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B W N e

Abstract: A large-scale glass curtain wall (LGCW) attached to a high-rise building is analyzed using
the finite element method to investigate the wind resistance performance of the LGCW with and
without the high-rise building. The results show that without the high-rise building, the peak wind-
induced response occurs in the center of each glass panel of the LGCW, and it gradually decreases
away from the center towards the edges of each glass panel. When the high-rise building is included
in the finite element model, the additional wind-induced response on the LGCW caused by the
deformation of the high-rise building is large at the upper and lower glass panel edges, and gradually
decreases toward the panel center. The high-rise building produces great effects on the displacements
of the LGCW but weak effects on the stresses, where the peak displacement of the whole LGCW
is increased by 40.5%. The influences of key structural parameters, including the lateral stiffness
of the high-rise building and the connection stiffness between the large glass curtain wall and the
high-rise building, on the wind resistance performance of the LGCW are further investigated. The
results demonstrate that the smaller the lateral stiffness of the high-rise building is, the greater the
additional responses caused by the deformation of the high-rise building on the LGCW are, and the
greater the total load responses of the LGCW are. The smaller the connection stiffness between the
LGCW and the high-rise building is, the greater the responses of the independent LGCW are, while
the additional responses induced by the deformation of the high-rise building on the LGCW are

not significant.

Keywords: large-scale glass curtain wall; high-rise building; wind loads; elastic connection;
connection stiffness

1. Introduction

Glass curtain walls have been widely used in building envelopes due to its aesthetic
and utility, especially in high-rise buildings [1]. In order to meet aesthetic needs and the
functional requirements of day lighting, a single glass panel with an area exceeding the
safety size limit of 8 m? [2] is used more and more widely in LGCWs of modern high-rise
buildings, such as Hong Kong Taikoo Place and the Beijing Taikang Center. Not only
the wind loads on the LGCW produce load effects on glass panels, but the wind-induced
deformation of the supporting main load-bearing structure also imposes additional load
effects on the glass panels. The glass panels need to bear the wind loads on themselves
and adapt to the deformation of the high-rise building [3]. Glass is a brittle material and
the additional response caused by the deformation of the high-rise building easily leads to
glass damage. Since the dimensions of the LGCW are huge, the load effects on the LGCW
caused by the wind loads directly acting on it and the additional load effects caused by
the deformation of the high-rise building are larger than those of the normal size glass
curtain walls, which leads to greater security risks of the LGCWs [4]. However, there are
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few studies on the wind resistance performance of the LGCW with the additional effects of
the high-rise building.

At present, there are lots of studies on the response characteristics and the failure
modes of single normal size glass panels subjected to wind loads [4-7]. The glass curtain
wall system is composed of glass panels and adhesive constraints such as frame supports,
silicone adhesive, etc., and such connections cannot be oversimplified [8]. Necasova et al. [9]
and Van Lancker et al. [10] studied the influences of silicone adhesive aging on its strength
and stiffness in different environments. Belis et al. [11] conducted an experimental study
on the stability of the glass rib in the glass curtain wall system. Huveners. [12] and
Antolinc et al. [13] studied the mechanical properties of glass curtain wall systems with
different kinds of adhesives and connections between the support frames and glass panels.
Yuan et al. [14] studied the coupling deformation of glass panels with complex constraints,
which is caused by the interaction between the connections and the supporting components
of the glass curtain wall system. Gongalves et al. [15] and Ilter et al. [16] conducted wind
resistance tests of the full-scale glass curtain wall system consisting of glass panels, support
frames, and silicone adhesives. In addition to the above studies on the commonly used
frame-supported glass curtain walls, some scholars have also studied the wind resistance
performance of other types of glass curtain walls, such as point-supported, suspension-
supported, all-glass, and hollow double-layer glass curtain wall systems [17-20].

Several scholars have investigated the effects of the deformation of the high-rise
building on the responses of the glass curtains walls, but they have mainly focused on
seismic action rather than wind loads. Huang et al. [3] pointed out that the seismic demand
parameters of glass curtain walls are closely related to the inter-story responses of the high-
rise building, and that the effects of the high-rise building on the mechanical performance
of glass curtain walls should be carefully considered. Lu et al. [21,22] conducted a series of
shaking table tests for different types of high-rise buildings and measured the responses of
the glass curtain walls considering the deformation of the high-rise building. At present,
the effects of the high-rise building on the wind resistance performance of glass curtain
walls are rarely investigated. Yu et al. [19] and Pomaranzi et al. [23] studied the wind
resistance performance of glass curtain walls attached to high-rise buildings through wind
tunnel tests and the finite element (FE) method, respectively, but they did not further
compare the response of glass curtain walls with and without the high-rise building. Ren
et al. [24,25] analyzed the criteria of the falling of glass panels in the glass curtain wall
supported by a high-rise building subjected to wind and seismic loads. But they did not
systematically analyze the influence of the structural and joint parameters on the wind
resistance performance of the glass curtain wall with high-rise buildings.

Based on the above summary, it is found that current studies mainly focus on the wind
resistance performance of normal size glass curtain walls and ignores the effects of the
deformation of the high-rise building on the glass curtain walls. Thus, this study establishes
the FE models of the independent LGCW and the LGCW attached to the high-rise building.
Then, the parameter analysis is conducted to investigate the effects of the deformation of
the high-rise building on the wind resistance performance of the LGCW, varying the lateral
stiffness of the high-rise building and the connection stiffness between the LGCW and the
high-rise building.

2. Wind Resistance Performance of the LGCW without the High-Rise Building
2.1. FE Model and Wind Loads of the LGCW

The bottom of the high-rise office building is a public area, and LGCWs are often used
in order to achieve good light transmission. Thus, to study the wind resistance performance
of the LGCW), a high-rise building with the steel frame—concrete tube hybrid structure in
Zhejiang Province, China is selected as an example. The building has 54 floors on the
ground, with a total height of 249.9 m and each floor height is 4.5 m. The height of the
central hall at the building’s bottom is 18 m, and a 15-meter-tall LGCW is utilized around
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the central hall. The typical story and elevation layout of the building, the coordinate
definition, and the wind direction settings are shown in Figure 1.
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Figure 1. The structural layout and wind direction.

A simplified FE model of the independent LGCW is established in ANSYS according
to the structural design parameters. SHELL 63 is used to simulate glass panels, silicone
adhesive, and columns, and BEAM 44 is used to simulate crossbeams. The independent
LGCW employs the hollow double-layer glass panels, the inner and outer glass panels
(SHELL 63) are connected with the silicone adhesive (SHELL 63), and the inner glass panels
are connected to steel columns (SHELL 63) with the silicone adhesive. Figure 2 displays the
connection joint of the independent LGCW and the corresponding simplified FE model.

é—» Steel column
; é Silicone adhesive
n /

/ Inner glass panel

Outer glass panel ¥ -
(a) Actual connection joint (b) FE model of the connection joint

Figure 2. The connection joint of the LGCW.

In the actual structure, the top and bottom of the LGCW are connected to the cross-
beams (BEAM 44) with the silicone adhesive, the crossbeams are connected to steel columns
through bolts, and the steel columns are connected to the high-rise building through bolts.
In the FE model of the independent LGCW, the silicone adhesive and crossbeams are
established at the top and bottom edges of the inner and outer glass panels, and the nodes
of the silicone adhesive are coupled with the nodes of the crossbeams to simulate the elastic
constraints between the crossbeams and glass panels, as shown in Figure 3. The crossbeams
and columns use the same node at the intersection points. The top and bottom of the steel
columns are sliding and fixed hinges, respectively, where the rotation degrees are restrained
for each hinge. The dimensions of the independent LGCW are 15 m in height, 3 m in width
between two columns, and 20 mm in thickness for both outer and inner glass panels.
The thicknesses of the silicone adhesives are 27 mm between outer and inner glass panels,
37 mm between inner glass panels and columns, and 20 mm between inner glass panels and
crossbeams. The dimensions of the rectangular columns are 580 mm x 130 mm x 20 mm.
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Table 1 shows the material parameters of the glass, silicone adhesive, and the steel. The FE
model of the independent LGCW with a total span of 63 m is established, including 21 sets
of inner and outer glass panels, as shown in Figure 3. The meshing independent check of
the model has been conducted, and when the grid number of glass panels exceeds 2520,
the change of the peak out-of-plane displacement (the normal direction of each glass panel)
and of the peak von Mises stress of the glass panels are less than 1%. Thus, to ensure the
calculation accuracy and efficiency, this study adopts the glass panel model of 2520 grids.

Glass panel 1# Column Glass panel 11# Glass panel 21#

J Crossheam

15m

-l

Figure 3. The FE model of the LGCW.

Table 1. Material parameters.

Material Elastic Modulus (N/mm?)  Poisson’s Ratio Mass Density (kN/m?)
Glass 72,000 0.2 25.6

Silicone

adhesive 2 0499 15
Steel 200,000 0.3 78

The independent LGCW belongs to the building envelopes, and the wind loads on
envelopes are calculated according to the Load Code for the Design of Building Structures
GB50009-2012 [26], as shown in Equation (1). It is assumed that the wind loads on each
glass panel of all 21 sets in the LGCW are uniform, and the middle height 7.5 m of the
LGCW is regarded as the reference height.

Wic = BgzlsifzWo 1)

where B is the gust loading factor at height Z. p; is the local shape coefficient of wind
loads, which are usually determined by wind tunnel tests. The experimental model of the
LGCW is regarded as an ideal closed structure and the inner pressure is ignored during the
tests. p; is the height coefficient of wind pressures at the reference height. wy is the basic
wind pressure with a 50-year return period, and wy is 0.45 kN/m? in this study.

For the hollow double-layer glass panels, the wind loads on the LGCW directly act
on the outer glass panels firstly and then transfer to the inner glass panels. The inner and
outer glass panels interact with each other and bear wind loads together. According to the
Technical Code for Application of Architectural Glass JGJ/113-2015 [2], the wind loads on
the hollow double-layer glass panels are directly distributed to the inner and outer glass
panels, as shown in Figure 4, and the wind loads distribution is calculated by:

3
Wi = 1.1 X Wy—=——— 2
k1 kt%—l—i’% ()
and
B
Wi, = 1.0 x W, 3
k2 kt%—l—t% ()

where Wi and W, are the wind loads on the outer and inner glass panels, respectively. Wy
is the standard value of wind loads calculated by Equation (1). t; and ¢, are the thickness
of the outer and inner glass panels, respectively.
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Figure 4. Wind load distribution of the hollow double-layer glass panel.

The pressure measurements of the target high-rise building were conducted in a
boundary wind tunnel, as shown in Figure 5. Since there are few surrounding buildings
around the target high-rise building in most wind directions, the power law exponent
of the mean wind speed profile is determined to 0.15 conservatively. The scale ratio is
1:320 and the wind directions range from 0° to 360°, with an interval of 15°. ug of each
pressure tap at each wind direction were obtained. The y; at the height of 7.5 m of each
glass panel at typical wind directions are shown in Table 2. It is worth noting that, since
there are interference effects of surrounding buildings, as shown in Figure 5, the g of the
glass panels #1-3 are negative, which means that the wind loads are suctioning and much
different from those on an isolated building.

Figure 5. Pressure measurements of the LGCW.

Table 2. g of the LGCW.

Wind Direction

Number of Glass Panels

#1 #2-3 #4-5 #6-8 #9-13 #14-16 #17-18 #19-20 #21

0° —0.62 —-0.21 0.32 0.74 0.9 1.05 1.05 1 0.98
90° —-0.49 —0.46 —0.34 —0.34 -0.33 -0.29 -0.19 -0.1 —-0.24
180° —0.44 —0.42 —0.41 —0.42 —0.42 —0.41 —0.41 —0.41 —0.41
270° —0.5 —0.48 —0.44 —0.35 —0.41 —0.47 —0.45 —0.44 —0.52

2.2. Wind Resistance Performance of the LGCW

The static analysis of the independent LGCW subjected to wind loads at the wind
directions of 0°, 90°, 180°, and 270° is conducted. Figure 6 displays the out-of-plane
displacements and the von Mises stresses of the independent LGCW at the wind directions
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of 0° and 90°. It can be seen in Figure 6 that the stresses and deformation in magnitude
reach the maximum at the center of each glass panel and gradually decrease away from
the center towards the panel edges. The response magnitudes of the glass panels #1-5
at the edge of the LGCW are different from those of other glass panels because there are
interference effects of surrounding buildings. It can also be concluded from Figure 6 that
the response distributions of the inner and outer glass panels are similar; both the peak
out-of-plane displacements and the von Mises stresses occur at the same location with
slight differences. The response distribution of each inner glass panel at 90° is similar to
that at 0°, and the response magnitudes reach the maximum at the center of each glass
panel and gradually decrease away from the center towards the panel edges. Moreover, the
response magnitudes of each glass panel at 90° are about half of those at 0°. Table 3 displays
the peak and mean values of the out-of-plane displacements and von Mises stresses of
the whole LGCW at 0°. The mean and peak responses of outer glass panels, including
the out-of-plane displacements and von Mises stresses, are 1.1 times higher than those of
the inner glass panels, and such multiple relationships of the response are the same as the
proportion of the loads acting on the outer and inner glass panels, as shown in Equations
(2) and (3). Since the high-rise building is directly connected to the inner glass panels, the
following discussion focuses on the inner glass panels of the LGCW.
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Figure 6. Response distribution of the independent LGCW at 0° and 90°.

Table 3. Statistical response values of glass panels at 0°.

Type Outer Inner Outer/Inner
Out-of-plane Peak 12.6 114 1.1
displacements (mm) Mean 4.38 3.92 1.1
Peak 6.47 5.78 1.1

Von Mises stresses (MPa) Mean 204 2 64 11

Figure 7 displays the peak out-of-plane displacements and von Mises stresses of each
inner glass panel, and the ratios of them to the allowable limits of glass displacement and
stress, 50 mm and 40 MPa, respectively [2]. It can be found that the peak out-of-plane
displacement of each inner glass panel appears at the wind direction of 0°, except the inner
glass panels #1-5. Due to the interference effects of surrounding buildings on the inner
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glass panels #1-5, the direction of the out-of-plane displacements for the inner glass panels
#1-5 is opposite to that of other panels. The maximum displacement ratio is about 22%
at the wind direction of 0°. Besides, the peak von Mises stress distribution of the LGCW
at each wind direction is similar to the out-of-plane displacement distribution, and the
maximum von Mises stress ratio is about 15% at the wind direction of 0°. The responses
of glass panels #6-21 at 0° are significantly greater than those at other wind directions,
which makes the wind direction of 0° be the most unfavorable one. Besides, the responses
of glass panels #1-5 are affected seriously by the interference effects at 270°, and the glass
panels #6-21 have the minimum magnitudes of the out-of-plane displacements and von
Mises stresses at the wind direction of 90°. Since the responses of the inner glass panels
change severely with the number of glass panels at 0°, where the response magnitudes of
panel #16 are six times higher than that of panel #3, the LGCW is separated into three zones
according to the responses at 0° in order to facilitate the response comparison with and
without the main load-bearing structures. Zone 1 includes panels #1-6, Zone 2 includes
panels #7-13, and Zone 3 includes panels #14-21.

10 Zone 1 : Zone 2 : Zone 3 20 8 Zonel J Zone2 J Zone3 20
[—=—0°—e—90=-4— 180°—v— 270 [—s—0=—e— 90=—a— 180°-v— 270
3
T} = S 50 SN =X—X—X-x—x—x=x-710 —
S SRS e o) R P
& "<a *~e—e P < % / Se—m—§
£ Te—e < —a—E—a—N S
g of \ lo &3 3
< =2 2
2 == - J108
5 "~ = 2
8 ,5 L T *10 8 2 Y 9—)
2 g g JAR o V—V—V— 7 2
< | R 25 .1 I—X\X: A—A—A—p—h—f=4% A—A—a—X"X=X=X 4
S "— a>2f (= —'='='<o—o—o—o—qp\ 15
g -10F R n—n] —20 n l/ ._._.\ .
o —g—p—a—a - *—o,
N
-15 1 1 1 1 1 1 1 -30 0 1 1 1 1 1 1 1 0
3 5 7 9 11 13 15 17 19 21 1 3 5 7 9 11 13 15 17 19 21

Number of glass panels
(a) Peak out-of-plane displacement

Number of glass panels
(b) Peak von Mises stress

Figure 7. Peak responses of inner glass panels.

3. Wind Resistance Performance of the LGCW with the High-Rise Building
3.1. FE Model of the LGCW with the High-Rise Building

Based on the FE model of the independent LGCW in Section 2.1, the FE model of
the LGCW with the high-rise building is established, as shown in Figure 8a. To simplify
the actual complex connection between the LGCW and the high-rise building, coupling
constraints are utilized to connect the columns of the LGCW with the floor slabs of the
high-rise building, where the displacement degrees of X, Y, and Z are coupled. It should
be mentioned that the silicone adhesive between the LGCW and the crossbeams helps
the LGCW to easily adapt to the deformation caused by the building, while crossbeams
and columns are connected by joint nodes and the latter is coupled to floor slabs. The
interaction effects between the high-rise building and the LGCW are transmitted through
the coupling constraints. Modal analysis is carried out for the overall model and the
former nine vibration modes are shown in Figure 8b—j. The former two modes (b—c) are
translational and the third mode (d) is torsional. The former six modes are dominated
by the vibration of the high-rise building, and the LGCW has almost no vibration. In the
eighth and ninth modes, the high-rise building and the LGCW vibrate together.
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(a) FE model (b) T,=6.20s (c) T,=4.32s (d) T5=3.04s (e) T4=1.59s
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Figure 8. FE model and former nine modes of the LGCW with the high-rise building.

3.2. Wind Resistance Performance of the LGCW Attached to the High-Rise Building

According to Section 2.2, the most unfavorable wind direction of the independent
LGCW is 0°. Meanwhile, the minimum wind-induced responses of the LGCW appear at
the wind direction of 90°, the cross-wind vibration of the high-rise building is obvious, and
the deformation of the high-rise building may produce a larger increase of the responses of
the LGCW at this wind direction than at other wind directions. Thus, the wind-induced
responses of the LGCW with the high-rise building subjected to wind loads at 0° and 90°
are analyzed, including three cases: (a) only wind loads on the LGCW, and these wind
loads are the same as those in Section 2.1; (b) only wind loads on the high-rise building,
where the equivalent static wind loads (ESWLs) determined by wind tunnel tests are acting
on the high-rise building, including down-wind and cross-wind ESWLs; (c) wind loads
on both the LGCW and the high-rise building, where the wind loads from the former two
cases are used.

The out-of-plane displacements and von Mises stresses of the LGCW at 0° and 90° are
shown in Figures 9 and 10, respectively. In case (a), the distributions of the out-of-plane
displacements and von Mises stresses of the LGCW with the high-rise building are similar
to those without the high-rise building, and the responses reach the maximum at the
center of each glass panel and gradually decrease away from the center towards the glass
panel edges. In case (b), the distributions of the out-of-plane displacements and von Mises
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stresses of the LGCW are significantly different from those of case (a). Since the column
top of the LGCW is connected to the second floor slab of the high-rise building, and the
column bottom is connected to the first floor slab, the deformation of the high-rise building
transmits firstly to the top edge of the LGCW, which makes the out-of-plane displacements
and von Mises stresses of the LGCW decrease away from the top edge towards the bottom
edge of the glass panels. It is worth to mention that the stress magnitudes of the glass panels
are small, less than 1 MPa, and this may be attributed to the elastic connections between the
LGCW and the high-rise building, which release the in-plane and out-of-plane constraints
on the LGCW, and decrease the influence of the high-rise building on the LGCW. In case
(c), the magnitudes of the out-of-plane displacements of the LGCW increase significantly
compared to those of case (a), while the von Mises stresses seldomly change. The reason
is that the additional stresses of the LGCW caused by the deformation of the high-rise
building in case (b) are small and relatively large values appear on the top edge and bottom
edge of the glass panels, but the von Mises stresses of the LGCW in case (a) reach their
maximum at the center of each glass panel, and the superposition of the two kinds of
stresses changes the stress distribution of the LGCW slightly. The response distribution
and peak responses of the whole LGCW at 90° are similar to those at 0°, and the additional
out-of-plane displacements of the LGCW induced by the high-rise building are large, while
the additional von Mises stresses are small.

Figure 11 displays the peak response of each glass panel at 0° and 90°, and the peak
response of each glass panel appears at different locations of each glass panel. In case
(b), the peak additional out-of-plane displacements and von Mises stresses induced by
the high-rise building of each glass panel are almost the same, and the magnitudes of the
peak out-of-plane displacements at 0° are larger than those at 90°. In case (c), the peak
out-of-plane displacements of glass panels increase significantly in comparison to those
of case (a), and the peak out-of-plane displacement of the whole LGCW at 0° (the peak
out-of-plane displacement of glass panel #18) increases from 11.1 mm to 15.6 mm, i.e.,
by 40.5%, while the peak out-of-plane displacement of the whole LGCW at 90° (the peak
out-of-plane displacement of glass panel #3) increases from 4.5 mm to 7.1 mm, i.e., by
57.4%. Since the peak additional von Mises stresses of the whole LGCW at 0° and 90° in
case (b) are very small, the peak von Mises stresses of the whole LGCW changes a little in

comparison to case (a).
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Figure 9. Response distribution of the LGCW at 0°.
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Figure 11. Peak responses of inner glass panels.

Figure 12 displays the responses at the location of each glass panel where the peak
additional response appears at 0° and 90° in case (b), which is shown in Figure 11. It
can be found that the out-of-plane displacements of case (a) are very small, but after
the superposition of the additional out-of-plane displacements induced by the high-rise
building, the peak out-of-plane displacement of the whole LGCW in case (c) at 0° (the
out-of-plane displacement of glass panel #18) increases from 1.7 mm to 7.6 mm, and the
peak out-of-plane displacement of the whole LGCW in case (c) at 90° (the out-of-plane
displacement of glass panel #4) increases from 0.7 mm to 3.9 mm, but the von Mises stresses

are still small after the superposition of the additional stresses.
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Figure 12. Responses at the location of each glass panel with peak additional response.

The responses of the LGCW induced by the wind loads on the LGCW reach peak
values at the center of each glass panel, while the peak values of the additional response
of the LGCW caused by the deformation of the high-rise building appear at the top edge
of each glass panel. The deformation of the high-rise building significantly influences the
out-of-plane displacements of the LGCW, especially in the top area of each glass panel,
but slightly influences the stresses of the LGCW. Based on the above, the effects of the
deformation of the high-rise building on the out-of-plane displacements of the LGCW
should be considered, especially the responses at the top edge of the LGCW.

4. Parameter Sensitivity Analysis of the Effects of the High-Rise Building on
the LGCW

The lateral stiffness of the high-rise building and the connection stiffness between the
LGCW and the high-rise building are two parameters that affect the interaction between the
high-rise building and the LGCW. This section conducts the parameter sensitivity analysis
to investigate their influences on the responses of the LGCW.

4.1. Wind Loads on the High-Rise Building

The gust loading factor used in the ESWL mainly depends on structural character-
istics. According to the calculation method of ESWLs utilized by GB50009-2012 [26],
the along-wind and cross-wind ESWLs of the high-rise buildings are determined by
Equations (4) and (5), respectively:

Wpk = ﬁzﬂs,uzwo 4)

WLK = ng]/lzCL\/ 1+ R% (5)

where 5 is the shape coefficient of wind loads. y; is the height coefficient of wind pressures
at the reference height. wy is the basic wind pressure with a 50-year return period. g is the
peak factor. 8, is the response vibration factor for the along-wind response and is closely
related to the natural frequency of the first mode with the along-wind vibration. R; is the

and
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cross-wind resonance factor and is closely related to the natural frequency of the first mode
with the cross-wind vibration. Cy is the cross-wind force coefficient.

During the investigation of the effects of the stiffness of the high-rise building on
the response of the LGCW, this study assumes that the geometric shape of the high-rise
building remains unchanged. Thus, all parameters in Equations (4) and (5), except the
response vibration factor 8, and the cross-wind resonance factor R;, remain unchanged.
When the natural frequency changes due to the change in the structural stiffness, the ESWLs
of the high-rise building with frequency f; are calculated as follows:

Wpi = ngWDKT (6)

z0

2
o VR
\/1+R%,

where 8,1 and B, are the response vibration factors of the high-rise building with frequency
f; and of the high-rise building with frequency fy shown in Figure 8, respectively. R
and Ry are the cross-wind resonance factors of the high-rise building with frequency
f; and of the high-rise building with frequency fy, respectively. Wpxr and Wy gt are the
along-wind and cross-wind ESWLs of the standard building, respectively, and are obtained
from wind-tunnel tests and dynamic analysis.

and

@)

4.2. Effects of the Lateral Stiffness of the High-Rise Building on the LGCW

To study the effects of the lateral stiffness of the high-rise building on the LGCW, the
fundamental frequency is changed by changing the concrete elastic modulus. Similar to
Section 3, three cases (a), (b), and (c) subjected to the wind loads calculated in Section 4.1 at
the wind direction of 0° are analyzed for each high-rise building.

Table 4 shows the peak out-of-plane displacements and the peak von Mises stresses of
the whole LGCW with the high-rise building with different fundamental frequencies for
each case. It can be seen from Table 4 that with the increase in the fundamental frequency,
the peak responses of the whole LGCW in case (a) change a little, and the peak out-of-plane
displacements of the whole LGCW decrease in case (b). When the fundamental frequency
equals 0.085 Hz, the peak out-of-plane displacement and the peak von Mises stress of the
whole LGCW are 29 mm and 0.78 MPa, respectively, which are 4.1 and 6.0 times those of
the original fundamental frequency 0.162 Hz. When the fundamental frequency equals
0.452 Hz, the peak out-of-plane displacement and the peak von Mises stress of the whole
LGCW are 0.8 mm and 0.02 MPa, respectively, which are 0.1 times and 0.15 times those
of 0.162 Hz. In case (c), the peak out-of-plane displacement decreases gradually with the
increase of the fundamental frequency of the high-rise building. The peak out-of-plane
displacements at the frequency of 0.085 Hz and 0.452 Hz are 2.12 times and 0.74 times
those of 0.162 Hz, respectively. The peak out-of-plane displacements of three fundamental
frequencies for case (c) are 2.9, 1.41, and 1.04 times those for case (a), while the peak von
Mises stresses seldomly change.

Table 4. Peak responses of the LGCW for different fundamental frequencies.

Peak Out-of-Plane Displacements (mm) Peak Von Mises Stresses (MPa)
Fundamental Frequency
Case (a) Case (b) Case (c) Case (a) Case (b) Case (c)
0.085 11.4 29 33.1 5.79 0.78 5.81
0.162 11.1 7 15.6 5.79 0.13 5.79
0.452 11.1 0.8 11.5 5.79 0.02 5.79
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The changes of the fundamental frequency produce great effects on the additional
responses of the LGCW in case (b). The smaller the fundamental frequency of the high-rise
building is, the greater the deformation of the high-rise building is and the greater the
additional responses of the LGCW are.

4.3. Effects of the Connection Stiffness on the LGCW

The LGCW is connected to the top and bottom crossbeams with silicone adhesive,
and the crossbeams are connected to the high-rise building. The bending stiffness of
the crossbeams varies with the cross section of the crossbeam, which will affect the load
transformation and deformation of the high-rise building and the LGCW. The silicone
adhesive between the crossbeam and the LGCW is elastic. When the silicone adhesive
is aged, its elastic modulus changes and will affect the connection stiffness between the
high-rise building and the LGCW. Thus, this section analyzes the influences of the varying
crossbeam sections and the varying stiffness of the silicone adhesive on the peak responses
of the whole LGCW for each case.

Table 5 displays the peak responses of the whole LGCW for different crossbeam
sections and elastic modulus of silicone adhesive. It can be found that the peak out-of-
plane displacements of the whole LGCW in case (a) decrease with the increase of the
crossbeam section. When the crossbeam width equals 0.04 m and 1 m, the peak out-of-
plane displacements are 1.12 and 0.89 times those of the original crossbeam width 0.2 m,
respectively. In case (b), the peak von Mises stresses of the whole LGCW decrease a little
with the increase of the crossbeam section. When the crossbeam width equals 0.04 m and
1 m, the peak von Mises stresses are 1.11 and 0.98 times those of 0.2 m, respectively. In case
(), the peak out-of-plane displacements of the whole LGCW also decrease with the increase
of the crossbeam section. When the crossbeam width equals 0.04 m and 1 m, the peak
out-of-plane displacements in case (c) are 1.09 and 0.92 times those of 0.2 m, respectively.
The peak out-of-plane displacements of the whole LGCW in case (c) are 1.37, 1.41, and
1.47 times those of case (a), and the peak von Mises stresses seldomly change.

Table 5. Peak responses of the LGCW.

i Peak Out-of-Plane Displacements (mm) Peak Von Mises Stresses (MPa)
Variables Values
Case (a) Case (b) Case (c) Case (a) Case (b) Case (0)
0.04 124 7 17 5.8 0.149 5.8
Crossbeam width (m) 0.2 11.1 7 15.6 5.79 0.134 5.79
1 9.8 7 14.4 5.79 0.131 5.79
Elastic modulus of silicone 2x10° 15 7 19.7 59 0.08 59
adhesive (N/mm?2) 2 x 100 11.1 7 15.6 5.79 0.134 5.79
2 x 107 9.7 7 14.2 5.23 0.55 5.22

With the increase of the elastic modulus of the silicone adhesive, the peak responses of
the whole LGCW decrease in case (a). In case (b), the peak out-of-plane displacements of
the whole LGCW change a little while the peak von Mises stresses increase a lot with the
increase of the elastic modulus of the silicone adhesive. In case (c), the peak out-of-plane
displacements of the whole LGCW decrease with the increase of the elastic modulus of the
silicone adhesive. The peak out-of-plane displacements of the whole LGCW in case (c) are
1.31, 1.41, 1.46 times those of case (a), while the peak von Mises stresses seldomly change.

It is worth noting that the crossbeam width and the elastic modulus of the silicone
adhesive are related to the connection stiffness which influences the wind-induced response
of the LGCW. A smaller stiffness of the crossbeam and the silicone adhesive means a smaller
connection stiffness between the LGCW and the high-rise building, and smaller out-of-
plane constraints of the high-rise building on the LGCW. A smaller connection stiffness
leads to greater responses of the LGCW induced by the wind loads on the LGCW itself,
and greater total responses after considering the effects of the deformation of the high-rise
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building on the LGCW. Since the additional von Mises stresses caused by the high-rise
building are small, the effects of the high-rise building on the total von Mises stresses of the
LGCW are also small.

5. Conclusions

This study constructed FE models of the independent LGCW and of the LGCW
with the high-rise building to investigate the wind resistance performance of the LGCW
considering the deformation of the high-rise building. Then, the parameter sensitivity
analysis of wind effects on the LGCW was conducted varying the lateral stiffness of the
high-rise building and the connection stiffness between the high-rise building and the
LGCW. The main conclusions are as follows:

(1) The wind-induced out-of-plane displacements and von Mises stresses of the LGCW
decrease away from the center towards the glass panel edges. The additional out-of-plane
displacements and von Mises stresses of the LGCW caused by the deformation of the
high-rise building decrease away from the glass panel’s top and bottom edges towards the
center of the LGCW.

(2) Since elastic connections are used between the LGCW and the high-rise building,
the effects of the deformation of the high-rise building on the out-of-plane displacements
of the LGCW are considerable, while those on the von Mises stresses of the LGCW are
slight. When the deformation of the high-rise building is included, the peak out-of-plane
displacement of the whole LGCW is increased by 40.5%.

(3) The lateral stiffness of the high-rise building and the connection stiffness between
the LGCW and the high-rise building have significant effects on the displacements of
the LGCW. The smaller the lateral stiffness of the high-rise building is, the greater the
additional responses caused by the deformation of the high-rise building in the LGCW are.
The smaller the connection stiffness is, the greater the responses of the independent LGCW
are, but the additional responses induced by the deformation of the high-rise building on
the LGCW are not significant.
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