses is confirmed. The reductions of OTM for
CP-14-0 at the wind speeds of survivability design for San Fran-
cisco (42 m/s), New York (53 m/s), Houston (62 m/s), and

11

Miami (77 m/s) are 23%, 40%, 40%, and 24%, respectively, in
comparison with a square benchmark model (SQ70).

The indentation in the side protrusion strategy for the design of
MWERS is negligible, suggesting that that the ideal aerodynamic
performance can be produced via various GRs for the corner
protrusion strategy with the same PR.

The feasibility of using NCs to achieve the corner protrusion
strategy is demonstrated through the models with 86% GR. The
effectiveness of the corner protrusion strategy decreases with a
smaller PR. To generate promising performance, the PR needs to
be larger than 6%.

(2

—

@3

—

The aerodynamic strategy achieved via NCs is considered as a
competitive solution in comparison with traditional modification stra-
tegies. Due to the boundary layer effect, the wind speed and turbulence
intensity are expected to be different at various elevations. It is worth-
while to systematically investigate the optimal configurations of NCs for
different approach flow conditions to mitigate the aerodynamic per-
formance of the MWFRS with the aims of designing a new building or
retrofitting an existing building.
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