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Abstract: The glass curtain walls of post-installed elevator shafts in existing buildings can be damaged
by local wind loads, and the serviceability of an elevator may be affected by excessive overall
wind loads, especially in hurricane-prone areas. The overall and local wind load characteristics
of elevator shafts with different arrangements (E-type, H-type, I-type) were studied using wind
tunnel tests and computational fluid dynamics (CFD) numerical simulations. Firstly, high-frequency
base balance wind tunnel tests of these elevator shafts with three arrangements were carried out to
obtain the overall wind loads on the elevator shafts. Secondly, a CFD simulation was performed
on the post-installed elevator shafts with three arrangements, obtaining the surface local wind
pressure distribution of the elevator shafts under different wind directions. Finally, the wind-induced
displacement responses of post-installed elevator shafts were analyzed. The results show that the
aerodynamic interference of different elevator arrangements (E-type, H-type, I-type) and wind
directions have significant effects on the overall local wind loads and wind-induced responses of the
post-installed elevator, while the local wind loads on the area of the elevator door are less influenced
by the elevator arrangement type than local wind loads on the surface and the overall wind loads of
the elevator shafts. The results and conclusions may be helpful for developing the wind-resistant
design of a post-installed elevator shaft.

Keywords: wind loads; post-installed elevator shaft; existing buildings; wind tunnel tests

1. Introduction

Due to economic constraints and technical limitations, prior to the 1980s, low- to
middle-rise apartment buildings in China were usually built without elevators. However,
following rapid socioeconomic development and the trend of an aging population, build-
ings without elevators are becoming inconvenient, especially for elderly residents [1]. In
order to solve this problem, many countries have integrated terms related to the installation
of elevator shafts in old apartments into design codes to meet the needs of the elderly, and
public opinion has also been taken into account [2,3]. As early as 2007, the Ministry of
Housing and Urban–Rural Development in China incorporated the installation of elevators
as part of the renovation of old residential areas [4]. In 2018, the work report of the State
Council Municipal Government explicitly encouraged the installation of elevators in exist-
ing houses for the first time, reflecting the great importance of this livelihood project [5].
German regulations stipulate that elevators must be provided in buildings with five or
more residential floors [6].

With increasing numbers of elevator shafts being installed in existing buildings (Figure 1
shows a case of elevator post-installation), many experts and scholars started to investigate
the installation arrangement and mechanical performance of post-installed elevator shafts in
existing buildings. Ogawa et al. [7,8] proposed alternative schemes of adding elevator shafts to
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a staircase, modifying elevator shafts by removing existing stairs, and analyzed the feasibility
of implementing the relevant schemes. Niedostatkiewicz et al. [9] investigated the problem of
the increase in the width of the expansion joints between an external lift shaft and an existing
clinic building and provided a solution by strengthening the soil under the foundation slab of
the elevator shaft and reducing the level of groundwater. Chen et al. [10] analyzed the seismic
response of a frame structure before and after installing an elevator shaft and concluded that
the installed elevator shaft had little influence on the seismic performance of the structure and
had a slightly lower seismic response. Marinkovic et al. [11] investigated the degree of damage
in buildings after earthquakes and found that masonry infill walls, which were used in some
elevator shaft areas instead of reinforced concrete shear walls, led to the insufficient seismic
performance of the structures. Some studies on post-installed concrete anchors [12] and the
seismic analysis of existing reinforced buildings [13] provide a reference for the mechanical
performance analysis of the post-installed elevator shafts of existing buildings. Zhou et al. [14]
studied the seismic performance of a light wood structure and found that the use of a masonry
elevator shaft in a light wood structure can significantly reduce the displacement at the top
of the structure and improve seismic performance. Jiang et al. [15] constructed a set of scale
models of multistory masonry structures and carried out a shaking table comparison test. The
results show that adding a shear wall elevator shaft in a masonry structure can significantly
enhance the lateral seismic performance of the structure.
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Figure 1. The case of an installed elevator.

However, the majority of previous research has only focused on specific installation
arrangements and the seismic performance of post-installed elevator shafts. As shown
in Figure 1, an elevator shaft is usually installed outside a building, and thus is greatly
affected by wind loads. When the elevator shaft is subjected to strong winds, the door
of the elevator does not close normally, and the glass curtain wall may also be damaged
by local wind pressure (as shown in Figure 2). Additionally, the excessive wind-induced
responses induced by overall wind loads may affect the serviceability of the elevator.
Hence, overall and local wind loads affect the normal and safe operation of the elevator.
The distribution characteristics of local surface wind pressure, the overall wind loads, and
the dynamic response of wind-induced vibration in post-installed elevator shafts need
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to be investigated in detail. Thus far, the wind loads [16–18], aerodynamic interference
effects [19–23], and wind-induced responses [24–27] of super high-rise buildings have
been widely studied using wind tunnel tests, CFD simulation, and field measurements,
which may provide a useful guide to this research. Kim et al. [28], You et al. [29], and
Kim and Kanda [30] studied the wind pressure distribution on the surface of high-rise
buildings with different taper elevations and step retraction elevations by wind tunnel tests.
Mara and Case [31] investigated the effects of corner cuts on the local and overall wind
loads of a high-rise building under different wind directions. Tamura et al. [32] studied
wind loads on the surface of tall square buildings with spiral elevation. The effects of
aerodynamic interference between buildings can result in different wind loads compared
with isolated buildings. These aerodynamic interference effects on high-rise buildings
have been studied since the 1980s and 1990s [20,33,34]. Xie and Gu [35] and Gu et al. [36]
studied the interference effects between two and three buildings with different widths and
heights using wind tunnel tests. The influence of the height and breadth ratios of different
buildings on aerodynamic interference effects has been investigated in depth [37–41], and
the conclusions show that the aerodynamic interference effects were greatly influenced
by the height ratios and relative locations between buildings. Moreover, overall wind
loads on high-rise buildings have been thoroughly investigated using high-frequency
base balance wind tunnel tests. The technique of high-frequency base balance, employed
since the early 1980s [26], is the most common method to measure overall wind loads
on high-rise buildings. Zhang et al. [42] employed a high-frequency force balance wind
tunnel test to investigate overall wind loads on tall square buildings with corner recession.
Quan et al. [43] measured overall wind loads on 15 high-rise buildings in four different
terrain exposures using high-frequency base balance in wind tunnels. The aerodynamic
spectra and base force coefficients of high-rise buildings with different chamfering and
recession rates were investigated, and it is concluded that a modification ratio of around
10% decreased the amplitude of the aerodynamic spectrum in most frequency ranges. Tse
et al. [44] optimized the wind loads on high-rise buildings via high-frequency base balance
tests and concluded that the recession along the height of high-rise buildings has a better
effect on reducing the along-wind and cross-wind loads than the chamfer method.
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gap, we studied the overall and local wind loads on post-installed elevator shafts with 
different arrangements (E-type, H-type, and I-type; as shown in Figure 3) under strong 

Figure 2. Damage to a glass curtain wall around the installed elevat-or shaft [45].

To the best of the authors’ knowledge, local and overall wind loads on the post-
installed elevator shafts have not been investigated in previous studies. To fill this research
gap, we studied the overall and local wind loads on post-installed elevator shafts with
different arrangements (E-type, H-type, and I-type; as shown in Figure 3) under strong
winds. Firstly, the high-frequency base balance wind tunnel tests and numerical simulations
based on CFD were introduced. Furthermore, based on the aerodynamic forces measured
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using the wind tunnel tests and the wind pressure distribution on the building surface
calculated using the CFD model, the aerodynamic coefficients of overall wind loads and the
distribution of wind pressure on the surface of post-installed elevator shafts under different
wind directions were analyzed. Subsequently, the wind-induced displacement responses
were calculated based on the results of wind tunnel tests and the dynamic characteristics
extracted from a finite element model of the elevator shafts.
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2. Local Wind Loads on Post-Installed Elevator Shafts
2.1. CFD Simulation

The CFD simulation was performed with ANSYS Fluent to obtain the local wind loads
on the post-installed elevator shafts. The ICEM (The Integrated Computer Engineering and
Manufacturing code for Computational Fluid Dynamics) tool was used for pre-processing.
The procedural sequence includes constructing a geometric model, planning a computa-
tional domain, mesh division, and defining boundary conditions. Subsequently, the ANSYS
Fluent version 22.1.0 was employed for mesh validation, solver and turbulence model selec-
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tion, material property and boundary condition specification, flow field initialization, and
the solving process. Post-processing was conducted using Tecplot version 2021.1.0.113954
to acquire comprehensive wind pressure distributions across diverse arrangements. The
definition of wind direction is shown in Figure 4, and the four surfaces of the elevator
shafts are marked as No. 1, No. 2, No. 3, and No. 4, respectively. As shown in Figure 5a,
the computational domain size is 28HC (flow direction) × 10HC (span direction) × 7HC
(vertical direction), where HC is the height of the building center. Unstructured grids were
used around the building, structured grids were used in other areas, and grids on the walls
of the building and the ground were encrypted, as shown in Figure 5b.
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The turbulence model adopts an SST κ-ω(2eqn) model, and the pressure–velocity
coupling adopts a coupled algorithm. The discrete format of the control equation is second-
order upwind format, and the residual convergence standard is 1 × 10−6.
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2.2. Results of Local Wind Pressure on Post-Installed Elevator Shaft

The wind pressure on the elevator shafts surface obtained using a CFD simulation can
be converted into dimensionless pressure coefficient CP following:

CP =
P

1
2 ρv2

(1)

In Equation (1), P, ρ and v are the wind pressure levels acting on the building sur-
face, which can be obtained using simulations of CFD, air density, and reference wind
speed, respectively.

The maximum positive and negative wind pressures are essential for the wind-resistant
design of an envelope for the post-installed elevator shafts, i.e., an engineer may select the
material strength of glass curtain walls and the method of connection between glass curtain
walls and structures of a post-installed elevator according to these wind pressures. Figure 6
illustrates the maximum positive and negative coefficients of pressure Cp observed on the
four facades of the elevator (shown in Figure 4). With respect to the E-type arrangement,
the maximum positive pressure coefficient is 1.12, which occurs in a wind direction of 120◦

for the No. 2 surface, whereas the maximum negative pressure coefficient is −1.43, which
takes place in a wind direction of 45◦ for the No. 1 surface. For the H-type arrangement,
the maximum positive pressure coefficient is 1.10, which is observed as a wind direction
of 120◦ for the No. 4b surface, while the maximum negative pressure coefficient is −1.11,
which is a wind direction of 135◦ for the No. 3 surface. For the I-type arrangement, the
maximum positive pressure coefficient is 1.14, recorded at a wind direction of 0◦ for the
No. 4a surface, and the maximum negative pressure coefficient is −1.35, which is observed
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as a wind direction of 75◦ for the No. 2 surface. Among the three arrangement types of
the post-installed elevator shafts, both E-type and I-type arrangements exhibit significantly
higher levels of maximum positive and negative pressure distributions compared to the
H-type arrangement.
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To study the influences of local wind loads on the functioning of the elevator door, we
focused on the area in the middle of the elevator door to investigate variations in mean
pressure levels for different wind directions, as shown in Figure 7.
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Figure 7. Pressure variation in the middle of the elevator door for different wind directions.

Figure 7 indicates that the general variation in local pressure on the elevator door
for different wind directions has a similar trend among the three different arrangement
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types. The pressure at the elevator door of the E-type arrangement (solid red line) reached
a maximum positive value of 0.8 kPa for a wind direction of 60◦ and a maximum negative
pressure of about −0.5 kPa for wind directions from 270◦ to 330◦. Meanwhile, the pressure
of the H-type arrangement (dotted blue line) reached a maximum positive value of 0.8 kPa
at a wind direction of 30◦ and had the most negative pressure about −0.6 kPa. In terms of
the pressure at the elevator door of the I-type arrangement (dotted green line), its variation
for different wind directions is more similar to that of the H-type arrangement (dotted blue
line) compared with that of the E-type (solid red line).

3. The Overall Wind Loads on Post-Installed Elevator Shafts
3.1. Wind Tunnel Tests

In order to obtain the overall wind loads on post-installed elevator shafts with E-
type, H-type, and I-type arrangements (as shown in Figure 3) subjected to strong winds,
high-frequency base balance wind tunnel tests with three installation arrangements and
an individual elevator shaft (denoted as S-type) were carried out, as shown in Figure 3.
These wind tunnel tests were conducted in the boundary-layer wind tunnel of Southwest
Jiaotong University in China. The test section of the wind tunnel was 2.4 m in width and
2.0 m in height.

The scale model of the post-installed elevator shaft is 0.56 m in height, 0.058 m in
width, and 0.048 m in length, as shown in Figure 3d. The B-type wind field is simulated
according to China’s load code for the design of building structures [46]. The wind profile
and turbulence profile of a B-type wind field are shown in Figure 8. In Figure 8, α, which
represents the exponent of power law for the vertical mean wind profile, is 0.15. Iu, U, and
U2/3HT are the turbulence intensity, wind speed, and wind speed at 2/3 of HT (gradient
wind height), respectively. In these tests, 24 wind directions from 0◦ to 345◦ were considered,
with intervals of 15◦. The definition of wind direction is shown in Figure 9. When the wind
direction β is 0◦ and 90◦, the wind is blowing from the negative direction of the x-axis and
the positive direction of the y-axis, respectively. The parameters of the wind tunnel tests
are listed in Table 1. In Table 1, a wind speed of 10.2 m/s corresponds to the reference wind
speed at a height of 90 cm in these wind tunnel tests.
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Table 1. Wind tunnel test parameters.

Geometric
Scale Wind Speed Sampling

Frequency
Sampling

Length
Incremental

Step

1:50 10.2 m/s 300 HZ 5000 15◦

3.2. Results of Overall Aerodynamic Coefficient of the Post-Installed Elevator Shafts

Based on the results from the wind tunnel tests with a high-frequency base balance,
the overall shear forces and bending moments can be dimensionless; the dimensionless
coefficient of overall aerodynamic forces CFi (t) can be calculated as follows:

CFi (t) =
Fi(t)

1
2 ρv2BH

(i = x, y) (2)

CMi (t) =
Mi(t)

1
2 ρv2BH2

(i = x, y) (3)

where Fi(t), ρ, v, B and H represent the overall aerodynamic forces, air density, and refer-
ence wind speed of wind tunnel tests, and the width and the height of the tested model,



Buildings 2024, 14, 110 10 of 18

respectively. Mi(t) represents the time history of aerodynamic bending moments. The
average values of CFi (t) and CMi (t) can be written as CFi and CMi , respectively.

The time history of coefficients, which correspond to these overall aerodynamic forces
on the elevator shafts with different arrangements and wind directions, are calculated
according to Equations (2) and (3). Figure 10 presents the time history of the overall aero-
dynamic coefficients of elevator shafts with S-type arrangements (as shown in Figure 9d)
under 90◦and 180◦ wind directions. Figure 10 shows that the mean values of CFX (t) and
CMY (t) in a 90◦ wind direction, as well as CFY (t) and CMX (t) in a 180◦ wind direction, reach
zero due to the cross-wind aerodynamic forces under these wind directions.
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Figure 10. Time history of aerodynamic coefficients of the elevator shafts with S-type arrangements
in 90◦ and 180◦ wind directions: (a) CFX (t), (b) CFY (t), (c) CMX (t), and (d) CMY (t).

Figures 11 and 12 present variations in CFX and CFY (the mean values of overall aerody-
namic forces on the post-installed elevator shafts) with 24 wind directions, respectively. For
an elevator shaft with an S-type arrangement (shown in Figure 11a as a red solid line), the
values of CFX have a symmetrical trend around a 180◦ wind direction, and the maximum
negative (about −1.0) and positive values (about 1.0) occur for 180◦ and 0◦ wind directions,
respectively. The values of CFX corresponding to different arrangements (E-type, H-type,
I-type, and S-type) are almost identical around the 0◦~30◦ wind directions, but the absolute
value of CFX for the post-installed elevator shaft with an I-type arrangement (dotted green
line) has the lowest value among the four arrangement types for 180◦~270◦ wind directions.
This is attributed to the aerodynamic interference effects of the existing building on the post-
installed elevator shafts. In general, Figure 11a indicates that the effects of aerodynamic
interference in existing buildings on post-installed elevator shafts are the most significant
in the I-type arrangement for 24 wind directions. In Figure 11b, the values of CFY show a
dissymmetrical distribution for the 180◦ wind direction, and the aerodynamic interference
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effects in the H-type arrangement (dotted blue line) are more significant than the other
two arrangement types for 30◦~150◦ wind directions. However, the values of CFY in the
three arrangement types (E-type, H-type, and I-type) are almost same for wind directions
between 195◦ and 300◦ due to the post-installed elevator shafts locating the wake flow of
the existing buildings. Figure 12a,b present the variations in CMX and CMY with different
wind directions. The variation trends for CMX and CMY corresponding to an elevator shaft
with an S-type arrangement (red solid line in Figure 12a,b) with different wind directions is
similar to the results for a single building in a previous study [47]. The values of CMX and
CMY are relative to the values of CFY and CFX , respectively; therefore, the variation trends
shown in Figure 12a,b are the same as those in Figure 11a,b.
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4. Wind-Induced Displacement Responses of Post-Installed Elevator Shafts
4.1. Background of Wind-Induced Responses Based on Wind Tunnel Tests

The equations of motion for multi-degree-of-freedom (MDOF) structures under wind
excitations can be expressed as:

M
..
x(t) + C

.
x(t) + Kx(t) = P(t) (4)

where M, C, and K are the mass, damping, and stiffness matrix, respectively. x(t),
.
x(t), and

..
x(t) are the vectors of displacement, velocity, and acceleration responses, respectively.

For the wind-induced vibration of an elevator shaft, it is assumed that the responses
are dominated by the first vibration mode, i.e., x(t) ≈ φ1q1(t), where q1(t) and φ1 are the
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first-order generalized displacement and first vibration mode, respectively. By substituting
x(t) = φ1q1(t) into Equation (4) and pre-multiplying Equation (4) by φT

1 , where T denotes
the transposition operation, the equation of motion of the first mode can be expressed as:

..
q1(t) + 2ξ1ω1

.
q1(t) + ω2

1q1(t) =
p∗1(t)
m∗

1
(5)

where m*
1, ξ1, ω1, and p∗1(t) are the first-mode generalized mass, damping ratio, circular

frequency, and generalized aerodynamic forces, respectively.
For high-frequency base balance wind tunnel tests of the elevator shaft, the p∗1(t) can

be written as:

p∗1(t) =
Mx\y(t)

H
(6)

where Mx\y(t) are bending moments along the X- or Y-axes induced by the aerodynamic
forces on these elevator shafts. Mx\y(t) can be measured using high-frequency base balance
wind tunnel tests. H is the height of the elevator shaft.

Furthermore, q1(t) can be obtained by solving Equation (5) using the Duhamel integral,
and thus x(t) can be obtained. Based on the obtained time histories of wind-induced dis-
placement responses, the peak responses of displacement, D̂dis, can be estimated as follows:

D̂dis = Ddis ± gσdis (7)

In Equation (7), Ddis represents the average value of displacement response. g is the
peak factor calculated based on Equation (8).

g = [2 ln(ηTw)]
1/2 +

0.577

[2 ln(ηTw)]
1/2 (8)

In Equation (8), Tw is the duration of the observation sample. η is the effective
frequency of structural response, which can be conservatively considered as equal to the
first natural frequency of the uncontrolled structure in Hz [48]. σdis represents the standard
deviation of displacement responses.

4.2. Results of Wind-Induced Displacement Responses

Wind-induced displacement responses on the roof of post-installed elevator shafts
are estimated according to overall aerodynamic forces and the dynamic characteristics
of the elevator shaft at 24 wind directions. It is noted that the restraint of buildings to
elevator shafts is neglected during an analysis of wind-induced displacement responses.
Table 2 presents the first order of natural frequencies. Figure 13 presents a time history of
wind-induced displacement responses of the elevator shafts with four arrangement types
(as shown in Figure 9) along the X-axis for a 180◦ wind direction and along the Y-axis for a
90◦ wind direction.

Table 2. Structural dynamic characteristics.

Order Frequencies (Hz) Vibration Mode Direction Damping Ratio

1 1.4 X-axis 0.02
2 1.6 Y-axis 0.02
3 2.1 Torsion 0.1
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Figure 13. Time history of wind-induced displacement responses: (a) X-axis direction at 180◦,
(b) Y-axis direction at 90◦.

The peak wind-induced displacement responses D̂dis under 24 wind directions were
evaluated based on Equation (7). The variation in peak displacement responses along
X-axis and Y-axis directions with different wind directions are shown in Figure 14a,b,
respectively. Figure 14a demonstrates that the peak responses of the elevator shaft with an
S-type arrangement (shown as a red solid line) from 0◦ to 180◦ are almost same as those
observed from 360◦ to 180◦ due to the symmetrical character of the elevator shaft shape, and
the absolute value of peak response along the X-axis reaches a maximum value of 0.02 m
for 0◦ and 180◦ wind directions and a minimum value of 0.01 m for 90◦ and 270◦ wind
directions. The effects of aerodynamic interference in existing buildings on post-installed
shafts may affect the wind-induced peak displacement responses for the E-type, H-type,
and I-type arrangements. For instance, the peak response of the E-type arrangement (dotted
orange line in Figure 14a) is 0.022 for 30◦ and 150◦ wind directions, which is larger than that
corresponding to the S-type arrangement; however, the absolute value of peak responses
for the I-type arrangement (dotted green line in Figure 14a) is 0.005 in a 180◦ wind direction,
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which is much lower than that in the S-type arrangement. In general, Figure 14a indicates
that the aerodynamic interference in existing buildings most affected the wind-induced
responses along the X-axis of the post-installed elevator shafts, especially in the I-type
arrangement, at the wind directions from 120◦ to 240◦. The maximum positive peak
displacement is 0.028 m, which occurred in the I-type arrangement for a 15◦ wind direction.
In Figure 14b, the peak responses of the Y-axis in terms of the S-type arrangement (shown
as a red solid line) present a dissymmetrical distribution in the 180◦ wind direction and the
maximum absolute value is 0.013 m, which occurs in wind directions between 90◦ and 270◦.
The effects of aerodynamic interference in existing buildings on the peak displacement
responses of the elevator shaft with the H-type arrangement (dotted blue line in Figure 14b)
are more significant than the other two types of arrangement (E-type and I-type), especially
in the range of wind directions from 30◦ to 150◦. Compared with the results for the S-type
arrangement, the peak displacement of the post-installed elevator shafts with E-type and
I-type arrangements (dotted orange and green line in Figure 14b, respectively) are negative
in the range of wind directions from 240◦ to 270◦ due to the elevator shafts locating the
wake flow of existing buildings. The peak displacement responses of the Y-axis are much
lower than those along the X-axis.
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5. Conclusions

To ensure that glass curtain walls are not damaged and that post-installed elevator
shafts are serviceable under strong winds, the local and overall wind loads on post-installed
elevator shafts (in three typical installation arrangements) were explored using CFD sim-
ulations and wind tunnel tests, and wind-induced displacement responses were further
analyzed based on the results for the overall wind loads and dynamic characteristics of the
elevator shafts. The main conclusions are as follows:

(1) Among the three arrangement types of the post-installed elevator shaft, the maximum
positive pressure coefficient on the elevator shaft surfaces is 1.14, observed in the
I-type arrangement, and the maximum negative pressure coefficient on the elevator
shaft surfaces is −1.43, observed in the E-type arrangement. The wind pressure
distribution of the elevator shaft surfaces with H-type arrangements is less affected
by existing buildings than the other two arrangements. These results may provide
engineers with a reference point for the wind-resistant design of envelopes (i.e., glass
curtain walls) on post-installed elevator shafts.

(2) The variation in local pressure on the door of the elevator shafts for certain wind
directions shows a similar trend among the three different arrangement types (E-, H-
type, and I-type arrangements). The maximum positive and negative local pressures
on the area around the elevator shaft door are 0.8 and −0.6 kPa, respectively.

(3) The effects of aerodynamic interference in existing buildings on the overall aerody-
namic force coefficients CFX of the post-installed elevator shafts are the most signif-
icant in the I-type arrangement among the three types of arrangements in 24 wind
directions, while CFY is the most affected by the aerodynamic interference in the
H-type arrangement.

(4) The aerodynamic interference in existing buildings also affects the peak wind-induced
displacement responses of the post-installed elevator shafts, and the degree of effects
varies with the wind direction. The maximum positive peak displacement along the
X-axis is 0.028 m, which occurs in the I-type arrangement in a 15◦ wind direction,
and the maximum negative displacement is −0.021 m, which occurs in the E-type
arrangement in a 150◦ wind direction. The peak displacement responses along the
Y-axis are less than those along the X-axis. These results might be helpful for the
serviceability of designs for post-installed elevator shafts.
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