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ABSTRACT

Slender buildings are prone to vortex-induced vibrations and turbulence-induced buffeting. Usually, vortex-induced vibrations govern the strength
and serviceability design criteria. The building’s shape determines the aerodynamics of it; therefore, optimizing building shape can greatly reduce
wind-induced vibrations. With a growing industry in adaptive and double-skin facades—mainly for energy saving purposes—there is an opportunity
to innovate and implement smart, morphing facade modules (which we refer as Smorphacades) that actively modify their aerodynamic shape to
alleviate flow-induced vibrations during high winds. This paper evaluates the performance of a 44-story tall building with the different configu-
rations of the developed Smorphacade module system in mitigating building vibrations. Dynamic nonlinear time history analysis of the building
under varying wind speeds ranging between 35 and 75 m/s are performed to evaluate the performance of building equipped with Smorphacade at
low and high wind speeds. The performance measures chosen in the study are displacements and accelerations. Structural responses of building
equipped with Smorphacade are compared against the bare building model responses to evaluate improvements in performance. Acceleration
response comparisons at lower wind speeds provide insights into Smorphacade contributions to improving occupant comfort. Displacement com-
parisons at high wind speeds help understand the improvements in overall structural performance by reducing nonlinear response.

1. Introduction

In recent years, wind hazards, due to hurricanes, thunderstorms, gust fronts, tornadoes, and microbursts, have caused enormous
safety concerns and economic losses, imposing extra burdens on building owners. The iconic building in Lake Charles, Louisiana,
which is still empty months after Hurricane Laura (Pasch et al., 2020 [1]) is a glaring example of not only immediate but also long-term
consequences of building vulnerability to extreme wind events. This situation is often exacerbated in buildings located in urban re-
gions, where the surrounding clusters of tall buildings add to the magnitude and complexity of wind load effects. An example of this
phenomenon was observed in Hurricane Ike where the urban aerodynamics led to a wind event not anticipated in the original design,
leaving extensive damage to building envelopes (FEMA P-757 [2]). Such damages are, however, not isolated to extreme events. A
recent lawsuit filed by the owners of 432 Park Avenue which is the tallest residential building in New York City, reports serviceability
issues due to ‘intolerable’ noise. In another recent case, the Chinese SEG Skyscraper started wobbling and swaying in very mild winds,
scaring the occupants, which led to the immediate evacuation of the building. Despite advances made in wind engineering, the range of
damage and the extent of functionality loss witnessed by the building sector underline the importance of moving toward a new
generation of smart buildings that can form the backbone of smart and resilient communities.

The aerodynamics of tall buildings can have a major impact on their design. The main structural system is a large part of the cost,
and for tall buildings, wind is the governing lateral load. Keeping the motions of the tall building within comfortable limits is often a
larger challenge than meeting structural strength requirements (Irwin, 2009 [3]; Xie, 2014 [4]). A common approach to alleviating
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wind vibrations on a building is to use structural control, which involves modifying the stiffness, mass, or damping of the building.
Changing the mass and stiffness of a structure is costly and inefficient. Different passive dampers have been proposed, such as tuned
mass dampers (Aly, 2012 [5]; Giaralis & Petrini, 2017 [6,7]; Kang et al., 2011 [8]; Kareem et al., 1999 [9]; Liu et al., 2008 [10]; Rana &
Soong, 1998 [11]), tuned liquid dampers (Bauer, 1984 [12]; Shum & Xu, 2004 [13]; Xu et al., 1992 [14]), viscous dampers (Ankireddi
& Yang, 2000 [15]; Chen & Bao, 2012 [16]; McNamara & Taylor, 2003 [17]; Nicos Makris et al., 1993 [18]), belt trusses and outriggers
(Asai et al., 2013 [19]; Ho, 2016 [20]; Malekinejad & Rahgozar, 2011 [21]; Nanduri et al., 2013 [22]; Po Seng Kian, 2001 [23];
Rahgozar & Sharifi, 2009 [24]), and, recently, friction dampers (Cao et al., 2015, 2016 [25,26]). However, all of these control
mechanisms have restricted applicability due to their limited maximum capacity, limited ability to tune to different frequencies and
intensities, and a large space requirement for installation (multiple stories normally at higher levels of the building where the real
estate value is higher). Numerous studies have discussed the application of passive and semi-active control strategies for mitigating
structural vibrations under wind, but very few have transitioned to field applications for wind mitigation purposes. This is because
control systems typically have limited performance bandwidth, and they are constrained to providing design performance for only the
first mode of vibration (Yang. et al., 2000 [27]). Furthermore, problems arise with tuning of the designed dampers.

Both wind turbulence and vortex shedding tend to produce vibrations in tall buildings, whereas aerodynamic instabilities such as
damping-driven flutter, although extremely rare, is possible at high wind speeds in a tall building if it is very slender and bluff shaped.
Vortex excitations specifically result in oscillatory across-wind forces at a frequency, N, which is linearly proportional to the mean
wind speed through the Strouhal number, St (a function of the shape of the bluff body). When N; matches the frequency N; of the
building for a small range of wind speeds, resonance results in an amplified across-wind response. Measures such as stiffening and
adding mass (increasing weight and cost) or introducing supplementary damping systems are mitigation measures that do not reduce
the source of vortex shedding due to building shape. However, it is possible to alleviate vortex shedding forces through modification of
the building shape. Passive approaches such as softened corners (Amin & Ahuja, 2010 [28]; Huang et al., 2015 [29]; Okamoto &
Uemura, 1991 [30]), tapering and setbacks (Y. C. Kim & Kanda, 2013 [31]; Y. Kim & Kanda, 2010 [32]), varying cross section, spoilers
(Chan et al., 2010 [33]; Ilgin & Gunel, 2007 [34]), and adding porosity or openings (Bitog et al., 2011 [35]; You & Kim, 2009 [36])
have been tested, and while they can be relatively effective, they do not address vibration issues from wind directionality.

Numerous studies have been conducted on double skin facades (DSF) for shape optimizations, porosity, and gap width between the
facade skins since early 2000s to mitigate wind loads on tall buildings. Da Silva and Gomez (2008) [37] explored the effects of
structural properties DSF on wind pressure distributions and Moon (2009) [38], Azad et al. (2013) [39], Samali et al. (2014) [40], Hu
etal. (2017a,2017b [41,42]), Giacheti et al. (2017, 2019 [43,44]) and Pomaranzi et al. (2020) [45] studied the structural capabilities
of DSF systems on tall building motion control using shape optimizations and use of permeable outer skin layer. However, all those
configurations are optimized to obtain highest performance in a few critical wind loading cases and cannot adapt to variations in wind
actions.

As an advancement to the rather fresh state-of-the-art use of facades to reduce wind effects on buildings, this study evaluates the
performance of a novel smart, morphing facade module system in reducing the wind load effects on buildings, thereby reducing
structural vibrations. The Smorphacade concept can dynamically modify the aerodynamic shape of the building surface in real time
(Hou et al., 2023 [46]) considering the variations in wind speed and wind directions to limit wind-induced vibrations. For the initial
design of Smorphacade, Hou et al. (2023) [46] developed a preliminary design of the facade arrangement that is used as the basis of the
analytical performance assessment in this paper. In this study, the evaluation of efficiency of a Smorphacade is performed for multiple
facade configurations with varying inclination angles of fins and porosities, set in a passive mode. It should be noted that the smart
mode is not activated here and will be the subject of future studies highlighting the control features of the Smorphacade. Recognizing
the importance of understanding the post-elastic response of structures under wind loads, the building equipped with different con-
figurations of the Smorphacade will be exposed to extreme wind conditions that may result in nonstructural damage and/or some
nonlinearity in response. The analytical model of the building is set in such a way that can capture these nonlinearities through a
post-elastic response characterization. The example tall building used in the analysis here is a 44-story tall building, with a rectangular
cross section of an aspect ratio, B/D = 1.5 with length B = 45.7 m, width D = 30.5 m, and height, H = 160 m. The building is subjected
to buffeting wind loads over a range of wind speeds between 35 m/s and 75 m/s in the along- and across-wind, and torsional directions
for a duration of 30 min. The aerodynamic coefficients such as drag, lift, moment coefficients for the various Smorphacade configu-
rations are obtained from section model tests conducted in the AABL Wind and Gust Tunnel located in the Wind Simulation and Testing
(WiST) Laboratory at Iowa State University.

This paper is organized as follows: review of the evolution of facade system technologies in building design, description of
Smorphacade and details of the wind tunnel experiments to derive aerodynamic coefficients, description of PBWD and engineering
damage parameters used in the study, description of the wind load model used in the study, case study with nonlinear dynamic time
history analysis on the benchmark tall building and finally the results and discussions of the case study with evaluations on the
performance of Smorphacade.

2. Facade systems for response reduction

A number of studies have explored the potential of optimizing facade designs to reduce building vibrations. Gerhardt and Janser
(1994) [47] conducted experimental studies on the wind loading of porous facade systems. The experimental parameters chosen were
building dimensions, porosity and gap width for open country exposure flow of wind speeds. The studies showed a decrease in net
pressure with increasing the gap width and increasing building aspect ratio. Maruta et al. (1998) [48] studied the effects of increased
surface roughness through addition of balconies on the wind pressures acting on building skin. The experimental studies were carried
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out in wind tunnels with buildings at a scale of 1/300 under an urban terrain exposure and different types of balconies with varying
surface roughness. The experimental data proved the influence of surface roughness on wind pressures which was studied with
emphasis near the leading edge of the side wall.

Da silva and Gomez (2008) [37] studied pressure distributions on the inner face of a multi-story DSF building model using wind
tunnel tests. Multiple DSF layouts with varying gaps were tested for several angles of attack. The inner wall pressure distribution was
observed to be significantly different for the building model with DSF compared to the model without DSF. Multiple wind tunnel tests
with a boundary layer velocity profile were performed over the DSF building model to obtain inner facade pressure distributions. Moon
(2009) [38] studied the structural capabilities of DSF systems on tall building motion control. Energy dissipating mechanisms were
introduced in the cavities of the facade and the connectors between the facade and primary structure was made very flexible so that the
majority of vibrations were taken by the facades while limiting the structural vibration of the building itself. The study proposed
increasing the damping ratio of connectors to limit the excessive movements in the facade.

Lou et al. (2012) [49] studied the pressure distributions on the exterior and interior walls of corridor double skin facades or DSF (no
vertical cross movements) with horizontal separations at every floor level. Studies were conducted over different DSF layouts, spacings
of gaps and several angles of attack on tall buildings. The pressure distributions were studied to evaluate the strength implications on
the facade. It was found that both the gap inner pressure and net pressure on the external skin depend on the layout, air corridor width,
and wind incidence. Montazeri et al. (2013) [50] focused on reducing the vibrations in balconies of high-rise buildings using a new
facade system and also evaluated its effectiveness in improving occupant comfort. The system consisted of a staggered semi-open
second-skin facade in front of the balconies, to shield them from wind. Hu et al. (2017, 2019) [41,42] studied the use of a
double-skin facade system to control wind-induced vibration of buildings.

Giachetti et al. (2018, 2019) [43,44] explored the aerodynamic behavior of a building when a permeable layer was placed outside
the primary building wall with narrow separation. Wind tunnel tests carried out under smooth flow at various angles of attack showed
that even a very small magnitude of open-gap between the screen and the building influenced the fluid behavior significantly. The
global aerodynamic coefficients were not significantly affected by the presence of the screen but a decrease in the slope of lift co-
efficients was observed indicating lower susceptibility to galloping. Pomaranzi et al. (2020) [45] examined the effects of porous double
skin facades on the wind pressures on cladding and inner facade skin using wind tunnel tests. It was found that the inner facade
pressure was reduced by more than 40% than the standard facade system.

Jafari and Alipour (2021a, 2021b) [51,52] studied the effects of facade shapes on the aerodynamic flow and pressure reduction on
tall buildings. An optimized Smart facade shape was developed based on response surface methodology and genetic algorithm that
reduced the wind-induced pressure on the building at all angles of attack (AOA). The new facade that changes configurations based on
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Fig. 1. (a) The stationary fan of the Smorphacade and the fan-fin assembly that rotates on top of the stationary fan in the Smorphacade for configurations (b) #1 (c)
#2, and (d) #3.
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AOA also reduced the vortex induced response by interrupting the flow separation. Among the shapes chosen for the study, a rect-
angular facade shape was identified as preferable due to simplicity in construction and aerodynamic performance.

From the studies mentioned here, it is evident that the presence of a secondary facade with varying porosity and roughness could
help alleviating the effects of wind loads on buildings. However, all the studies mentioned here have geometrical restrictions that limit
their efficiency in mitigating the highly transient wind loads. As a result, this study proposes a novel smart morphing facade module
system that can dynamically modify the aerodynamic shape of the building facade considering the variations in wind speed and wind
directions to limit wind-induced vibrations. The Smart morphing facade system (Smorphacade) is tested for deflection and acceleration
control of tall buildings using nonlinear dynamic time history analysis.

2.1. Smart morphing facade (Smorphacade)

The idea of smart facade system (Smorphacade) originated at Iowa State University. As a first stage to prove the applicability of the
concept, Hou et al. (2023) [46] conducted a series of experiments using aeroelastic and section models of the benchmark CAARC
building with numerous passive configurations of the proposed Smorphacade. The study presented here explores the efficiency of
Smorphacade using nonlinear finite element analysis on mathematical models. Hou et al. presents very detailed descriptions on the
configurations of Smorphacade system and morphing mechanisms highlighted in this paper. Hence, the authors have cited Hou et al.
[46] wherever required to describe such mechanisms. The double facade configurations and the mechanism of controlling porosities
adjusting to incident wind flow used in this study are obtained from Hou et al. The Smorphacade is comprised of a set of circular ducts
embedded in a flat plate and arranged in a matrix formation that is fixed on the original facade but with a gap between the two facades.
Each circular-shaped duct is comprised of two parts; a fixed base with alternate open and closed surfaces shaped like a fan-blade and a
rotating part similar in shape like the fixed one but placed inside the fixed one and capable of rotation by a protruding fin. By rotating
the fin, the porosity of the duct and the fin inclination angle can be simultaneously changed, enabling flow control through the duct. An
illustration of the model showing the Smorphacade with various configurations placed along the height of the CAARC building is shown
in Fig. 1(a)-(d). The fin and fan arrangement of the facade system shown in the figure is configured to adjust its orientations to control
the incident wind actions onto building surfaces. This is achieved by adjusting the porosity of the overall system as each unit is capable
of independently adjusting orientations as dependent on the direction of wind. The fins also increase surface roughness which aids in
dispersing the turbulent wind actions on building facades. The fin orientation of various configurations used in the tests are given in
Fig. 1(b)-1(d) and Table 1. Configurations #6 and #8 are not shown in the figures as they are made as a combination of the three
primary configurations by alternating them in different faces of the building. Configuration #6 is made by using #1 and #3 on
alternate faces whereas configuration #8 is made by using #2 and #3 on alternate faces. Studies on section models used to identify
force coefficients were conducted by Hou et al. The aerodynamic force and moment coefficients for various Smorphacade configura-
tions as obtained from wind tunnel tests using section models are given Table 2.

3. Analytical model development for nonlinear time history analysis

The study uses a rectangular configuration tall building model with a plan aspect ratio of 1.5:1 and 160 m high. The 3-D view and
plan of the bare building model is shown in Fig. 2(a) and (b). The model was designed as per the provisions of AISC-360 (2016) [53] to
withstand structural loads imposed by ASCE-07 (2016) [54] specific to Miami-Dade county, FL. The detailed static design of the
building using SAP2000 is given in Hareendran et al. (2022) [55]. The building model was later translated into an OpenSees model for
the purpose of nonlinear time history analysis. The material and element libraries available in OpenSees was chosen for the frame
elements in the model. Further information on OpenSees modeling is presented by the authors in Hareendran et al. (2023) [56].
Uniform area loads were used in the analytical model for dead and live loads. The turbulent wind loads were applied as nodal forces in
the along- and across-wind directions. The modal frequencies corresponding to the first five modes for the buildings are given in
Table 3. The modes of vibrations in the first two mode shapes of the building were longitudinal and lateral while the fifth mode
corresponds to the first non-uni-planar (combination of flexural and torsional) mode.

Wind loads acting on tall buildings are non-uniform in nature and contain a range of frequencies. The fluctuating component of
wind along the height of buildings leads to turbulence-induced and motion-induced loads acting over sustained durations. The wind-
induced response of a tall building at any height and time can be expressed in terms of the buffeting (turbulence-induced) and self-

Table 1
Various configurations of Smorphacade used in the study.
Configuration No. For all AOA Face of the Building
#1 #2 #3 #4
1 Fin inclination 45° 45° 45° 45°
Porosity (%) 54.7 54.7 54.7 54.7
2 Fin inclination 90° 90° 90° 90°
Porosity (%) 76.4 76.4 76.4 76.4
3 Fin inclination 0° 0° 0° 0°
Porosity (%) 54.7 54.7 54.7 54.7
6 Fin inclination 0° 45° 0° 45°
Porosity (%) 54.7 54.7 54.7 54.7
8 Fin inclination 0° 90° 0° 90°
Porosity (%) 54.7 76.4 54.7 76.4
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Table 2
Aerodynamic coefficients and their derivatives of the facade configurations.

Mean Aerodynamic Force Coefficients

Config. No. Angle of Attack = 0° Angle of Attack = 34° Angle of Attack = 90°
Cp CL Cu Cp C Cm Cp CL Cu
0 1.10 —0.06 —0.02 1.44 0.42 0.03 1.73 —0.01 —0.02
1 1.03 —0.06 —0.02 1.38 0.29 0.05 1.47 —-0.13 —0.02
2 0.98 —-0.22 —-0.05 1.37 0.28 0.05 1.49 -0.17 —-0.02
3 1.08 —-0.09 —-0.02 1.46 0.35 0.05 1.55 —-0.07 —0.02
6 1.06 —0.09 —0.02 1.42 0.27 0.04 1.49 -0.13 —0.02
8 1.03 —-0.12 —-0.03 1.38 0.21 0.04 1.44 -0.11 —-0.02

Derivatives of Mean Aerodynamic Force Coefficients

Config No. Angle of Attack = 0° Angle of Attack = 34° Angle of Attack = 90°

Co/ 4 dC1/ gy ) Co/4 4Ci/ gy /g9 Co/49 4C/ g Cu/gg
0 0.00 —4.65 -0.35 0.69 0.24 0.19 0.00 —-2.33 -0.29
1 0.00 —4.90 —0.66 0.94 0.51 0.22 0.00 —2.75 —0.29
2 0.00 —4.91 —0.82 0.65 0.59 0.23 0.00 —3.22 —0.31
3 0.00 —4.74 —-0.53 0.82 0.29 0.19 0.00 —-2.50 —0.295
6 0.00 -5.10 —0.65 0.86 0.35 0.20 0.00 —-2.44 -0.27
8 0.00 —4.92 —0.72 0.67 0.31 0.21 0.00 -2.71 —0.31

Configuration #0 represents the bare building model.

excited (motion-induced) loads. The self-excited loads have gained importance in wind response studies involving long-span bridges,
but are usually neglected in case of buffeting analysis of tall buildings. However, as the tall buildings continue to grow slender,
consideration of self-excited loads in buffeting analysis becomes more critical. Hence, the effects of such loads is incorporated into the
damping formulations for the building used in this study. The mathematical formulations of these loads used in the study is adopted
from Hareendran et al. (2022) [55]. The aerodynamic load coefficients used in the calculation of buffeting and self-excited loads were
extracted from wind tunnel studies (Hou and Sarkar, 2023 [46], Hareendran et al., 2022 and 2023 [55,57]).

The effectiveness of various facade configurations was tested by subjecting the building model to long durations (30 min) of wind
loads corresponding to different magnitudes of 3-sec gust speeds varying between 35 m/s to 75 m/s at 10 m elevation. The aero-
dynamic load coefficients and their derivatives with respect to angle of attack (0°, 34° and 90°) as used in the wind load calculations for
various Smorphacade configurations are given in Table 2. The mean wind speed variation along the height of the building was
calculated using the power law equation corresponding to a suburban terrain (power-law exponent). The wind speed variation based
on power law is shown in Fig. 2(a). The fluctuating velocity components of the wind time histories were generated for each floor level
of the building considering the spatial coherence functions between the velocity fluctuations at different heights along the building.
The wind load time histories that are generated by considering different tributary areas in the external and internal panels are applied
at the nodes at every floor level of the building.

4. Results and discussion

Based on the time history analysis, structural displacements and accelerations of the building were extracted to evaluate effec-
tiveness of Smorphacade and compare performance of different configurations. Melbourne and Palmer (1992) [58] observed that root
mean square (RMS) accelerations can be a good representation of the occupant comfort over a period of time rather than occasional
peak accelerations. Hence, in this study peak displacements and RMS accelerations are chosen as the damage parameters to evaluate
the performance of given Smorphacade configurations. The building section with the building’s degrees-of-freedom or coordinate-axes
and the three angles of attack of wind loads are shown in Fig. 2(f). Displacements and RMS accelerations in the along-wind and
across-wind directions are obtained and compared for effectiveness. The effectiveness of each configuration is calculated in com-
parison to the bare building model, i.e. building with no facade. Hence effectiveness of each facade is given as:

Parameterg,,, — Parameterr,cqqe
= X

100 (€D
Parameterg,,.

where Parametergg, is the RMS acceleration/displacement of the bare building model and Parametergqeqq. is the RMS acceleration/
displacement of the building with the addition of Smorphacade. The comparison of structural responses with and without Smorphacade
used in the study are shown in Fig. 3. The responses are shown for a 3-sec wind speed of 35 m/s at 10 m elevation and 0° AOA. Response
ratios are with respect to bare building model that is used to represent the horizontal axes in the sub-figures. These sub-figures show
significant structural response reduction with the addition of Smorphacade in all of the cases except Configuration #2 that shows
enhancement of accelerations in along-wind direction. Expanding on the results, Fig. 4 is given to show the effectiveness of the
different configurations in inhibiting structural motions under varying AOA. Fig. 4(a) and (b) show the acceleration reduction in terms
of effectiveness percentage as described earlier in the along- and across-wind directions. Most effective and least effective configu-
rations for each AOA is highlighted in the figures.
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Fig. 2. (a) Isometric view of the 44-story building with the wind actions on the left and power law to calculate wind speeds along the height on the right, (b) basic
geometric dimensions, (c) force-based beam element used in FEA with the cross-section of wide-flanged beams used in the model, (d) column cross-section used, (e)
Moment-curvature relationship of the beams used in the longitudinal direction, and (f) cross section of the building with directions of wind loading used in the study.

Table 3
Column and beam cross-sections used in the design of the 44-story building.
44 story building
Floor level Column (in) Beam Long direction Beam Short direction

1-10 CR50 x 3 x40 x 3 W18 x 119 W 24 x 370
11-22 CR50 x 3 x30x3 W18 x 119 W 24 x 370
23-33 CR50 x 2 x 30 x 2 W18 x 119 W 24 x 250
34-44 CR50 x 2 x 20 x 2 W18 x 119 W 24 x 250

Note: Columns are custom designed with dimensions noted in inches. Beams are standard hot rolled sections adopted from AISC steel manual.
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Fig. 3. Variation of peak structural responses for (a) across-wind acceleration, (b) along-wind acceleration, (c) across-wind displacement and (d) along-wind
displacement along the height of building for various fagade configurations at 35 m/s wind speed.
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Fig. 4. Comparison of peak structural responses for (a) across-wind acceleration, (b) along-wind acceleration, (c) across-wind displacement and (d) along-wind
displacement for different wind speeds (35-75 m/s) and varying AOA.

e Configuration #2 proves to be the most effective in resisting across wind accelerations for 34° AOA at the same time offering least
resistance for along wind accelerations for the same AOA.

e Configuration #8 is observed to be highly efficient in mitigating accelerations in both directions for 34° and 90° AOA but does not
perform so well for 0° AOA.

Fig. 4(c) and (d) show the comparisons of Smorphacade configurations in reducing peak displacements (top of the building) in the
across-wind and along-wind directions, respectively. Fig. 4(c) shows all of the Smorphacade configurations being advantageous to the
reduction of peak across-wind displacements, although the effectiveness varies widely.

e Configuration #3 can be seen to be most efficient in reducing peak across-wind displacements for 90° AOA at the same time being
least efficient at 34° AOA for a wind speed of 65 m/s.

e Configuration #3 is the most effective in reducing peak along-wind displacements at design wind speed (58 m/s) for 34° AOA while
being least efficient for a lower wind speed of 40 m/s and 90° AOA.

The wide variations in effectiveness of facade configurations for peak along-wind and across-wind responses with varying wind
speeds shows the need for a dynamically varying capability. Facade systems such as Smorphacade is highly promising in the objective of
building the most efficient structural systems. Table 4 shows the effectiveness of Smorphacade averaged over the entire range of wind
speeds for all the AOAs. Based on the highlighted results, configurations #2, #3 and #8 proves to be the most effective.

e Configuration #2 is the most effective in reducing along-wind displacements for 0° and 90° AOA and configuration #8 is the most
efficient for 34° AOA. Along-wind accelerations are reduced the most by configuration #8 for 0° and 90° AOA and configuration #3

Table 4
Results from the modal analysis of the building.

Mode Number

44 story building
Frequency (Hz) Time Period (sec)
1 0.193 5.19
2 0.237 4.22
3 0.515 1.94
4 0.658 1.52
5 0.870 1.15
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for 34° AOA. Upon, further examination configuration #8 is better for the overall along-wind response reduction for all AOA as
configuration #2 has the worst performance in mitigating along-wind accelerations for 0° and 90° AOA.

e Configuration #3 is the most effective in reducing across-wind displacements for 0° and 90° AOA and configuration #2 is the most
efficient for 34° AOA. Across-wind accelerations are reduced the most by configuration #3 for 0° AOA and configuration #8 for 34°
and 90° AOA. Upon, further examination configuration #8 is better for the overall across-wind response reduction for all AOA
when compared to configurations #2 and #3.

As seen in Fig. 4, the effectiveness of Smorphacade vary significantly with varying wind speeds as well. To further inspect this
variation, the results are averaged over two ranges of wind speeds: winds up to design wind speed (<58 m/s) and winds greater than
design wind speed (>58 m/s). These results are given in Table 5 (displacements) and 6 (accelerations). The results show increase in
Smorphacade effectiveness for high wind speeds (>58 m/s) when compared to lower wind speeds. This could imply that Smorphacade is
highly capable of limiting nonlinearity in structural responses at high wind speeds. Similar to previous observations configurations #2,
#3 and #8 seem to be the most effective configurations overall. Configuration #6 is most efficient in reducing along-wind dis-
placements and accelerations for 34° and 90° AOA, respectively (see Table 6).

Based on such inferences and observations here, it can be concluded that the effectiveness of Smorphacade is highly dependent on
the fin inclination, porosity and wind speeds. The Smorphacade also exhibits high effectiveness for winds greater than the design wind
speed. Thus, it can be concluded that with the provided versatility, Smorphacade can continuously change orientations to provide the
highest efficiency and is capable of avoiding undesirable structural consequences.

5. Fragility curves and loss functions

Fragility analysis is used to calculate conditional probability of exceedance of displacements and accelerations to quantitatively
assess damage states. The correlation between structural response and damage states are defined and detailed in the FEMA P-58
database. From the extensive database, three structural components are chosen in this study to illustrate the process. These are post-
Northridge welded steel moment connections, bolted shear tab gravity connections and welded column splices given in Table 7 along
with their damage state progression (see Table 8).

The fragility curves given in FEMA database for the given structural components are used to calculate losses. These fragility curves
are used to interpolate the probability of exceedance for each damage state based on the chosen percentile of inter-story drift ratio and
probability of exceedance of wind speed from the ASCE 07 hazard curve. The probability of exceedance corresponding to each damage
state may be used to evaluate the losses due to repair or replacement of the component. The cost of repair/replacement for the fragility
groups are also given by FEMA and can be obtained from the FEMA P-58 database. In this study, the loss ratio is the parameter used,
which is the ratio of repair to replacement cost. So, if the loss ratio is reported as 1, it means the cost of repair is either equal to or
greater than the cost of replacement and that the component must be replaced. The probability of exceedance corresponding to the
highest percentile story drift ratio is obtained from the fragility curves. The study compares the losses computed for the bare building
model and those equipped with Smorphacade for 0° AOA. The comparison of loss ratios for the fragility groups chosen in the study are
given in Fig. 5. The predictions show similar results to those observed in Fig. 3 with the bare model having highest loss ratios for all
damage states. Smorphacade configurations perform better resulting in lower losses over all wind speeds with the effectiveness
increasing with increasing wind speeds.

6. Conclusions

Numerous studies have been completed over the past few decades to study the aerodynamic implications of using facades and shape
optimization of such systems to limit tall-building motions. Only a few such studies have explored the geometrical modification of
facade systems to obtain maximum reduction in surface pressures thereby reducing structural responses. However, all those

Table 5
Results showing the compared effectiveness of various facade configurations for peak structural responses averaged over the entire range of wind speeds.
AOA  Config Along-wind Across-wind Average displacement Along-wind Across-wind Average acceleration
displacement displacement reduction acceleration acceleration reduction
1 19.9 9.2 14.6 12.8 4.4 8.6
2 31.3 23.9 27.6 -36.7 8.8 -14.0
0 3 23.1 32.5 27.8 11.2 20.5 15.9
6 12.4 9.0 10.7 6.6 -2.1 2.3
8 27.2 23.6 25.4 14.9 5.3 10.1
1 13.5 23.3 18.4 9.3 9.2 9.3
2 8.7 34.8 21.8 3.2 33.2 18.2
34 3 36.6 8.8 22.7 10.9 -2.5 4.2
6 31.1 17.5 24.3 4.7 -33.8 -14.6
8 40.2 26.5 33.4 10.6 37.9 24.3
1 20.1 7.6 13.9 22,5 9.4 16.0
2 22.1 8.5 15.3 29.2 9.1 19.2
90 3 17.0 23.4 20.2 30.1 26.9 28.5
6 19.7 18.9 19.3 34.3 16.8 25.6
8 17.0 11.7 14.4 38.3 28.0 33.2
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Table 6
Results showing the compared effectiveness of various facade configurations for peak structural displacements averaged over lower wind speeds (<58 m/s) and higher
wind speeds (>58 m/s).

AOA  Config Wind speed <58 m/s Wind speed >58 m/s
Along-wind Across-wind Average displacement Along-wind Across-wind Average displacement
displacement displacement reduction displacement displacement reduction
1 22.5 10.8 16.7 15.5 6.4 11.0
2 25.5 15.3 20.4 40.9 38.1 39.5
0 3 30.3 25.7 28.0 10.9 43.6 27.3
6 15.1 10.1 12.6 8.0 7.1 7.6
8 32.3 325 32.4 18.7 8.7 13.7
1 16.1 24.9 20.5 9.3 20.7 15.0
2 11.2 36.4 23.8 4.6 32.2 18.4
34 3 41.7 10.4 26.1 28.0 6.0 17.0
6 32.6 19.2 25.9 28.5 14.8 21.7
8 51.8 30.6 41.2 20.9 19.8 20.4
1 21.1 6.8 14.0 17.6 9.7 13.7
2 18.1 8.2 13.2 31.9 9.3 20.6
90 3 14.3 24.7 19.5 23.6 20.1 21.9
6 16.4 18.7 17.6 27.9 19.3 23.6
8 15.9 10.5 13.2 22.4 14.6 18.5
Table 7

Results showing the compared effectiveness of various facade configurations for peak structural accelerations averaged over lower wind speeds (<58 m/s) and higher
wind speeds (>58 m/s).

AOA  Config Wind speed <58 m/s Wind speed >58 m/s
Along-wind Across-wind Average acceleration Along-wind Across-wind Average acceleration
acceleration acceleration reduction acceleration acceleration reduction
1 9.4 -1.0 4.2 18.4 13.4 15.9
2 —48.2 3.4 -22.4 -17.7 17.6 —-0.05

0 3 1.4 6.8 4.1 27.5 43.2 35.4

6 4.0 -7.2 -1.6 11.0 6.4 8.7

8 14.0 4.8 9.4 16.3 6.1 11.2

1 0.6 23.1 11.9 23.9 -14.1 4.9

2 7.9 49.8 28.9 —4.6 5.7 0.6

34 3 2.2 —-11.0 —4.4 25.5 11.5 18.5

6 1.6 -39.4 -18.9 9.9 —24.4 -7.3

8 11.7 39.6 25.7 8.7 35.0 21.9

1 21.3 6.4 13.9 28.7 9.4 19.1

2 27.3 4.3 15.8 38.5 9.1 23.8

90 3 30.0 21.1 25.6 30.4 26.9 28.7

6 32.8 21.0 26.9 42.1 16.8 29.5

8 37.6 20.3 29.0 42.0 28.0 35.0

Table 8
Structural components and damage progression adopted from FEMA P-58.
Structural Components Damage Damage Description Median;
Parameter States Dispersion
Welded column splices Story drift DS1/DS2 DS1: Ductile fracture of the groove weld flange splice. Damage in field is 0.02; 0.4
ratio DS3 either obscured or deemed to not warrant repair. No repair conducted.
DS2: Ductile fracture of the groove weld flange splice 0.02; 0.4
DS3: DS1 followed by complete failure of the web splice plate and dislocation 0.05; 0.4
of the two column segments on either side of the splice.
Bolted shear tab gravity Story drift DS1/DS2 DS1: Yielding of shear tab and elongation of bolt holes, possible crack 0.04; 0.4
connections ration DS3,DS4 initiation around bolt holes or at shear tab weld. Damage in field is either
obscured or deemed to not warrant repair.
DS2: Yielding of shear tab and elongation of bolt holes, possible crack 0.04; 0.4
initiation around bolt holes or at shear tab weld.
DS3: Partial tearing of shear tab and possibility of bolt shear failure (6-bolt or 0.08; 0.4
deeper connections).
DS4: Complete separation of shear tab, close to complete loss of vertical load 0.11; 0.4
resistance.

Post-Northridge welded Story drift DS1 DS1: Local beam flange and web buckling. 0.03; 0.3
steel moment ratio DS2 DS2: DS1 plus lateral-torsional distortion of beam in hinge region. 0.04; 0.3
connection DS3 DS3: Low-cycle fatigue fracture in buckled region of reduced beam section. 0.05; 0.3
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Fig. 5. Comparison of Loss Ratio curves for (a) Post-Northridge welded steel moment connections, (b) bolted shear tab gravity connections, and (c¢) Welded column
splices for different wind speeds (35-75 m/s) and failure states for 0° AOA.

configurations were optimized to obtain highest performance in a few critical wind loading cases and were incapable of adapting to
variations in wind actions. This study focuses on the numerical evaluation of performance of a novel smart, morphing facade module
system (Smorphacade) developed at Iowa State University to mitigate the wind effects on buildings. Recognizing the importance of
understanding the post-elastic response of structures under wind loads, this study considers the nonlinearity in response of buildings as
well as the associated uncertainties in wind loading. Smorphacade is evaluated for its performance in the response control of tall
buildings using nonlinear time history analysis. The tall building was subjected to buffeting wind loads over a range of wind speeds
between 35 m/s and 75 m/s (3-sec gust at 10 m elevation) in the along-wind (along its length, B), across-wind (along its width, D), and
diagonal directions corresponding to 0°, 90° and 34° angle of attack for a duration of 30 min. The aerodynamic drag, lift, moment
coefficients and their derivatives for the various facade configurations were obtained from section model tests conducted in the AABL
Wind and Gust Tunnel located in the Wind Simulation and Testing Laboratory (WiST) at lowa State University by Hou et al. (2023).

Comparisons were drawn between different facade configurations for various angles of attack and the most efficient configuration
was obtained based on the effectiveness in reducing accelerations and displacements in the across-wind and along-wind directions. The
average effectiveness results show that the facades are highly efficient in limiting motions for all AOA. The discussions showed that
different facade configurations are required for the overall building motion control and no one configuration can effectively control
motions in all three degrees of motion simultaneously and for all wind directions considered here. This proves importance of a smart
facade morphing capability of the proposed Smorphacades. The study shows the requirement and effectiveness of the proposed
Smorphacade for building motion control. The effectiveness of Smorphacade for wind speeds over the design wind speed of the buildings
also provides the advantage of limiting nonlinearity in structural behavior at high wind speeds thus minimizing structural damage and
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losses.

Like any other mechanical system/facade added to the building, the Smorphacade are subjected to wear and tear and may require
scheduled inspection and maintenance. The long-term performance of the Smorphacade requires a detailed life-cycle cost analysis that
is out-of-scope of this paper. Similar studies have been completed by the authors in use of auxiliary dampers to the buildings for wind
mitigation purposes (e.g., Micheli et al., 2020 [59-63]).

The current paper showed the positive impact of different activated modes of a Smorphacade for a rectangular building (B/D = 1.5).
Further extensions of the work will include consideration of other shapes of buildings (different B/D rectangular) or other shapes of
buildings to evaluate the feasibility of the developed Smorphacade on a larger stock of tall buildings.
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