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ABSTRACT OF THE DISSERTATION

WIND-INDUCED DYNAMIC BEHAVIOR OF BUILDING ENVELOPES:
A NUMERICAL STUDY ON GLASS CURTAINWALLS AND OPERABLE

WINDOW SYSTEMS

by

Ali Bakhtiari

Florida International University, 2023

Miami, Florida

Professor Seung Jae Lee, Major Professor

The inadequate performance of building envelopes contributes significantly to financial
losses in coastal regions of the United States caused by hurricanes. Glass curtainwalls,
commonly used as building envelopes, are highly vulnerable to extreme wind loads and
susceptible to failures due to excessive vibrations during windstorms. These failures are
primarily attributed to wind-induced vibrations resulting from strong gusts, leading to
damage. Such curtainwall failures can compromise the water tightness of building
envelope systems, allowing water infiltration during storms and rendering the building
unusable, even if the main wind-resisting system remains structurally intact. The ASCE 7
standard requires dynamic analysis to assess the impact of wind on structures but does not
mandate the analysis of structures with natural frequencies exceeding 1 Hz for wind-

induced dynamic effects.
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This study aims to address knowledge gaps related to the effects of wind-induced vibrations
on the dynamic behavior of single-skin fagcade, double-skin fagcade curtainwalls, and
operable window systems. Comprehensive finite element analyses are conducted to
simulate the dynamic response of the curtainwall systems. Experimental data from full-
scale wind tunnel tests on single-skin and double-skin facade curtainwall specimens at the

NHERI Wall of Wind Experimental Facility are used to validate the results.

The findings highlight the significant influence of the supporting structure on the wind-
induced dynamic behavior of the facade, emphasizing the importance of considering the
interaction between the building structure and the facade. Prominent responses are
observed at frequencies above 4 Hz, indicating that curtainwall window systems, currently
exempt from vibration analysis as per the ASCE 7 Standard, may be prone to damage or
failure due to wind-induced vibrations. Vertical protrusions attached to the fagcade are
found to amplify wind-induced vibrations in the curtainwall’s glazing unit, posing
additional risks. The study reveals that operable window systems and their connections are
vulnerable to potential failure due to wind-induced vibrations, particularly in open

condition.

Moreover, defects causing increased cavity permeability in double-skin facade
curtainwalls result in higher vibration levels, with greater impact observed in the internal
glazing. These consequences are exacerbated in higher wind speeds, increasing the
likelihood of water infiltration in vented-cavity double-skin facade systems compared to

closed-cavity configurations.
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CHAPTER 1. INTRODUCTION

The building envelope refers to the physical boundary or shell of a building that separates
the interior environment from the exterior environment. It is comprised of various
components that work together to provide thermal insulation, weather resistance, structural
support, and other essential functions for the building. The building envelope acts as a
barrier against the elements, controlling the transfer of heat, air, and moisture between the
interior and exterior spaces, and plays a crucial role in energy efficiency, occupant comfort,
and overall building performance. Effective management of energy consumption and
reduction of environmental impact in buildings, especially in tall and expansive structures
such as skyscrapers that have higher overall energy demands, primarily rely on the
performance of the building envelope (Oh, 2020). Glass curtainwalls are widely used as
the primary building envelope in modern construction, representing the predominant
choice for enclosing buildings in the contemporary built environment (Behr, 1998;
Caterino et al., 2017; Lu et al., 2018; Pariafsai, 2016; Qu et al., 2014). Glazed curtainwalls
offer a combination of aesthetic, functional, and sustainable benefits, making them an
important component of modern architecture. Installed onto the building’s structure, these
elements serve as protective layers that safeguard against diverse environmental elements
such as wind forces, water infiltration, solar radiation, and external noise pollution.

Simultaneously, they enhance the visual appeal and aesthetics of the building.

The United States has experienced several devastating hurricanes in recent decades, with
the total cost of damage from these storms reaching hundreds of billions of dollars. In the

year 2017 alone, losses surpassed 306 billion dollars while the estimated cost of Hurricane



Harvey alone amounted to 125 billion dollars. Hurricane Katrina (2005) was the costliest
hurricane in US history, with total losses of $233 billion (NOAA, 2021). According to
FEMA (2006), the majority of wind damage occurred due to the failure of building
envelopes and rooftop equipment. Damage to building envelopes was observed over a wide
area, extending from the New Orleans area in the west to Dauphin Island, Alabama in the
east, covering a distance of approximately 140 miles from east to west. While many
buildings suffered minimal or no structural damage, their overall loss is significant due to
water infiltration caused by the failure of the building envelopes.
A substantial portion of this damage occurred in locations where wind speeds were below
the current design levels for buildings. There was a notable lack of glazing protection
measures, leading to substantial damage to building glazing. Another important aspect of
poor building envelope performance is the secondary damage that can occur as a result of
envelope failures. Even small breaches in the envelopes, if left open for several weeks, can
allow a significant amount of water to seep into buildings, causing damage to their contents

and promoting the growth of mold (FEMA, 2006).

Despite recent advancements in the main wind force resisting systems (MWFRS), the
building envelopes continue to be the most susceptible component during extreme wind
events, and inadequate performance of building envelopes has largely contributed to the
billions of dollars in hurricane-related annual losses in the coastal areas of the United States
(National Science Board, 2007; NCEI, 2022). Glass curtainwalls are highly susceptible to
frequent damage during extreme wind events. Therefore, it is crucial to prioritize resilient
and safe design and installation of these curtainwalls, particularly in coastal regions of the

United States where hurricanes are a prevalent concern. The damage can be exacerbated



by the resonance effect, where the small eddies produced by shear in the atmospheric
boundary layer (ABL) amplify the vibratory movements of the building envelope when the
excitation frequencies align with the natural frequencies of the envelope (Abdelaziz et al.,
2021a; Momtaz et al., 2017; Vutukuru, 2021). Any progressive failure of the building
envelope can cause internal pressurization which can potentially lead to structural failure
in extreme wind-loading scenarios (Pan et al., 2013). The failure of the envelope is also a
prominent source of wind-borne debris, which is a serious threat to the building envelope
of the surrounding buildings and infrastructure (Grayson et al., 2012; Jain, 2015; Michael

Grayson et al., 2013; Minor, 1994).

The failure of curtainwall systems is assumedly attributed to wind-induced vibrations
(WIVs) caused by extreme wind gusts, leading to consequential damage to their structural
integrity and components. Wind-induced vibrations (WIV) result in various failures in
curtainwalls, including pull-out, cracking, gasket dislodging, etc. (Sanders & Hargrove,
2012). These failures, related to WIV, can have a detrimental effect on the water tightness
of envelope systems, enabling water infiltration during storm events (FEMA 488, 2005).
In addition, the majority of high-rise building projects incorporate operable windows
within unitized curtainwall panels. As openings within the facade envelope, they serve as
the weakest points and are highly prone to wind-induced vibrations during normal service
conditions. As a result, operable windows often experience failures due to damage to their

frames and connections.

Although ASCE 7 (2016) mandates dynamic analysis to assess the impact of wind on

structures, it does not require structures with natural frequencies exceeding 1 Hz to be



analyzed for wind-induced dynamic effects. However, recent wind-tunnel studies have
evidenced that building envelopes (with a natural frequency higher than 1 Hz) are subjected
to a significant resonant vibration. For example, wind tunnel tests conducted on roof-
mounted photovoltaic systems showed major resonant responses at around 14 Hz
(Estephan et al., 2022; Moravej et al., 2015). Habte et al. (2015) and Azzi et al. (2020) also
showed major wind-induced resonant vibrations of standing seam metal roofs in a range of
frequencies between 8 Hz and 14 Hz. Hence, the ASCE 7 criterion can be misleading as it
was primarily developed to address vibrations of the entire building and may not be
applicable to building envelope components with higher frequencies than 1 Hz.
Consequently, there is a misconception that curtainwall window systems and operable
window systems are not susceptible to wind-induced dynamic effects, leaving the overall

building envelope still vulnerable to wind actions.

Furthermore, the current procedures outlined in established standards like ASTM
E330/E330M (2014) and ASTM E1886 (2013) for assessing wind-induced stresses are
restricted to static uniform or cyclic pressure conditions. It was also observed that the
uniform pressure static tests such as ASTM E1592 (2017) are limited in capturing the wind-
induced vibrations of the roofs observed in the dynamic tests. However, these simplified
methods used in many of the previous experimental studies fail to account for the dynamic
effects caused by random wind loading, as well as the spatial and temporal variations
resulting from turbulence. As a result, they are unable to realistically capture wind-induced
vibrations in curtainwall windows and operable components. In addition, there is a limited
availability of numerical studies focusing on the wind-induced behavior of curtainwall

systems. Previous research has predominantly concentrated on the seismic and blast-



induced behavior of facades, rather than specifically addressing wind-related effects.
The motivation behind this study stems from the absence of comprehensive integrated
investigations, combining full-scale experimental and numerical analyses, to gain a
fundamental understanding of the impact of wind-induced vibrations (WIV) on the
dynamic behavior of curtainwall systems. The objective of this study is to develop highly
accurate finite element (FE) models of single-skin and double-skin facade curtainwall
systems. The finite element (FE) modeling approach also encompasses the integration of
an operable window system within the single-skin fagade curtainwall system. The
numerical models undergo calibration and validation through a comparison with
experimental data gathered from full-scale wind tunnel tests. The Wall of Wind
Experimental Facility (WOW EF) located at Florida International University is utilized to
generate full-scale wind tunnel test data. Following this, the developed finite element (FE)
models will be utilized to assess the dynamic response of the facade when subjected to
diverse wind loadings, including varying wind speeds and directions. Furthermore, the
investigation includes modeling the entire structure, encompassing both the curtainwall
system and its supporting structure. By employing suitable system identification methods,
the study aims to examine the impact of facade-structure interaction on the dynamic

performance of the facade.

The subsequent chapters of this dissertation are structured as follows:

Chapter 2 is dedicated to studying the wind-induced vibratory response of a single-skin
facade curtainwall system. A high-fidelity FE model of the single-skin curtainwall is

calibrated and validated by comparing it with experimental data acquired from full-scale



wind tunnel tests for different dynamic wind loading scenarios. Two distinct approaches
are employed in finite element (FE) modeling to investigate the influence of facade-
structure interaction on the dynamic behavior of the fagade. The first approach involves
modeling the entire test structure, including both the curtainwall and the supporting steel
structure to which it is attached. The second approach focuses on modeling the curtainwall
as an independent system, excluding the supporting structure. A system identification
method is utilized to support the analysis. Additionally, the impact of vertical protrusions

on the dynamic response of the facade curtainwall is examined.

Chapter 3 delves into the influence of wind-induced vibrations on the dynamic response of
the operable window system. A meticulously calibrated and validated finite element
modeling and analysis approach is then employed to evaluate the dynamic behavior of the
operable window system in response to wind-induced vibrations, considering both closed

and open service conditions of the window.

Chapter 4 entails an investigation into the wind-induced dynamic behavior of a closed-
cavity double-skin curtainwall system. A finite element model is created and subsequently
calibrated and validated using wind-tunnel test data obtained from a full-scale closed-

cavity double-skin curtainwall.

Chapter 5 provides a summary of the key findings and contributions of this study, along
with a description of its limitations. Additionally, it suggests potential avenues for future

research.

The wind-tunnel tests described in this dissertation were performed by Kehinde Alawode

and Krishna Sai Vutukuru, whose valuable contributions to this research are highly



acknowledged. The relevant publications associated with their work are referenced

throughout this manuscript.



CHAPTER 2. NUMERICAL STUDY ON WIND-INDUCED DYNAMIC

RESPONSE OF SINGLE-SKIN FACADE CURTAINWALL SYSTEM

2.1 Introduction

Most numerical and experimental studies on the dynamic behavior of single-skin facade
curtainwall systems have focused on seismic and blast performance. Studies conducted by
Gorenc and Beg (2016), Bedon and Amadio (2018), Galli (2012), Casagrande et al. (2017),
Aiello et al. (2018), and Memari et al. (2021) have applied finite element modeling and
analysis to investigate the vibration of the curtainwall facade systems subjected to seismic
loading. On the other hand, a limited number of studies were conducted to understand the
WIV effects on the dynamic response of the curtainwall systems. Rizzo et al. (2021)
investigated the structural response of a curtainwall system (5.45 x 7.06 m) through two
sets of full-scale wind tunnel tests. In the first set of wind tunnel tests, the whole curtainwall
was subjected to a uniformly distributed pressure generated by air jets. The second set of
experimental tests was performed on the insulated glass panel without frame to assess the
mechanical performance of the glass panel. A finite element (FE) model was developed
and calibrated using experimental data. The calibrated FE model was then used to predict
the deformation of the facade in various scenarios estimated from the wind tunnel test data
of buildings with different geometries. They concluded that the uniformly distributed
pressure tests have limitations in accurately estimating the fagade performance subjected
to wind load, suggesting the necessity of a full-scale wind tunnel test. Nakagami (2003)
conducted a FE analysis to investigate the vibration of the glass fagade under wind load

with a peak wind velocity of 30 m/s. The effect of boundary conditions was studied for



which two boundary types were considered including linear supports along the 4 edges,
and point supports at the 4 corners. Resonant responses beyond 10 Hz were observed for
the glass facade with linear supports along the 4 edges, while the point supports at the
corners led to resonant responses lower than 10 Hz. It was shown that the response was
affected by the boundary condition, and glass plate dimensions. However, only the glass
panes were modeled in this study without the framing profiles, which is a major limitation.
Mazzucchelli et al. (2017) showcased a FE modeling approach for analyzing the dynamic
behavior of the fagade subjected to wind and seismic loads to evaluate structural aspects
and dynamic response of the cladding based on a combination of numerical modeling and
laboratory tests to validate the FE model. Only the FE model of the curtainwall was
developed, while the authors mentioned the importance of the inevitable interaction effects
of the load-bearing structure on the mechanical behavior of the facade. Utilizing equivalent
springs with relevant stiffness values was recommended by the authors to model the

structure-curtainwall connections.

This chapter of the study is motivated by the lack of integrated numerical and full-scale
experimental studies to fundamentally understand the effects of wind-induced vibrations
(WIV) on the dynamic behavior of single-skin curtainwall systems. This study aims to
develop a high-fidelity FE single-skin fagade curtainwall model and calibrate and validate
it in comparison with the experimental data obtained from full-scale wind tunnel tests. The
developed FE model will be then used to predict the dynamic response of the facade
subjected to various wind loadings, i.e., different wind speeds and directions. The Wall of
Wind Experimental Facility (WOW EF) at Florida International University (FIU) is used

to create the full-scale wind tunnel test data. Two different approaches are made for the FE



modeling to study the effect of facade-structure interaction on the facade’s dynamic
behavior by (1) modeling the whole test structure including the curtainwall as well as the
supporting steel structure to which the curtainwall is mounted, and (2) modeling the
curtainwall as an isolated system without the supporting structure. A system identification
method is used to underpin the observation. The effect of vertical protrusions on the

dynamic response of the facade curtainwall is also studied.

2.2 Wind tunnel test

2.2.1 Specimen Configuration

The full-scale wind tunnel tests are conducted at the Wall of Wind (WOW) Experimental
Facility (EF), Florida International University (FIU). This is one of eight Natural Hazards
Engineering Research Infrastructure (NHERI) EFs supported by the US National Science
Foundation (NSF). The WOW EF is full-scale wind tunnel testing comprised of 2 x 6 arrays
of 12 fans that can replicate Category 5 hurricane winds and has a full-scale wind tunnel
testing capability (Chowdhury et al., 2017). A turntable is located in front of the flow
management box and enables to test of all wind directions on a test specimen (Figure 2.1).
Below summarizes the wind tunnel tests, and further details are discussed in Alawode et al

(2023).

Figure 2.2a shows the configuration of the single-skin facade curtainwall specimen, which
comprises 3 panels. The center panel includes an operable window. The single-skin facade
curtainwall is mounted to a supporting steel structure that is bolted to the turntable
underneath. The specimen includes a roof on top, with an overhang of 0.41 m, and the

adjoining sides are closed with wooden sidewalls as shown in Figure 2.2b. Instrumentation
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of pressure taps requires drilling into glass panels which are infeasible, and therefore, the
polycarbonate panels with the same dimensions as the facade panels, are mounted to
capture the pressure data on the other side of the specimen. A wooden frame is mounted on
the supporting steel structure, and three polycarbonate panels are installed on the wooden

frame (Figure 2.2b).

The effect of vertical protrusions (also known as fins) on the dynamic behavior of the
single-skin facade curtainwall is also investigated in the test. Two V-shape aluminum fins
are installed on the mullions between the panels (Figure 2.3a). Likewise, two analog

wooden fins are designed and mounted to the polycarbonate side (Figure 2.3b).

Figure 2.4a and b show the overall configuration of the specimen schematically. The
overall dimensions of the single-skin facade curtainwall mounted on the front side of the
specimen are 3.05 m in height x 3.65 m in width (10 ft x 12 ft). The operable window in
the center panel is 1.87 m in height x 0.6 m in width (6.13 ft x 1.96 ft). The supporting
steel structure (to which the curtainwall is mounted) has rectangular dimensions of 3.05 m
in height x 2.76 m in width x 1.8 m in depth (10 ft x 9 ft x 5.90 ft). The curtainwall includes
5 vertical joints as shown in Figure 2.4a and b. An enlarged image of Joint 2’s cross-section
is shown in Figure 2.4c to show the anatomy of the connection, where a mullion (vertical
framing element of a curtainwall system) is attached to the glass unit using structural

silicone.
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Figure 2.1. FIU Wall of Wind (WOW) Experimental Facility (EF): (a) Interior of the WOW
EF; (b) Plan view of the WOW EF
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Figure 2.2. Tested single-skin facade curtainwall with two different sides: (a) Curtainwall
panels; (b) Polycarbonate panels mounted on the wooden frame.

Figure 2.3. Single-skin curtainwall with vertical protrusions: (a) Curtainwallaﬁels; (b)
Polycarbonate panels
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Figure 2.4. The overall dimension of the tested single skin curtainwall, where J# refers to
a vertical joint number: (a) Plan view (shown with vertical protrusions); (b) Elevation view;
(c) Cross-section of Joint

2.2.2 Sensor instrumentation and test protocol

A total number of 110 pressure taps are instrumented on the polycarbonate panels as shown
in Figure 2.5. Additional 16 taps are instrumented on the vertical protrusions. A total of 12
strain gauges are instrumented behind the mullions, while 5 accelerometers are placed on
the glass as shown in Figure 2.6. Pressure data is obtained from the polycarbonate panels,
while acceleration and strain data are obtained from the actual curtainwall glazing panels.

Table 2.1 summarizes the testing protocol and test duration of all wind tunnel tests.
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The sampling frequency for pressure measurements is 512 Hz. Pressure data is obtained at
the wind speed of 22.35 m/s and wind direction is varied from 0° (normal direction to the
panels) to 180° by rotating the turntable in 15° increments (Figure 2.7). The collected
pressure data is post-processed by applying a tubing transfer function to correct the data
for the distortion caused by tubing length (Irwin et al., 1979). The acceleration and strain
data are obtained at wind speeds of 22.35 m/s, 31.30 m/s, and 40.23 m/s with a sampling
frequency of 500 Hz. Wind directions vary from 0° to 315° in 45° increments. The test
duration is 10 minutes for 22.35 m/s, and 5 minutes for 31.30 m/s and 40.23 m/s,
respectively. The shorter test duration (5 min.) is considered for the higher wind speeds
because it would be difficult to test the curtainwall specimen further if it undergoes

permanent deformation.

The mean wind speed at the reference height, i.e., the roof height (3.2 m) is considered as
21.97 m/s (for 22.35 m/s wind), while a roughness length z, of 0.08 m is used to simulate
an open terrain atmospheric boundary layer for the full-scale wind tunnel tests. The wind
speed and turbulence characteristics are measured at the center of the turntable using Cobra

probes instruments.

The data acquisition in the experiment is not performed simultaneously with a 180°
difference. For example, pressure data at the normal wind direction (i.e., 0°) is obtained at
the polycarbonate panels. On the other hand, the acceleration and strain data for the same
normal direction is obtained at 180° from the actual curtainwall glazing panels (Figure 2.7).
In numerical modeling to be discussed in the following sections, the normal wind direction

will be simply referred to as 0°.

14



+ —0.88m__,

i it 1 g

1.89m

¥ e | L

IESTOEZ=3

— 0.88m__,

H
"

B g e

o o et || | e 4 Fayme 4

3.05m|

3.05m

_ A S
m qm W 44“
2 o -2 S
. §
p— ]
S
2 g ~ w
o
& 2| °§ B
W T s E a
Lnla' ..I./mLalfOl_ o
=t [ 2 B _
o oo =] ]
= & g
a oo wy —
g = g = £
g T = 5
=
S
O
=
=
=
1S
w2
5
. p—
b &
Q =] = —
.m \JS a.UJS
= o <°
N o =
) pax 5
— r
2 _ =
A 'g
() — o0 V=)
— W 175} =
[=® O |
s |
pd 5 =
2 —_ w
O .
w —
W.o M 7%} _
Faa Fa Y
- p— A b
S g
oo
2l & o
,F.. \JS Fay
8 . E
—E &
[ —
[ o |

(b)

Figure 2.6. Sensor locations on the actual curtainwall side: (a) strain gauges and (b)

accelerometers

(a)

15



Curtainwall Panel

Figure 2.7. Wind direction (plan view)

Table 2.1. Testing protocol

Data Wind speed Wind direction 0 Test
obtained (m/s) (degree) duration
(mins)
Pressure 22.35 (50 mph) 0 to 180 (in 15-degree increments) 1
Acceleration 22.35 (50 mph) 0 to 315 (in 45-degree increments) 10
and strain 31.30 (70 mph) 0 to 315 (in 45-degree increments) 5
40.23 (90 mph) 0 to 315 (in 45-degree increments) 5

2.3 Numerical modeling

2.3.1 Methodology

2.3.1.1 Single-skin curtainwall model

A finite element (FE) model of the single-skin fagade curtainwall system is developed to
reproduce the characteristics of wind-induced vibrations observed in the full-scale tests at
the WOW EF and to subsequently assess the curtainwall’s dynamic performance under
various wind loadings. Midas Gen finite element analysis (FEA) software is used for FE

modeling (MIDAS Information Technology Co., 2021). Figure 2.8 shows the developed

16



FE curtainwall model. The curtainwall model is composed of frames and glass, which are

assembled by mechanical fixings (dry gasket system) or structural silicone (wet glazing).

Modeling frames: Beam elements with 6 degrees of freedom (DOFs) per node (12 DOFs

in total) are used for modeling (i) the main frame (mullions and transoms) and (ii) the sash
frame for the operable part as shown in Figure 2.9. The main frame includes mullions and
transoms which are vertical and horizontal framing elements, respectively. The operable
part is mounted to the main frame in the designated location shown in Figure 2.9. Nine
different framing profiles are considered in Figure 2.10. The cross-sectional properties of
each profile including area and second moments of area (Ixx, Iyy, and Ixy) are shown in
Table 2.2, which are computed using CAD software. In calculating the second moment of
area of profiles #1 and #2, the composite action of the two separate parts is also considered.

The geometric properties are used to model the FE beam elements that represent the frames.

Figure 2.8. Developed FE model of the single-skin curtainwall.
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operable part: (a) The frames are modeled using beam elements; (b) 3D Rendering with
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Figure 2.10. Framing profiles: (a) Location of the modeled profiles, and (b) cross sections
of the nine framing profiles
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Table 2.2. Cross-sectional properties of the framing profiles

Framing Profile Area (mm?) | Ixx (mm?*) | Iyy (mm*) | Ixy (mm®)

1 Left Mullion 1652 3.77e6 5.53e5 1.93e5
2 Right Mullion 1587 3.64e6 2.84e5 1.74e5
3 Intermediate Mullion 1619 5.39e6 2.59e5 2.36e5
4 Operable 445 1.42e5 3.04e4 2.78¢e4
5 Bottom Transom 1329 2.76e6 4.00e5 4.49¢4
6 Top Transom 1729 3.77e6 1.21e6 3.10e5
7 C-shape Beam 1187 1.40e6 3.66e5 5.54e4
g | [Intermediate Bottom 1355 3.53¢6 1.05¢6 | 2.56¢5

Transom
9 Intermediate Top 1355 3.54¢6 8.95¢5 1.91e5

Transom

Modeling connections between the frames: The mullion and transom in each panel are

joined by a shared node (e.g., framing profiles #1 and #6 at the upper left corner in Figure
2.10). The connections of two neighboring mullion frames (e.g., framing profiles #2 and
#1) are modeled using a set of elastic links to reproduce the mechanical coupling between
the frames. Each elastic link has 6 degrees of freedom (DOFs) with translational and
rotational stiffnesses to all local x-, y-, and z-directions. For example, Figure 2.11
demonstrates how two mullion frames between the side and the middle panels are
assembled by using the 6-DOF elastic links. The same approach is used to model the
intermediate mullion (profile #3) which is composed of two parts. The interaction between
the main and sash frames is also modeled using the 6-DOF elastic links to mount the

operable part to the main frame.
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Figure 2.11. Modeling connection between the neighboring panels using 6-DOF elastic
links.

Modeling glass: Glass modeling is of great importance because the glass covers most of

the building facade and significantly affects 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 with insulated laminated glass, which is the case
with the tested curtainwall system in this study. The glass used in the curtainwall system is
a double-glazing unit (DGU), and its schematic drawing is shown in Figure 2.12. The DGU
is composed of 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 equivalent glass thickness needs
to be estimated to represent the properties of DGU. Table 2.3 summarizes the estimated

equivalent properties for the 5 different types of glass used in the curtainwall. The hatching
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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 5" column of the table. The approach discussed in Annex C of Eurocode prEN
16612 (2015) is then adopted to back-calculate the overall effective stiffness of DGU and
then its equivalent thickness. The thickness ratio R compares the equivalent DGU thickness
to the sum of inner and outer layer thicknesses. The estimated equivalent DGU is overall
thinner than the sum of the inner and outer layers. Therefore, the unit weight of the glass
is increased to make it the same mass as the original DGU. This approach realistically
models the stiffness and mass properties of DGU to reproduce the dynamic facade

behavior.

Glass
| 4 j
tnner glass layer s PVB interlayer [ Laminated glass
] - - \\ .
Gap —= Thermal spacer Glass

Outer glass layer {

Figure 2.12. Schematic drawing of the double-glazing unit (DGU)
Table 2.3. Computed equivalent DGU thicknesses.

‘ Outer | Gap |Inner glass| Equivalent |Equivalent Thickness| Scaled
‘ glass | (mm) |layer (with| inner layer DGU ratio unit

. bl | layer PVB) (mm)| thickness thickness (R) weight

(mm) (mm) (mm) (kg/m>)

il 6.35 | 12.70 10.29 9.75 10.40 0.65 | 3430
476 | 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
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Assembling the modeled frames and glass: The glass and the frames in the tested

curtainwall system are joined by structural silicone. In this study, the 6-DOF elastic links
are used to numerically represent the silicone between the glass and the frames. Figure 2.13
shows the modeled curtain wall where the elastic links are used to assemble the glass and

the frames.

bias

Frame & Silicone Glass Modeled Curtainwall

Figure 2.13. Modeled curtainwall with glass and frames assembled using elastic links
(shown with the local axes).

2.3.1.2 Whole structure model
The full-scale curtainwall system tested at the WOW EF is composed of the supporting

steel structure, polycarbonate panels, side walls, and roof as well as the actual single-skin
curtainwall panels. Therefore, the development of the whole structure model would enable
a fair comparison between the experimental data and the FE analysis results. Figure 2.14
shows the developed FE supporting steel structure model including the main steel structure
connected to perimeter beams at the bottom. The perimeter beams are bolted to the
turntable in the experiment, which are numerically modeled with hinge supports in the FE
model as shown in the figure. The supporting steel structure has the same width and height

as the single-skin curtainwall. The 12-DOF beam elements are also utilized to model the
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beams and columns of the supporting steel structure. Figure 2.14 shows the framing profile
details of the steel structure and Table 2.4 shows the cross-sectional properties of the
framing profiles. The developed curtainwall model (Figure 2.8) is then mounted to the front
side of the supporting structure as shown in Figure 2.15. The developed wooden frame and
polycarbonate panel models are also attached to the rear side of the supporting structure.
The wooden side walls are 3.05 m high and 1.80 m wide and have a thickness of 15 cm.

The 4.00 m x 2.62 m wooden roof has a thickness of 8 cm.

The material properties used in modeling the whole structure are presented in

Table 2.5. The developed whole structure model is shown in Figure 2.16.

Supports

101.6 mm
101.6 mm p—— SOlﬂnm 76.2 mm
203.2 mm t 1
P it 152.4 mm
50.8 111111[ |:| 101.6 mm ‘ D[]OE() mm D' 101.6 mm
[ 2 3 4 5

Figure 2.14. FE model of the supporting steel structure with its bolted connections to the
turntable, framing layout, and the cross sections of the five framing profiles.
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Table 2.4. Cross-sectional properties of the framing profiles of the supporting steel

structure
1 4470 1.72e6 1.89¢7 5.17e6
2 3503 5.00e6 5.00e6 7.43e6
3 4470 1.36e7 7.06e6 1.40e7
4 2542 2.95e6 8.89¢e5 2.06e6
5 3026 3.98e6 2.45e6 4.52e6
Wooden frame &
Polycarbonate panel
Curtainwall
Supporting Steel Structure =

Figure 2.15. The curtainwall panel (front) and polycarbonate panel (rear) attached to the

supporting steel structure.
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Figure 2.16. FE model of the whole structure including the supporting steel structure,
curtainwall panels, polycarbonate panels, walls, and roof

Table 2.5. Material properties used in the FE model.

Material Modulus, E (MPa) Poisson ratio, v Density, p (kg/m?)
Aluminum 70940 0.33 2768
Steel 200000 0.30 7861
Wood 4000 0.31 830
Polycarbonate 1793 0.31 1190

2.3.2 Calibration

The 110-pressure time history (TH) data obtained in terms of C, (pressure coefficient) are
used to calibrate the model parameters. Midas Gen FEA software requires nodal load time
history input for dynamic analysis. Therefore, the C,, time histories are converted to
pressure time histories using Equation (2.1) and to nodal load time histories using Equation

(2.2) by considering the tributary area of each node. The pressure tap locations in the
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experiment do not exactly coincide with the node locations, for which the time history data

are interpolated.

1
p(t) = EpaiGCVrefZ (2.1)

where p(t) is the pressure’s time history, pg; is the air density, C, is the pressure
coefficient, and V,..r is the reference wind speed measured at the roof level of the tested

specimen.

Fi(t) = p,(t) A, (2.2)

where F;(t) is the wind load time history for node i, p;(t) the interpolated pressure’s time

history of the adjacent nodes, and A4; is the tributary area of the node i.

The calibration is conducted iteratively by tuning the model parameters until the numerical
model reproduces a dynamic response comparable to the experiment data. The FE model
is considered ‘calibrated’ if the root mean squares (RMS) of all acceleration (RMSacc) and
strain (RMSstr) responses are within 10 percent compared to the experimental data. The

calibration flowchart is shown in Figure 2.17.

Table 2.6 summarizes the calibrated parameters and Figure 2.18 indicates the

corresponding locations in the whole structure FE model.
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Figure 2.17. The summarized calibration process of the curtainwall FE model
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Table 2.6. Critical internal parameters and their tuned values

#in Axial Shear |Rotational
Figure Model parameters stiffness | stiffness | stiffness
2.18 (kN/m) | (kN/m) (kN-m/rad)
1 Curtainwall’s top connection to the steel 17513 | 17513 11.29
structure
2 |Curtainwall’s bottom connection to the 5254 5254 3.38
steel structure
3 | The steel structure supports modeled with 7005 7005 4.52
point springs
4  |Inter-mullion connection 700 700 0.45
5 Center panel’s silicone 175 175 0.11
6 Side panel’s silicone 166 166 0.10

1. Curtainwall’s Top 3
Connection to Steel
Structure

3. Steel
structure’s
supports
) ) N
2. Curtainwall’s || -
Bottom Conneclioﬁf\.:f;_‘ =
to Steel Structure \; = i
5. Center
panel’s
silicone ~y _. e
i .
. : p ¥ 6. Side
N Sld,c - panel’s
p-a-"e] $ silicone
4. Inter-mullion silicone

Connection

e

 -mmiecuanien

5. Center
panel’s
silicone

Figure 2.18. Location of the tuned internal parameters

The whole-structure FE model is calibrated for 22.35 m/s wind speed and normal wind

direction (0°) to the surface of the fagcade. Figure 2.19 presents the acceleration response
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of the calibrated whole-structure FE model compared to the experimental data. The results
show a comparable root mean square (RMS) of acceleration time history response, with a
difference of less than 10 percent, between the FE and the experimental results, meeting
the calibration criterion. Figure 2.20 shows the comparison of the acceleration response in
the frequency domain, where the power spectral density (PSD) of the acceleration response
of the whole-structure FE model is plotted against the experimental response. A major
frequency is observed at 4.2 Hz, which is reflected in all 5 accelerometers’ PSDs. It is
observed that the numerical results succeed in precisely capturing the presence of higher
dominant frequencies of 16 H and 24 Hz, observed in the experimental response. The area
under the power spectral density (PSD) of the response represents the total power contained
within the frequency range of interest. The FE model reproduces the experimental
acceleration spectra at all five locations, with the disparity in the integral of the PSD spectra
being below 6 percent for accelerometer 1, below 17 percent for accelerometers 2, 4, and
5, and below 28 percent for accelerometer 3. The increased relative deviation in the integral
of the PSD spectra observed for accelerometer 3 can be attributed to its geometric
positioning at the center point of the glazing’s center panel. The vibration mode related to
the 2™ major frequency is most significantly pronounced at this specific location, thereby

effectively contributing to the observed discrepancy.
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(b)
Figure 2.19. RMS of acceleration (m/s?) time history: (a) Calibrated whole structure FE
model, and (b) Experimental results for 22.35 m/s, and 0° wind.
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Figure 2.20. Acceleration PSDs of the whole structure FE model compared to the

experimental response for 22.35 m/s and 0° wind.
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Figure 2.21 shows the RMS of the strain time history response obtained from the numerical
model compared to the experimental data. No data is available for strain gauge 4 because
the gauge was found faulty later. Overall, the calibration criterion of securing less than 10
percent difference between the numerical and the experimental result is achieved except
where strain gauges 5, 6, 8, and 9 are located, where more than 10 percent of differences
are present. However, this is considered acceptable, and no further calibration is conducted
because the strain gauges in the experiment are located on the extreme fiber of the
mullion’s cross-section while the FE model employs a beam model that has limitations in
presenting the behavior far from the cross-section’s neutral axis. Nevertheless, the strain
responses in the frequency domain are comparable. For example, the strain PSDs at the
center (i.e., gauges 2, 5, 8, and 11) that deform the most in bending are in good agreement
as shown in Figure 2.22, as the discrepancy in the integral of the strain PSD spectra is

found to be less than 10 percent for strain gauges 2, 5, 8, and 11.
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Figure 2.21. RMS of strain (micro-strain) time history of the (a) calibrated whole structure
FE model, compared to (b) experimental results for 22.35 m/s, and 0° wind.
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Figure 2.22. Strain PSDs of the whole-structure FE model compared to the experimental
response for 22.35 m/s and 0° wind.
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2.4 Numerical analysis

2.4.1 Analysis of the whole structure FE model

The calibrated FE model is used to estimate the dynamic responses under different wind
loadings for model validation. The validation criterion requires achieving a difference of
less than 15 percent between the root mean square (RMS) of the acceleration time history
response of the whole structure FE model and the corresponding experimental response.
The chosen criterion is intentionally less stringent than the calibration criterion due to the
nature of their respective applications. The calibration process is performed for a specific
wind speed and direction, specifically 22.35 m/s and 0°. On the other hand, the validation
is conducted across a range of wind speeds and directions, where higher discrepancies
between numerical and experimental results may occur. Two different wind speeds, 31.30
m/s, and 40.23 m/s, and three different wind directions of 0°, 45°, and 90° are considered.

The same C, values are used to estimate the input nodal load time histories for each wind

speed.

Table 2.7 shows the validation results for 31.30 m/s and 0° wind. The comparison of RMS
of acceleration time history results shows less than 10 percent difference between the
numerical and the experimental response. The acceleration PSDs are plotted in Figure 2.23
for all 5 locations. The validation results still show the acceleration PSDs are captured well
for higher wind speeds. As shown in Table 2.8 in the reproduced wind-tunnel test of 40.23
m/s and 0°, the acceleration response of the side panels of the numerical model shows less
than a 13 percent of difference from the experimental response. The difference is higher

for the central accelerometer 3 located on the midspan of the glazing, showing a difference
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of 15 percent, while the level of difference for accelerometers 2 and 4 remains below 10

percent. Comparison of the responses in the frequency domain are observed in Figure 2.24.

Table 2.7. RMS of acceleration (m/s?) time history of the validated whole structure FE
model, compared with the experimental results for 31.30 m/s and 0° wind.

Whole structure FE Experimental
Accelerometer model acceleration acceleration time Difference (%)
time history RMS history RMS
(m/s’) (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 0.5076 5.5
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Figure 2.23. Acceleration PSDs of the whole structure FE model compared with the
experimental response for 31.30 m/s and 0° wind.
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Table 2.8. RMS of acceleration (m/s?) time history of the validated whole structure FE
model compared to the experimental response for 40.23 m/s and 0° wind.

Whole structure FE Experimental
Accelerometer mode acceleration acceleration time Difference (%)
time history RMS history RMS
(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
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Figure 2.24. Acceleration PSDs of the whole structure FE model compared to the

experimental response for 40.23 m/s and 0° wind.

Table 2.9 and Figure 2.25 show the analysis results for the 40.23 m/s wind speed and 45°

direction. The dynamic response is captured by the FE model with less than 10 percent
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difference. Table 2.10 and Figure 2.26 show the results for the case of 40.23 m/s and 90°
wind direction. Despite the presence of additional differences, the numerical results and
experimental data still exhibit a good level of agreement, as the parameters are not

calibrated for the 90° wind direction.

Table 2.9. RMS of acceleration (m/s?) time history of the validated whole structure FE
model compared to the experimental response for 40.23 m/s and 45° wind.

Whole structure FE Experimental
Accelerometer mode acceleration acceleration time Difference (%)
time history RMS history RMS
(m/s?) (m/s?)
1 0.7101 0.7422 4.3
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
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Figure 2.25. Acceleration PSDs of the whole structure FE model compared to the
experimental response for 40.23 m/s and 45° wind.

Table 2.10. RMS of acceleration (m/s?) time history of the validated whole structure FE
model compared to the experimental response for 40.23 m/s and 90° wind.

Whole structure FE Experimental
Accelerometer mode acceleration acceleration time Difference (%)
time history RMS history RMS
(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 24.2
5 0.7879 0.8603 8.4
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Figure 2.26. Acceleration PSDs of the whole structure FE model compared to the
experimental response for 40.23 m/s and 90° wind.

2.4.2 Analysis of the facade-only FE model
The common practice in the fagade industry is modeling the facade without the building
structure for numerical analysis. This approach appears rational in the engineering practice
because modeling the entire system including the building structure as well as the
curtainwall would be prohibitively time-consuming. Instead, the connection to the building
structures is typically modeled with simplified boundary conditions such as hinges or fixed

ends. Then, this raises questions about how much difference would be shown in the
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simulated dynamic behavior between the numerical model with and without the building
structure modeled. This section addresses this issue by analyzing a ‘facade-only model’ in

comparison with the whole structure model discussed in the previous section.

The fagcade-only FE model is developed by simply removing all parts except the single-
skin facade curtainwall part from the calibrated/validate whole structure FE model. The
boundary conditions of the facade-only model include the connections to the steel structure,
at the top and the bottom, as shown in Figure 2.18 for which 6-DOF point springs are used.
Figure 2.27 and Figure 2.28 compare the simulation results of the facade-only model to the
experimental data obtained for 22.35 m/s and 0° wind. The results are analyzed in both
time and frequency domains. The acceleration RMS results are relatively comparable for
the center panel while a major difference of more than 25 percent is shown in the side
panels (A1l and AS5). The difference is more remarkable when the PSDs are compared. A
major frequency at 4.2 Hz is clearly missing in the numerical analysis results and the PSD
amplitude is overall higher in the high-frequency range. Therefore, the facade-only model
does not appear to properly capture the wind-induced dynamic behavior, while it can be
reproduced by the whole-structure FE model with high fidelity. We will investigate this

further in the next section.
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Figure 2.27. RMS of acceleration (m/s?) time history of (a) the validated facade-only FE
model, compared to (b) experimental results for 22.35 m/s, and 0° wind.
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Figure 2.28. Acceleration PSDs of the fagade-only FE model compared to the experimental

response for 22.35 m/s and 0° wind.

2.4.3 Effect of facade-structure interaction

Eigen-analysis is conducted to investigate where this difference comes from. The eigen-
analyses are conducted for both FE models (i.e., the whole structure and fagade-only
models). The results, i.e., natural frequencies and mode shapes, are shown in Figure 2.29.
The side panels, where accelerometers 1 and 5 are located, are excited near 23 Hz. The
middle panel shows a major mode of vibration near both 15 and 24 Hz, which also affects
the dynamic response of the operable window that belongs to the middle panel. The fagade-

only FE model is completely missing the 1% natural frequency of the whole structure
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system near 4 Hz. However, the other natural frequencies are similarly captured by both
models. Therefore, it can be translated that the 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 fagade itself. A system identification method is adopted to
investigate if the same conclusion can be made with the experiment data. To this end, the
Eigensystem Realization Algorithm-Observer Kalman filter Identification-Output Only
(ERA-OKID-O0O) method by Chang and Pakzad (2014), is employed to develop a
stabilization diagram of the acceleration data obtained from the experiment. Figure 2.30
shows the stability diagram, where a solid vertical line of stable poles is an indicator of a
true mode of vibration, i.e., near 4 Hz, 16 Hz, and 24 Hz. These major frequencies are
confirmed by the eigen analysis results on the whole structure FE model. However, the
solid vertical line at 4 Hz is different from the lines at 16 and 24 Hz in 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 realized at a lower order (as low as 20). The indication of a weak signal
near 4 Hz uncovers that the 4 Hz natural frequency originated from the contribution of the
supporting structure because the sensors (accelerometers) were only mounted to the fagade
panels and were limited to capture the 4 Hz mode of the whole structure. On the other hand,
the strong signals near 16 and 24 Hz diagnoses the other two major frequencies are

contributed by the curtainwall itself.
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Figure 2.29. Eigen analysis results: (a) Whole structure FE model, and (b) Fagade-only FE
model.
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Figure 2.30. The stability diagram of the ERA-OKID-OO approach applied to the
acceleration response obtained from the experiment.

The acceleration PSDs at location #3 of the two numerical models are compared to the
corresponding experimental data in Figure 2.31. The fagade-only FE model is
overestimating the response near 16 Hz. This can be due to the fact that the facade-only FE
model is generally less deformable than the whole structure FE model, where the facade is
effectively interacting with a more massive building structure. The fagade-only FE model
is clearly missing the major lower frequency. This can be regarded as a significant oversight
when designing the optimal facade performance since the dynamic effects of this wind-

induced resonant response can be ignored at the design stage.
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Figure 2.31. Acceleration PSD response of the whole structure FE model compared to the
facade-only FE model compared to the experimental response.

Figure 2.32 compares the acceleration PSD response of the experimental and whole
structure FE model at location #2 for 22.35 m/s and 0° wind, with a hypothetical FE whole
structure model with a more flexible supporting structure. The material property of the
supporting steel structure, the modulus of elasticity (i.e., E) is decreased to 20000 Mpa, to
increase its flexibility. As observed in the figure, the 1*" major frequency of the hypothetical
FE model, which originates from the interaction of the facade and the supporting structure,
is decreased from 4.29 Hz to 2.99 Hz. Also, can be observed in the figure that the peaks of
the 2" and 3" major frequencies are decreased by 9.1 percent, and 8.6 percent, respectively,
due to the additional flexibility of the system. Table 2.11 shows that the FE RMS of the
acceleration time history decreased by 14.5 percent due to the additional flexibility of the

supporting structure, compared to the original FE model. This shows that the flexibility or
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rigidity of the supporting structure can meaningfully affect the dynamic response of the

facade.

Experimental
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Figure 2.32. The acceleration PSD response of the whole structure FE model compared to
the hypothetical FE model with flexible supporting structure compared to the experimental
response.

Table 2.11. RMS of acceleration (m/s?) time history (location #2) of the hypothetical whole
structure FE model with a flexible supporting structure, compared to the original FE whole
structure model and corresponding experimental results for 22.35 m/s and 0° wind.

Whole structure Whole structure FE
FE model model with flexible Difference (%)
(original) supporting structure
0.1083 m/s? 0.0926 m/s? 14.5

2.4.4 Effect of vertical protrusions

Vertical protrusions, such as fins, offer a combination of functional and aesthetic benefits
in glass curtainwall facades, contributing to energy efficiency, visual appeal, comfort, and
structural performance, while can have potential impacts on the wind-induced dynamic

performance of the curtainwall system. The influence of vertical protrusions on the
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dynamic response of the curtainwall system is investigated. To analyze the effect of the
vertical protrusions, they are numerically modeled as beam elements, with their
corresponding cross-sections, and then connected to the main mullion using 6-DOF elastic
links. The assembled fins are added to the previously calibrated whole structure FE model
and then subjected to 22.35 m/s and 0° wind. Figure 2.33 compares the acceleration
response of the whole structure FE model with vertical protrusions with the measured

response of the tested specimen.
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(@) (b)
Figure 2.33. RMS of acceleration (m/s?) time history of (a) the validated whole structure
FE model with vertical protrusions compared to (b) the experimental data for 22.35 m/s,
and 0° wind.

An increase in acceleration is observed with the installation of vertical protrusions. For
example, Table 2.12 compares the RMS of the acceleration response at location #2,
whereby about 8% of the increase is observed. The numerical result obtained from the FE
model with the vertical protrusions also reproduces the dynamic behavior. The model also

captures the major frequencies as shown in Figure 2.34. Vertical protrusions add stiffness
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to the system, which therefore increases the overall acceleration level. The comparison of
the Power Spectral Density (PSD) of the acceleration response of the FE models at location
#2, for both systems (with and without vertical protrusions) as illustrated in Figure 2.35,
validates an increase in the stiffness of the system. Specifically, the second and third major
frequencies have shown an increase from 15.66 Hz to 16.12 Hz, and from 23.09 Hz to
23.88 Hz, respectively. The first major frequency also exhibits a subtle increase from 4.29

Hz to 4.37 Hz. This can also be explained by Figure 2.36. The figure shows the
experimental PSD response normalized by % factor, where U is the wind speed mean

measured at the curtainwall’s roof height as 22 m/s, and b is the curtainwall’s width equal
to 3.65 m. As shown in the figure, the 1** and the 2™ normalized frequencies (i.e., 0.66, and
2.65, which are normalized values of experimental major frequencies of 4 Hz and 16 Hz,
respectively) are in the increasing range of the spectrum. This implies that an increase in
the frequency (stiffness) will lead to an increase in resonant dynamic effects. Higher overall
acceleration levels indicate higher levels of wind-induced vibrations, which may

potentially increase the system’s susceptibility to water ingress scenarios.

Table 2.12. RMS of acceleration (m/s?) time history (location #2) of the whole structure
FE model without and with vertical protrusions, compared to the corresponding
experimental results for 22.35 m/s and 0° wind.

The experimental
model without
vertical protrusions

The experimental
model with vertical
protrusions

Whole structure FE
model without
vertical protrusions

Whole structure FE
model with vertical
protrusions

0.1109 m/s?

0.1203 m/s?

0.1083 m/s?

0.1177 m/s?
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Figure 2.35. FE acceleration PSDs with and without vertical protrusions at location #2, for

22.35 m/s and 0° wind.
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Figure 2.36. Normalized experimental power spectral density function,
modified/expanded after Alawode et al. (2023)

2.5 Concluding remarks

Wind-induced dynamic performance of a single-skin curtainwall system is numerically and
experimentally investigated in this study. The finite element (FE) modeling and analysis
are built upon the measured dynamic response of the curtainwall from a series of full-scale
wind tunnel tests conducted on a single-skin curtainwall mounted on a host building
structure. The tests are carried out for wind speeds of 22.35 m/s, 31.30 m/s, and 40.23 m/s.
Utilizing a turntable enables considering various wind directions for the dynamic tests.
Two different FE modeling approaches are conducted. In the first approach, the whole
structure including the supporting steel structure, curtainwall, and other components of the
building is modeled to replicate the experimental setup. In the second approach, the fagcade
is numerically modeled as a stand-alone system, while the corresponding boundary

conditions are applied to it. The FE models are subjected to nodal time history loads based
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on C, time histories measured in the wind tunnel tests. The numerical models are calibrated
to reproduce acceleration and strain responses of the actual curtainwall specimen for a
22.35 m/s and 0° wind loading. The calibrated whole structure FE model is then validated
to reproduce other wind-tunnel testing cases for different wind speeds and wind directions
to match the experimental dynamic response. It is observed that the calibrated FE model is
validated with sufficient accuracy and can be used as a predictive tool for further studies.
Analyzing the power spectral densities of the acceleration response shows that the stand-
alone facade-only FE model misses the first major frequency at 4Hz, while the whole
structure FE model accurately captures it. Applying a system identification method also
shows that the 4 Hz frequency originated from the interaction of the facade and its
supporting structure. In addition, the wind-induced response is likely overestimated by the
facade-only FE model, as it does not account for the energy consumed for the deformation
or excitation of the supporting structure. This result suggests that the facade would perform
differently depending on the structure it is mounted to and the interaction between the
facade and building should be properly modeled to realistically capture the wind-induced
dynamic behavior of facade systems. Lastly, the dynamic effects of vertical protrusions on
the wind-induced response of the facade are also investigated, which indicates the
installation of protrusions may increase the wind-induced dynamic response of the facade
due to the increase in the system’s overall stiffness, which may cause a higher probability
of water ingress. Based on the dynamic response of the curtainwall, major resonant
frequencies are observed higher than 1 Hz. Therefore, it may be beneficial to revisit the

ASCE 7 provisions regarding the analysis and design of components and claddings, as it
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does not take into account wind-induced dynamic effects for structures with a frequency

greater than 1 Hz.
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CHAPTER 3. NUMERICAL INVESTIGATION OF THE DYNAMIC RESPONSE

OF OPERABLE WINDOW SYSTEMS TO WIND-INDUCED VIBRATIONS
3.1. Introduction

The operable window systems are enclosure components integrated into curtainwall panels
in most high-rise buildings’ envelope systems for openings, which are particularly prone
to potential failures caused by excessive vibrations during windstorms. Wind-induced
vibrations generated from extreme wind gusts are observed to be the 2" main cause of the
failure of operable window systems after wind-borne debris, due to consequential damage
to their frames and connections. These failures observed as the whole window panel’s
falling off due to panel disengagement, can occur frequently after only a few years of the
service life (FEMA 339, 1999; FEMA P-672, 2009; Horst et al., 2012; Mosqueda et al.,
2007; Qin et al., 2023; Suaris & Khan, 1995). The WIV-related failure of the window
system is a significant contributor to the generation of wind-borne debris too, posing a
grave risk to the surrounding buildings and infrastructure. However, the research focus has
been mostly given to the impact resistance of the window systems against wind-borne
debris than the risk of wind-induced vibration of the operable parts. Consequently, there is
a significant gap in knowledge within the wind engineering community regarding the effect
of wind-induced vibrations on the dynamic performance of the curtainwall and in particular

the operable window systems.

While the ASCE 7 (2016) standard specifies the necessity of dynamic analysis to estimate
the wind effects on structures, it does not pose a requirement for structures with natural

frequencies beyond 1 Hz to be analyzed for wind-induced dynamic effects. This criterion
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can be misleading because it was originally developed with the vibration of the whole
building in mind, so it may not be applicable to the building envelope components which
have higher frequencies than 1 Hz. This puts a misleading impression that the curtainwall
window systems and the operable window systems do not fail by wind-induced dynamic
effects, making the C&C still vulnerable to wind actions. The wind tunnel test results
clearly showed significant damage related to C&C including roofing systems, windows,
and curtainwall systems with frequencies higher than 1 Hz. Research conducted in wind
tunnels on standing seam metal roofs indicated the occurrence of a significant resonant
vibration induced by the wind in the frequency range of 8 Hz to 14 Hz (Azzi et al., 2020;
Habte et al., 2015). A full-scale wind tunnel test of a single-skin facade curtainwall
evidenced major frequencies at around 4 Hz, 16 Hz, and 24 Hz (Vutukuru et al., 2021).
Previous studies on the performance of curtainwall window mock-ups through
experimental testing have been mostly conducted using static pressure tests (Bedon et al.,
2018,2019; Ilter et al., 2015; Naqgash et al., 2021; Yalaz et al., 2018). Moreover, the existing
procedures by established standards such as ASTM E330/E330M (2014), and ASTM
E1886 (2013) to evaluate wind-induced stresses are limited to static uniform or cyclic
pressure. However, these simplified methods cannot capture the inherent dynamic effects
of random wind loading and the spatial and temporal variation due to turbulence, and
therefore, are not able to realistically consider the wind-induced vibrations in the
curtainwall window and the operable parts. For example, through a series of realistic wind
tunnel tests, it was observed that the standing seam metal roof failure mode is the clip
rupture, rather than the clip slippage which is frequently seen in conventional static

pressure testing (Habte et al., 2015). Moreover, parts and connections of the operable

54



window systems such as metal hardware, specifically in the open condition, are prone to
fatigue failure during wind events. However, in the facade industry, the performance of the
operable window systems has been estimated using simple fatigue experiments using open-

close cyclic testing.

This chapter attempts to address the existing gaps in understanding the effects of wind-
induced vibrations on the dynamic performance of operable window systems, as an integral
part of glass curtainwall systems. A high-fidelity finite element (FE) model is developed,
calibrated, and validated based on the experimental data obtained from conducted full-scale
wind tunnel tests on an operable window system integrated into a single-skin facade
unitized curtainwall system. The wind tunnel tests are conducted at the Wall of Wind
Experimental Facility (WOW EF) at Florida International University. The developed finite
element model is subsequently used to assess the dynamic response of the operable window
system due to the wind-induced vibrations, in closed and open service conditions of the
window. Time history finite element analyses are carried out for various wind-loading
scenarios, i.e., different wind speeds and wind directions. In the FE modeling and analysis,
the whole building structure, including the supporting steel structure, curtainwall, and the

integrated operable window are considered.

3.2. Wind tunnel tests

3.2.1. Experimental setup and configuration
A series of wind tunnel experiments are conducted at the Wall of Wind (WOW)
Experimental Facility (EF) to systematically investigate the wind effects on the operable

parts in a curtain wall system. The WOW EF is located at the Florida International
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University, which is one of the Natural Hazards Engineering Research Infrastructure
(NHERI) EFs designated by the National Science Foundation (NSF). This facility is unique
with an open jet ABL wind tunnel comprised of a 2 x 6 array of 6-foot-tall fans, capable of
generating hurricane intensity levels up to Category 5 (based on the Saffir-Simpson scale),
which facilitates testing large-scale models up to wind speed of 70 m/s (156 mph). The
ABL profile is produced using triangular spires located near the fans, while automated
square-shaped roughness elements with various angles, roughness lengths, and scales are
utilized to generate the desired turbulence intensity and roughness length (Chowdhury et
al., 2017, 2018). A circular rotating table (turntable), with a diameter of 4.9 m is located
4.3 m downwind of the flow management box, enabling testing the specimen for different
wind directions. Figure 3.1a shows the turntable in front of the flow management box and
Figure 3.1b shows a closer view of the flow management box, including the triangular

spires for producing the desired ABL.

[rTiangular

@ (b)
Figure 3.1. (a) Inside the FIU Wall of Wind (WOW) Experimental Facility (EF), (b) The
flow management box with roughness elements and spires for generating the desired ABL
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The tested single-skin curtainwall model constructed for this study consists of 3 double-
glazed fagade units including a center panel and two side panels as shown in Figure 3.2
with an operable window component in the center. The overall dimensions of the
curtainwall panels and the operable window are shown in the figure. The operable window
is 1.87 m in height and 0.6 m in width in size. The curtainwall is comprised of 5 joints,
which are denoted by ‘J#’. The fagade’s glass is a double-glazing unit that is comprised of
an outer monolithic and an inner laminated glass pane that is composed of a polyvinyl
butyral (PVB) layer locked in between the two panes. The curtainwall is mounted to a
rectangular 3.05 m (height) x 3.65 m (width) x 1.80 m (depth) supporting steel structure

which is bolted to the turntable as shown in Figure 3.3.

enter Panci[ NI

Figure 3.2. Single-skin fagade curtainwall on the turntable (front view)
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Figure 3.3. Supporting steel structure

The operable window system considered in this study is an extender top hung type, i.e.,
vertically opening or awning type (in contrast with the side hung type or casement type,
which opens horizontally). Figure 3.4 indicates a detailed anatomy of the operable window
system. As shown in Figure 3.4 a, there are three different layers of connections in the
operable window system, which are labeled with numbers (1), (2), and (3). The connection

layer (1) is the structural silicone which is the connection between the window glazing and
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the sash. The structural silicone provides sufficient translational and rotational stiffness

between the glazing and the sash.
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Figure 3.4. Anatomy of the operable window system, connections between the window
frame, sash frame, and the curtainwall: (a) horizontal cross-section, and (b) vertical cross-

section.

The connection layer (2) is between the window frame and the sash. These connections are

provided by a series of metal locking points and a handle lock in the closed condition of
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the window as shown in the figure. However, in the open condition of the window, these
locking points and the handle lock are not involved, and the connection between the
window frame and the sash frame is only provided by the metal hardware and the hinge at
the top as shown in Figure 3.4b. The vertical cross-section clearly shows the location of
the locking points, the handle (lock), and the metal hardware along the height of the
operable window system. The connection layer (3) is between the window frame and the
main frame. The window frame is bolt-connected to the curtainwall’s main aluminum

frame, as indicated in Figure 3.4a.

3.2.2. Instrumentation

During the tests, pressures, accelerations, and strains are measured in the wind tunnel
experiment. A polycarbonate panel having the same geometry as the glass window of the
operable part is used in place of the original glass for the pressure testing, for which the
polycarbonate glass is with drilled holes to mount the pressure taps since they cannot be
drilled into the glazing side, as shown in Figure 3.5. Figure 3.6 shows the schematic and
the actual layout of the pressure taps instrumented on the polycarbonate window.
Accelerometers and strain gauges are installed at multiple locations of the operable window
system. Three accelerometers are installed at the glass surface of the operable window
system to measure the out-of-plane acceleration, while eight tri-axial strain gauges are
installed at the aluminum window frame. Figure 3.7a and b show the locations where the
accelerometers and strain gauges are instrumented, respectively. In the open condition
testing phase, two additional accelerometers and three additional uniaxial strain gauges
(along the long axis of hardware) are installed on the connection hardware to observe the

dynamic response, as indicated in Figure 3.8 respectively.
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Figure 3.5. Polycarbonate panels and window on the rear side
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Figure 3.6. Schematic layout of the pressure taps on the polycarbonate side of the operable
window system (rear side of the curtainwall)
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(a) (b)
Figure 3.7. Locations of the (a) accelerometers instrumented on the glass window, and (b)
strain gauges instrumented on the aluminum frame of the window.

(a) (b)
Figure 3.8. Locations of the additional (a) accelerometers on the hardware connections,
and (b) strain gauges on the hardware connections in the open condition.
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3.2.3. Testing protocol

As described, to study the wind-induced vibrations of the awning-type operable window
system, the conducted wind-tunnel tests include closed-condition and open-condition
phases. In the closed-condition phase, the closed operable window system is subjected to
wind speeds ranging from 35.76 m/s (80 mph) to 44.7 m/s (100 mph) with 4.5 m/s (10
mph) increments. For each wind speed, different wind directions starting from 0°
(windward direction) to 315° with 45° increments are tested. The open condition phase of
testing is conducted for wind speeds starting from 22.3 m/s (50 mph) to 31.3 m/s (70 mph)
with 4.5 m/s (10 mph) increments. Lower wind speeds are considered for the open
condition in comparison with the closed condition since the metal hardware connections
are assumed to be prone to failure at higher wind speeds. For each wind speed, different
wind directions ranging from 0° to 315° with 45° increments, including finer increments
of 10° for critical angles (60° to 120° and 240° to 300°) are considered. Table 3.1
summarizes the test protocol for open and closed condition phases of wind-tunnel testing.
Further details can be found in the study conducted by Vutukuru (2021). The definition of

the wind direction is as Figure 2.7.
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Table 3.1. Testing protocol

Test Wind Speed Wind Direction 0 Test
Phase (m/s) (degree) Duration
(minutes)
Open 22.3 (50 mph) 0, 45, 60, 70, 80, 90, 100, 110, 120, 10
Condition 135, 180, 225, 240, 250, 260, 270, 280,
290, 300, 315
Open 26.8 (60 mph) 0, 45, 60, 70, 80, 90, 100, 110, 120, 10
Condition 135, 180, 225, 240, 250, 260, 270, 280,
290, 300, 315
Open 31.30 (70 mph) 0, 45, 60, 70, 80, 90, 100, 110, 120, 10
Condition 135, 180, 225, 240, 250, 260, 270, 280,
290, 300, 315
Closed 35.8 (80 mph) 0 to 315 (in 45-degree increments) 10
Condition
Closed 40.23 (90 mph) 0 to 315 (in 45-degree increments) 10
Condition
Closed 44.7 (100 mph) 0 to 315 (in 45-degree increments) 10
Condition

3.3. Numerical modeling and calibration

In this study, a finite element (FE) model is created to replicate wind-induced vibrations
observed in full-scale wind-tunnel tests at the WOW EF, with the aim of evaluating the
dynamic performance of the system under different loads. The FE models for the operable
window, single-skin curtainwall, and the entire structure housing the curtainwall are
developed sequentially. Midas Gen FEA software (2021) is applied for finite element
modeling, eigen, and time history analyses. This section provides a description of the
sequential steps involved in the finite element modeling process. Additionally, it presents

the procedure and results of calibrating the finite element model of the operable window

system.

65



3.3.1. FE modeling of the operable window system

The finite element (FE) analysis of the operable window system is carried out for both the
closed and open configurations of the window. Figure 3.9 shows the FE models developed
for each case, which consist of glazing, aluminum sash frame, and aluminum window
frame. These three components are interconnected in sequence, from connection layer (1)
to connection layer (3), using structural silicone, locking points (in the closed condition),
or metal hardware (in the open condition), and finally bolt connections, as depicted in

Figure 3.4.

Figure 3.10 indicates the finite element (FE) modeled window frame and sash frame, along
with their respective cross-section profiles. The mullion and transom elements are modeled
using 12-degrees-of-freedom 2-node beam elements, based on the CAD drawings. The
cross-sectional properties of the modeled window and sash frames are presented in Table

3.2.

For FE modeling the operable window system’s glazing, 4-node thin plate elements are
used in the software as shown in Figure 3.9. The operable window system utilizes a double-
glazing unit (DGU), as depicted in Figure 2.12. The DGU consists of inner and outer glass
panes separated by a gap using a thermal spacer. The inner pane is a laminated glass with
three layers, comprising two layers of monolithic glass bonded with a polyvinyl butyral
(PVB) interlayer. However, numerical modeling of insulated laminated glass presents
complexities and challenges. To mitigate the modeling complexity of the DGU, the authors
employ an innovative approach. The approach employed entails determining an equivalent

monolithic glass with a thickness that represents the properties of the DGU and produces
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comparable dynamic behaviors as the actual DGU. Table 2.3 displays the outcomes of this
method, exhibiting both the calculated equivalent thickness and the actual thickness of the
inner and outer glasses. The equivalent thickness approach comprises two phases. The first
phase involves estimating the effective thickness of the laminated glass, specifically the
inner glass, using the method developed by Galuppi and Royer-Carfagni (2012). The
resulting effective thickness values are presented in the 6th column of Table 2.3. Afterward,
the authors adopt the approach outlined in Annex C of the Eurocode prEN 16612 (2015) to
back-calculate the overall effective stiffness of the DGU and its equivalent thickness. The
7th column of the table indicates the thickness ratio R used to compare the final calculated
equivalent thickness with the actual thickness of the DGU. The results show that the
estimated equivalent thickness is less than the actual thickness of the DGU. To accurately
replicate the original DGU’s dynamic behavior, the unit weight of the equivalent glass is
increased to compensate for the lost mass. Ultimately, the obtained equivalent thickness
values are applied to model the glazing of the operable window system using 4-node thin

plate elements.
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Figure 3.9. The developed FE models of the operable window system

Window Frame Plan View
Sash Frame
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Front View
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Figure 3.10. The layout of the profiles of the modeled operable window frame and the cross
sections of the two framing profiles
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Table 3.2. Cross-sectional properties of the operable window framing profiles

Framing Profile Area (mm?) | Ixx (mm*) | Iyy (mm?*) | Ixy (mm®*)
1 Window Frame 325 1.12e5 4.60e4 7.44e3
2 Sash Frame 473 1.55e5 3.10e4 3.06e4

The subsequent critical stages in the finite element (FE) modeling of the operable window
system encompass the representation of the three layers of sequential connections among
the glazing, sash, window frame, and curtainwall system. To simulate the connection layer
(1), specifically the structural silicone that adheres the glazing of the operable window to
the sash frame, elastic links are employed in the software. These elastic links possess 6
degrees of freedom (DOFs) each, encompassing translational and rotational stiffness in all
local x-, y-, and z-directions. Details of the utilized elastic links can be found in the Midas
Gen user manual (2020). Figure 3.11 showcases the modeled operable window system,

wherein the elastic links are employed to assemble the glass and frames.

69



__,/' —
= e - A i
— |
[ X |
L g
S B Node 2 |
= Node 1 :
B ’-f/f Elastic Link and
Lls=— corresponding
| —=T1 local axes
Operable Frame Glazing Assembled system by means of
(window frame + sash frame) structural silicone (elastic links)

Figure 3.11. Modeled operable window system with glass and frames assembled using
elastic links (shown with the local axes).

The next step in FE modeling is the inclusion of the connection layer (2), which refers to
the joints between the sash frame and the window frame. These connections consist of
locking points and a handle when the window is in a closed position, as depicted in Figure
3.4. However, when the window is open, the locking points and handle are not involved,
and the connection between the window frame and the sash frame is facilitated by metal
hardware, as shown in Figure 3.4. In the closed condition, the locking points, the handle,
and hinge supports are modeled using 6-degrees-of-freedom elastic links, with assigned
translational and rotational stiffness values. Similarly, for the open condition, 6-degrees-
of-freedom elastic links are applied to model the metal hardware. Figure 3.12 and Figure
3.13 show the FE modeling of connection (2) of the operable window system in closed and

open conditions, respectively.
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The final layer of connections in the FE modeling involves connection layer (3), which
pertains to the bolt connections used to attach the window frame to the main frame of the
curtainwall, as shown in Figure 3.4. These connections are also modeled using 6-degrees-
of-freedom elastic links with their corresponding translational and rotational stiffness
values. Figure 3.14 provides a visual representation of how the bolt connections, i.e.,

connection (3), are modeled in the FE modeling of the operable window system.

'1 Hinge Support

Hinge Support n
Window

Locking Point

A\ 4

Locking Point

Locking Point
Sash Frame

I @
I Locking Point
I I Locking Point

Locking Point I

Handle
Closed Condition

Figure 3.12. 6-degrees-of freedom elastic links applied for modeling the locking points,
and handle, i.e., connection (2) in closed condition
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Figure 3.13. 6-degrees-of freedom elastic links used for modeling the metal hardware, i.e.,
connection (2) in open condition
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Figure 3.14. 6-degrees-of freedom elastic links utilized for modeling bolt connections
(between the window frame and the curtainwall’s main frame)
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The operable window system is situated in the specified location on the main frame, as

shown in Figure 3.15.

Curtainwall’s Frame

Figure 3.15. The modeled main frame (mullions and transoms) and sash frame for the
operable part: (a) The frames are modeled using beam elements; (b) 3D Rendering with
framing profiles.

3.3.2. Calibration (closed condition)

The pressure coefficient (C,,) time history data obtained from the experiment is converted

to pressure time history data. The pressure time history data is consequently used to
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produce nodal load time history by considering the corresponding tributary area of each
node, which is used in Midas Gen finite element analysis (FEA) software (2021) to conduct
corresponding dynamic time history analysis. Calibration involves an iterative process that
adjusts the model parameters to achieve a numerical dynamic response that closely matches
the experimental data. Calibration of the finite element (FE) model in the closed condition
is considered achieved when the root mean square (RMS) acceleration response matches
the experimental data within a 10% margin for all accelerometers, and the RMS of the
strain response exhibits a difference of less than 20% compared to the experimental data
for all strain gauges on the window frame. This criterion is chosen considering the
limitation of the FE analysis in presenting the strain behavior at the extreme fiber, where
the strain gauges are located in the experiment. In the FE analysis, the strain is measured
from the beam element which cannot account for the specific placement of the strain gauges
as used in the experiment. Table 3.3 summarizes the calibrated parameters in the closed

condition of the operable window system.

Table 3.3. Internal parameters and their tuned values (Closed Condition of the window)

#in Axial Shear | Rotational
Figure Model parameters stiffness | stiffness | stiffness

34 (kN/m) | (kN/m) |(kN-m/rad)

(1) Structural silicone (Connection #1) 175.0 175.0 0.1
Locking connections between the sash and

2) the window (Connection #2) 315 175.0 L1
Bolt connections between the window and

3) the curtainwall’s main frame (Connection 70.0 87.6 0.1
#3)

@) nge? connections between the sash and 1314 175.0 0.0
the window

(5) Handle connection 122.6 175.0 1.1
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For the closed condition, the FE model is calibrated for the 40.23 m/s and 0° wind. Table
3.4 shows the acceleration response of the calibrated FE model, compared to the
acceleration response of the specimen, subjected to 40.23 m/s and 0° wind, for all 3
accelerometers on the glazing of the operable window system. The results show a
difference of 5.96, 1.64, and 4.23 percent between the RMS of acceleration time history
response of the numerical and experimental response, for accelerometers 1, 2, and 3,
respectively. Figure 3.16 shows the comparison of the acceleration response in the
frequency domain, at locations #1, #2, and #3 (A1, A2, and A3 in Figure 3.7), where the
power spectral density of the acceleration response of the FE model is plotted against the
experimental response. It is indicated that the major frequencies in the acceleration
response are captured by the calibrated FE model. The major frequency observed at 4.2
Hz, is captured by the calibrated FE model, for all the 3 accelerometers. The other major
frequencies of 13.4 Hz and 16.8 Hz of the operable window system are captured by the

numerical at 14.4 Hz, and 16.7 Hz, respectively.

Table 3.4. RMS of acceleration (m/s?) time history of calibrated FE model in closed
condition, compared to the experimental results for 40.23 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s) (m/s”)
1 0.4743 0.4460 5.96
2 0.6698 0.6588 1.64
3 0.6064 0.5807 4.23
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Figure 3.16. The power spectral density acceleration response of the calibrated FE model
in closed condition, at the accelerometer location #1 (A1), location #2 (A2), and location
#3 (A3), compared to the experimental response for 40.23 m/s, and 0° wind.

In Figure 3.17, the root mean square (RMS) of the strain time history response obtained
from the FE model is presented alongside the corresponding experimental data. The

calibration criterion, which aims to achieve a difference of less than 20 percent, has been

successfully met for all strain gauges.
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Figure 3.17. RMS of strain (micro-strain) time history of the calibrated FE model
compared to experimental results for 40.23 m/s, and 0° wind.
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3.3.3. Calibration (open condition)

The FE model is calibrated for 22.35 m/s wind speed and 0° wind direction in the open
condition. Calibration of the finite element (FE) model in the open condition is considered
successful when the RMS acceleration response matches the experimental data within a
10% margin for all accelerometers. Table 3.5 presents the internal parameters that are
adjusted during this calibration process. Table 3.6 compares the acceleration response of
the calibrated FE model with the experimental response of the specimen, which is subjected
to 22.35 m/s wind speed and 0° wind direction, for all 3 accelerometers on the glazing of
the operable window system, and the 2 additional accelerometers on the metal hardware.
The results indicate that there is a difference of 6.99%, 6.91%, 8.89%, 7.39%, and 3.71%

between the RMS of the acceleration time history response of the numerical and
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experimental responses for accelerometers 1, 2, 3, 4, and 5, respectively. In Figure 3.18,
the acceleration responses in the frequency domain at locations #1, #2, and #3 (Al, A2,
and A3 in Figure 3.7) are compared, where the power spectral density of the acceleration
response of the FE model is plotted against the experimental response. The comparison
shows that the calibrated FE model captures the major frequencies in the acceleration
response. Specifically, the calibrated FE model captures the major frequency of 4.2 Hz for
all 3 accelerometers, and the other major frequencies of 13.7 Hz and 17.6 Hz of the
operable window system are captured by the numerical model at 14.1 Hz and 16.7 Hz,

respectively.

Table 3.5. Internal parameters and their tuned values (Open Condition of the window)

#in Axial Shear | Rotational
Figure Model parameters stiffness | stiffness | stiffness

34 (kN/m) | (kN/m) |[(kN-m/rad)

(1) Structural silicone (Connection #1) 175.0 175.0 0.1

Metal hardware connections between the
2) sash and the window (Connection #2) 85.0 85.0 0.1

Bolt connections between the window and

3) the curtainwall’s main frame (Connection 70.0 87.6 1.1
#3)

@) ngg connections between the sash and 738 175.0 0.0
the window
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Table 3.6. RMS of acceleration (m/s?) time history of calibrated FE model in open
condition, compared to the experimental results for 22.35 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s?) (m/s?)

1 0.1087 0.1163 6.99

2 0.2387 0.2552 6.91

3 0.2204 0.2008 8.89

4 0.2122 0.1965 7.39

5 0.1399 0.1347 3.71

3l ."I:" ; " [FExperimental | W l Accelerometer 2

[~ Calibrated FE|

i
fl i

§ (m*(s’.Hz))

LA LR
| H-‘]J\‘fl

f | : Experimental
Calibrated FE

! R \ 7
| Accelerometer 1

4 6 & 0 12 14 16 18 20 4 f- 8 10 ]2. 14 16 18
n (Hz) n (Hz)

(a) (b)

107 Accelerometer 3 .

(rn:."[s".Hz‘j}

=
gg“wﬁjf‘ﬁ 'w*g{,--.i 1

-~Experimental ||
—Calibrated FE| |

- R TR R )
n (Hz)

(©)
Figure 3.18. The power spectral density acceleration response of the calibrated FE model
in open condition at the accelerometer location #1 (A1), location #2 (A2), and location #3
(A3), compared to the experimental response for 22.35 m/s, and 0° wind.

3.4. Numerical analysis results

3.4.1. Results of the closed condition
The calibrated finite element (FE) model, simulated in a closed condition with a wind speed

of 40.23 m/s and wind direction of 0°, is employed to assess the dynamic responses of the
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model. The model is subjected to varying wind loads, with wind speeds of 35.76 m/s and
44.70 m/s, and wind directions of 0°, and 90°. The same C,, values are utilized to estimate
the input nodal load time histories for each specific wind direction but with different wind

speeds.

Table 3.7 presents the validation findings for wind speed of 35.76 m/s and wind direction
of 0°. The power spectral density (PSD) of accelerations at locations #1, #2, and #3 is
depicted in Figure 3.19, illustrating a satisfactory concordance between the numerical

analysis and experimental data.

The validation outcomes reveal that the acceleration responses are reasonably captured,
particularly for higher wind speeds. In the reproduced wind-tunnel test at 44.70 m/s and
0°, as presented in Table 3.8, the acceleration response of the numerical model at locations
#1, #2, and #3 exhibits a difference of less than 9 percent compared to the experimental
response. The acceptable matching of responses in the frequency domain is evident, as

observed in Figure 3.19.

Table 3.7. RMS of acceleration (m/s?) time history of validated FE model in closed
condition, compared to the experimental for 35.76 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s) (m/s”)
1 0.3569 0.3660 2.55
2 0.3958 0.4307 8.82
3 0.3278 0.3510 7.07
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Figure 3.19. The power spectral density acceleration response of the validated FE model
in closed condition at the accelerometer location #1 (Al), location #2 (A2), and location
#3 (A3), compared to the experimental response for 35.76 m/s, and 0° wind.

Table 3.8. RMS of acceleration (m/s?) time history of validated FE model in closed
condition, compared to the experimental results for 44.70 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s’) (m/s”)
1 0.6933 0.6345 8.48
2 0.8267 0.7977 3.50
3 0.6922 0.7223 4.34
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Figure 3.20. The power spectral density acceleration response of the validated FE model
in closed condition at the accelerometer location #1 (A1), location #2 (A2), and location
#3 (A3), compared to the experimental response for 44.70 m/s, and 0° wind.

Table 3.9 and Figure 3.21 show the analysis results for the 40.23 m/s wind speed and 90°
direction. The FE analysis results show a difference of less than 15 percent for
accelerometer #1, and less than 1 percent for accelerometers #2 and #3, regarding the RMS
of acceleration time history. The results are acceptable for 90° wind direction regarding the

fact that calibration has been conducted for 0° direction.

Table 3.9. RMS of acceleration (m/s?) time history of validated FE model in closed
condition, compared to the experimental results for 40.23 m/s and 90° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s’) (m/s”)
1 1.0457 0.8851 14.89
2 0.9916 0.9821 0.96
3 0.9759 0.9751 0.08
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Figure 3.21. The power spectral density acceleration response of the validated FE model
in closed condition at the accelerometer location #1 (Al), location #2 (A2), and location
#3 (A3), compared to the experimental response for 40.23 m/s, and 90° wind.

3.4.2. Results of the open condition

The calibrated finite element (FE) model, simulated in open condition with a wind speed
of 22.35 m/s and wind direction of 0°, is employed to assess the dynamic responses of the
model. The model is subjected to varying wind loads, with wind speeds of 26.82 m/s and
31.29 m/s, and wind direction of 0°. The same C, values are utilized to estimate the input

nodal load time histories for each specific wind direction but with different wind speeds.
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The validation results for the wind speed of 26.82 m/s and wind direction of 0° are shown
in Table 3.10. Figure 3.22 displays the power spectral density (PSD) of accelerations at
locations #1, #2, and #3, indicating a good agreement between the experimental data and

the numerical analysis.

Table 3.11 presents the validation findings for the wind speed of 31.29 m/s and wind
direction of 0°. The power spectral density (PSD) of accelerations at locations #1, #2, and
#3 is depicted in Figure 3.23, illustrating a satisfactory concordance between the numerical

analysis and experimental data.

Table 3.10. RMS of acceleration (m/s?) time history of validated FE model in open
condition, compared to the experimental results for 26.82 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s) (m/s”)
1 0.1644 0.1955 18.91
2 0.3343 0.3705 10.82
3 0.3368 0.3220 1.42
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Figure 3.22. The power spectral density acceleration response of the validated FE model
in open condition at the accelerometer location #1 (A1), location #2 (A2), and location #3

(A3), compared to the experimental response for 26.82 m/s, and 0° wind.
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Table 3.11. RMS of acceleration (m/s?) time history of validated FE model in open
condition, compared to the experimental results for 31.29 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s?) (m/s’)
1 0.2964 0.2860 3.50
2 0.5296 0.5551 4.81
3 0.5505 0.4597 16.49
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Figure 3.23. The power spectral density acceleration response of the validated FE model
in open condition at the accelerometer location #2 (A2) and location #3 (A3), compared to
the experimental response for 31.29 m/s, and 0° wind.

By utilizing the concept of dynamic amplification factor (DEA), facade designers can
obtain essential information that aids in considering the contribution of resonant response
in the design of facade elements and components. This is particularly important as current

design methods primarily rely on quasi-static approaches rather than dynamic
considerations.
The dynamic amplification factor is defined as Equation (3.1):

Peak Response (Resonant + Mean + Background)

Peak Response (Mean + Background) (3.1

DAF =
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This can be summarized as Equation (3.2):

F
DAF = -SiM*+R (3.2)

M+B

The typical background and resonant parts of the response are schematically shown in

Figure 3.24.
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Figure 3.24. Typical background and resonant response, modified after Vutukuru (2021)

The metal hardware connections in the open condition of the operable window system are
observed to be the most vulnerable component during normal to hurricane-level wind
speeds, experiencing failures due to wind-induced vibrations. Hence, having an estimation
of the resonant response contribution to the total wind-induced response is vital
information regarding the design aspects of these connections. To this end, Fg, 45, the

maximum peak axial force generated in each of the six hardware, including the resonance,
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mean, and background response are calculated directly from FE analyses, for 22.35 m/s,
26.82 m/s, and 31.30 m/s wind speeds and 0° direction. F),,p, the maximum peak axial
force generated in the hardware including the mean and the background response, not the
resonance part, is calculated by the area averaging method. The DAF results of all the
hardware connections are depicted in Table 3.12, while Figure 3.25 shows the numbering
and location of the hardware connections. The results show higher DAF values for lower-
elevated hardware connections, implying that these connections experience higher resonant

vibrations and are the most critical in design.

Table 3.12. Dynamic Amplification factors of six metal hardware, 22.35 m/s, 26.82 m/s,
and 31.30 m/s wind speeds and 0° direction

DAF DAF DAF
Hardware # as (22.35 m/s) (26.82 m/s) (31.30 m/s)
in Figure 3.25
H1 1.01 1.16 1.21
H2 1.03 1.02 1.05
H3 1.34 1.40 1.39
H4 1.01 1.15 1.08
H5 1.02 1.04 1.06
H6 1.36 1.41 1.43
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Figure 3.25. Numbering and locations of metal hardware connections

3.5. Concluding Remarks

The objective of this study is to fill the knowledge gaps in understanding the influence of
wind-induced vibrations on the dynamic behavior of operable window systems in glass
curtainwall structures. To achieve this, a highly accurate finite element (FE) model is
developed, calibrated, and validated for closed and open conditions of the operable
window, based on experimental data obtained from full-scale wind tunnel tests at the
Natural Hazards Engineering Research Infrastructure (NHERI) Wall of Wind Experimental
Facility (WOW EF) at Florida International University. The developed FE model is used

to evaluate the dynamic response of the operable window system under different wind-
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loading conditions, including varying wind speeds and wind directions, in both open and
closed service conditions. Time history finite element analyses are conducted to determine
the dynamic responses of the operable window system. The results demonstrate that the
operable window systems and their connections may be susceptible to failure due to wind-
induced resonant vibrations, which can occur at frequencies above 4 Hz, highlighting the
importance of analyzing the vibration effects, which are not currently required by the
ASCE 7 Standard. The PSD response of the acceleration response of the operable window
system shows major frequencies near 4 Hz, 14 Hz, and 17 Hz, for closed and open
conditions of the window system. These frequencies are successfully reflected by the
calibrated and validated FE models. Moreover, the dynamic response of the operable
window system, in the open condition indicates that lower-elevated metal hardware
connections show higher dynamic amplification factor values. This means that these
connections are more influenced by the resonant vibrations during normal to hurricane-
level wind speeds. This implies that the bottom hardware connection is the most vulnerable
to failure and should be given the utmost consideration when designing the metal hardware

to withstand possible failure at any given wind speed and direction.
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CHAPTER 4. NUMERICAL STUDY ON WIND-INDUCED DYNAMIC
BEHAVIOR OF A CLOSED-CAVITY DOUBLE-SKIN FACADE CURTAINWALL

SYSTEM

4.1. Introduction

As stated by the US Department of Energy, buildings account for 41% of the overall energy
usage in the United States, with heating, ventilation, and air conditioning systems
responsible for 50% of this figure (Wu et al., 2016). Controlling energy consumption and
minimizing environmental impact in a building, particularly in taller and larger structures
like skyscrapers that consume more energy overall, primarily depends on the building
envelope (Oh, 2020). Moreover, the presence of discontinuities in a building envelope,
both within and between units, can lead to water infiltration. This may result in expensive
interior damage due to rainwater penetration. Consequently, those involved in constructing
buildings and stakeholders in the building and energy sectors place a high value on glazed
building envelopes that are both watertight and energy-efficient, while also possessing

aesthetic qualities.

In recent years, the use of double-skin glazed curtainwalls has become increasingly popular
as they offer benefits such as improved energy efficiency, watertightness, transparency,
acoustic performance, and reduced maintenance costs (Pracucci et al., 2020). Although the
concept of the double-skin facade is not new, it has been gaining popularity in modern
European architecture due to its environmental and solar energy benefits (Bielek et al.,
2017). The combination of the growing prevalence of high-rise buildings and the

widespread use of glazed facades in modern architecture has resulted in higher energy
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consumption. As a result, employing double-skin facades has emerged as a significant

potential solution (Saroglou et al., 2020).

A double-skin facade consists of an exterior facade, an internal skin, and an intermediate
air gap (Hashemi et al., 2010), resulting in the presence of two glass walls in the DSF. The
exterior facade of the DSF is referred to as the rain screen, while the internal layer is known
as the air barrier. The intermediate air space is commonly referred to as the cavity. Studies
indicate that double-skin curtain walls offer superior energy efficiency (Hgseggen et al.,
2008) and improved water resistance compared to their single-skin counterparts. The
primary reason for the improved water resistance performance of DSFs is their ability to
achieve pressure equalization. This is primarily due to the presence of an air gap. Double-
skin curtain walls that rely on pressure equalization to resist water ingress are referred to
as PER systems. The underlying principle of this mechanism is that differential pressure is
the primary cause of water infiltration in curtain walls. By minimizing this pressure
differential, a waterproof system can be achieved (Killip & Cheetham, 1984). In an ideal
PER curtainwall, there is no pressure difference between the external pressure and the
cavity pressure (Baskaran & Brown, 1992). Despite being utilized in practical applications
for several years, there have been limited experimental and numerical studies conducted to
establish a connection between the pressure equalization present in the facade and the
structural response. Pomaranzi et al (2020) conducted a series of wind-tunnel tests on
permeable double-skin facades that were attached to low-rise building samples. The results
indicated that the inner layer of the permeable DSF experienced lower positive and
negative peak pressures compared to a standard single-skin facade. The outer skin of the

permeable DSF can impact the wind-induced pressure distribution on the inner skin,
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resulting in lower design peak pressures. Despite this, codes like Eurocode do not currently
account for this reduction when calculating wind loads. Conversely, a study by da Silva
and Gomes (2008) found that when the porosity of the outer skin is relatively high, the
reduction in design loads resulting from the altered pressure distribution of the inner skin
cannot be reliably confirmed. A reduction in wind-induced pressure on the inner skin can

only be achieved when the porosity level of the DSF is less than 1%.

Double-skin facades suffer from several issues such as mist and dust accumulation in the
cavity, as well as relatively high maintenance costs. In order to address these drawbacks
and improve thermal and acoustic insulation performance(van den Bossche et al., 2020), a
"closed cavity" DSF has been developed. This type of DSF differs from traditional double-
skin facades in that it has significantly lower cavity permeability, roughly one order of
magnitude lower, and is supplemented with a supply of dry air into the cavity. The
modified cavity features of the closed cavity DSF reduce both dust accumulation and air
condensation. This type of DSF consists of an external wall (single-glazing or double-
glazing), a low-permeability air cavity, and an internal wall (double-glazing or triple-
glazing). This configuration is similar to the traditional DSF, referred to as the "vented

cavity" in this study.

The closed cavity double-skin facade (DSF) utilizes a technique that involves sealing the
glass and frame on all sides to prevent water infiltration. Pressure equalization is also
employed to prevent water ingress. Compared to a PER DSF system, the closed cavity DSF
has a lower level of permeability in its cavity. The permeability of a PER DSF may vary

depending on the design requirements, such as load sharing and water penetration
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resistance. Additionally, the air within the cavity of a PER system is vented only to the
rainscreen (the external wall), whereas in the closed cavity system, venting can occur in

either direction.

One of the focal points of research in double-skin curtainwall systems is the load sharing
between the external and internal walls (Kala et al., 2008). The distribution of loads in
permeable systems, such as PER curtainwalls, is influenced by the level of permeability in
the cavity. This level is typically regulated by the size of the vents in the external wall or
cavity, as well as the internal wall’s leakage. According to Irwin et al. (1984), a perfectly
vented cavity in a double-skin curtainwall system results in the rainscreen carrying 70% of
the wind cladding load. In a pressure-equalized double-skin curtainwall, Ganguli et al.
(1988) found that the external wall carries 75% of the wind loading. Most of the past and
present research has focused on pressure-equalized double-skin facade (DSF) systems,
with less attention given to closed cavity DSF systems due to their relative novelty. Recent
studies on closed cavity DSF systems have mainly centered on energy efficiency and
thermal performance, with a limited investigation into their structural behavior under wind
load. Furthermore, there are currently no guidelines or studies on load distribution between

the external and internal walls for closed cavity systems.

Only a limited number of studies have examined the wind-induced dynamic behavior of
double-skin curtainwall systems using numerical methods. These studies have mainly
concentrated on reducing wind-induced vibration affecting the fagade’s dynamic response
or utilizing the facade as an energy absorber to mitigate the building structure’s dynamic

response. Azad (2016) examined the viability of a smart double-skin facade as a damping
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system for mitigating wind-induced acceleration response in structures. The study utilized
a finite element model of the double-skin facade to determine the ideal stiffness and
damping value of the brackets, which connect the facade to the building structure. They
showed that a combination of using a movable outer skin and an energy dissipation system
as brackets can effectively reduce the peak wind-induced acceleration of the structure.
Abdelaziz et al. (2021) utilized fluid-solid interaction (FSI) models and a data-driven
optimization framework to identify the optimal orientation of an active double-skin facade,
with the goal of minimizing wind-induced vibration in a tall building. Jafari and Alipour
(2021) created a framework that utilizes computational fluid dynamics (CFD) simulations
and statistical analysis to reduce wind-induced drag forces on tall buildings. This is

achieved by optimizing the shape of rectangular and elliptical double-skin facades.

This chapter aims to fill the knowledge gap in the wind-induced performance of closed-
cavity double-skin curtainwall systems. This examines the wind-induced dynamic behavior
of a closed-cavity double-skin facade curtainwall model. A finite element model was
developed, calibrated, and validated against wind-tunnel test results from a full-scale
closed-cavity double-skin curtainwall at the NHERI Wall of Wind (WOW) Experimental
Facility at Florida International University. Based on the developed closed-cavity
configuration, the effect of higher permeability due to defects on the dynamic response of

the facade is also investigated.

4.2. Wind tunnel tests

The wind tunnel tests were conducted at the NHERI Wall of Wind (WOW) experimental

facility (EF) located at Florida International University on a full-scale model. The facility,
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as depicted in Figure 4.1, consists of a set of 12 fans capable of producing hurricane-level
wind speeds up to category 5, facilitating wind tunnel tests with varying wind speeds.
Furthermore, the testing facility includes a rotating turntable located in front of the flow

box, enabling consideration of different wind directions (Gan Chowdhury et al., 2017).
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Figure 4.1. FIU Wall of Wind (WOW) Experimental Facility (EF): (a) Inside the WOW
EF: Flow management box and the turntable; (b) Schematic drawing of the WOW EF plan

4.2.1. Double-skin facade curtainwall configuration

The double-skin fagade curtainwall at full-scale consists of two identical closed cavity DSF
units, with each unit measuring 1.35 m (53”) in width and 3.63 m (143”) in height. These
units are positioned and attached adjacent to each other, as illustrated in Figure 4.2a. The
model of the closed cavity DSF consists of three main components: outer skin, inner skin,
and the cavity located between them. The outer skin is single-glazed, while the inner skin
consists of a triple-glazed unit, comprising three glass panes. The cavity between the outer
and inner skin (external and internal walls) has a depth of 140 mm. The specimen has a
polycarbonate side that is geometrically identical to the curtainwall and is attached to a
wooden frame on the rear side, as illustrated in Figure 4.2b. Additionally, there is a flat roof

with overhangs, as indicated in the figure. The constructed DSF curtainwall specimen is
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upheld by a steel structure that is fixed to the turntable. This steel structure has a rectangular

shape with dimensions of 3 m (width) x 1.83 m (breadth) % 3.65 m (height) as displayed

in Figure 4.3.
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Figure 4.2. DSF model (a) The glazed side of the model (b) The polycarbonate side of the
model

Figure 4.3. Supporting steel structure bolted to the turntable.
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The polycarbonate side of the specimen makes it possible to install pressure taps for
measuring external wind pressure. This is because drilling pressure taps into the actual
glass on the glazed side of the curtainwall is not feasible. Figure 4.4 depicts the plan view

of the model and a sectional view of the corner of the curtainwall unit.

This study involved testing two types of double-skin curtainwalls. The first type was an
ideal closed cavity configuration, while the second type was a vented-cavity DSF with a
10 mm opening on the side of the unit, as shown in Figure 4.5. The vented-cavity
configuration was used to simulate a scenario in which the cavity had a defect, resulting in

higher cavity permeability.

Polycarbonate wall

/ Wooden sides Steel suppart
A : ,‘H\““ /
i ] Top spandrel
nﬁ_ﬁ' B
1.8m 3 Triply glazed
‘ = inner layer
135m 1.35m ity
T <t '
Y : Mu]licn/ = \

Single glazed outer layer
Glazed curtainwall . - i

Figure 4.4. Plan view of the DSF curtainwall model
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On both sides of the model

Figure 4.5. Vented-cavity DSF

4.2.2. Instrumentation and testing protocol

In all experimental tests, an atmospheric boundary layer (ABL) with an open terrain was
simulated, taking into account a roughness length of 0.08 m (z,), and the reference height
for wind speeds (z,.r) was set to the height of the roof (i.e., 3.8 m). To record the surface
pressure, 100 pressure taps were positioned on the two polycarbonate walls, while two
pressure taps were installed inside the specimen building to measure the cavity pressure of
the DSF unit. Figure 4.6 displays the arrangement of the pressure taps on the polycarbonate
unit. During the pressure tests, the time histories of wind pressure on the outer skin (on the
polycarbonate side), cavity (within the DSF units), and internal pressure (inside the steel
frame) are recorded and collected. The experiments involved testing both closed and vented
cavity models under various wind speeds and directions. Specifically, the tests were
conducted for three wind speeds, namely 22.35 m/s (50 mph), 31.3 m/s (70 mph), and 40.23
m/s (90 mph), and at 15° intervals for wind directions ranging from 0° to 180°. Each wind

direction was maintained for a duration of 2 minutes. The pressure time histories that were
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recorded are presented in terms of the pressure coefficient, denoted as Cp. Equation (4.1)
provides the definition of the pressure coefficient value, while Equation (4.2) outlines the

definition of differential cavity pressure.

_ Pheax 4.1
CPpeak - 1 2
ipairU3s

Pdiff.cav = Peav — Patm 4.2)

Where, U;; is the peak 3s wind speeds at the roof height of the model, p,;, is the air density

while Pyeay is the differential peak pressure, Pyifr cqp 18 the differential cavity pressure,

P, is the cavity pressure and P, is the atmospheric pressure. By using the tubing
transfer function, any distortions resulting from the length of the tubing are corrected, after

which the Cp values are computed (Irwin et al., 1979).

The dynamic tests were carried out on the glazed curtainwall side of the model and
involved collecting time histories of acceleration and strain for wind speeds of 22.35 m/s
(50 mph), 31.3 m/s (70 mph), and 40.23 m/s (90 mph), and for wind directions ranging
from 0° to 180° at 15° intervals. Figure 4.7 and Figure 4.8 depict the placement of the
accelerometers and strain gauges on both the glass and mullions of the unit. The testing

protocol is outlined in Table 4.1. The wind direction is defined in Figure 2.7.
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Figure 4.6. Pressure tap arrangement on one of the polycarbonate units (blue dots represent
pressure tap locations)
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Figure 4.7. The layout of accelerometers (A) and strain gauges (S) on the double-glazed
glass unit (a) External wall (b) Internal wall
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Figure 4.8. Instrumentation on the double-glazed glass unit (a) Strain gauge on glass
(b)Accelerometer on glass
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Table 4.1. Testing protocol per configuration

Test Duration

Test Type ~ Wind Speed (m/s) Wind Direction (degree) (mins.)
Pressure 22.4,31.3 and 40.2 0 to 180 in 15 increments 2
Dynamic 224 0 to 180 in 15 increments 10
Dynamic 31.3 0 to 180 in 15 increments 5
Dynamic 40.2 0 to 180 in 15 increments 5

4.3.Numerical modeling and calibration

4.3.1. Finite element modeling of the double-skin facade curtainwall model

A finite element (FE) model has been created for the double-skin facade curtainwall
specimen. This model will be utilized to reproduce the wind-induced dynamic behavior of
the specimen during full-scale tests conducted at the WOW EF, under various wind loading
scenarios. The FE model of the double-skin facade curtainwall specimen was developed
using Midas Gen FEA software (2021) and is displayed in Figure 4.9. The model
encompasses the entire structure of the specimen, including the double-skin facade
curtainwall, supporting steel structure, polycarbonate panels, wooden frame, wooden
sidewalls, and the roof. Two versions of the FE model have been created to investigate low-
permeability and high-permeability cases tested in the wind-tunnel tests: the closed cavity

model and the vented cavity model. This section provides significant details and

characteristics of the developed FE model.
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Figure 4.9. The developed finite element double-skin fagcade curtainwall model

4.3.1.1. FE modeling of the DSF curtainwall

Modeling the frames: The double-skin fagade curtainwall framing consists of an external

frame positioned between the external and internal glazing skins. This frame comprises a
series of aluminum beam elements, referred to as the mullions and transoms, which are the
vertical and horizontal elements, respectively. In the finite element model of the DSF
curtainwall unit, 12 degrees-of-freedom (DOF) beam elements are employed to model the
mullion and transom profiles. The cross-sectional properties of the profiles, including Ixy,

lyy, and Ixy are computed and modeled based on the CAD drawing of the actual profiles.

Modeling the connection between the frames: In each unit, the mullion and transom frames

(i.e., vertical and horizontal frames) are connected by sharing a node. However, a different

104



approach is necessary to model the mechanical coupling between frames. To simulate the
interactions between the frames of two adjacent units, where two side-by-side mullions are
connected through mechanical connectors, 6 degrees-of-freedom (DOF) elastic links are
employed. Each elastic link has 6 DOFs with corresponding translational and rotational
stiffness values in all local x-, y-, and z-directions. Figure 4.10 illustrates how the

connections between the frames of the left and right units are modeled using these elastic

links.
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Figure 4.10. Modeling the inter-frame coupling via 6 DOF elastic links

Modeling the glass: The double-skin curtainwall consists of a single-glazing external skin
and a triple-glazing internal skin, as shown in Figure 4.11. The finite-element modeling of
the glass layers takes into account the actual thickness values of the glass panes, with 4-

node thin plate elements used to model the external and internal skins. In order to simulate
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the inter-pane cavity pressure between each pair of panes within the triple-glazing unit, 3
degrees-of-freedom (DOF) elastic links are utilized, as depicted in Figure 4.12. The

stiffness values of the modeled elastic links are presented in Table 4.2.
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Figure 4.11. Glass Modeling: (a) Schematic of the external and internal skins (b) FE
modeling of the glazing via 4-node thin plate elements.

3-DOF elastic
links connecting
the panes

Figure 4.12. Modeling the inter-pane cavity of the internal skin triple-glazing unit via 3-
DOF elastic links
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Table 4.2. 3-DOF elastic links stiffness properties for modeling the inter-pane cavity

Model Parameter Axial Shear Rotational
Stiffness | Stiffness | Stiffness
(KN/m) | (KN/m)
3 DOF elastic link for 499,98 | 499.98 0
modeling inter-pane cavity

Assembling the modeled frames and glasses: The attachment between the external skin

glazing and the aluminum frame, as well as between the aluminum frame and the internal
skin glazing, is facilitated by structural silicone. To incorporate these connections in the
finite element model, 6 degrees-of-freedom (DOF) elastic links are employed to replicate
the actual mechanical characteristics of the structural silicone. The assembly of the external

and internal glazing skins to the aluminum frame of the DSF curtainwall is illustrated in

Figure 4.13.
External Skin é «— Internal Skin
i —> Frame
Glazing i
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Figure 4.13. Modeling structural silicone via 6 DOF elastic links

107



4.3.1.2. FE modeling of the whole structure

The finite element model of the supporting steel structure is presented in Figure 4.14. The
main structure is connected to a set of perimeter beams at the bottom, which are bolted to
the turntable. The bolt connections to the turntable are modeled via hinge point spring
supports. To model the beams and columns of the steel structure, 12 DOF beam elements
are employed in the finite element model, based on the actual section properties of the
beam/column elements as depicted in Figure 4.14. Table 4.3 provides the corresponding
cross-sectional properties of the framing profiles. Subsequently, the developed DSF
curtainwall units are mounted to the front side of the supporting steel structure, while the
wooden frames and poly-carbonate panels are attached to the rear side of it, as shown in
Figure 4.15. The finite element models of the side walls and the roof are then added to the
structure, as indicated in the figure. The material properties used in the modeling of the

whole structure finite element model are described in Table 4.4.
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Figure 4.14. FE model of the supporting steel structure with its bolted connections to the
turntable, framing layout, and the cross sections of the five framing profiles.

Table 4.3. Cross-sectional properties of the framing profiles of the supporting steel
structure

F;?ggi € |Area (mm?)| Ixx (mm*) | Tyy (mm*) | Txy (mm?)
1 4470 1.72e6 1.89¢7 5.17e6
2 3503 5.00e6 5.00e6 7.43e6
3 4470 1.36¢e7 7.06e6 1.40e7
4 2542 2.95e6 8.89¢e5 2.06e6
5 3026 3.98e6 2.45e6 4.52e6
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Wooden Frames and

Side Walls —
DSF Curtainwall

Figure 4.15. DSF curtainwall (front) and polycarbonate panel (rear) mounted to the
supporting steel structure; the roof is not shown in the figure.

Table 4.4. Material properties used in the finite element model

Material Modulus, E (MPa) Poisson ratio, v Density, p (kg/m?)
Aluminum 70940 0.33 2768
Steel 200000 0.30 7861
Wood 4000 0.31 830
Polycarbonate 1793 0.31 1190

4.3.2. Calibration

To calibrate the model parameters of the closed-cavity DSF system, the 100-pressure time
history (TH) data is collected based on C,, (pressure coefficient). For dynamic analysis with
Midas Gen FEA software, nodal load time history input is required. As a result, the C,, time
histories are transformed into pressure time histories utilizing Equation (2.1) and into nodal
load time histories utilizing Equation (2.2), which account for each node’s tributary area.
However, since the pressure tap locations in the experiment do not match precisely with

the node locations, interpolation is utilized to obtain time history data.
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Moreover, the collected cavity pressure time history data of the left and right panels,
measured by the two additional pressure taps are converted to nodal time history and

applied to the FE model.

The process of calibration involves iteratively adjusting the model parameters until the
numerical model can replicate a dynamic response that closely matches the experimental
data. In order to deem the finite element (FE) model ‘calibrated’, the root mean squares
(RMS) of all acceleration (RMSacc) responses must be within 10 percent of the

experimental data. Table 4.5 provides a summary of the tuned parameters.

Table 4.5. Internal parameters and their tuned values

Axial Shear | Rotational
# Model parameters stiffness | stiffness | stiffness
(kN/m) (kN/m) | (kN-m/rad)
) Curtainwall’s top connection to the steel 17512.68 | 17512.68 700
structure
2 Curtainwall’s bottom connection to the steel 525380 | 5253.80 0.59
structure
3) Thf: steel. structure supports modeled with 6479.69 6479.69 0.00
point springs
(4) |Inter-mullion connection 1751.27 1751.27 0.20
(5) |External glazing silicone 227.66 227.66 0.02
(6) |Internal glazing silicone 122.58 122.58 0.01

The FE model of the closed-cavity DSF is calibrated for 22.4 m/s wind speed and 0° wind
direction. Table 4.6 compares the acceleration response of the calibrated FE model with
the experimental response of the specimen for all accelerometers at locations #1, #2, #3,
#4, and #5, respectively. The results indicate that there is a difference of less than 10 percent

between the RMS of the acceleration time history response of the numerical and
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experimental responses for all the accelerometers. In Figure 4.16, the acceleration
responses in the frequency domain at location #3 are compared, where the power spectral
density (PSD) of the acceleration response of the FE model is plotted against the
experimental response. The comparison shows that the calibrated FE model captures the
major frequencies in the acceleration response. Specifically, the calibrated FE model
captures the major frequency of 3.6 Hz, and the other major frequencies of 13.3 Hz, 16.4
Hz, 20.1 Hz, and 36.0 Hz of the closed-cavity DSF system are captured by the numerical
model at 3.8 Hz, 13.8 Hz, 16.0 Hz, 18.6 Hz, and 35.0 Hz, respectively. Figure 4.17
demonstrates the acceleration PSD response of the other accelerometers, through a

comparison between the FE model and the experimental results.

Table 4.6. RMS of acceleration (m/s?) time history of calibrated FE model of the closed-
cavity DSF, compared to the experimental results for 22.4 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference (%)
history RMS history RMS
(m/s’) (m/s”)
1 0.1429 0.1523 6.17
2 0.1911 0.1819 4.81
3 0.1401 0.1304 6.92
4 0.1348 0.1408 4.45
5 0.0488 0.0527 7.99
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Figure 4.16. The power spectral density acceleration response of the calibrated FE model,
at the accelerometer location #3 (A3) compared to the experimental response for 22.4 m/s,

and 0° wind.
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Figure 4.17. The power spectral density acceleration response of the calibrated FE model,
at the accelerometer locations #1, #2, #4, and #5 compared to the experimental response

for 22.4 m/s, and 0° wind.
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4.4. Numerical analysis results

4.4.1. Closed-Cavity DSF

The finite element (FE) model of the closed-cavity DSF, previously calibrated, is utilized
to evaluate the dynamic responses of the model. The model is subjected to different wind
loads, including wind speeds of 31.3 m/s and 40.2 m/s, and wind directions of 0°, 45°, and
90°. Time history analysis is conducted by applying corresponding external, cavity, and
internal pressure time histories to the FE models, which vary with each specific wind speed

and wind direction.

The validation results indicate that the acceleration responses are acceptably captured for
higher wind speeds. The validation results for a wind speed of 31.3 m/s and wind direction
of 0° are summarized in Table 4.7. As indicated in the table, the validated FE model’s RMS
of acceleration response shows less than 15 percent difference compared to the
experimental results. Figure 4.18 displays the power spectral density (PSD) of accelerations
at location #3, demonstrating a good agreement between the numerical analysis and

experimental data.

Table 4.7. RMS of acceleration (m/s?) time history of validated FE model of the closed-
cavity DSF, compared to the experimental results for 31.3 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference
history RMS history RMS (%)
(m/s®) (m/s”)

1 0.2559 0.2942 14.96

2 0.2851 0.3153 10.59

3 0.3235 0.3262 0.83

4 0.3649 0.3357 8.00

5 0.1139 0.1252 9.92
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Figure 4.18. The power spectral density acceleration response of the validated FE model,
at the accelerometer location #3 (A3) compared to the experimental response for 31.3 m/s,
and 0° wind.

The validation results for a wind speed of 40.2 m/s and wind direction of 0° are presented
in Table 4.8. The table indicates that the RMS of acceleration response from the validated

FE model exhibits a difference of less than 15 percent compared to the experimental results.

Table 4.8. RMS of acceleration (m/s) time history of validated FE model of the closed-
cavity DSF, compared to the experimental results for 40.2 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference
history RMS history RMS (%)
(m/s®) (m/s”)

1 0.5033 0.5740 12.31

2 0.5018 0.5757 14.72

3 0.7394 0.7445 0.69

4 0.6999 0.7454 6.50

5 0.1934 0.2148 11.06

The validation analysis results are presented for oblique and crosswind directions. The

validation findings for a wind speed of 22.4 m/s and wind direction of 45° are summarized
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in Table 4.9. The table shows that the RMS of acceleration response from the validated FE

model has a difference of less than 15 percent compared to the experimental results.

Table 4.9. RMS of acceleration (m/s?) time history of validated FE model of the closed-
cavity DSF, compared to the experimental results for 22.4 m/s and 45° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference
history RMS history RMS (%)
(m/s®) (m/s)

1 0.1396 0.1369 1.93

2 0.1462 0.1656 13.26

3 0.1127 0.1135 0.70

4 0.1038 0.1190 14.64

5 0.0325 0.0367 12.92

The validation results for a wind speed of 22.4 m/s and wind direction of 90° are presented
in Table 4.10. The table demonstrates that the RMS of acceleration response from the
validated FE model exhibits a difference of less than 10 percent compared to the
experimental result, except the results for accelerometer 3 which shows 29.01 percent

difference.

Table 4.10. RMS of acceleration (m/s?) time history of validated FE model of the closed-
cavity DSF, compared to the experimental results for 22.4 m/s and 90° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference
history RMS history RMS (%)
(m/s?) (m/s?)

1 0.1374 0.1244 9.46

2 0.1346 0.1474 9.51

3 0.2006 0.1424 29.01

4 0.1505 0.1456 3.25

5 0.0426 0.0429 0.70

Figure 4.19 illustrates the impact of wind speed on the RMS of acceleration response for

the external and internal glazing units of the closed-cavity DSF. The results clearly
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demonstrate a significant increase in vibration levels on both the external and internal
glazing units as the wind speed increases. The RMS of acceleration for the external glazing
at a wind speed of 40.2 m/s is 3.52 times higher compared to the 22.4 m/s wind. The FE
analysis shows a similar trend, estimating the increasing factor to be 3.76. Moreover, the
results show that the RMS of acceleration for the internal glazing at a wind speed of 40.2
m/s is 5.28 times higher compared to the 22.4 m/s wind. The FE analysis validates this
observation, estimating the increasing factor to be 5.71. This significant rise in wind-
induced vibration of the external and internal glazing units may lead to an increased

likelihood of water ingress, particularly at higher wind speeds.

The figure reveals that at a wind speed of 22.4 m/s and 0°, the external glazing experiences
higher vibrations compared to the internal glazing. However, as the wind speed increases,
the internal glazing exhibits higher vibration levels than the external glazing. Notably, the
acceleration RMS values of the internal glazing are significantly higher than those of the
external glazing in the wind load scenarios of 31.3 m/s and 40.2 m/s. Experimental
measurements indicate a difference of 46.9 percent at 40.2 m/s, while the FE analysis
predicts a difference of 29.7 percent. The findings suggest that the wind-induced vibration
of the internal glazing unit is particularly sensitive to fluctuations in wind speed, compared
to the external glazing. This emphasizes the need for effective mitigation strategies to
address wind-induced vibrations on the internal glazing of the closed-cavity DSF,

particularly at higher wind speeds.
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Figure 4.19. Comparison of acceleration RMS of the external, and the internal glazing
varying with wind speed, 0°: (a) Experimental results, and (b) FE results

Figure 4.20 demonstrates the influence of wind direction on glazing vibration for the

external and internal walls of the DSF model. The results indicate that the external glazing

exhibits higher acceleration RMS values than the internal glazing in windward and oblique

directions. However, in the crosswind direction, the internal glazing experiences higher

vibrations compared to the external glazing, with a difference of 46.0 percent according to

experimental results. The FE analysis estimates a 14.5 percent higher acceleration RMS on

the internal glazing compared to the external glazing for the crosswind direction.
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4.4.2. Closed-Cavity DSF with defects

In this section, the results of FE time history analysis are presented to validate the vented
cavity DSF model, which includes defects compared to the ideal closed-cavity
configuration. As mentioned earlier, the vented cavity DSF model features an opening on
the side, leading to increased cavity permeability. This can simulate scenarios in which the
ideal closed-cavity DSF experience higher cavity permeability due to defects. To model
and validate the vented-cavity DSF models, the calibrated closed-cavity FE model is
subjected to the corresponding measured internal pressure and cavity pressure time history
of the vented-cavity by means of pressure taps 101, 102, 103, and 104, for the desired wind
speed and wind direction. The external pressure profile is also applied to the external
glazing, identical to the closed-cavity configuration.
Table 4.11 provides a summary of the validation results for a wind speed of 22.4 m/s and
wind direction of 0°. As shown in the table, the RMS of acceleration response from the
validated FE model exhibits a difference of less than 12 percent compared to the

experimental results.

Table 4.11. RMS of acceleration (m/s?) time history of validated FE model of the vented-
cavity DSF, compared to the experimental results for 22.4 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference
history RMS history RMS (%)
(m/s®) (m/s”)

1 0.1349 0.1287 4.59

2 0.1324 0.1239 6.42

3 0.1463 0.1442 1.43

4 0.1448 0.1436 0.83

5 0.0468 0.0522 11.53
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The validation results demonstrate that the acceleration responses are adequately captured,
particularly for higher wind speeds. Table 4.12 presents validation results for a wind speed
of 31.3 m/s and wind direction of 0°. As indicated in the table, the RMS of acceleration
response from the validated FE model shows a difference of less than 11 percent compared

to the experimental results.

Table 4.12. RMS of acceleration (m/s?) time history of validated FE model of the vented-
cavity DSF, compared to the experimental results for 31.3 m/s and 0° wind.

Experimental Finite element
Accelerometer acceleration time acceleration time Difference
history RMS history RMS (%)
(m/s) (m/s”)

1 0.2633 0.2700 2.48

2 0.3080 0.2749 10.74

3 0.3697 0.3320 10.19

4 0.3806 0.3410 10.40

5 0.1222 0.1350 10.47

Figure 4.21 and Figure 4.22 depict the impact of higher cavity permeability on the vibration
of external and internal glazing units, respectively. According to Figure 4.21, the RMS of
acceleration for the closed-cavity DSF is 5.93 percent higher than that of the vented-cavity
DSE. However, this trend reverses for higher wind speeds. As shown in the figure, the
vented-cavity DSF exhibits a higher RMS of acceleration on the external glazing,
compared to the closed-cavity DSF, with differences of 2.89 percent and 6.14 percent at

wind speeds of 31.3 m/s and 40.2 m/s, respectively.

As shown in Figure 4.22, the vented-cavity DSF model exhibits higher vibrations on the
internal glazing compared to the closed-cavity DSF model at all wind speeds considered.

However, the effect of higher cavity permeability becomes more pronounced with
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increasing wind speed. The RMS of acceleration for the internal glazing in the vented-
cavity model shows a difference of 18.67 percent at a wind speed of 40.2 m/s compared to
the closed-cavity model. This difference is measured as 4.42 percent and 14.28 percent at

wind speeds of 22.4 m/s and 31.3 m/s, respectively.
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Figure 4.21. The effect of higher cavity permeability caused by defects on the acceleration
response of the external glazing of the DSF, varying wind speed, 0° wind.
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Figure 4.22. The effect of higher cavity permeability caused by defects on the acceleration
response of the internal glazing of the DSF, varying wind speed, 0° wind.

The findings demonstrate that the presence of defects resulting in higher levels of cavity
permeability in the DSF leads to increased vibration levels in both the external and internal
glazing units. This increase is more pronounced in the vibration levels of the internal
glazing compared to the external glazing. Moreover, this impact is further intensified at
higher wind speeds, thereby increasing the risk of water infiltration in vented-cavity DSF

systems compared to the ideal closed-cavity DSF.

4.5. Concluding Remarks

This study focuses on numerically investigating the wind-induced dynamic behavior of a
closed-cavity double-skin curtainwall system. The analysis is based on the dynamic
response data obtained from a series of full-scale wind tunnel tests conducted on a double-
skin facade curtainwall installed on a host building structure. Wind speeds of 22.35 m/s,
31.30 m/s, and 40.23 m/s, with varying wind directions, are considered during the dynamic

tests. Additionally, a vented-cavity double-skin facade (DSF) system is simulated by
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incorporating a 10 mm hole on the sides of the DSF model to examine the effects of higher
cavity permeability on the wind-induced response. To replicate the experimental setup, a
comprehensive finite element (FE) model is developed that includes the supporting steel
structure, curtainwall, and other building components. The FE models are subjected to
nodal time history loads based on pressure time histories measured in the wind tunnel tests.
Calibration of the numerical models is performed to accurately reproduce the acceleration
responses of the actual curtainwall specimen under a wind speed of 22.35 m/s and wind
direction of 0°. The calibrated FE model is then validated against other wind tunnel testing
cases involving different wind speeds and wind directions, including the vented-cavity
DSF model. The validation process demonstrates the sufficient accuracy of the calibrated
FE model, making it a reliable predictive tool for further studies. Analysis of the power
spectral densities of the acceleration response reveals that the wind-induced response of
the DSF curtainwall is influenced by major frequencies at 3.7 Hz, 13.3 Hz, 16.4 Hz, 20.1
Hz, and 36.0 Hz. The results of the study show that vibration levels on the external and
internal glazing of the closed-cavity DSF increase with higher wind speeds, thereby
increasing the potential for water ingress during high wind speeds. Notably, the findings
highlight the sensitivity of the wind-induced vibration of the internal glazing unit to
fluctuations in wind speed compared to the external glazing. This emphasizes the
importance of implementing effective mitigation strategies to address wind-induced
vibrations on the internal glazing of the closed-cavity DSF, particularly at higher wind
speeds. Furthermore, the results demonstrate the critical role of crosswind direction in the
vibration levels of the internal glazing, which can significantly exceed those of the external

glazing for a constant wind speed. Additionally, the findings highlight that the presence of
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defects resulting in higher levels of cavity permeability in the DSF leads to increased
vibration levels in both the external and internal glazing units. This increase is more
pronounced in the vibration levels of the internal glazing compared to the external glazing.
Moreover, this impact is further intensified at higher wind speeds, thereby increasing the
risk of water infiltration in vented-cavity DSF systems compared to the ideal closed-cavity

DSF.
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CHAPTER 5. CONCLUDING REMARKS

This study presents a novel comprehensive Finite-element-based investigation of the
effects of wind-induced vibrations on the dynamic performance of building envelopes,
considering fagade-structure interaction. In this study, the wind-induced dynamic behavior
of a single-skin, and a closed-cavity double-skin facade curtainwall model is investigated.
Moreover, the dynamic performance of an operable window system, incorporated into the
single-skin facade curtainwall is also studied. The FE modeling, calibration, validation,
eigen, and time history analyses are based on experimental data obtained from a series of
full-scale wind tunnel tests conducted for various wind speeds and wind directions, at the
Natural Hazards Engineering Research Infrastructure (NHERI) Wall of Wind Experimental

Facility (WOW EF) at Florida International University (FIU).

5.1. Summary of major findings

The summary of the most important results and findings of studying the wind-induced

behavior of single-skin facade curtainwall are as follows:

* Two distinct FE modeling approaches are implemented. The first approach involves
modeling the entire structure, encompassing the supporting structure, curtainwall,
and other building components, while the second approach focuses on modeling
the facade as an independent system. The analysis of power spectral densities of
the acceleration response reveals a discrepancy between the stand-alone fagade-
only FE model and the whole structure FE model. Specifically, the stand-alone
model fails to capture the first significant frequency at 4Hz, whereas the whole

structure model accurately represents it.
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The application of a system identification method further confirms that the 4 Hz
frequency is a result of the interaction between the facade and its supporting
structure.

The wind-induced response is likely overestimated by the facade-only FE model,
as it does not consider the energy consumed for the deformation or excitation of the
supporting structure. This finding highlights the importance of accurately modeling
the interaction between the facade and the building structure to realistically capture
the wind-induced dynamic behavior of facade systems. The performance of the
facade can vary depending on the structure it is mounted to, emphasizing the need
for comprehensive modeling that accounts for this interaction.

The study also examines the dynamic effects of vertical protrusions on the wind-
induced response of the facade. The findings suggest that the installation of
protrusions can lead to an increase in the wind-induced dynamic response of the
facade. This increase is attributed to the enhanced overall stiffness of the system,
which may result in a higher probability of water ingress.

Considering the dynamic response of the curtainwall, significant resonant
frequencies are observed to be above 1 Hz. This finding suggests a need for
reevaluation of the provisions in ASCE 7 regarding the analysis and design of
components and claddings. Currently, these provisions do not consider wind-
induced dynamic effects for structures with frequencies exceeding 1 Hz. Revisiting
and updating these provisions would be beneficial to ensure accurate analysis and

design of such structures.
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The key findings and results obtained from the investigation of wind-induced behavior

of an operable window system can be summarized as follows:

* The findings indicate that operable window systems and their connections can
be vulnerable to failure caused by wind-induced resonant vibrations,
particularly at frequencies exceeding 4 Hz. This emphasizes the need for
analyzing the effects of vibration, which are currently not mandated by the
ASCE 7 Standard.

* Furthermore, the dynamic behavior of the operable window system in the open
position reveals that the metal hardware connections located at lower elevations
exhibit elevated values of the dynamic amplification factor. This signifies that
these connections are more susceptible to the effects of resonant vibrations
across a range of wind speeds, from regular to hurricane-level intensities.
Consequently, the bottom hardware connection emerges as the most vulnerable
component in terms of potential failure. It is therefore imperative to prioritize
careful consideration and attention during the design phase of the metal
hardware, ensuring its ability to withstand potential failures under varying wind

speeds and directions.
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The following are the key findings and results derived from the analysis of wind-induced

behavior of the closed-cavity double-skin facade curtainwall system:

The examination of the power spectral densities of the acceleration response
indicates that the wind-induced response of the DSF curtainwall is affected by
significant frequencies at 3.7 Hz, 13.3 Hz, 16.4 Hz, 20.1 Hz, and 36.0 Hz.
Vibration levels on both the external and internal glazing of the closed-cavity DSF
increase as wind speeds rise, consequently raising the risk of water ingress in high
wind conditions.

Significantly, the findings highlight the internal glazing unit’s heightened
sensitivity to wind-induced vibrations in relation to variations in wind speed, as
compared to the external glazing. This underscores the significance of
implementing efficient mitigation strategies to address these vibrations, specifically
for the internal glazing of the closed-cavity DSF, particularly at higher wind speeds.
The crosswind direction is indicated to be critical for the vibration levels of the
internal glazing, which can notably surpass those of the external glazing even when
wind speed remains constant.

The findings emphasize that the presence of defects causing higher levels of cavity
permeability in the DSF results in elevated vibration levels in both the external and
internal glazing units. This increase is particularly noticeable in the vibration levels
of the internal glazing compared to the external glazing. Moreover, this impact

becomes more severe at higher wind speeds, consequently amplifying the risk of
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water infiltration in vented-cavity DSF systems compared to the ideal closed-cavity

DSF.

5.2. Broader impacts and future directions

This study fills some of the existing gaps in the body of knowledge regarding the impact
of wind-induced vibrations on the dynamic performance of major types and components
of building envelope systems, including single-skin facade curtainwalls, double-skin

facade curtainwalls, and operable window systems.

The results of this study, in conjunction with the advanced and comprehensive finite
element (FE)-based models, methodologies, and analyses presented, will provide valuable
insights for facade design, consulting, construction engineering, and insurance companies.
These findings will deepen their understanding of the dynamic performance of curtainwall
facade systems and operable windows in relation to wind-induced vibrations (WIV). This
increased understanding has the potential to drive the development of innovative
techniques, design methodologies, and mitigation strategies. Consequently, medium- and
high-rise building facade systems can be enhanced to exhibit improved resilience and

performance when subjected to extreme wind events.

The findings of this study have the potential to enhance the existing building codes and
design guidelines, particularly in hurricane-prone regions of the United States, such as the
State of Florida. The current building codes lack clear and robust guidelines for the design
of facade components that may be susceptible to wind-induced vibrations (WIV). For
example, ASCE 7-16 only establishes a general lower limit (1 Hz) for the first resonance

of the system, aiming to identify critical scenarios. However, this criterion, originally
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intended for the entire building, is often misinterpreted by designers, and applied to
individual smaller components without considering the vibration mode or whether it can
be excited by along-wind or across-wind/vortex shedding actions. Hence, it is crucial to
update the building codes to promote a safe and sustainable design approach that considers
all potential failures that may occur under serviceability conditions and ultimate dynamic

excitations.

The validated finite element (FE)-based models and methodologies presented in this study
have the potential to serve as a robust predictive tool for evaluating the susceptibility of
curtainwall and operable window systems to structural failure under various wind loading
scenarios in future investigations. This contribution holds significance within the realm of
performance-based wind engineering concerning building envelopes. By incorporating
nonlinear analysis into the current linear analysis, it becomes possible to explore the
dynamic behavior of the building envelope and its constituent parts at failure limit states.
This approach facilitates the evaluation of diverse failure modes in the curtainwall and
operable window system caused by wind-induced vibrations, spanning from regular to
hurricane-level wind speeds, through the utilization of risk modeling. Additionally, the
consideration of other failure modes such as cumulative life-cycle fatigue becomes viable.
The prospective computational framework enables the exploration of new design strategies
by conducting systematic parametric studies on various components and elements of
curtainwall and operable window systems. The adoption of risk-based design and
mitigation strategies will enhance cost-effective methods aimed at bolstering resilience

against the destructive impacts of wind-induced vibrations on building envelopes.
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