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ARTICLE INFO ABSTRACT
Keywords: Aerodynamic modifications are recognized as an effective approach to mitigate wind responses for tall buildings.
Tall building However, the relative effectiveness is highly dependent on (1) the benchmark (reference) model, and (2) the

Aerodynamic strategy

design wind speeds. In this study, a total of 21 cross-section modification models and 4 square benchmark models
Side protrusion

Corner modification were tested using high-frequency force balance wind tunnel testing. The aerodynamic performance of the 21
Wind tunnel testing models is assessed from both the perspective of additive-based side protrusions and subtractive-based corner
Structural response recessions under a broad range of design wind speeds. The results indicate that the subtractive-based corner
Wind design recession strategy has a higher chance to produce adverse responses at low wind speeds. On the contrary,
promising aerodynamic performance under a broad range of wind speeds can be achieved via the additive-based
side protrusion strategy using various protrusion ratios (PRs). Models SP-7-86, SP-14-71, and SP-21-29 are the
ideal candidates for minor, medium, and major side protrusion strategies, respectively. The overturning moment
(OTM) responses at the wind speeds of 53 m/s for the three models are reduced by 35%, 50%, and 48%,

respectively.
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OM_HFFB The model-scale STD moment measured from HFFB testing sp S¥de protrusion
om Full-scale STD OTM SPM Simultaneous pressure measurement
AE Aeroelastic testing sQ Square .
STD Standard deviation

(continued on next column) .
(continued on next page)

* Corresponding author.
E-mail address: brian.phillips@essie.ufl.edu (B.M. Phillips).

https://doi.org/10.1016/j.jweia.2024.105762

Received 10 October 2023; Received in revised form 6 May 2024; Accepted 6 May 2024

Available online 13 May 2024

0167-6105/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.



W.-T. Lu et al.

(continued)
TFI Turbulence flow instrumentation
U The mean wind velocity at model top
UF University of Florida
w Protrusion width
WR Width ratio
I3 Damping ratio
p Air density

1. Introduction

Under wind loading, structural responses (e.g., base moment,
displacement, and acceleration) occur simultaneously in the along-wind
and across-wind directions for tall buildings. The need to reduce across-
wind responses for the main wind force resisting system (MWFRS) of tall
buildings is well-recognized in the community of wind engineering. To
mitigate wind responses, there are two approaches: (1) changing the
structural properties, such as stiffness, mass, and damping (Griffis,
1993), and (2) modifying the external shape of the building, which is
referred to as aerodynamic strategy. In general, the latter option is
regarded as a more economical approach (Elshaer et al., 2017) and is the
focus of this study.

Among various strategies listed in review papers on this topic (Xie,
2014; Mooneghi and Kargarmoakhar, 2016; Sharma et al., 2018; Jafari
and Alipour, 2021), corner modification has been recognized as an
effective solution, which has been successfully applied to real buildings,
such as Taipei 101 and Mitsubishi Heavy Industries Yokohama Building.
As reported in the literature (Irwin, 2009), the base moment of Taipei
101 was reduced by 25% using a double-corner recession strategy.
Popular corner geometries are presented in Fig. 1, including rounded,
chamfered, and recessed. Table 1 provides an overview of academic
research on tall buildings with various corner modification strategies
using wind tunnel testing and numerical simulation, including research
approach, benchmark model, aerodynamic strategy, modification ratio,
wind direction, and building height.

For the corner modification strategies, the modification ratio
(defined as d/B, see Fig. 1) is a critical design parameter to influence the
aerodynamic performance. As can be seen from Table 1, a modification
of 3%-25% is considered a reasonable range. In general, a 10% corner
modification ratio is regarded as a sweet spot to ensure the effectiveness
with minor changes in the corner geometries (Xie, 2014; Mooneghi and
Kargarmoakhar, 2016; Sharma et al., 2018; Irwin, 2009; Thordal et al.,
2020).

Since structural responses of tall buildings under wind loading are
dominated by the fluctuating component of the response in the across-
wind direction (Griffis, 1993; Gu and Quan (2004); Gu and Quan
(2004); Lu et al., 2023), the effectiveness of an aerodynamic strategy can
be assessed using the power spectral density (PSD) of the base
across-wind moment as compared to a benchmark model. An effective
strategy will (1) reduce the PSD magnitude and/or (2) favorably shift (or
maintain) the dominant frequency caused by vortex shedding. As indi-
cated in the literature (Kwok et al., 1988; Miyashita et al., 1993; Tamura
and Miyagi, 1999; Tanaka et al., 2012; Li et al., 2018), the corner
modification is very effective to suppress the peak value of PSD. In
comparison with a square benchmark model, however, the dominant
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Fig. 1. Plan view of various corner modification strategies.
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frequency can be increased (Kwok et al., 1988; Li et al., 2020), which
can result in adverse effects under low wind speeds (Lu et al., 2023).

In addition to the reference benchmark model and design wind
speed, the definition of the design space is a critical step in any aero-
dynamic strategy study. Because corner modifications affect the floor
area, some studies preserve building volume by increasing the building
height (Tse et al., 2009, 2021) or expanding the building footprint
(Tanaka et al., 2012; Zheng et al., 2018). Constraints on the footprint (e.
g., in urban areas) and height (e.g., flight safety or city regulation) may
disallow this constant volume approach to normalize design alterna-
tives. For most studies listed in Table 1, the height is fixed and the
footprint of the benchmark model is taken as upper bound of the design
space. As illustrated in Fig. 1, this means that both the building volume
and floor area are reduced by applying the corner modification strategy,
which is referred to herein as a subtractive-based design. Note that the
design is only controlled by a single parameter, the corner modification
ratio. A corner modification strategy with more than one design
parameter to enrich the design space would be beneficial for designers to
find a balance between the loss of floor area and the mitigation of wind
response.

In addition to subtracting from a benchmark model, an additive-
based side protrusion strategy was demonstrated effective by Lu et al.
(2023). The idea of the strategy is to add the shaded areas (see B-W in
Fig. 2) on the sides of the original square benchmark footprint, within an
allowable larger footprint. It is worth mentioning that the protruding
geometries can be integrated into the building volume or added as
non-structural facade features (Liu et al., 2021, 2023a, 2023b; Hui et al.,
2022).

Fig. 2 shows PSD curves for a square benchmark model (B-B), a
subtractive-based corner recession model (S-B), and an additive-based
side protrusion model (B-W) from high-frequency force balance
(HFFB) tests. Detailed description of the models can be found in Lu et al.
(2023). For S-B, although the peak PSD is significantly reduced, the
responses over the reduced frequencies of 0.12-0.16 are larger than that
of the benchmark model. The larger PSD responses over the reduced
frequencies of 0.12-0.16 is corresponding to a 20% amplification of roof
acceleration and drift at the full-scale wind speeds of 33 m/s to 44 m/s
(Lu et al., 2023). Note that the similar adverse effects of corner recession
strategy at low wind speeds was also pointed out in Tang et al. (2023).
Although the amplification of PSD responses at high reduced frequencies
for S-B is clear from Fig. 2, a more comprehensive investigation with
various dimensions is needed to confirm this shorcoming of the
subtractive-based corner recession strategy in real-world applications.

On the contrary, the adverse effect disappears for B-W, which re-
duces the PSD magnitude without a large shift in the response frequency.
In addition, additive-based approaches preserve integrity of the original
floor geometry, a promising feature for owners. For the side protrusion
strategy, it is intuitive that the width and depth of the protrusion are
critical design parameters for tall buildings. However, it is not clear
about the influence of the two parameters on the aerodynamic perfor-
mance of tall buildings under various wind speeds.

Although there are a lot of research using parametric studies (as
listed in Table 1) and shape optimization techniques (Bernardini et al.,
2015; Elshaer et al., 2017; Ding and Kareem, 2018; Elshaer and Bit-
suamlak, 2018; Paul and Dalui, 2021; Lu et al., 2023b) on the topic of
aerodynamic strategies for tall buildings, there are still some research
gaps remaining. First, the effectiveness of aerodynamic strategies
examined through various benchmark models has not been investigated.
Second, a cross-section modification strategy with more than one geo-
metric parameter has not been parametrically explored. Third, the ef-
fects of angles of attack and design wind speeds are often overlooked for
aerodynamic studies. Note that the relationships or dependencies be-
tween the aspects mentioned above may not be easy to investigate
through the shape optimization technique.

To fill the gaps, this study systematically investigates the effects of
additive- and subtractive-based cross-section modification strategies for
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Table 1
Overview of studies on corner modification for tall buildings.

Reference Research approach Benchmark Aerodynamic strategy Modification ratio Building height Length scale

Kwok et al. (1988) AE RECT (subtractive) Chamfered 11% 180 m 1:400

Miyashita et al. (1993) HFFB SQ (subtractive) Chamfered, 10% 300 m 1:380
Recessed

Kawai (1998) AE SQ Rounded, 3%—25% 300 m 1:600

and RECT (subtractive) Chamfered,

Recessed

Tamura and Miyagi (1999) HFFB SQ (subtractive) Rounded, 17% - -
Chamfered

Gu and Quan (2004) HFFB SQ (subtractive) Chamfered, 5%, 10%, and 20% 300 m 1:500
Recessed

Tse et al. (2009) HFFB SQ (same building volume) Chamfered, 6%—27% 240 m-280 m 1:400
Recessed

Tanaka et al. (2012) HFFB and SPM SQ (same building volume) Chamfered, 10% 400 m 1:1000
Recessed

Carassale et al. (2014) HFFB and SPM SQ (subtractive) Rounded 7% and 13% - -

Alminhana et al. (2018) SPM RECT (subtractive) Chamfered, 16% 180 m 1:400
Recessed

Cao and Tamura (2018) CFD SQ (subtractive) Rounded 17% - -

Li et al. (2018) SPM SQ (subtractive) Rounded, 10% 400 m 1:500
Chamfered,
Recessed

Zheng et al. (2018) SPM SQ (same building volume) Chamfered, 10% 180 m 1:300
Recessed

Li et al. (2020) SPM RECT (subtractive) Chamfered 6%-24% 183 m 1:300

Thordal et al. (2020) CFD RECT (subtractive) Rounded, 16% 180 m 1:400
Chamfered

Tse et al. (2021) SPM SQ (same building volume) Recessed 6%-19% 240 m-280 m 1:400

CFD

Dong et al. (2022) CFD SQ (subtractive) Chamfered 14% - -

Lu et al. (2023) HFFB SQ (subtractive) Recessed 14% 300 m 1:750

Tang et al. (2023) AE SQ (subtractive) Recessed 10% 1000 m 1:1000

AE: aeroelastic testing, CFD: computational fluids dynamics, HFFB: high-frequency force balance, SPM: simultaneous pressure measurement, SQ: square footprint,
RECT: rectangular footprint. Modification ratio is defined as the modification length (d) divided by the width of SQ building or square root of the long and short sides of

RECT building.
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Fig. 2. PSD responses for square model (B-B), corner recession model (S-B), and
side protrusion model (B-W) (Lu et al., 2023).

high-rise buildings under various design wind speeds. A total of 21 cross-
section modification models and 4 square benchmark models were
created. High-frequency force balance (HFFB) wind tunnel testing was
carried out considering a full range of angles of attack. The peak OTM,
considering the time and frequency domain results, is used to assess the
aerodynamic performance of each model. First, the 21 modification
models with various protrusion lengths and widths are assessed through
the perspective of additive-based side protrusion strategy using a same
square benchmark model. Second, the same modification models are
evaluated from the standpoint of subtractive-based corner recession
strategy via various square benchmark models. The results are expected
to be useful information for wind engineers when it comes to various
scenarios in real-world applications.

This paper is organized as follows: Section 2 introduces the detail of
the 25 models. Section 3 describes the wind tunnel testing procedure
and evaluation approach. The aerodynamic performance of each model
is evaluated in Section 4, followed by the conclusions in Section 5.

2. Model description

In this study, all models are doubly symmetric and prismatic with a
constant height of 300 m in full-scale. In wind tunnel testing, the height
was 40 cm using a length scale of 1:750. Fig. 3 (a) illustrates the concept
of additive-based side protrusion strategy with 2 design variables (w and
d) on the sides of the square benchmark model with the nominal width
of B,. The same cross-section can be realized by subtractive design from
the square benchmark model with the nominal width of By, as plotted in
Fig. 3 (b).

A 1« i
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SP-PR-WR CR-DR-WR
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%) I I
B, B,

(a) (b)

Fig. 3. Illustration graphs for (a) additive-based side protrusion strategy and
(b) subtractive-based corner recession strategies.
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As discussed in the Introduction, the performances of aerodynamic
modification strategies are often compared to a benchmark model.
Because this paper explores the perspectives of additive and subtractive
design, several benchmark models are needed. Four square benchmark
models ranging from 70 mm to 100 mm in width (see Fig. 4) were tested
along with the modification models. The square models are designated
by SQ followed by the width of the model. For example, SQ70 represents
a square section of 70 mm x 70 mm. The plan views of the 21 cross-
section modification models are plotted in Fig. 5. The parametric
approach for both strategies is described below.

2.1. Additive aerodynamic strategy

For additive design, the 21 aerodynamic modification models are
designated by SP-PR-WR. SP denotes the side protrusion (additive)
strategy. PR and WR are protrusion ratio and width ratio, respectively.
As shown in Fig. 5, the grey areas represent what makes each model
unique while the white area is the underlying benchmark model di-
mensions (SQ70). PR and WR are the two parameters for the side pro-
trusion strategy. PR is defined as:

d

PR:B—H ®

where d is the protrusion length, B, is the nominal building width from
the perspective of additive design (see Fig. 3 (a)). WR is defined as:

w w

WR=—=——
B, B;x(1—2xDR)

®))

where w is the protrusion width, B; and DR are the parameters for
subtractive design, which will be discussed next.

SQ70 is taken as the benchmark model to evaluate the aerodynamic
performance of the additive-based side protrusion strategy. A total of 7
WRs, ranging from 14% to 100%, are investigated. A total of 3 PRs,
which are 7%, 14%, and 21%, are selected to represent minor, medium,
and major protrusion on the sides of the benchmark model. SP-7, SP-14,
and SP-21 models refer to the first, second, and third columns of Fig. 5.
The detailed dimensions for the 21 models are listed in Table 2.

2.2. Subtractive aerodynamic strategy

The same 21 models can be realized from the perspective of a sub-
tractive strategy (See Fig. 5). For subtractive strategy, the model is
designated by CR-DR-WR. CR denotes the revised corner recession
(subtractive) strategy. The term “revised” refers to the two parameters
used in what is normally a one parameter strategy. The two variables w
and d create a rich design space for exploration of the subtractive-based
strategy.

As shown in Fig. 3 (b), the model is recessed from the original
benchmark model indicated in dash lines. DR is the depth ratio, which
can be expressed as:

d

DR :B_s 3)

where By is the nominal building width from the perspective of sub-
tractive design. d is depth recessed from Bg. Note that DR is also known
as the modification ratio (as discussed in the Introduction) of the
traditional single-corner recession strategy. For the revised corner

SQ70 SQ80 SQ90 $Q100

Fig. 4. Various SQ models.
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Fig. 5. Plan view of cross-section modification models.

recession strategy, it is practical to select the DR first. As a result, the WR
will be a function of DR as expressed in Equation (2).

The name for the revised corner recession (subtractive) strategy of
each model is labeled in the parentheses in Fig. 5 and Table 2. The 7 WRs
remain the same as the side protrusion (additive) strategy. The three DRs
are 6% (minor), 11% (medium), and 15% (major), respectively. CR-6,
CR-11, and CR-15 models refer to the first, second, and third columns
of Fig. 5. The corresponding benchmark models for the three columns of
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Table 2

Dimensions of cross-section modification models (unit: mm).
Model B, B d w Model B, Bs d w Model B, Bs d w
SP-7-14 (CR-6-14) 70 80 5 10 SP-14-14 (CR-11-14) 70 90 10 10 SP-21-14 (CR-15-14) 70 100 15 10
SP-7-29 (CR-6-29) 70 80 5 20 SP-14-29 (CR-11-29) 70 90 10 20 SP-21-29 (CR-15-29) 70 100 15 20
SP-7-43 (CR-6-43) 70 80 5 30 SP-14-43 (CR-11-43) 70 90 10 30 SP-21-43 (CR-15-43) 70 100 15 30
SP-7-57 (CR-6-57) 70 80 5 40 SP-14-57 (CR-11-57) 70 90 10 40 SP-21-57 (CR-15-57) 70 100 15 40
SP-7-71 (CR-6-71) 70 80 5 50 SP-14-71 (CR-11-71) 70 90 10 50 SP-21-71 (CR-15-71) 70 100 15 50
SP-7-86 (CR-6-86) 70 80 5 60 SP-14-86 (CR-11-86) 70 90 10 60 SP-21-86 (CR-15-86) 70 100 15 60
SP-7-100 (CR-6-100) 70 80 5 70 SP-14-100 (CR-11-100) 70 90 10 70 SP-21-100 (CR-15-100) 70 100 15 70

subtractive models are SQ80, SQ90, and SQ100, respectively. A WR of
100% (w = B,) represents a traditional single-corner recession strategy
with a defined DR. For example, CR-6-100, CR-11-100, and CR-15-100
are the three single-corner recession models. If the WR is %jgigﬁ, a
double corner recession strategy, such as Taipei 101, can be realized,
which are CR-6-86, CR-11-71, and CR-15-57 in this study.

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

High-frequency force balance (HFFB) wind tunnel experiments were
carried out in the boundary layer wind tunnel (BLWT) at the University
of Florida (UF), which are presented in Fig. 6. The length of the BLWT is
38 m with a cross-section of 3 m in height and 6 m in width. The Ter-
raformer (Catarelli et al., 2020a, 2020b) was used to simulate a subur-
ban terrain condition with power-law index of 0.22. A terrain extension
sheet was placed in between the Terraformer and the test section to
maintain the flow condition up to the model. The mean wind speed and
turbulence intensity along the height are shown in Fig. 7 (a). The mean
wind speed at model top (40 cm) was 9.8 m/s. Based on the width of
SQ70 (the smallest model in this study), the Reynolds number was 4.5 x
10*, which was sufficiently higher than the minimum requirement of
1.1 x 10* (ASCE 49-21, 2021). The PSD of the velocity measured at the
model height without the model in place is shown Fig. 7 (b). Since all
models are doubly symmetric, the aerodynamic behavior of each model
was tested under 10 angles of attack ranging from 0° to 45°, achieved via
an automatic 1-m diameter turntable. Time series data were recorded for
1 min at each angle of attack at 2000 Hz using a six-axis load cell (ATI
Industrial Automation, Delta model). A Turbulence Flow Instrumenta-
tion (TFI) cobra probe was placed 50 cm offset from the center of the
model in the across-wind direction to record the reference wind speed at
model top during wind tunnel testing.

3.2. Post-processing method

Before analyzing the data, it is necessary to determine the cutoff
frequency of a low-pass filter used to process the measurements. Ideally,
the cutoff frequency is larger than the upper bound of the frequencies of
interest and smaller than the fundamental frequency of the physical
model so that a wide range of frequency domain results can be discussed

without the influence of the resonant responses from the physical model.
In this study, the filter cutoff frequency and the model-scale funda-
mental frequency are 30 Hz and 50 Hz, respectively. Note that the first
blade passage frequency of the wind tunnel is 113 Hz, well above the
filter cutoff frequency. The aerodynamic responses are analyzed in three
categories: (1) time domain response, (2) frequency domain response,
and (3) structural response under different design wind speeds. For
Category (1) and (2), the responses are divided into along-wind and
across-wind directions (relative to the wind tunnel direction). Each di-
rection has 10 angles of attack. The envelope responses of the time and
frequency domain results across the 10 angles of attack are used to
generate structural responses (i.e., Category (3)) in along-wind and
across-wind directions. The detailed analysis procedure can be found in
Lu et al. (2023). A brief description is presented below.

In the time domain, four non-dimensional base moment coefficients
from different angles of attack are calculated, including mean along-
wind (CMD), mean across-wind (CML), standard deviation (STD)
along-wind (6¢cmp), and STD across-wind (o¢yr). To obtain the non-
dimensional coefficients, statistics are calculated from time series data
and normalized by 1 pU?BH? , where p is the air density, U is the mean
wind velocity at the model top (9.8 m/s), B is the nominal width of the
benchmark model, H is the height of the model (0.4 m).

In the frequency domain, the PSD (f « S(F)) at various reduced fre-
quencies are generated for different angles of attack in both along-wind
and across-wind directions. The reduced frequency f is:

_f*B__fi*xBp
U Up

fr “4)

where f is the model-scale frequency, f; is the building’s full-scale
fundamental natural frequency, which is assumed to be 0.1 Hz, Br is
the full-scale width of the benchmark model. Ur is the full-scale wind
speed at the rooftop, which can be calculated based on f.

To estimate the fundamental frequency, there are different empirical
formulas available in literature. For example, Ellis (1980) proposed a
formula of 47/ Hf based on the field data of 163 buildings. Tamura
(2012) also suggested different equations for different building types
under various hazard levels. In addition to aerodynamic strategies, as
mentioned in the Introduction, changing the fundamental frequency is
also a solution that designers can use to mitigate wind responses for tall
buildings (Griffis, 1993). The intention of using a lower fundamental
frequency (0.1 Hz) than the empirical formula (e.g., 47/300m = 0.16

Fig. 6. Photographs of HFFB testing in the UF BLWT.
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Hz) was to ensure the full-scale structural responses would be within an
acceptable range over the wind speeds of 35 m/s to 80 m/s, which was
demonstrated in Lu et al. (2023) for buildings applied aerodynamic
strategies with the same height and similar footprints. By assuming the
same fundamental frequency for all models under various wind speeds,
the influence of aerodynamic strategies can be directly compared and
discussed through normalized responses. In other words, the relative
performance between different models is not influenced by the decision
of the full-scale frequency, which might vary at various wind speeds
(Tamura, 2012).

As the low-pass filter cutoff frequency is 30 Hz for this study, the
upper bound of f that can be investigated in PSD responses (Figs. 9-12)
is 0.21 (30 Hz * 0.07 m / 9.8 m/s, dominated by SQ70) and the corre-
sponding Uy is 24.5 m/s (0.1 Hz * 52.5 m / 0.21). In structural responses
(Figs. 13-16), the mean hourly wind speeds of 35 m/s to 85 m/s at the
rooftop are used to compare the aerodynamic performance between
different strategies. Note that the range of wind speeds discussed are all
comfortably higher than the lowest useable wind speed of 24.5 m/s that
is created by the low-pass filter.
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The largest base moment coefficients enveloped over all angles of attack: (a) CML; and (b) ocmr.

wind and across wind directions. Based on the assumption of a Gaussian
process, the peak OTM can be expressed as (Tschanz and Davenport,
1983; Zhou et al., 2003; Kwon et al., 2008):

M(f) =M + /M2 + M2(f)

where M(f) is the full-scale peak OTM, M and Mj are the full-scale mean
and background OTM obtained from the time domain results, and My is
the full-scale resonant OTM considering both the time domain and fre-
quency domain results. Since (1) critical responses do not occur at the
same angle of attack for different aerodynamic strategies (Lu et al.,
2023) and (2) approach angles of attack can vary along the height in
reality (Tse et al., 2016; Liu et al., 2019; Zhou et al., 2021; Tang et al.,
2023; Yan et al., 2023; Yuan et al., 2023), M, Mg, and My are the en-
velope responses over all angles of attack (0°-45°) for conservativeness.
The full-scale mean and STD base moments can be generated based on
the non-dimensional base moment coefficients multiplied by 1 pU2BrH3.
The full-scale background OTM is:

()

For structural response, the full-scale peak base overturning moment Mp=gp * oM (6)
(OTM) over a broad range of design wind speeds is calculated in along-
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Fig. 9. Envelope of PSD responses in along-wind for cross-section modification models: (a) SP-7 models; (b) SP-14 models; and (c) SP-21 models.
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Fig. 10. Envelope of PSD responses in across-wind for cross-section modification models: (a) SP-7 models; (b) SP-14 models; and (c) SP-21 models.
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Fig. 11. Across-wind PSD responses under different angles of attack.
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Fig. 12. Envelope of PSD responses in across-wind direction for various
SQ models.

where gz is the gust factor for the background component, and oy is the
full-scale STD OTM, Hp is the full-scael building height. The full-scale
resonant OTM is:

Mg(f) = gr * oum * @)

where gz is the gust factor for the resonant component, oy _grrp is the
model-scale STD moment measured from HFFB testing, ¢ is the damping

ratio. ﬁs—m is the amplification factor for the resonant component, which
Myrrp

dominates the peak OTM of high-rise buildings (Lu et al., 2023). The

(a) (b)

Fig. 13. Peak OTM for various SQ models: (a) direct response; and (b) cumu-
lative largest response.

gust factor for the background and resonant OTM are selected as 3.5
(Tschanz and Davenport, 1983; Zhou et al., 2003; Kwon et al., 2008).
The damping ratio is selected as 1% for all models.

4. Wind tunnel testing results

This section discusses the wind tunnel testing results for the 21
aerodynamic modification models. For simplicity, model names are all
presented using the additive-based side protrusion strategy (SP-PR-WR).
The corresponding names for the subtractive-based corner recession
strategy (CR-DR-WR) can be found in Fig. 5. In the time domain (Section
4.1) and frequency domain (Section 4.2), a consistent nominal width of
7 cm (SQ70) was used for the 21 models to discuss the non-dimensional



W.-T. Lu et al.

base moment coefficients and the PSD responses at various reduced
frequencies. The purpose of Section 4.1 and 4.2 is to present the relative
performance between different modification models. For the full-scale
OTM (Section 4.3), the 21 models are normalized by various square
benchmark models to evaluate the relative performance from the per-
spectives of additive- and subtractive-based designs for the MWFRS.

4.1. Time domain results

Since the full-scale OTM is dominated by the across-wind direction
(will be discussed in Section 4.2), only CML and ocy;, are analyzed here.
Fig. 8 shows the largest CML and oy, enveloped over all angles of attack
for SP-7, SP-14, and SP-21 models normalized by SQ70. It can be
observed that the trends for CML and oy, between different models are
similar but not identical. The relative performance between different
models is discussed using the results of ¢y since it affects both the
background and resonant OTM components.

For SP-7 models (see Fig. 8 (b)), the ocyy, responses are larger than
that of SQ70 for WRs of 14%-57%, suggesting the minor protrusion is
not effective over the range of WRs. When WR is larger than 57%, the
ocur, is significantly decreased. SP-7-86 produces the smallest ocuy,
which is 0.66, among the SP-7 models. For medium protrusion (SP-14
models), the best performance is 0.61 occurred at SP-14-43. The
normalized o¢yy, responses vary in the range of 0.6-0.8 for WRs of 29%-—
100%. The larger effective range of WR suggests that both the PR and
WR provide complementary effect to suppress the aerodynamic re-
sponses in the across-wind direction. For significant protrusion (SP-21
models), the WRs for 14%-100% are all effective to produce promising
ocumr- SP-21-29 produces the best ¢y, which is 0.49, not only among
the SP-21 models but the 21 aerodynamic modification models.

4.2. Frequency domain results

4.2.1. The envelope of PSD responses for aerodynamic modification models

The envelopes of PSD responses in the along-wind and across-wind
for the aerodynamic modification models and SQ70 are presented in
Figs. 9 and 10, respectively. Responses are enveloped over all angles of
attack. As mentioned in Section 3, the range of interest for the mean
hourly wind speeds is from 35 m/s to 85 m/s, which corresponds to the
reduced frequencies of 0.06-0.15, respectively. In comparison with the
magnitudes shown in Fig. 10, the negligible PSD responses in along-
wind (Fig. 9) for the reduced frequencies of interest suggest that the
MWEFRS design for each model is dominated by the across-wind
direction.

With respect to relative aerodynamic performance, the frequency
domain results can be evaluated based on (1) the reduction of the PSD
responses at various frequencies, and (2) the change of the dominant
resonant frequency (or the Strouhal number) in comparison with a
reference model. For the latter item, in general, the Strouhal number for
a tall building with a square footprint under turbulent flow is around 0.1
(Tanaka et al., 2012; Moorjani et al., 2021). As shown in Fig. 10, the
results of SQ70 agrees with the literature. In addition to the footprint of
a model, the PSD responses and the corresponding Strouhal number are
also influenced by flow conditions (Tamura and Miyagi, 1999). For
example, the Strouhal number and the peak PSD of a square cylinder
under two-dimensional flow are higher than that of three-dimensional
flow. The bandwidth of PSD increases with the turbulent intensity.

For minor protrusion (SP-7 models, see Fig. 10 (a)), the peak PSD is
significantly reduced for WRs of 71%-100%, which is consistent with
the time domain results. For example, the peak PSD for SP-7-71 is
decreased from 0.077 to 0.021, in comparison with SQ70. Regarding the
reduction at different reduced frequencies, the responses for the models
with a WR smaller than 57% are larger than that of SQ70 over low
reduced frequencies (0.06-0.09), indicating the models are not effective
to suppress structural responses at high wind speeds. On the contrary,
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the greater responses of SP-7-100 over higher reduced frequencies
(0.12-0.15) suggest worse structural responses over low wind speeds.
Among the SP-7 models, SP-7-71 and SP-7-86 are effective WRs to
mitigate the resonant component under various wind speeds from the
perspective of the additive-based aerodynamic strategy.

For medium protrusion (Fig. 10 (b)), when the WR is between 29%
and 100%, the peak PSD can be significantly reduced. In line with the
time domain results, SP-14-43 produces the best peak PSD, which
decreased from 0.077 to 0.015. However, the PSD responses for SP-14-
43 are slightly larger than that of SQ70 for reduced frequencies of
0.12-0.15, which also occurs in SP14-14 and SP-14-29. The larger
bandwidth of SP-14-14 also leads to worse responses over low reduced
frequencies (0.06-0.08). Due to the relatively limited reduction of peak
PSD and wider PSD curve, SP-14-14 is not an ideal configuration to
reduce the resonant component for tall buildings. For PR larger than
43%, the PSD responses are reduced over all the frequencies of interest
in comparison with SQ70.

As shown in Fig. 10 (c), it can be observed that the resonant reduced
frequencies are slightly decreased with a larger WR. This suggests that a
wider WR is more effective to suppress the wind responses over low
wind speeds for significant side protrusion strategy. The similar peak
PSD responses for SP-21 models suggests the effectiveness of the sig-
nificant protrusion to suppress the dynamic responses in the across-wind
direction. With respect to the reduction over various frequencies, the
PSD for SP-21-43 and SP-21-100 are slightly larger than that of SQ70 for
reduced frequencies smaller than 0.08. Except for this, the responses for
SP-21 models are all smaller than that of SQ70 over the reduced fre-
quencies of interest. Among SP-21 models, SP-21-29 appears to be the
best side protrusion configuration because of the narrow bandwidth of
PSD curve in comparison with other models.

4.2.2. PSD responses for aerodynamic modification models under various
angles of attack

Fig. 11 shows the PSD responses for the 21 aerodynamic modifica-
tion models under various angles of attack. Note that the envelope re-
sponses discussed in Fig. 10 are the results extracted from Fig. 11. As
reported by Lu et al. (2023), the PSD responses at different frequencies
are all dominated by the angle of attack of 0° for the square model. In
Fig. 11, it can be observed that (1) the peak PSD is not always dominated
by the angle of attack of 0°, and (2) the PSD responses are dominated by
various angles of attack at different reduced frequencies for the 21
aerodynamic modification models. The statements also apply to the
traditional single-corner recession models with various DRs. For minor
single corner recession (SP-7-100 or CR-6-100), the responses are
dominated by the angle of attack of 0° at various frequencies due to the
broad bandwidth of the PSD curve. The peak PSD responses are domi-
nated by the angle of attack of 15° and 20° for SP-14-100 (CR-11-100)
and SP-21-100 (CR-15-100), respectively. The results emphasize the
necessity to consider various angles of attack when different aero-
dynamic strategies are considered to mitigate wind responses.

On the other hand, it can be observed that the trends for some models
are significantly different from adjacent configurations. For example,
the trends of PSD for SP-7-71 at various angles of attack are completely
different from SP-7-57, SP-7-86, and SP-14-71. This also occurs to other
models, such as SP-14-57 and SP-21-43. This shows that the aero-
dynamic behavior of tall buildings is indeed very sensitive to the change
of PR and WR even though the parameters are continuous (discretely
sampled) in the parametric study. One common behavior for SP-7-71,
SP-14-57, and SP-21-43 is that the dominant angles of attack for the
peak PSD are around 40°-45°, which is completely different from a
square model.

4.2.3. The envelope of PSD responses for SQ models

Section 4.3 investigates the structural responses of aerodynamic
modification models from different perspectives. To facilitate the
investigation, the PSD responses for different widths of SQ models are
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first discussed herein. Fig. 12 shows the envelope of PSD responses
across all angles of attack for each SQ model. Note that the B used to
normalize the PSD curve in the figure is equal to the width of the model.
With respect to magnitude, the PSD responses, especially for the peak,
are increased with model dimension, suggesting that the resonant
component is proportional to the width of the building. The similar
reduced dominant frequency for various SQ models confirms that the
resonant wind speed will be increased with the building footprint. For
the same length scale of 1:750, the full-scale building width (Bg) for
SQ70, SQ80, SQ90, and SQ100 are 52.5 m, 60 m, 67.5m, and 75 m,
respectively. Using the Strouhal number of 0.1 and the fundamental
frequency of 0.1 Hz in Equation (4), the resonant full-scale wind speeds
for the four models are 52.5 m/s, 60 m/s, 67.5 m/s, and 75 m/s,
respectively. The various resonant wind speeds will lead to nonlinear
relationship of aerodynamic responses between different SQ models
when different wind speeds are considered, which will be discussed in
the next subsection.

4.3. Structural responses

This subsection evaluates the structural responses for the 21 aero-
dynamic modification models under a broad range of wind speeds using
the peak OTM. First, the responses between different dimensions of SQ
models are presented. Second, the relative performance of each aero-
dynamic modification model is discussed from the perspective of
additive-based (SP-PR-WR) and subtractive-based (CR-DR-WR) aero-
dynamic strategies. For the additive strategy perspective, the same
benchmark model (SQ70) is used to evaluate the effectiveness of the 21
aerodynamic modification models. For the subtractive strategy
perspective, the CR-6, CR-11, and CR-15 models are normalized by
SQ80, SQ90, and SQ100, respectively.

4.3.1. SQ models

Fig. 13 shows the full-scale peak OTM of each SQ model over mean
hourly wind speeds of 35 m/s to 85 m/s at the building top. Because of
the variation of the PSD at different frequencies, the OTM responses do
not linearly increase with wind speed.

As shown in Fig. 13 (a), the OTM significantly increases before
reaching the resonant wind speed. Then, the response enters a plateau,
resulting from (1) the increase of the velocity pressure ( pUZBrHz) from
wind loading, and (2) the decrease of the PSD (on the left-hand side of
resonant frequency, see Fig. 10) for the resonant component. On the
plateau, the two inverse factors can slightly increase or decrease the
OTM as wind speed increases. If the OTM is decreased, an uncon-
servative design for MWFRS can occur. For example, the peak OTM for
SQ80 is decreased from 111#*10° kN-m to 105*10° kN-m for the wind
speeds of 72 m/s to 85 m/s. If the design wind speed is 85 m/s, the OTM
0f 111*10° kN-m should be used, instead of 105*10° kN-m. To achieve a
conservative design, the largest cumulative responses up to a design
wind speed should be applied for the demand of MWFRS. The cumula-
tive largest OTM responses at various wind speeds are presented in
Fig. 13 (b). In comparison with Fig, 13 (a), the difference is that the
responses for each model do not decrease as wind speed increases (see
the results of SQ70 and SQ80).

Due to the variation of resonant wind speeds, it can be observed that
a smaller SQ model will have a greater OTM in comparison with a larger
counterpart under the excitation of low wind speeds, as shown in Fig. 13
(b). For example, the design demands of OTM for SQ70 are larger than
that of SQ80 for wind speeds of 45-57 m/s. The nonlinear relationship
between the building width and aerodynamic performance suggests that
increasing the footprint (if possible) is also a feasible strategy to mitigate
wind responses for tall buildings, especially for cities, such as San
Francisco, with a lower design wind speed since there is no need to
consider a higher wind speed beyond the design mean recurrence in-
terval (MRI).
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4.3.2. Aerodynamic modification models

The peak OTM versus design wind speed for SP-7 (CR-6), SP-14 (CR-
11), and SP-21 (CR-15) models are presented in Fig. 14, Fig. 15, and
Fig. 16, respectively. As a reminder, SP and CR are the same models from
different perspectives. Each figure subplot presents: (a) the cumulative
largest OTM, (b) the normalized OTM from the perspective of additive-
based strategy, and (c) the normalized OTM from the perspective of
subtractive-based strategy. Mean hourly design wind speeds at the
rooftop for survivability (1700-year MRI (Category (3)), ASCE 7-22,
2022) at San Francisco (SF), New York (NY), Houston (HOU), and
Miami (MIA) are labeled in subplot (a). The design wind speeds for the
four cities are 42 m/s, 53 m/s, 62 m/s, and 77 m/s, respectively. These
results will be discussed from the perspective of additive aerodynamic
strategies in Section 4.3.2.1 and subtractive in Section 4.3.2.2.

4.3.2.1. Additive aerodynamic strategy. For minor protrusion (see
Fig. 14 (b)), when the WR is smaller than 71%, the OTM is greater than
that of SQ70 for most wind speeds. Thus, they (SP-7-14, SP-7-29, SP-7-
43, and SP-7-57) are not considered as effective aerodynamic strategies
for tall buildings. Although SP-7-71 and SP-7-100 can produce a
promising performance for wind speeds higher than 55 m/s, the larger
responses for wind speeds of 35 m/s to 45 m/s is not preferred for the
survivability design of SF and can generate an issue of serviceability
design for other cities (i.e., the mean hourly design wind speed for MIA
at 10-year MRI is 38 m/s). As demonstrated in the literature (Lu et al.,
2023), SQ70 cannot satisfy the criteria of serviceability (roof accelera-
tion: 20 milli-g, ASCE, 2019) for wind speeds higher than 28 m/s. The
performance for wind speeds lower than 55 m/s is taken as an important
indicator to evaluate the aerodynamic strategies herein because it covers
various design levels across multiple cities (i.e., in the absence of a
particular case study). In Fig. 14 (b), overall, SP-7-86 is regarded as the
most effective strategy among minor protrusion strategies (SP-7
models). In comparison with SQ70, the reduction of OTM for SP-7-86 at
SF, NY, HOU, and MIA design wind speeds are 16%, 35%, 43%, and
42%, respectively.

For SP-14 models (see Fig. 15 (b)), SP-14-14 and SP-14-29 are not
effective strategies due to the increase of OTM over low wind speeds,
which resulted from the greater PSD over high reduced frequencies.
Although SP-14-43 performs promising for wind speeds higher than 55
m/s, the responses are increased by 10% around a wind speed of 40 m/s.
Also, SP-14-43 is not competitive for the design demands of SF and NY in
comparison with other models. For medium protrusion, SP-14-71 and
SP-14-86 are taken as the ideal options. In comparison with SQ70, the
reduction of OTM for SP-14-71 at SF, NY, HOU, and MIA are 42%, 50%,
30%, and 25%, respectively. The results for SP-14-86 are 36%, 47%,
30%, and 30%, respectively.

Fig. 16 (b) shows the normalized OTM responses for the SP-21
models. Except for SP-21-14, the normalized OTM can be reduced by
more than 20% under low wind speeds. For significant protrusion, SP-
21-29 is selected as the most ideal option to mitigate the wind speed
from 35 m/s to 85 m/s. The reduction of OTM for the model at SF, NY,
HOU, and MIA are 33%, 48%, 56%, and 57%, respectively. Although the
aerodynamic performance for the models with a WR larger than 21%
(SP-21-43, SP-21-57, SP-21-71, SP-21-86, SP-21-100) are not as prom-
ising as SP-21-29 for wind speeds higher than 55 m/s, they are equally
competitive if SF or NY are the upper bounds of design demands of
survivability, implying ideal configurations vary with design wind
speeds.

4.3.2.2. Subtractive aerodynamic strategy. Fig. 14 (c) shows the OTM
responses for the CR-6 (SP-7) models normalized by SQ80. When the WR
is smaller than 71%, the OTM responses are increased by more than 30%
for wind speeds of 45 m/s to 55 m/s. The adverse effect is attributed to
the lower resonant wind speeds for the CR-6 models in comparison with
SQ80. For traditional single corner recession (CR-6-100/SP-7-100) and
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Fig. 14. Cumulative largest OTM for SP-7 (CR-6) models: (a) original response; (b) normalized by SQ70; and (c) normalized by SQ80.
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. Cumulative largest OTM for SP-14 (CR-11) models: (a) original response; (b) normalized by SQ70; and (c) normalized by SQ90.
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Fig. 16. Cumulative largest OTM for SP-21 (CR-15) models: (a) original response; (b) normalized by SQ70; and (c) normalized by SQ100.

double corner recession (CR-6-86/SP-7-86), the responses are also larger
than SQ80 by more than 10% for wind speeds of 35 m/s to 55 m/s.
Overall, CR-6-71/SP-7-71 is the optimal configuration for the
subtractive-based corner recession strategy from SQ80. As expected, the
optimal candidate is the not the same from the same group of models if a
different benchmark model is used. The reductions of OTM for CR-6-71
at SF, NY, HOU, and MIA are 10%, 14%, 59%, and 55%, respectively.

For medium recession models (see Fig. 15 (c)), the adverse effect
over low wind speeds is significant recessed from SQ90. In addition to
the model with small WRs, the responses of CR-11-100/SP-14-100 are
increased by 30% for wind speeds of 45 m/s to 55 m/s. The results
indicate that (1) the importance of carefully selecting an appropriate WR
for the cross-section modification strategy, and (2) the issue of the
traditional single-corner recession strategy for tall buildings over low
wind speeds. Among CR-11 models, CR-11-71/SP-14-71 performs the
best, which is the well-cognized double-corner recession strategy
applied to Taipei 101. The mitigation of OTM for CR-11-71 at SF, NY,
HOU, and MIA is 31%, 0%, 23%, and 63%, respectively.

Fig. 16 (c) shows the OTM responses for CR-15 (SP-21) models
normalized by SQ100. Although CR-15-14/SP-21-14 and CR-15-29/SP-
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21-29 produce promising responses for wind speeds higher than 55 m/s,
the performance under low wind speeds is worse than that of the
benchmark model. Again, the same model (CR-15-29/SP-21-29) has
different relative performances from different perspectives of aero-
dynamic designs. For models with a WR larger than 43%, the responses
are equally well for low wind and high wind speeds but are slightly
larger (less than 5%) than that of SQ100 for wind speeds of 55 m/s to 60
m/s. For single corner recession (CR-15-100/SP-21-100), the reduction
of OTM at SF, NY, HOU, and MIA is 33%, 10%, 8%, and 60%,
respectively.

4.3.3. Discussion

As discussed in the Introduction, benchmark model, design wind
speed, and design space are the factors need to consider when it comes to
evaluate the effectiveness of any aerodynamic strategies. The aero-
dynamic behaviors of the 21 cross-section modification models were
normalized by different benchmark models from the perspective of ad-
ditive- and subtractive-based strategies under a broad range of design
wind speeds. The normalized OTM responses show that the appropriate
WRs do not occur on the boundaries (i.e., 0% or 100%) for both
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strategies, which demonstrates the benefit to have this additional
parameter to improve wind responses of tall buildings (i.e., beyond
single corner recession).

Since different benchmark models were used for the subtractive-
based design (CR-6, CR-11, and CR-15 models), the relative perfor-
mance of OTM at different wind speeds is not expected to apply to a
same benchmark model with various DRs. However, the trends suggest
that the normalized OTM for most of the CR models, including the
traditional single corner recession, are larger than their benchmark
models over low wind speeds, confirming the downside of the
subtractive-based modification strategy in real-world applications. For
the additive design strategy, in comparison with SQ70, similar prom-
ising performance can be achieved via various combinations of PR and
WR under different wind speeds.

The need to reduce wind responses for tall buildings is well-
recognized in the community of wind engineering. The situation that a
building performs worse after applying an aerodynamic strategy should
be avoided. Combining the trends discussed above, the additive-based
strategy is a more promising strategy than that of the subtractive-
based strategy from the perspective of a common benchmark model
(concisely illustrated in Fig. 2), which provides useful information of
applying cross-section modification for tall buildings in the industry.

In addition to aerodynamic performance, there might be other con-
siderations, such as operation space or footprint constraints, that need to
take into consideration. Other than using structural components, it is
worth mentioning that additive strategies (e.g., side protrusion), espe-
cially for minor protrusions, can be achieved via nonstructural compo-
nents, such as mullions (Stathopoulos and Zhu, 1990), dynamic facade
(Ding and Kareem, 2020), double-skin facades (Hu et al., 2017, 2019;
Hou et al., 2023; Skvorc and Hozmar, 2023), or curtain walls (Quan
et al., 2016). With these techniques and knowledge, structural engineers
have more options to achieve a balance between different design ob-
jectives for high-rise buildings.

5. Conclusions

This paper investigates the aerodynamic performance of the main
wind force resisting system (MWFRS) for tall buildings with different
footprints and cross-sections. A total of 21 cross-section modification
models are evaluated from the perspective of additive-based side pro-
trusion and subtractive-based corner recession strategies using different
sizes of square (SQ) benchmark models. The modification models are
controlled by two parameters, width ratio (WR) and protrusion ratio
(PR). The latter parameter is also called the depth ratio (DR) in the
subtractive-based strategy. High-frequency force balance (HFFB) wind
tunnel testing was carried out to examine the aerodynamic behavior of
each model under different angles of attack. The base moment co-
efficients in the time domain and power spectral density (PSD) responses
in the frequency domain are used to generate the peak overturning
moment (OTM) under wind speeds of 35 m/s to 85 m/s. The findings are
summarized as follows.

(1) Regarding the evaluation approach of HFFB, it is suggested to (a)

envelope the responses across all angles of attack in the time and

frequency domain results, and (b) use the cumulative largest
structural responses up to a design wind speed to ensure a con-
servative MWFRS design.

For SQ models, a larger SQ model can perform better than its

counterpart under low wind speeds because of a higher resonant

wind speed. Instead of applying an aerodynamic strategy, this
characteristic can be leveraged to mitigate wind responses for
cities with lower design wind speeds.

(3) For the cross-section modification models, the aerodynamic
performance is influenced by both the PR (or DR) and WR. With
the same PR, the ideal WRs are not on the boundaries (i.e., 0% or
100%) of the design space, which provides more flexibility for

(2)
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designers to pursue other objectives beyond aerodynamic
responses.

The downside of the subtractive-based corner recession strategy
under low wind speeds is demonstrated through various models.
Overall, the additive-based side protrusion strategy (if possible)
has a higher chance to mitigate aerodynamic responses under a
broad range of wind speeds than that of the subtractive-based
corner recession strategy from the perspective of the same
benchmark model, which provides useful information for the
industry to apply cross-section modification for tall buildings.
For the additive-based side protrusion strategy, promising aero-
dynamic performance can be achieved via various PRs. SP-7-86,
SP-14-71, and SP-21-29 are the ideal candidates for minor, me-
dium, and major protrusion strategies to suppress OTM over wind
speeds of 35 m/s to 85 m/s. In comparison with SQ70, the OTM
responses at the wind speeds of 53 m/s for the three models are
reduced by 35%, 50%, and 48%, respectively.

(C)]

5

~

The conclusions drawn above are based on HFFB testing, which is a
useful and practical wind tunnel testing technique to understand the
effects of external shapes on structural responses (displacement, accel-
eration, and OTM) for tall buildings. In the future, various wind tunnel
testing techniques, such as simultaneous pressure measurement and
particle image velocimetry, or CFD simulations, could be involved to
delve deeper into the mechanism, including flow separation/attachment
and wake effect, behind the structural responses presented.
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