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Wind-Induced Dynamic Behavior of Single-Skin Curtain-Wall
System: A Comparative Numerical Study

Ali Bakhtiari, Aff.M.ASCE'; Kehinde J. Alawode?; Krishna Sai Vutukuru®; Guido Lori*; Amal Elawady?;
Arindam Gan Chowdhury®; and Seung Jae Lee’

Abstract: Glass curtain walls, while broadly used as a building facade, are vulnerable to extreme winds. Curtain-wall failures in major wind
events lead to substantial economic losses, and wind-induced vibration is often a major contributing factor to such failures. The main objec-
tives of this study are to (i) present high-fidelity numerical modeling techniques to reproduce the wind-induced dynamic behavior of building
facades, specifically focusing on a single-skin curtain-wall system, and (ii) highlight the impact of the interaction between facade and building
structure on the wind-induced dynamic behavior of the curtain-wall system. The developed finite-element model is calibrated for a particular
wind scenario tested at the Natural Hazards Engineering Research Infrastructure (NHERI) Wall of Wind Experimental Facility (WOW EF) at
Florida International University (FIU), and subsequently validated to assess whether it can realistically reproduce the dynamic behavior in
different scenarios involving various wind speeds and directions. This study also uncovers that the interaction between the facade and the
building structure plays an important role in governing the wind-induced dynamic behavior of the curtain wall. In addition, this study
finds that the presence of a vertical protrusion, attached to the facade for architectural reasons, may negatively impact the wind-induced dy-
namic response of the curtain wall, with this impact being influenced by the interaction between facade and structure. This study reports the
significant discoveries, contributing new insights to facade design and the engineering industry. DOI: 10.1061/JAEIED.AEENG-1725.
© 2024 American Society of Civil Engineers.
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Wall of Wind Experimental Facility.

Introduction

Glass curtain walls are broadly used as a building facade for low- to
high-rise buildings (Pariafsai 2016), yet these remain the most vulner-
able part during extreme wind events. The behavior of glass curtain
walls under wind loads has been investigated through a quasi-static
approach, highlighting the notable effect of wind on the loading
and response of these structures (Gerhardt and Janser 1994; Sakhnov-
sky 1991). The facade industry has been conducting standardized
tests using uniform static or cyclic pressures according to established
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testing guidelines such as ASTM E330/E330M-14 (2021), ICC TAS
202-94 (2017), EN 12155 (European Committee for Standardization
2000), and AAMA 501.1 (2005). However, since these standards
focus on quasi-static responses of facade systems, these may not suf-
ficiently cover the conditions in hurricane-prone areas, where extreme
wind-induced dynamics can cause curtain-wall failures, such as pull-
out and cracking (Sanders and Hargrove 2012). For example, Rizzo
et al. (2021) conducted full-scale tests on a curtain-wall system mea-
suring 5.45x7.06 m by applying uniformly distributed pressure
using air jets in a quasi-static manner. The conclusion of this study
highlighted that the tests had limitations in realistically assessing
the facade’s dynamic performance, emphasizing the necessity of
more realistic full-scale wind tunnel tests.

The extensive damage to curtain walls in recent hurricanes, no-
tably the destruction of the Capital One Tower’s glass windows in
Louisiana by Category 4 Hurricane Laura in 2020, underscores the
critical need to significantly enhance our understanding of the
wind-induced dynamic behavior of curtain-wall systems (Giusti
2020; Vutukuru et al. 2021). The curtain-wall failures related to
wind-induced vibration can also negatively impact water tightness,
leading to water infiltration during storm events (FEMA 488 2005).
This causes significant economic losses by rendering the building
unusable due to water damage to interiors and utilities although
the main wind force-resisting system (MWFRS) does not suffer
structural damage. Therefore, inadequate building facade perfor-
mance is a significant contributor to annual hurricane-related eco-
nomic losses, amounting to billions of dollars, in the coastal
regions of the United States (National Science Board 2007
NCEI 2022). Furthermore, even without extreme wind conditions,
wind-induced dynamics can lead to fatigue or dislodgement of
hardware components, including hinges on operable parts and gas-
kets, resulting in failures such as entire window panels falling off.
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Nevertheless, building codes and standards do not require the
examination of wind-induced dynamics for curtain-wall systems,
because a building facade typically exhibits a high natural fre-
quency and the gust energy in the wind is considered small at the
high frequencies. For instance, in ASCE 7 (2022), Chapter 26,
“Wind Loads: General Requirements,” defines structures with
their lowest natural frequencies above 1 Hz as “rigid,” stating
that wind-induced resonant responses for such structures are
deemed insignificant and can be ignored. The ASCE 7 standard
was originally developed with the dynamics of entire buildings
of typical sizes in mind. Yet, in the absence of other guidance, prac-
titioners have viewed it as also applicable to the much smaller scale
of individual components and cladding (C&C) elements including
curtain walls. Chapter 30, “Wind Loads: Components and Clad-
ding,” of the ASCE 7 standard specifies the requirements for deter-
mining wind pressures on C&C without inclusion of wind-induced
dynamic behavior in the evaluation. Consequently, most curtain
walls are designed based on static wind loads only, overlooking
the dynamic effects. Recent wind tunnel studies evidenced that
building envelopes can indeed experience significant resonant vi-
brations higher than 1 Hz. For example, wind tunnel tests con-
ducted on roof-mounted photovoltaic (PV) systems identified a
major resonant response at around 14 Hz (Estephan et al. 2022;
Moravej et al. 2015). Habte et al. (2015) and Azzi et al. (2020)
also reported major wind-induced resonant vibrations of standing
seam metal roofs in a range of frequencies between 8 and 14 Hz.
With these findings in the wind engineering community and the ef-
forts to enhance the ASCE 7 standard, a new section “29.4.5
Ground-Mounted Fixed-Tilt Solar Panel Systems” was added to
Chapter 29 in the latest version (2022). Departing from ASCE 7—
16, the updated standard acknowledges the inadequacy of the
1 Hz criterion for ground-mounted solar PV systems. Yet, it still
lacks guidance on the wind-induced dynamics of curtain walls.

Despite the significance, a limited number of studies have
been conducted on the subject, and those that exist have em-
ployed simplistic approaches or focused on the dynamics of cur-
tain walls subjected to seismic loads. Nakagami (2003)
conducted finite-element analysis (FEA) to investigate the wind-
induced vibration of a facade under a peak wind speed of 30 m/s.
Two different boundary conditions were considered in the study:
linear supports along the four edges; and point supports at the
four corners. The linear supports resulted in a resonant response
beyond 10 Hz, while the point supports led to a resonant re-
sponse below 10 Hz. The study highlighted the dynamic response
influenced by boundary conditions, but the potential impact of
the study was limited by the absence of framing profiles in the
finite-element (FE) model. Memari et al. (2021) presented a de-
tailed FE modeling procedure of structural sealant glazing
curtain-wall systems, but the major emphasis was on the dynamic
response under seismic loads. The dynamic amplification factor
(DAF), measuring the ratio of dynamic to static response, is com-
monly employed to incorporate dynamic effects into the analysis.
Recent studies on DAF of curtain-wall systems, including those
by Yu et al. (2017) and Alawode et al. (2023), have observed
the DAF values ranging up to around 2. These findings highlight
the significance of dynamic excitation in evaluating the perfor-
mance of curtain walls under wind loads, emphasizing the need
for deeper understanding of the wind-induced dynamics.

This study is motivated by the lack of comprehensive full-scale
experimental and numerical studies to understand the wind-induced
dynamic response of the curtain-wall systems. This study has two
main objective: (i) present numerical modeling techniques that can
realistically reproduce the wind-induced dynamic behavior of a
building facade, specifically focusing on a single-skin curtain-wall
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system, and (ii) highlight the impact of the interaction between fa-
cade and building structure on the wind-induced dynamic behavior
of the curtain wall. To this end, this study employs a set of numer-
ical modeling techniques to develop a high-fidelity FE model. This
model encompasses complex mechanical components such as
double-glazing units (DGUs), operable parts, connections between
frames and those between frames and glass. The developed FE
single-skin curtain-wall model is calibrated for a specific wind sce-
nario using the experiment data obtained from full-scale wind tun-
nel testing. The calibrated FE model is subsequently simulated to
assess whether it can realistically reproduce the dynamic behavior
in different scenarios involving various wind speeds and directions.
Two different approaches are employed for the FE modeling to in-
vestigate the effect of facade-structure interaction: the first ap-
proach develops a “whole-structure” model, encompassing both
the curtain wall and the supporting steel structure to which the cur-
tain wall is mounted; in contrast, the second approach models the
“facade-only” curtain wall as a stand-alone system, excluding the
supporting structure. In addition, the study examines the influence
of vertical protrusion on the dynamic response of the curtain-wall
system to assess how the installation of vertical protrusion affects
the facade’s wind-induced dynamic behavior. The section “Wind
Tunnel Test” summarizes the full-scale wind tunnel tests conducted
on the single-skin curtain-wall system. The section ‘“Numerical
Modeling” discusses the modeling and calibration procedure of
the developed FE curtain-wall model. The section “Analysis Re-
sults” discusses the numerical analysis results.

Wind Tunnel Test

Configuration of the Single-Skin Curtain Wall

The full-scale wind tunnel tests were conducted at the Wall of Wind
Experimental Facility (WOW EF) located at Florida International
University (FIU). This testing facility is one of eight Natural Haz-
ards Engineering Research Infrastructure (NHERI) EFs supported
by the US National Science Foundation (Blain et al. 2020). The
WOW EF is equipped with two rows of fans, each row containing
six fans (a total number of 12 fans) capable of reproducing Cate-
gory 5 hurricane winds on full-scale models (Chowdhury et al.
2017). A turntable, where the full-scale model is placed, is located
in front of the flow management box, allowing for testing in all
wind directions (Fig. 1). Located between the fans and the experi-
mental test section, the flow management box is designed to create
atmospheric boundary layer (ABL) wind velocity profiles and tur-
bulence characteristics for different terrain exposures. This is
achieved using three triangular spires alongside an automated
roughness system, facilitating the simulation of ABL and turbu-
lence dynamics (Feng et al. 2020). The following discussion is a
summary of the wind tunnel experiment that provided data for cal-
ibrating the numerical model and for comparison with the numeri-
cal analysis results. Further details on the wind tunnel experiment
can be found in Alawode et al. (2023).

Fig. 2(a) shows the configuration of the single-skin curtain wall
provided by Permasteelisa Group, which comprises three panels:
the center panel and two side panels. The center panel houses an
operable window. The single-skin curtain wall is mounted to a sup-
porting steel structure that is bolted to the turntable underneath.
Instrumentation of pressure taps requires drilling into glass panels,
which is infeasible, and therefore, polycarbonate panels with
the same dimensions as the facade panels are mounted on the
other side of the structure to collect the pressure data. A wooden
frame is attached to the supporting steel structure, and three
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Fig. 2. Tested single-skin curtain-wall structure featuring two different surfaces: (a) glass curtain-wall panels on one side; and (b) polycarbonate

panels mounted on a wooden frame on the other side of the structure.

polycarbonate panels are mounted on the wooden frame, as shown
in Fig. 2(b). The curtain-wall structure includes a roof on top, with
an overhang of 0.41 m, and the sides are closed with wooden side-
walls as shown in the figure. While the tested model does not rep-
resent a specific floor level, the simulated ABL is representative of
the conditions at a low-rise outdoor shopping plaza featuring large
display windows or the first floor in a mid or high-rise building.
The effect of vertical protrusion (also broadly known as fin) on
the dynamic behavior of the single-skin curtain wall is also inves-
tigated in the test. Two aluminum fins are installed on the mullions
between the panels [Fig. 3(a)]. Two analog wooden fins are also de-
signed and mounted to the polycarbonate wall side [Fig. 3(b)].
Figs. 4(a and b) show the overall dimensions, which are 3.05 m
in height and 3.65 m in width (10 x 12 ft). The curtain-wall unit
features a typical floor-to-floor height that is representative of stan-
dard building measurements. The operable window’s height is
1.87 m, and its width is 0.6 m (6.13 x 1.96 ft). The supporting
steel structure, to which the curtain wall is mounted, has rectangu-
lar dimensions of 3.05 m in height, 2.76 m in width, and 1.8 m in
depth (10 x9x 5.9 ft). The wooden sidewalls have a thickness of
15 ecm. The 4.00 x 2.62 m wooden roof has a thickness of 8 cm.
The curtain wall includes five vertical joints (denoted by J#) as
shown in Figs. 4(a and b). Fig. 4(c) shows an enlarged image of
the cross section for Joint 2 (J2) as an example, illustrating the anat-
omy of the connection. In this connection, the glass is affixed to the
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mullion (a vertical framing element of a curtain-wall system) using
structural silicone.

Sensor Instrumentation and Test Protocol

A total number of 110 pressure taps are instrumented on the poly-
carbonate panels, with two additional taps instrumented inside the
model. Additional 16 taps are instrumented on the vertical protru-
sion. A total of 12 strain gauges are installed behind the mullions
(with their locations shown as S# in Fig. 5) of the glass curtain-
wall panels, while five accelerometers are placed on the glass.
The locations of five accelerometers are shown as A# in the figure.
Therefore, pressure data are obtained from the polycarbonate pan-
els, while acceleration and strain data are obtained from the glass
curtain-wall panels and the mullions.

The sampling frequency for pressure measurements is 512 Hz.
Pressure data are obtained at the wind speed of 22.35 mv/s (50 mph)
and wind direction is varied from 0° (normal direction to the polycar-
bonate panels) to 180° by rotating the turntable in 15° increments
(Fig. 6). The collected pressure data are postprocessed, where a tubing
transfer function is applied to correct for any distortions caused by tub-
ing length (Irwin et al. 1979). The acceleration and strain data are ob-
tained at wind speeds 0f22.35, 31.30, and 40.23 m/s. Wind directions
vary from 0° to 315° in 45° increments. The test duration is 10 min for
22.35 m/s, and 5 min for 31.30 and 40.23 m/s, respectively. With the
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(2)

(b)

Fig. 3. Curtain wall with vertical protrusion: (a) glass curtain-wall panels; and (b) polycarbonate panels.

possibility of permanent deformation, the shorter test duration of
5 min is considered for the higher wind speeds. The protocol of the
wind tunnel tests is summarized in Table 1.

The mean wind speed (UL) at the reference height (Z..r), which
is the rooflevel at 3.2 m, is measured as 21.97 m/s for the 22.35 m/s
wind. A roughness length z, of 0.08 m represents an open terrain
ABL simulation for the wind tunnel tests. The wind speed and tur-
bulence characteristics are measured along the center of the turnta-
ble using Cobra probes instruments. The mean wind speed and
turbulence intensity profiles obtained at the turntable center are
shown in Fig. 7. The comparison with the ESDU item 85020

Polycarbonate

Surface
0.88m 1.89m 0.88m
1.8m|
3.65m
- . 3 -4 J5
[ 7 Y
‘\Vertical
@ Glass Surface Protrusion

Gasket

(ESDU 2001) indicates that the simulated wind mirrors the
characteristics of the ABL wind. The turbulence intensity 7, at the
roof height is 5%. The simulated wind profile adheres closely to a
logarithmic shape, which is particularly relevant for low-rise
building units, providing a realistic representation of the wind expo-
sure these structures are subjected to. Additional insights into the
flow characteristics from full-scale wind tunnel experiments, in-
cluding peaks, fluctuations, spatial variations, and coherence on
the curtain wall under various wind directions, are elaborated in
the companion articles that focus on the experimental aspect for
this research (Alawode 2023; Alawode et al. 2023).

—0.88m—-—1.89m —0.88m—
1.87m
3.05m

J1 12 J3 J4 J5
—r——

0.94m
I

(b) —1.29nT—0.6n1’

<+——— Aluminum Mullion

/ Inner Laminated Glass

©

\ Outer Monolithic Glass

Fig. 4. The overall dimension of the tested single-skin curtain wall, where J# refers to a vertical joint number: (a) plan view (shown with vertical

protrusion); (b) elevation view; and (c) cross section of J2.
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Fig. 5. Sensor locations on the glass curtain-wall side: (a) strain gauges; and (b) accelerometers.

Curtain-wall Panel

Fig. 6. Wind direction (plan view).

The data acquisition in the experiment is not performed simul-
taneously, as the pressure and acceleration data are obtained sepa-
rately with a 180° difference. For example, pressure data for the
normal wind direction (i.e., 0°) is obtained from the polycarbonate
panels, whereas the acceleration and strain data for the same normal
direction is obtained at 180° from the glass curtain-wall panels
(Fig. 6). This arrangement in the experiment may potentially
cause confusion for readers since both 0° and 180° can be viewed

Numerical Modeling

Single-Skin Curtain Wall

An FE model of the single-skin curtain-wall system is developed to
reproduce the characteristics of wind-induced vibrations observed
in the full-scale tests at the WOW EF. This study is aligned with
the industry needs by developing strategies for high-fidelity

5 =—
2 0 WOowW i § | owWow
--ESDU (z_=0.08) /O t—-ESDU (z \ = 0.08)
0.8 o / 0.8 |
2 i
/ |
5 0.6 ! = 0.6 1
N of N Vb
o3 ] 3 \
N 04 Vi N o4 \
0.2 # 0.2 S
0 o 0 D
0.4 0.6 0.8 1 0 10 20
uu Turbulence Intensity I (%)
(a) ref b) u

Fig. 7. Comparison of WOW data with ESDU: (a) mean wind speed
profile; and (b) turbulence intensity profiles. (Reprinted from Alawode
et al. 2023, © ASCE.)

as normal wind directions depending on the type of data obtained. ]
Therefore, to ensure clarity in the numerical modeling discussed in i 8 e =]
the subsequent sections, the wind direction will be designated = "’”f:__ = !
based on the polycarbonate side. For example, the normal wind di- :/_ :,_,__. H—] ||
rection will be simply referred to as 0°. | (BB 2 o ||
| 4+—1 | =1 ’: =
Table 1. Testing protocol k| ::'-’ [ ]
B8 | 1T &l
Wind direction ®  Test duration (B e I ]
Data obtained Wind speed (degree) (minutes) | — T =
11 S ¥ | —
Pressure 22.35 m/s 0-180 (in 15-degree 1 | ﬁ"’ﬁ:ﬂ Ll -
(50 mph) increments) ’:,__— ]
Acceleration and 22.35m/s 0-315 (in 45-degree 10 L —— L =TT | =
strain (50 mph) increments) |+ | et
3130m/s  0-315 (in 45-degree 5 e ——
(70 mph) increments) b =
40.23 m/s 0-315 (in 45-degree 5
(90 mph) increments) Fig. 8. Developed FE model of the single-skin curtain wall.
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numerical modeling suitable for adoption by the facade industry.

For this effort, Midas Gen, a commercial FEA software, is utilized

for the FE modeling (Midas Information Technology 2021). Fig. 8

shows the developed FE curtain-wall model. The curtain-wall

model is composed of frames and glass, which are assembled by
mechanical fixings and structural silicone (wet glazing).

a. Modeling frames: Beam elements with 6 degrees of freedom
(DOFs) per node (12 DOFs in total) are used for modeling (i)
the main frame and (ii) the sash/window frame for the operable
part as shown in Fig. 9. Employing 3D solid elements, such as
8-node or higher-order hexahedral brick elements, for modeling
the detailed geometry of complex framing profiles could im-
prove accuracy. However, the higher computational costs asso-
ciated with these solid elements can make calibration and

: nel
er panel S‘SEEL

Side Panel Cent _
— | e
Operable
Part |
- — ==t =
<«
W
e— W‘ i
(a; . Main Frame

(®)

parametric studies excessively expensive. Given that the FEAs
in the facade industry are typically conducted on ordinary per-
sonal computers with limited computing power, this approach
utilizing beam elements ensures a balance between simulation
fidelity and computational cost. The main frame includes mul-
lions and transoms that are vertical and horizontal framing ele-
ments, respectively. The operable part is mounted to the main
frame in the designated location as shown in Fig. 9. While the
operable part can be opened — separating the sash from the win-
dow frames — this study only considers the closed condition, as
it is typical during high-wind events. The curtain-wall system
features nine different framing profiles, as shown in
Fig. 10(a), which are considered for the numerical modeling.
The cross-sectional properties of each profile including area

il

\\
“'ﬂ‘.“A
\

Main Frame

Fig. 9. The modeled main frame (mullions and transoms) and sash/window frame for the operable part: (a) the frames are modeled using 12-DOF
beam elements; and (b) 3D visualization featuring the modeled framing profiles.

L L
e od

5 6 7 8 9
T T T T T T T T
6 6
—
il 7 J5
4 4
1 2
4
(b) 7 )

Fig. 10. Framing profiles: (a) cross sections of the nine framing profiles; profile #4 consists of both sash and window frames of the operable part,
where the sash frame is presented in a brighter color; and (b) location of the framing profiles.

© ASCE 04024032-6

J. Archit. Eng.

J. Archit. Eng., 2024, 30(4): 04024032



Downloaded from ascelibrary.org by Florida International University on 09/09/24. Copyright ASCE. For personal use only; all rights reserved.

b.

and second moments of area (Iyy, Iyy, and Iyy) are presented in
Table 2, which are computed using CAD software. In calculat-
ing the second moment of area of profiles #1 and #2, the com-
posite action of the separate parts is also considered. The
geometric properties are incorporated into the modeling of the
FE beam elements representing the frames.

Modeling connections between the frames: The mullion and
transom in each panel are joined by a shared node; for example,
framing profiles #1 and #6 are adjoined at the upper left corner
in Fig. 10(b). A set of elastic links is employed to model the con-
nection of two frames placed in parallel, reproducing the me-
chanical coupling between them. The elastic link has 6 DOFs
with translational and rotational stiffnesses to all local x-, y-,
and z-directions. Fig. 11 illustrates an example of assembling
two mullion frames next to each other (framing profiles #2
and #1 at J2 in Fig. 10) using the 6-DOF elastic links. The
same approach is used to model the intermediate mullion (pro-
file #3) composed of two parts. The interaction between the
main and sash/window frames (profiles #2, #3, #8, #9, and pro-
file #4) is also modeled using the 6-DOF elastic links to mount
the operable part to the main frame.

¢. Modeling glass: Glass modeling is of great importance due to its

extensive coverage in the curtain-wall surface and its mass, play-
ing a substantial role in governing the overall dynamic response
of the system. Therefore, the glass properties including mass and
stiffness need to be properly modeled to realistically reproduce
the dynamic behavior. However, glass modeling is not often
straightforward if multiple layers are used, as in insulated lami-
nated glass, which is the case with the tested curtain-wall system
in this study. The glass used in the curtain wall is a DGU, and its
schematic drawing is shown in Fig. 12. The DGU is composed of

Table 2. Cross-sectional properties of the framing profiles

Glass
>
e PVB interlayer [ Laminated glass
% ——= Thermal spacer Glass

Inner glass layer [
Gap

Outer glass layer { |

Fig. 12. Schematic drawing of the DGU.

- Equivalent

Outer Inner glass Equwalent DGU . Scaled

glass | Gap X inner layer . Thickness | .
layer (with . thickness Ny unit weight

layer | (mm) PVB) (mm) thickness (mm) ratio (R) (ke/m)

‘ (mm) (mm) i

| ‘ ‘ | ‘ ‘ 6.35| 12.70 10.29 9.75 10.40 0.65 3430
4.76 | 15.88 4.76 4.76 5.73 0.60 3678

6.35 | 12.70 10.29 9.27 9.53 0.61 3628

6.35 | 12.70 10.29 9.07 8.87 0.58 3845

— 10.00 | 12.00 6.00 6.00 10.72 0.67 3322

Fig. 13. Computed equivalent DGU thicknesses.

inner and outer glass layers with a gap that is maintained by a
thermal spacer. The outer glass is a monolithic glass while the
inner glass is a laminated glass where a polyvinyl butyral
(PVB) interlayer is between the two layers of monolithic glass.
Therefore, to numerically model it with a plate element, an equiv-
alent glass thickness needs to be estimated to represent the prop-
erties of the DGU. Fig. 13 summarizes the estimated equivalent
properties for the five different types of DGU used in the curtain
wall. The hatching code indicates the location of each glass. The
effective thickness of the (inner) laminated glass is first estimated
using the method by Galuppi and Royer-Carfagni (2012), which
is shown in the fifth column of the figure. The approach discussed
in the European Standard EN 16612 (European Committee for

Areg \ .\ .\ Standardization 2019) is then adopted to back-calculate the over-
# Framing profile (mm®) Iyy (mm’) Iyy(mm") Iyy (mm") all effective stiffness of the DGU and subsequently the equivalent
1 Left mullion 1,652 3.77x10° 5.53x10° 1.93x10° thickness. The thickness ratio, denoted as R, is calculated by com-
2 Right mullion 1,587 3.64x10° 2.84x10° 1.74x10° paring the equivalent DGU thickness to the sum of both the outer
3 Intermediate mullion 1,619 5.39x IOZ 2.59 % 10451 2.36x 10i and the equivalent inner layers. The estimated equivalent DGU is
4 Operable part 445 142x10° 3.04x10° 2.78x10° thinner compared with the original. To compensate for this differ-
2 B?tom transom }333 5'76X 186 Tg?x 186 g‘l‘gx 185 ence in thickness, the unit weight of the glass is increased to
X X X o . . .

op transom 7 77 6 o 5 o 4 match the mass of the original DGU. This approach effectively

7 C-shape beam 1,187 1.40x10° 3.66x10° 5.54x10 dels the stiffi d i £ the DGU bli
8  Intermediate botom 1,355 3.53x10° 1.05x10° 2.56x10° models te SUTMESs and mass properties ot the UL, enabing
transom the realistic reproduction of the facade’s dynamic behavior. In
9 Intermediate top transom 1,355 3.54x10° 8.95x10° 1.91x10° glass modeling, 4-node plate elements are used. The initial place-
ment of nodes is based on the locations of pressure taps on the

Side Panel Center Panel  Side Panel
. 1
I/é/ /
T b
I
Plan view of cross-section (CAD Drawing)
Fig. 11. Modeling connection between the neighboring panels, where 6-DOF elastic links are used.
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X
Y
Node 2

Node 1

Frame & Silicone

Glass Modeled curtain wall

Fig. 14. Modeled curtain wall features glass and frames joined by structural silicone, represented by elastic links illustrated in the inset image.

203.2 mm

50.8 mm I

9.5mm 9.5mm

Supports

l

101.6 mm

+«—>
DIlOlﬁmm

2

101.6 mm
«——>» 50.8 mm 76.2 mm
pe—
152.4 mm 110146 Tai " Il()]ﬁ mm
9.5 mm 9.5 mm 9.5 mm
3 4 5

Fig. 15. FE model of the supporting steel structure, with its bolted connections to the turntable highlighted as “supports” using half-colored hexagon
icons the five framing profiles shown in the figure are used to fabricate the steel structure.

glass, as identified in wind tunnel experiments. Mesh density is
subsequently enhanced, with the initial nodes remaining fixed,
until further enhancement would not warrant significant improve-

ment in simulation fidelity.

d. Assembling frames and glass: Structural silicone assembles the
glass and frames in the tested curtain-wall system. In this study,
the 6-DOF elastic links are used to numerically represent the sil-
icone. Fig. 14 shows the modeled curtain wall with elastic links
assembling the glass and frames.

Table 3. Cross-sectional properties of the

supporting steel structure

framing profiles of the

Whole-Structure Model

The full-scale curtain-wall system tested at the WOW EF is com-
posed of the supporting steel structure, polycarbonate panels,

Wooden frame &

Polycarbonate panel

Curtain wall

Framing profile # Area (mmz) Iy (mm4) Iyy (mm4) Ly (rnm4) Supporting Steel Structure—

1 4,470 1.72%x10°  1.89x107 5.17x10°

2 3,503 5.00x10°  5.00x10° 7.43x10°

3 4,470 1.36x107  7.06x10° 1.40x10’

4 2,542 295x10° 8.89x10° 2.06x10° Fig. 16. The glass curtain-wall panels (front) and the polycarbonate
5 3,026 3.98x10°  245x10° 4.52x10° panels (rear) attached to the supporting steel structure.
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7

Lif g ol
LLIITT 7]

Fig. 17. The FE “whole-structure” model including the supporting
steel structure, curtain-wall panels, polycarbonate panels, side walls,
and roof.

sidewalls, and roof as well as the single-skin glass curtain wall.
Therefore, the development of the “whole-structure” model
would enable a fair comparison between the experiment data

Table 4. Material properties used in the FE model

Table 5. Calibrated values for the modeled connections and silicones

Item # Axial Shear Rotational
in Connections and stiffness stiffness stiffness
Fig. 18 silicones (kN/m) (kN/m) (kN-m/rad)
1 Curtain wall’s top 17,513 17,513 11.29

connection to the
steel structure
2 Curtain wall’s 5,254 5,254 3.38
bottom connection
to the structure

3 Steel structure’s 7,005 7,005 4.52
supports

4 Intermullion 700 700 0.45

connection

5 Center panel’s 175 175 0.11
silicone

6 Side panel’s 166 166 0.10
silicone

and the FE analysis results. Fig. 15 shows the developed FE
model of the supporting steel structure including the main steel
structure connected to perimeter beams at the bottom. The perim-
eter beams are bolted to the turntable in the experiment, which are
numerically modeled with supports in the FE model as shown in
the figure. The 12-DOF beam elements are utilized to model the

Material Modulus, £ (MPa)  Poi ti Densi ’ . .
aer.1a odulus, £(MPa) Poisson ratio, v _ Density, p (kg/m’) beams and columns of the supporting steel structure. Fig. 15
Aluminum 70,940 0.33 2,768 also shows the geometries of the framing profiles used to fabricate
Steel 200,000 0.30 7,861 the steel structure. Table 3 presents the cross-sectional properties
Wood 4,000 0.31 830 . . K
of the profiles. The developed single-skin curtain-wall model
Polycarbonate 1,793 0.31 1,190 . . . .
(Fig. 8) is then mounted to the front side of the supporting
L. Curtain wall’s To
Connection to Steel
Structure
3. Steel
structure’s
supports
. N
2. Curtain wall’'s___ :
Bottom Connectio :
to Steel Structure
5. Center
i
i
;‘:‘ ¥ 6. Side
b panel’s
bl silicone
4. Inter-mullion E
Connection i{
8
L&
%;‘
i
5. Center
panel’s
silicone
Fig. 18. Connections and silicones in the FE model.
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A2

RMS = 0.1109

A3

=0.
T RMS = 0.1063

(a) (b)
Fig. 19. RMS values of acceleration time history (m/s®) for 22.35 m/s and 0° wind: (a) whole-structure FE model; and (b) experiment data.

structure as shown in Fig. 16. The wooden frame and polycarbon- with the wooden sidewalls and roof is shown in Fig. 17. The ma-
ate panel models are also developed and connected to the rear side terial properties used in modeling the whole structure are summa-
of the supporting structure. The developed whole-structure model rized in Table 4.

1072 S
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Fig. 20. Acceleration PSDs of the whole-structure FE model compared with the experiment data for 22.35 m/s and 0° wind.
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Fig. 21. RMS values of strain time history (shown in ue) for 22.35 m/s and 0° wind: (a) whole-structure FE model; and (b) experiment data.
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Fig. 22. Strain PSDs of the whole-structure FE model compared with the experiment data for 22.35 m/s and 0° wind.

Calibration

The pressure time history data, collected from the pressure taps in
the wind tunnel test, are utilized to model the wind load. This mod-
eling employs the data corresponding to a wind speed of 22.35 m/s
and a wind direction normal (0°) to the curtain-wall surface. The

Table 6. RMS values of acceleration time history (m/s?) of the
whole-structure FE model, compared with the experiment data for
31.30 m/s and 0° wind

FE analysis Experiment Difference

Accelerometer # (m/s?) data (m/s?) (%)
1 0.4489 0.4925 8.9
2 0.3186 0.3304 3.6
3 0.3400 0.3200 6.2
4 0.3240 0.3162 2.5
5 0.4798 0.5486 12.6
© ASCE

04024032-11

raw data are expressed in terms of the pressure coefficient, denoted
as C,,. Midas Gen FEA software requires nodal load time history as
input for dynamic analysis. Therefore, the C, time histories are first
converted to pressure time histories using

PO =1/2X pye X Cp X Uy 0]

where p(t) = pressure time history; p,. = air density; C, = pressure
coefficient; and U,.r=reference wind speed measured at the roof
level during the wind tunnel test.

The C, time histories are then converted to nodal load time his-
tories by considering the tributary area of each node using

Fi(t) =pi(t) X 4; )

where Fi(t) =wind load at node i at time ¢; p{(¢) = interpolated pres-
sure; and A, = tributary area of the node i.
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Fig. 23. Acceleration PSDs of the whole-structure FE model compared with the experiment data for 31.30 m/s and 0° wind.

For FE nodes not aligned with the pressure tap locations in the
experiment, data are interpolated to compute the corresponding
value for each node.

Calibration of the whole-structure FE model is conducted iter-
atively using the modeled wind load as input, adjusting the model
parameters until the numerical model yields a dynamic response
comparable with the experiment data. The FE model is deemed
“comparable” when its root mean square (RMS) acceleration
time history responses are within a 10% range compared with
the experiment data. In this study, values associated with connec-
tions and structural silicones are adjusted. Fig. 18 highlights the

Table 7. RMS values of acceleration time history (m/s*) of the
whole-structure FE model compared with the experiment data for
40.23 m/s and 0° wind

Accelerometer FE analysis Experiment data Difference
# (m/s”) (m/s”) (%)

1 0.7108 0.8131 12.6

2 0.5265 0.5213 1.0

3 0.5449 0.4781 14.0

4 0.5358 0.4909 9.1

5 0.7267 0.8105 10.3

© ASCE
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locations of these connections and silicones adjusted in the whole-
structure FE model. Table 5 summarizes the calibrated values for
the connections and silicones. The process started with initial rec-
ommendations from literature on the mechanical properties of
commercial structural silicone, including the study by Silvestru
et al. (2018). The calibration involved iterative adjustments to
these values, leading to the final calibrations that are specific to
this study and differ from the initial recommendations. The specif-
icity of the calibrated values is attributed to the specific FE mod-
eling strategies employed, including the selection of element types
and mesh density.

Fig. 19 presents the RMS of time history acceleration response
of the calibrated whole-structure FE model compared with the ex-
periment data, demonstrating a difference of less than 10% in all
locations. Fig. 20 compares the acceleration responses in the fre-
quency domain. A major frequency is apparent near 4 Hz in all
five power spectral densities (PSDs), and other major frequencies
are also clearly observed near 16 H and 24 Hz depending on the ac-
celerometer locations. As shown in the figure, the whole-structure
FE model reproduces the major frequencies observed in the exper-
iment data with high fidelity.

The comparison of RMS values in time history strain re-
sponse between the calibrated numerical model and the experi-
ment data are shown in Fig. 21. The strain gauge 4 (S4) lacks
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Fig. 24. Acceleration PSDs of the whole-structure FE model compared with the experiment data for 40.23 m/s and 0° wind.

data due to its malfunction, which was found after the experi-
ment. The 10% criterion is also applied to strain time histories,
achieving less than 10% difference for most locations. Excep-
tions include locations S5, S6, S8, and S9 in the center panels,
where differences exceed 10%. The primary challenge arises
from using 12-DOF beam elements to balance simulation fidelity
and computational efficiency, given the complex geometries of
the framing profiles. This leads to limitations in accurately rep-
resenting the strain response on the mullion’s extreme fiber,
far from its neutral axis, since the strain gauges in the experi-
ment are positioned on the extreme fiber of the mullion’s cross

Table 8. RMS values of acceleration time history (m/s*) of the
whole-structure FE model compared with the experiment data for
40.23 m/s and 45° wind

Accelerometer FE analysis Experiment data Difference
# (m/s”) (m/s”) (%)

1 0.7101 0.7422 43

2 0.4415 0.4835 8.7

3 0.4106 0.4343 5.5

4 0.3962 0.4260 7.0

5 0.6617 0.6988 5.3

© ASCE
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section. Therefore, the differences exceeding 10% are observed
near the center panels that experience more deformation. Em-
ploying 3D solid elements to model the framing profiles using,
for example, 8-node hexahedral brick elements, could enhance
the simulation accuracy. However, it would also significantly in-
crease computational cost, making it less practical for the facade
industry, since the modeling and analysis in the practice are typ-
ically performed using standard personal computers with limited
computing power. Therefore, the study does not pursue further
calibration of the strain response, acknowledging the limitations
of using the beam elements. Nevertheless, the strain PSDs are
reasonably comparable in the frequency domain, as shown in
Fig. 22, including S5 and S8.

Analysis Results

Analysis of “Whole-Structure” FE Model

The calibrated whole-structure FE model is used to estimate the dy-
namic response under different wind loadings for model validation.
Two different wind speeds, 31.30 and 40.23 m/s, and three differ-
ent wind directions, 0°, 45°, and 90°, are considered to reproduce
the wind-induced dynamic response. The C, data obtained from

J. Archit. Eng.

J. Archit. Eng., 2024, 30(4): 04024032



Downloaded from ascelibrary.org by Florida International University on 09/09/24. Copyright ASCE. For personal use only; all rights reserved.

Accelerometer 1

S, (m’/(s*Hz))

(m*/(s*.Hz))

“ [

\)n
e

~~Experimental ‘
—FE Whole Structure| |

{ It ‘M
|

!

Al
M )

S, (m*(s".Hz))

-~ Experimental
—FE Whole Structure|

AR M r'
Ny w*" W
f Mﬁ

10!

n (Hz)

Accelerome{tpr 2

an

|

A r

oyt A‘”’”‘.‘M
s

‘ ~Experimental i
—FE Whole Structure

vj \ Ml
Yy ¥
/\FJ \\/ A \A “W \\J‘ ‘i“‘---Experimental
| —FE Whole Structure
10
n (Hz)

Fig. 25. Acceleration PSDs of the whole-structure FE model compared with the experiment data for 40.23 m/s and 45° wind.

the experiment are used to create the input nodal load time histories
corresponding to each wind speed.

Table 6 presents the results for a 31.30 m/s and 0° direction
wind. The results show a good comparison between the RMS
values, with differences less than 13% between the FE model
and the corresponding experimental data. In Fig. 23, the acceler-
ation PSDs are plotted for all five locations, indicating that the
numerical response realistically captures all major frequencies
observed in the experiment data. The RMS values of accelera-
tion response for 40.23 m/s and 0° direction wind are presented
in Table 7, which also shows a good comparison between the
numerical analysis and the experiment data with a difference

Table 9. RMS values of acceleration time history (m/s*) of the
whole-structure FE model compared with the experiment data for
40.23 m/s and 90° wind

Accelerometer FE analysis Experiment data Difference
# (m/s”) (m/s”) (%)

1 0.9355 1.0400 10.0

2 0.6582 0.5983 10.0

3 0.6086 0.5181 17.5

4 0.6294 0.5068 242

5 0.7879 0.8603 8.4

© ASCE
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up to a 14%. Fig. 24 shows the frequency domain response,
which effectively captures the major frequencies. It is also im-
portant to note that the experimental data exhibit more energy,
especially in the low-frequency band around the first natural fre-
quency, compared with the numerical simulation results. The ob-
served discrepancy in energy at the lower frequencies could be
attributed to the inherent limitations of the simplified FE
model, which adopts the beam elements to approximate the
3D frames, which could be better modeled with 3D solid ele-
ments while trading off the computational cost. Table 8 and
Fig. 25 present the response for the wind at 40.23 m/s and
45° direction, and Table 9 and Fig. 26 show the results for
40.23 m/s wind at 90° crosswind direction. Although the numer-
ical model is calibrated only for the normal direction wind, it
demonstrates the comparable RMS values and captures the
major frequencies for these different wind directions.

Analysis of “Facade-Only” FE Model

In the facade industry, it is common to model the facade without the
building structure for numerical analysis. This practice is consid-
ered practical because modeling the entire system, including the
building structure as well as the curtain walls, requires a significant
effort. Therefore, the connection to the building structures is
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Fig. 26. Acceleration PSDs of the whole-structure FE model

compared with the experiment data for 40.23 m/s and 90° wind.

typically modeled with a simplified boundary condition such as
hinges or fixed ends. This practice, however, prompts questions re-
garding the potential differences in simulated dynamic behavior be-
tween numerical models that include the building structure and
those that do not. This section addresses this issue by analyzing a

(a)
Fig. 27. RMS values of acceleration time history (m/s?) for 22.35

“facade-only” model in comparison with the “whole-structure”
model discussed in the previous sections. The “facade-only”
model contains solely the single-skin curtain wall and is considered
as a stand-alone system. The boundary condition of this model in-
cludes the connections to the supporting steel structure at both the

RMS =0.1048

RMS =0.1063

(b)

m/s and 0° wind: (a) facade-only FE model; and (b) experiment data.
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Fig. 28. Acceleration PSDs of the facade-only FE model compared with the experiment data for 22.35 m/s and 0° wind.
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(a) 1% mode 2" mode
Facade-only
FE model 15.06 Hz
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Fig. 29. Natural frequencies and mode shapes: (a) whole-structure FE model; and (b) facade-only FE model.

top and bottom, as depicted by the connections #1 and #2 shown in
Fig. 18. A set of 6-DOF point springs are used for the boundary
condition modeling, a strategy frequently adopted in the facade in-
dustry. The same values calibrated based on the experimental data
for the whole-structure FE model are adopted for all modeling

© ASCE
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parameters. Figs. 27 and 28 present the simulation results of the
facade-only model compared with the experiment data obtained
for 22.35 m/s and 0° wind. The RMS values of acceleration re-
sponse are comparable for the center panel while a major
difference of more than 25% is shown in the side panels (Al and
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Fig. 30. Stability diagram created from the experimental acceleration data using the ERA-OKID-OO method.

AS5). The difference is more remarkable for the PSDs in the fre-
quency domain. In Fig. 28, a major frequency is clearly absent
near 4 Hz.

Effect of Facade-Structure Interaction

Eigen analysis is conducted to further investigate the source of the
difference between the facade-only model and the whole-structure
FE model. The natural frequencies and mode shapes are shown in
Fig. 29. Compared with the whole-structure FE model, the
facade-only model completely lacks the first natural frequency
around 4 Hz, although it still captures the other natural frequencies
near 16 and 24 Hz. This observation can be translated that the

(2)

natural frequency near 4 Hz originates from the interaction between
the facade and its supporting building structure, while the higher
natural frequencies are from the facade itself.

A system identification method is adopted to examine if the
experimental data corroborates the same conclusion. To this end,
the Eigensystem Realization Algorithm-Observer Kalman filter
Identification-Output Only (ERA-OKID-OO) method by Chang
and Pakzad (2014) is employed to generate a stabilization diagram
of the experimental acceleration data. Fig. 30 shows the stability di-
agram, where a solid vertical line of stable poles is an indicator of a
true mode of vibration, which is shown near 4, 16, and 24 Hz.
These major frequencies are confirmed by the eigen analysis results
obtained from the whole-structure FE model. However, the solid
vertical line at 4 Hz is different from the lines at 16 and 24 Hz in

RMS =0,1203["™%

A3

=1
RMS=0.1999  RMs < 0i1das

Ad

RMS = 071621

Fig. 31. RMS values of acceleration time history (m/s®) for 22.35 m/s and 0° wind: (a) whole-structure FE model with vertical protrusions; and

(b) experiment data from wind tunnel test.
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Fig. 32. Acceleration PSDs of the whole-structure model with vertical protrusions compared with the corresponding experiment data for 22.35 m/s

and 0° wind.

the sense that the stable poles are realized for a much higher model
order (above 100) while the stable poles at 16 and 24 Hz are real-
ized at a lower order (as low as 20). The indication of a weak signal
near 4 Hz highlights that the 4 Hz natural frequency is a result of
the influence of the supporting structure. This is attributed to the
fact that the sensors (accelerometers) are only mounted to the fa-
cade panels, which resulted in limitations in capturing the 4 Hz
mode of the whole structure. On the other hand, the strong signals

Effect of Vertical Protrusion

The effect of vertical protrusion on the wind-induced dynamic re-
sponse of the curtain-wall system is numerically investigated,
with FE beam elements utilized to model the vertical protrusions.
The modeled protrusions are connected to the mullions of the

0.66
near 16 and 24 Hz indicate that these major frequencies are from 107! : il '
the curtain wall itself. Therefore, it is evident that the facade-only i
FE model lacks the major frequency resulting from the interaction 107 _,‘«"'— ﬁ""\\ 3
between the facade and the building structure. This absence can be ’,/' i
seen as a limitation when only the facade is modeled. o 107} _,x"

Table 10. RMS values of acceleration time history at A3 of the =
whole-structure FE model, without and with vertical protrusions, 5
compared with the experiment data for 22.35 m/s and 0° wind 107 F —wow i 3
=-ESDU (zo =0.08m Zref=3.2m, U =22m/s)
Model RMS acceleration (m/s?) 1076 ! w
- ; - 1074 107 10° 107
FE analysis—without protrusion 0.1140 nb/U
FE analysis—with protrusion 0.1454
Experiment data—without protrusion 0.1048 Fig. 33. Normalized wind turbulence power spectrum. (Modified from
Experiment data—with protrusion 0.1339 Alawode et al. 2023.)
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whole-structure FE model using 6-DOF elastic links. Subse-
quently, the FE model with protrusions is subjected to 22.35 m/s
and 0° wind to analyze its wind-induced dynamic behavior.
Fig. 31 compares the RMS values of acceleration response,
which demonstrates that the whole-structure FE model reasonably
captures the dynamic behavior with vertical protrusions. The model
also captures the major frequencies with high fidelity as shown in
Fig. 32.

Compared with the curtain wall without the vertical protrusions,
an increase in acceleration is observed with the installation of ver-
tical protrusions. For example, as shown in Table 10, the RMS val-
ues of the acceleration response at A3 increase by more than 25%.
The vertical protrusion adds stiffness to the system, thereby in-
creasing the overall acceleration level. However, an increase in
stiffness may not always result in an increased acceleration.
Fig. 33 provides an additional explanation from the aerodynamic
perspective. The figure depicts the normalized turbulence PSD
obtained from the wind tunnel experiment, whereby the PSD is di-
vided by U/b, where U represents the average wind speed measured
at the roof height of the curtain wall, specifically 22 m/s, and
b denotes the width of the curtain wall, which is 3.65 m. The
whole-structure model has a fundamental natural frequency near
4 Hz, which is the first natural frequency. This corresponds to a
value of 0.66 on this plot, and the frequency is positioned on the
ascending side in the spectrum. Therefore, an increase in stiffness
results in a higher natural frequency, which leads to an increase
in the dynamic response. Given the first natural frequency of the
curtain wall originates from the interaction between the facade
and its supporting structure, the effect of vertical protrusion is influ-
enced by the facade-structure interaction.

It is worth noting that the WOW EF wind simulation has a
limitation in presenting low-frequency turbulence in large- and
full-scale testing as shown in Fig. 33. This results in a noticeable
deficiency in the low-frequency range of the PSD when compared
with ESDU. The partial turbulence simulation (PTS) method, de-
veloped and validated in prior studies, can be used to effectively ac-
count for the absence of low-frequency components, providing a
realistic estimation of peak pressure coefficients (Asghari Moone-
ghi et al. 2016; Moravej 2018). However, to allow for a direct com-
parison between experimental data and simulation results, this
study does not apply the PTS method. The focus on the high-
frequency part of the PSD is also of particular relevance to the anal-
ysis of curtain-wall systems in this study. Nevertheless, future re-
search will explore the use of peak pressures after the PTS
method to compensate for the low-frequency components.

Concluding Remarks

This study investigates the wind-induced dynamic behavior of a
single-skin curtain wall using an FE facade model, which is devel-
oped based on the experiment data obtained from full-scale wind
tunnel tests conducted at the NHERI WOW EF. A set of numerical
modeling techniques are presented to realistically reproduce its
wind-induced dynamic behavior. These techniques involve model-
ing the curtain-wall framing profiles with various cross sections,
substituting DGU with equivalent glass, integrating the operable
parts into the main curtain-wall frame, and creating connections
among the frames and those between the frames and the glass.
Two FE modeling approaches are employed to develop both
“whole-structure” and “facade-only” models. The whole-structure
model encompasses all elements present in the experimental test
setup, including the supporting steel structure, sidewalls, and
roof, as well as the curtain wall. In contrast, the facade-only
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model exclusively features the stand-alone curtain-wall system.
The boundary condition in the facade-only model is simplified in
a way that is commonly adopted within the facade design/engineer-
ing industry. These whole-structure and facade-only models are
used to investigate the impact of facade-structure interaction on
the wind-induced dynamic behavior of the curtain-wall system.

The whole-structure FE model is calibrated for a particular wind
scenario with a speed of 22.35 m/s and 0° direction. It is demon-
strated that the model can realistically reproduce the dynamic be-
havior in different scenarios involving various wind speeds and
directions. Moreover, the FE model is also able to capture the
major frequencies above 1 Hz in the response, mirroring what
was observed in the wind tunnel experiment. Therefore, the FE
modeling techniques presented in this study hold potential as a
valuable tool for analysis and design in the facade industry. Fur-
thermore, the findings of this study may prompt a re-evaluation
of the ASCE 7 concerning the analysis and design of C&Cs, as
the provisions currently do not require consideration of wind-
induced dynamic effects on curtain-wall systems.

In contrast to the whole-structure FE model, the facade-only
model completely lacks the first natural frequency originating
from the interaction between the facade and its supporting struc-
ture. This result suggests that the interaction between the facade
and building structure should be properly modeled to realistically
simulate the wind-induced dynamic behavior of the facade. Fur-
thermore, this hints that the facade’s performance would change
based on the structure it is mounted to. This study also investigates
the effect of vertical protrusion on the facade’s wind-induced dy-
namic behavior, demonstrating that the installation of a protrusion
may change the facade’s response with an increase in the curtain
wall’s overall stiffness. This suggests a potential increase in the am-
plitude of the dynamic response, which could lead to a higher prob-
ability of water ingress through the curtain wall. The effect of
vertical protrusion is also influenced by the facade-structure’s inter-
action. Ignoring the interaction between the facade and its support-
ing building structure could lead to an oversight of the
wind-induced resonant response during the facade design phase.
We encourage the research community to delve deeper into the
complex phenomena related to the wind-induced dynamic behavior
of curtain-wall systems, particularly focusing on the influence of
the interaction between the facade and the building structure.
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