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Abstract: Using the single-layer cable net glass curtain wall of Siemens Shanghai Center
Building A as a case study, the influence of vibrations from two metro lines on the structure
was investigated through combination of field measurements with vibration signal analysis,
and numerical simulations using finite element analysis. Time-domain data from cable
vibrations were converted to frequency-domain data using fast Fourier transform for spectral
analysis. The frequencies of the cables under different constraints were calculated based on
the linear theory for vibrations of a string. A comprehensive numerical model of the single-
layer cable net curtain wall was established for modal analysis. Comparative analysis shows
that cables with horizontal floor constraints are highly vibration-sensitive, with metro
operations causing high-order modal vibrations and fundamental frequency vibrations in
sections between adjacent constraints, leading to glass deformation and damage. Neither
metro operation induces the fundamental frequency vibration of the entire structure.
Comparative frequency analysis favors theoretical frequency calculations with horizontal
constraints for multi-constraint cable frequency analysis.

Keywords: metro operation; single-layer cable net glass curtain wall; frequency method;
frequency domain analysis; finite element analysis

1. Introduction

In the field of architectural engineering, glass curtain walls are a widely used
facade system due to their aesthetic appeal and functional benefits [1]. Among the
various types of glass curtain walls, cable net systems have gained increasing
popularity, especially in modern high-rise buildings [2]. These systems consist of a
mesh of cables supporting glass panels, forming a flexible yet strong structure [3].
Single-layer cable net glass curtain walls, as a novel architectural fagde system, are
widely used in single-layer cable structures, with the supporting form typically being
a single-layer planar cable net structure. Compared to traditional framed glass curtain
walls, single-layer cable net glass curtain walls offer several advantages, such as
lightweight construction, minimal material usage, and enhanced transparency [4].
Their high flexibility allows them to adapt to the dynamic loads they may encounter,
making them suitable for large-scale and uniquely shaped structures [5]. However,
the cable net system also has inherent limitations. Due to the tensioned nature of the
cables, these systems are highly sensitive to external vibrations, which can lead to
displacement or deformation under dynamic loading conditions [6]. For example, in
urban environments where metro systems are prevalent, the vibration from
underground transit can significantly affect the performance and safety of such
systems [7]. In comparison to rigid-frame systems, cable net curtain walls are more
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susceptible to this type of dynamic load, and their performance under these
conditions requires further investigation.

The frequency method, a common approach for assessing cable tension and
vibration in cable structures, has been widely used for various engineering
applications [8]. This method involves measuring the natural frequencies of cables
subjected to dynamic loads and using these frequencies, alongside theoretical
formulations, to calculate the forces and vibrations within the cables [9]. Notable
studies have demonstrated its effectiveness in evaluating the tension and fatigue of
cables subjected to wind and traffic-induced vibrations. In the field of cable-stayed
bridges and suspension bridges, the frequency method has been extensively applied
for both testing and analysis of the cable behavior under dynamic conditions [10].
For cable-stayed bridges, the frequency method has been widely applied for both
testing and analyzing the dynamic behavior of the cables. This method allows for
precise measurement of the cable tension and monitoring of the structural integrity,
particularly under varying load conditions such as wind and traffic-induced
vibrations [11,12]. Similarly, in the case of suspension bridges, the frequency
method has also proven to be an effective tool for investigating the dynamic
behavior of the cables. Given the larger span and more flexible structure of
suspension bridges, this method provides valuable insights into the interactions
between the main cables, towers, and other components [13,14]. However, its
application to cable net curtain walls, which involve more complex boundary
conditions and dynamic interactions between the cables and glass panels, remains
relatively scarce [15-17].

Recent advancements in the application of the frequency method to cable net
structures have shown promise. For instance, studies have explored the effects of
various environmental factors, such as wind, seismic activity, and impulsive loads,
on the performance of these systems [18,19]. Additionally, numerical simulations
combined with field measurements have allowed for more accurate predictions of
cable behavior under dynamic loading conditions, such as seismic load effects
[20,21] and wind load effects [22]. Previous studies have conducted full-scale
experiments on certain panels of single-layer cable net curtain walls and investigated
the cable prestress loss and cable anchorage end failure [23]. Other studies have
shown that the glass panels have little impact on the lower-order vibration modes of
the cable net curtain wall, but play a dominant role in the higher-order vibration
modes and damping [24]. However, there is limited research on the overall dynamic
characteristics of the curtain wall [25]. It is shown that metro trains are a source of
increased noise and vibration, whose negative impact on residential development and
production processes can lead to a deterioration in the quality of life or products
[26]. Despite these advancements, the specific impact of metro-induced vibrations on
the tensioned cables of single-layer cable net curtain walls, particularly in high-
density urban areas, has not been sufficiently addressed in existing literature.

This study uses the single-layer cable net curtain wall of Building A at the
Siemens Shanghai Center as a case study. Through combination of field
measurements, theoretical analysis, and numerical simulations based on the
frequency method, the true vibration behavior of the tensioned cables is obtained.
The impact of metro operation-induced vibrations on the safety of the single-layer
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cable net curtain wall of Building A is analyzed, providing valuable reference data
for the design and testing of similar projects in the future.

2. Project overview

The Siemens Shanghai Center, completed in 2011, comprises three independent
office buildings and a two-story restaurant with a waterfront landscape platform.
Among these, Building A is the closest to the shared transfer hall of two metro lines.
The southern fagade, along with parts of the east and west facades of Building A,
utilizes a single-layer cable net curtain wall system. The geographic location of
Siemens Shanghai Center Building A and the spatial relationship between the
intersection of Shanghai Metro Line 4 and Line 12 are illustrated in Figure 1.
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Figure 1. Floor plan schematic showing the relationship between Building A and the
metro lines.

Metro Line 4, which opened in 2005, predates the completion of Building A.
Metro Line 12, which opened in 2013, was established after Building A was
constructed, and is positioned at a lower elevation compared to Line 4. The
vibrations generated during the daily operation of these two metro lines have had a
significant impact on the vibration-sensitive cable structure, leading to noticeable
out-of-plane deformations of some of the curtain wall glass, as shown in Figure 2.

Building A consists of 12 floors, with the single-layer cable net curtain wall
distributed from the 1st to the 9th floor. Each tensioned cable in the curtain wall
system is equipped with a horizontal flat bar and a splicing claw at a height of 4
meters on the standard floors. Additionally, a splicing claw is installed at the center
of the standard floor. On the ground floor and the 9th floor, two horizontal flat bars
and splicing claws are arranged according to the structural load-bearing elements of
the entrance revolving doors and main structural components. The horizontal flat
bars and splicing claws directly bear the self-weight and wind loads of the curtain
wall glass panels. This study selects six typical tensioned cables on the southern and
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western fagades of Building A, which are closest to the entrances of the metro
interchange hall (the measurement points and numbering are shown in Figure 3. The
aim is to investigate the vibration response of the single-layer cable net curtain wall
structure under the influence of metro operation.

Figure 2. Out-of-plane deformation of glass panels (The glass panel highlighted by
the red arrow shows substantial inward deformation, and the reflection pattern on the
glass shows the deformation).
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Figure 3. Measured layout diagram of cable placement points in Building A (Cloud
line marking on the curtain wall area).
3. Tensioned cable field measurement and frequency analysis

The specifications and model numbers of the six tensioned cables measured on-
site, as well as the initial pre-tension values applied, are identical to the design
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values. The field measurements primarily include tests on the geometric and material
parameters of the cables, tension degradation tests, free vibration tests, and vibration
response tests of the cables during metro station entry and exit.

3.1. Geometric and material parameter testing of tensioned cables

A laser distance meter was used to measure the length of the cables, while a
digital caliper was used to measure the cable diameter. All cables are made from Kin
Long “Zn-5%Al-rare earth alloy coated” steel strands. The modulus of elasticity,
unit mass per unit length, and cross-sectional area of the cables were based on data
provided by the cable manufacturer. A summary of the measured geometric and
material parameters of the cables are presented in Table 1.

Table 1. Geometry and material parameters of the cables.

Cable  Measured Measured Diameter Effective Steel Stranding Area  Modulus of Elasticity Unit Mass per Unit Length

No. Length (m) (mm) (mm?) (GPa) (kg/100 m)

1 3251 36.16 782 160 624

2 32.55 36.23 782 160 624

3 32.49 35.84 782 160 624

4 32.50 36.02 782 160 624

5 32.54 3591 782 160 624

6 32.53 35.84 782 160 624
Note: In subsequent theoretical calculations and finite element modeling, the cable length is taken as the
average measured length of 32.52 m, and the diameter is taken as the average measured diameter of
36.00 mm.
3.2. Tension degradation testing of tensioned cables

The design value for the tension of the tensioned cables is 330 kN. Over long-
term service, the tension tends to degrade. Shanghai Construction Engineering
Inspection Co., Ltd. has conducted quarterly monitoring of the tension in the cables
of this single-layer cable net curtain wall [27]. The measurement points were located
at the midpoints of two regions: the lower zone (elevation #0.000 m to +5.120 m)
and the upper zone (elevation +5.120 m to +9.120 m). The tension monitoring data
for the six measured cables in June 2022 are shown in Table 2. The variation trends
of the tension in all 27 cables of the single-layer cable net curtain wall over seven
tests are illustrated in Figure 4.
Table 2. Tension monitoring data of the cables.

Cable Design Value Measured Value at Lower Remaining Tension Measured Value at Higher Remaining Tension

No. (kN) Zone (kN) Percentage Zone (kN) Percentage

1 301.2 91.27% 302.6 91.70%

2 302.1 91.55% 304.5 92.27%

3 299.7 90.82% 303.3 91.91%

4 33 286.1 86.70% 300.1 90.94%

5 304.3 92.21% 298.3 90.39%

6 303.1 91.85% 301.2 91.27%
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Figure 4. Tension testing values at the high and low zone of the cables at different times. (a) High zone; (b) low zone.

The results indicate that the tension in the vast majority of the cables in the
single-layer cable net curtain wall exhibited minimal variation during this monitoring
period, with the maximum degradation being approximately 10%. The degradation
trend appears to be stabilizing. However, a small number of cables, such as Cable 4
in the lower zone, exhibited significant tension degradation, reaching 13.3%, with an
unstable degradation trend. This poses a substantial impact on the overall stability of
the curtain wall structure.

3.3. Free vibration testing of tensioned cables

Due to the horizontal flat bar connected to the cable, if the constraint provided
by the horizontal flat bar is considered and treated as a two-way hinged node, the
entire tensioned cable can be divided into several cable segments. The length of the
cable segment for the lower floor is 3 m, while the cable segment for the
intermediate standard floors is 4 meters. Free vibration time history curves were
measured for both the 3-meter and 4-meter cable segments of the six cables. The
piezoelectric accelerometers used in the tests were of the type Lance LC0123T, with
an integrated IC, and the measurement frequency range was 0.5 to 500 Hz. Data
acquisition was carried out using the UA300 series 16-channel data logger, with data
transmitted to the SVSA system for subsequent processing [28].

During the field measurements, the accelerometers were securely attached to
the 3-meter cable segment on the ground floor and the 4-meter cable segment on the
second floor. The cables were then excited manually, and the acceleration time
history curves of the cable vibrations were recorded using the accelerometers and the
SVSA system. The test setup is shown in Figure 5.
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Figure 5. Schematic diagram of accelerometer placement. (a) Schematic diagram of the sensor placement for Cable 4,
5, and 6 on the south facade. The red bold lines indicate the cables that were tested, the blue squares represent the
accelerometers, and the black double arrows indicate the direction of vibration measurement; (b) real scene image of

the accelerometer placement.

Figure 5 illustrates the sensor placement on the south facade, with the sensor
arrangement on the west facade being similar. It is important to note that the sensors
measured the horizontal vibration direction, which is also the direction most affected
by external vibrations on the cables. The sensors were positioned at the lower end of
the cable segment to avoid significant alteration of the mass distribution of the
cables, which could potentially alter the natural frequency of vibration if placed at
the middle. Although the amplitude of the measured vibration signals at the lower
end is smaller than at the middle of the cable, the frequencies of the vibrations,
which are the focus of this study, can be measured accurately at any point along the
cable.

It should be noted that although the same measurement procedure was followed
for all six cables during the vibration testing, due to space limitations in the paper,
the results are only presented for Cable 2. The results of the 3-meter cable segment
on the ground floor and the 4-meter cable segment on the second floor of Cable 2 are
selected for display. The free vibration acceleration time history curves for Cable 2
are shown in Figure 6.

The figure clearly shows that after the cable is subjected to external excitation,
the amplitude rapidly decays, which is consistent with the behavior of free vibration.
The free vibration acceleration time history curves measured on-site were subjected
to Fast Fourier Transform (FFT) using MATLAB software, converting the time
domain data into the frequency domain. The resulting one-sided amplitude frequency
spectra for the 3-meter cable segment and the 4-meter cable segment of Cable 2
across the full frequency range are shown in Figure 7.
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Figure 6. Acceleration time history curves of the cable segments of Cable 2 during free vibration. (a) 3-meter cable
segment; (b) 4-meter cable segment.
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Figure 7. Full-frequency amplitude-frequency spectrum of the cable segments of Cable 2. (a) 3-meter cable segment;

(b) 4-meter cable segment.

The amplitude-frequency spectrum of the 3-meter cable segment exhibits three
distinct peaks, and the corresponding frequency values approximately follow a
harmonic relationship, which can be interpreted as the first to third-order natural
frequencies of the 3-meter cable segment. Due to site constraints during the field
measurements, the accelerometers could only be placed at the lower end of the
cables, with the excitation point located approximately 1 meter from the lower end.
As a result, multiple vibration modes may have occurred for the cable segments,
which led to the appearance of multiple peaks in the amplitude frequency spectra, as
shown in Figure 7a. In contrast, the amplitude-frequency spectrum of the 4-meter
cable segment differs from that of the 3-meter segment, as it shows only one peak.
This is likely due to the excitation point being located closer to the middle of the
cable segment during the experiment, which only induced the first-order vibration of
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the cable segment. The natural frequencies for the 3-meter and 4-meter cable
segments of the six cables are shown in Table 3. When determining the natural
frequencies in this case, the frequency corresponding to the first peak was taken as
the natural frequency.

Table 3. Natural frequencies of each segment of the cable (Hz).

Cable No. 1 2 3 4 5 6
3 m segment 42.13 42.65 43.58 45.09 44.01 42.84
4 m segment 28.08 28.70 25.38 2747 28.51 28.22

3.4. Vibration response testing of tensioned cables during metro station
entry and exit

The vibration response acceleration time history curves of the six tensioned
cables during the metro station entry and exit were measured. Similar to the free
vibration tests, the accelerometers were securely attached to the 3-meter cable
segment on the ground floor and the 4-meter cable segment on the second floor.
Continuous and synchronized measurements were taken at the time points
corresponding to the entry and exit of Metro Lines 4 and 12, with the excitation
events being the station entry and exit. During this period, the acceleration time
history curves of the cable vibrations were recorded using the vibration sensors and
the SVSA system. The statistics for the metro entry and exit times for Lines 4 and 12
during the test period are presented in Table 4. The measured vibration acceleration
time history curves for the 3-meter and 4-meter cable segments of Cable 2 during the
metro entry and exit are shown in Figure 8.

To determine whether the collected signals indicate a significant external
vibration source, the crest factor is defined by Equation (1) [29]:

Maximum Peak Value

Crest Factor = 1
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Figure 8. Acceleration time history curves of the 3-meter cable segment of Cable 2 during metro entry and exit. (a) 3-
meter cable segment; (b) 4-meter cable segment.
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Table 4. Statistics of the entry and exit times for Metro Lines 4 and 12.

Line 4 (Inner Loop Line 12 (Jinhai Road Line 4 (Outer Loop Line 12 (Qixin Road
Status .. . .. o
direction) direction) direction) direction)
Entry and Exit 1 152s5~210s 253 s~311s 158 s~216's 3s~61s
Entry and Exit2 482 s~540s 623 s~681 s 518 s~576's 343 5~401 s
Entry and Exit3  / / / 635 5~693 s

Note: Metro Line 4 is a circular line.

The crest factors for the acceleration time history curves of the 3-meter and 4-
meter cable segments for the six measured cables are calculated and presented in
Table 5.

Table 5. Crest factor of the acceleration time history curves of cable vibrations.

Cable No. 1 2 3 4 5 6
3 m segment 7.40 6.80 10.52 8.47 15.07 9.17
4 m segment 8.29 8.00 14.04 9.41 9.56 8.89

As seen in Table 5, the crest factors of the cable vibrations are generally large
and concentrated around 7 to 9, with the crest factor of the 3-meter cable segment of
Cable 5 even reaching 15.07. This indicates the presence of significant spike or
impulse components in the signal, suggesting that the vibration response of the
cables is notably influenced by external vibration. To further investigate, a frequency
analysis of the entire signal duration was performed to understand the primary
vibration frequencies of each cable during normal operation. The comparisons
between the main operating frequencies and the measured natural frequencies for the
six cables are shown in Table 6.

Table 6. Comparisons between the cable operating frequencies and the measured
natural frequencies (Hz).

Cable No. 1 2 3 4 5 6

3 m Segment Operating Frequency 37.27 49.51 49.87 49.51 32.40 39.32
3 m Segment Natural Frequency 42.13 42.65 43.58 45.09 44.01 42.84
4 m Segment Operating Frequency 23.13 23.13 35.1 26.69 30 35.06
4 m Segment Natural Frequency 28.08 28.70 25.38 27.47 28.51 28.22

It can be observed that the operating frequencies for both the 3-meter and 4-
meter cable segments are close to their respective natural frequencies, indicating that
the cable segments primarily undergo fundamental mode vibrations during normal
operation. The natural frequencies of most cable segments differ from their main
operating frequencies by approximately 5 Hz. However, the main operating
frequency of the 3-meter cable segment of Cable 5 is lower compared to the other
cables. Additionally, as shown in Table 4, the crest factor of the vibration
acceleration time history curve for the 3-meter segment of Cable 5 is very large,
suggesting that it is more significantly affected by the vibrations caused by the metro
operation. Therefore, it is necessary to extract the cable response time-domain

10
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signals during the metro entry and exit periods to analyze the influence of metro
operation vibrations on the cable vibration response. The amplitude-frequency
spectrum for the 3-meter cable segment of Cable 5, corresponding to the Metro Line
12 (Jinhai Road direction) entry period, is shown in Figure 9.

<107 3-meter cable segment of Cable 5

f=32.49Hz
6 .

Amplitude (m-s?)

[§]
T

0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

Figure 9. Full-frequency amplitude-frequency spectrum of the 3-meter cable
segment of Cable 5.

It can be seen that the primary vibration frequency of Cable 5 during the
extracted time period (32.49 Hz) is consistent with the main operating frequency for
the entire duration (32.40 Hz), indicating that the entry and exit of Line 12 (Jinhai
Road direction) are the main factors influencing the vibration of Cable 5. Since the
Jinhai Road direction of Line 12 and the Outer Loop direction of Line 4 are closer to
the single-layer cable net curtain wall of Building A, the cable vibration response is
more pronounced. Therefore, only the effects of the entry and exit of these two
directions are analyzed regarding their influence on the vibration response of the
cables. The main vibration frequencies for the six cables during the entry and exit of
both lines are shown in Table 7.

Table 7. Primary vibration frequencies of the cables for metro entry and exit on Line 12 (Jinhai Road direction) and
Line 4 (Outer Loop direction) (Hz).

Cable No. 1 2 3 4 5 6
Line 12 (Jinhai Road direction) 33.52/45.55  49.64 44.81 35.57/41.2 32.49 34.03
3 m segment
Line 4 (Outer Loop direction) 57.32 49.64/57.57  57.57 44.78/57.57  32.5/57.32  38.89/57.57
Line 12 (Jinhai Road direction) 3535 3535 28.33/34.7 3535 3535 35.14
4 m segment
Line 4 (Outer Loop direction) 56.16 57.27 57.43 58.09 30.1/57.95  57.29

Note: The data before and after the ““/” in the table represent the frequency values corresponding to the
dual peak frequencies observed in the amplitude-frequency spectrum.

From Table 7, it can be observed that some cables (e.g., Cable 1) exhibit dual
peak values in their power spectrum. One peak corresponds to the natural frequency
of the cable, while the other peak corresponds to the vibration frequency induced by
the metro operation. The vibration frequency range for metro Line 12 (Jinhai Road
direction) during train entry and exit is between 32-35 Hz, and for metro Line 4

11
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(Outer Loop direction), it is between 57-58 Hz. The vibration frequencies of the
trains on Line 12 (Jinhai Road direction) are close to the natural frequencies of both
the 3-meter and 4-meter cable segments, which could potentially cause the cable
segments to undergo fundamental resonance.

Due to on-site coordination challenges, it was not possible to directly measure
the metro vibration frequencies within the metro station. However, similar data can
be found in the literature, which shows that the frequencies of metro-induced
vibrations transmitted to adjacent buildings primarily range from 10 to 50 Hz [30].
This frequency range aligns with the metro vibration frequencies mentioned earlier,
and the measured frequencies of the cables also fall within this range. This indicates
that the external vibrations affecting the cables are indeed caused by the metro
operation.

4. Theoretical and numerical simulation frequency analysis for the
cables

4.1. Frequency calculation using string vibration frequency theories

The natural frequencies of the cables are calculated using existing theoretical
formulas. The formula selection refers to the classical frequency calculation
formulas for short cables that consider the bending stiffness of the cables [31], as
well as the widely used suspension cable frequency calculation formulas in bridge
engineering [32-34]. The fundamental principle behind these formulas is based on
the linear theory for free vibrations of a string [35,36]. The anchoring devices at both
ends of the cable are installed on the 1st and 9th floors of Building A. At the
midpoint of the cable, several horizontal flat bar elements are distributed on the
floors, connecting the entire cable system together. For a single cable, although the
constraint effect of the horizontal flat bars is much weaker compared to the
anchoring nodes at the top and bottom ends, considering the large sensitivity of the
32.52-meter-long cable to vibrations, especially in the sections with larger
amplitudes at the midpoint, it is necessary to account for the constraint effect of the
horizontal flat bars. Therefore, the following analysis is divided into two parts: one
considering the cable without the horizontal flat bar constraint and the other
considering the constraint effect in cable segments.

4.1.1. Frequency calculation ignoring horizontal constraints

If the constraint effects of the horizontal flat bars and curtain wall are ignored,
the natural frequency of the cable can be calculated using the practical formula from
the current Code for load testing of highway bridges [37]. The measured total cable
length, unit length mass, and the most recent tension data are substituted into
Equation (2) to calculate the natural frequencies:

[ @

“ 2l m

where: f.—the n-th natural frequency of the cable;
n—the frequency mode number;

12
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I—the total length of the cable;

T—the measured tension in the cable;

m—the unit length mass of the cable.

This equation is derived from the linear theory for the free vibrations of a string
and has since been extended to include suspended cables and other types of
tensioned cables. The result for the natural frequency of Cable 2 is shown in Table
8. Since the specifications of the cables are nearly identical, the frequency
calculations for the other cables are very similar to that of Cable 2, but due to space
limitations, they are not displayed here. Based on the earlier measured data, Table 8
only focuses on the fundamental frequency and the 10th to 17th higher-order modes,
while the frequencies of intermediate modes are omitted.

Table 8. Natural frequencies calculated by Equation (2) for cable 2 (Hz).

Mode 1 .. 10 11 12 13 14 15 16 17

Frequency 338 ... 3383 3721 406 4398 4736 50.75 5413 5751

As shown in Table 8, if the constraint from the horizontal flat bar on the cable
is completely ignored, the first natural frequency of the cable is relatively low due to
its large length, making it a highly sensitive structure in terms of vibration. The
vibrations generated by the Line 12 (Jinhai Road direction) during train entry and
exit primarily induce the 10th and 11th modes of vibration in the cable, while the
vibrations from Line 4 (Outer Loop direction) mainly excite the 17th mode. For a
single cable, without considering other constraints, external excitations are likely to
induce higher-order vibrations. Moreover, due to the relatively low first natural
frequency of the cable, variations in the external excitation frequency can also
trigger vibrations in other modes. Generally speaking, the external excitations caused
by train entry and exit are distributed within a certain frequency range. For the cables
on Building A, it can lead to coupled vibrations of several higher-order modes.

4.1.2. Frequency calculation considering horizontal constraints

When considering the constraint from the horizontal flat bar, it is assumed to act
as a bidirectional hinge. The lower cable section corresponds to a length of 3 meters,
while the standard middle layers correspond to a cable section length of 4 meters. If
both the horizontal flat bar constraint and the constraint from a single connecting
clamp at the center of each standard layer are considered, each cable section of
standard layer can be subdivided into two 2-meter smaller cable segments. The
frequencies of these three types of cable segments are analyzed separately below.
Since the cable segments are relatively short, it is necessary to account for the
bending stiffness and boundary conditions, which require modifications to the
formula. The natural frequencies of the cable segments are calculated according to

Equation (3) [38]:
1 |T 1182 |EI
=_. |[= N 3
f 21 }m * I2 ‘} m ®)

where: fi—the fundamental natural frequency of the cable;
I—the length of the cable segment;
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T—the measured tension in the cable;

m—the unit length mass of the cable;

E—modulus of elasticity of the cable material;

I—the moment of inertia of the cable cross-section.

This formula takes into account the basic parameters of the cable, as well as the
bending stiffness of the cable, making it particularly effective for calculating the
natural frequency of short cables. It is well-suited to the cable segments discussed in
this study. The calculated natural frequencies of the cable segments for Cable 2 are
shown in Table 9. The natural frequencies of the other cable segments are similar to
those of Cable 2.

Table 9. Self-resonant frequencies calculated by modified string theory for segments
of Cable 2 (Hz).

Length of Cable Segment 2m 3m 4m
Calculated Frequency 66.92 41.96 30.48
Measured Frequency / 42.55 28.57

From Table 9, it can be observed that the calculated natural frequencies of the
3-meter and 4-meter cable segments match closely with the measured natural
frequencies. Additionally, the calculated natural frequency of the 2-meter cable
segment corresponding to the standard layer is 67 Hz, which is close to the excitation
frequency range of 57-58 Hz from the Metro Line 4 (Outer Loop direction),
indicating that the train entry and exit from Line 4 are likely to induce resonance in
this cable segment. The 4-meter cable segment natural frequency of 30.48 Hz is
close to the excitation frequency range of 32-35 Hz from the Metro Line 12 (Jinhai
Road direction), suggesting that the train entry and exit from Line 12 are likely to
induce resonance in the central cable segment. In addition, the maximum amplitude
of this vibration occurs at the middle of the 4-meter cable segment, where a single
anchoring claw is located. Large vibrations at the anchoring claw could lead to
deformations in the glass curtain wall.

4.2. Numerical simulation of frequency calculation
4.2.1. Model overview

Based on the structural drawings of the single-layer cable net curtain wall of
Building A and filed measured data, an overall finite element model of the single-
layer cable net curtain wall was constructed using SAP2000 software. In the model,
the 27 cables forming the curtain wall structure all have the same specifications.
These cables are modeled as beam elements with circular cross-sections, whose
moments of inertia are reduced to 10% of the actual value (further reduction has
negligible impact on the results), in order to eliminate the bending stiffness of the
beam elements and simulate the behavior of the cables. The anchoring claws are
modeled using beam elements with the same cross-sectional area as the horizontal
flat bars. The glass panels are modeled using shell elements, considering the in-plane
stiffness of the panels. Hinged supports are used at both ends of each cable. For each
horizontal flat bar, the moment is released at both ends along the three axes, so that
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the connection nodes between the flat bars are treated as hinges, which aligns with
the actual configuration. For the purpose of modal frequency analysis, no external
loads such as wind loads are considered. Only the self-weight loads of the cables,
horizontal flat bars, and glass panels are included. The cable tension is applied by
setting an initial strain corresponding to the measured tension of 300 kN, which
results in a total applied strain of 0.00263, applied at the top of the cables. A
schematic diagram of the overall model calculation is shown in Figure 10.
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Figure 10. Schematic diagram of the overall model calculation.

In the numerical simulation, both the node stiffness and damping of the
connection nodes between the flat bars were set to zero, effectively modeling the
nodes as simple hinge connections. This assumption was based on site inspections
and a review of the structural drawings, which revealed that the connection nodes are
only fastened with bolts and simple connecting components, without any stiffening
ribs or welded connections that would provide significant stiffness. As a result, the
nodes were simplified as hinge connections. Furthermore, the simulation results
obtained with this assumption were found to be in good agreement with the
measured results, validating the effectiveness of this simplification in the model.

4.2.2. Comparison of simulation results

In the numerical simulation, the self-weight load of the glass curtain wall is
jointly carried by the horizontal flat bars at the bottom of the curtain wall and the
anchoring claws located at the center of the panels. The cable tension decreases
monotonically from the upper to the lower parts of the cables. The simulation results
show that the cable tension at the upper anchoring node is 356.78 kN, while at the
lower anchoring node, it is 302.45 kN. The measured cable tension at the lower
anchoring node is approximately 300 kN, which is in close agreement with the
numerical simulation results, indicating that the simulation results are in good
alignment with the actual conditions.

The vibration mode periods and frequencies of the cables in the simulation also
require careful attention. Through modal analysis in the numerical simulation, the
first three modal shapes of the single-layer cable net curtain wall are obtained. These
modes are shown in Figure 11.
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Figure 11. Vibration modes of the single-layer cable net curtain wall. (a) 1st-order vibration mode, f1 = 3.01 Hz; (b)
2nd-order vibration mode, f, = 3.04 Hz; (c) 3rd-order vibration mode, f3 = 3.15 Hz.
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It can be seen from Figure 11 that the overall structure of the curtain wall is

highly sensitive to vibrations, with several low-order modes that have similar
frequencies, all around 3 Hz. The overall natural frequency of the single-layer cable
net curtain wall is close to the fundamental frequency of the entire cable, which is
3.38 Hz. However, during the actual operation of the cables, the external excitation
frequencies from the metro lines during train entry and exit are mainly concentrated
in the 32-35 Hz and 57-58 Hz ranges, which are unlikely to cause resonance at the

fundamental frequency of the entire curtain wall.
Further calculations of the higher-order modes of the curtain wall show that the

frequencies of the 518th and 746th modes (shown in Figure 12) correspond to the
excitation frequencies from the Metro Line 12 (Jinhai Road direction) and Line 4
(Outer Loop direction), respectively. These mode frequencies fall within the
frequency ranges of the external excitation caused by metro operation. Moreover,
from the mode shapes, it can be observed that the cable segments between the
horizontal flat bars undergo low-order vibrations, indicating that this vibration
results from the coupling between the high-order vibration modes of the curtain wall
and the fundamental frequency vibration of the cable segments between the
horizontal flat bars.

746th-order vibration mode, f746 = 58.21 Hz.
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Figure 12. High-order vibration modes of the single-layer cable net curtain wall at
metro excitation frequencies. (a) 518th-order vibration mode, fsis = 35.32 Hz; (b)
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5. Discussion

5.1. Comparison of frequency analysis methods

The comparison of the results from the theoretical formulas and numerical
simulations for the calculation of the cable natural frequencies reveals that the
theoretical formulas are more focused on the natural frequencies of smaller segments
of the cables, while the numerical simulations emphasize the overall natural
frequency of the single-layer cable net curtain wall. When comparing the measured
frequencies with those calculated using the theoretical methods, it is observed that
the frequencies obtained from the theoretical analysis considering horizontal
constraints are close to the measured frequencies. On the other hand, the low-order
natural frequency obtained from the overall modeling of the single-layer cable net
curtain wall differs significantly from the measured frequencies. Through numerical
simulations, obtaining higher-order natural frequencies is theoretically feasible.
However, in practice, this approach has certain limitations. Firstly, the efficiency is
relatively low, as calculating hundreds of vibration modes requires substantial
computational resources. Secondly, it is difficult to determine the specific resonating
modes due to external vibrations. As a result, the efficiency and accuracy of this
method still require improvement. Therefore, in the context of this study, the
frequency analysis method considering multi-horizontal constraints is a better
approach for frequency analysis.

5.2. Discrepancy in experimental data

During the field measurements, there may be some discrepancy in the data
collected for different cables. For free vibration testing of cables, the location of the
external excitation plays a crucial role in the results. If the excitation is applied near
the middle of the cable segment, it is more likely to induce resonant vibrations at the
fundamental frequency of the segment. Conversely, if the excitation is closer to the
ends of the cable segment, higher-order coupling vibrations are more likely to occur,
resulting in a multi-peak phenomenon in the amplitude-frequency spectrum, as
demonstrated in the results shown in Figure 7. For vibration testing of cables during
metro train entry and exit, there are multiple factors contributing to the differences in
cable frequencies. These include variations in the position of the cable, as well as
structural differences such as the condition of the anchoring nodes and the
connection points of the horizontal flat bars, all of which can influence the cable’s
vibration frequency.

When calculating the frequencies using theoretical formulas and numerical
simulations, slight discrepancies with the measured data may still occur, especially
for lower-order modes. In addition to the structural differences in the cables and
associated components mentioned above, these discrepancies also arise from the
simplification of the cable’s end anchorage nodes and the horizontal flat bar
connection nodes. In this study, both types of nodes were simplified as hinge
supports. However, in reality, the nodes should be considered as having a stiffness
between rigid and hinged supports. From the results, it can be seen that the use of
hinged supports for simulation yields better agreement with the measured data. In
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future research, the nodes could be assigned specific stiffness and damping
coefficients to more accurately simulate the fixed effects of the nodes. Additionally,
the presence of environmental factors, such as ambient noise and vibrations from
external sources, could have influenced the measurements. These factors are often
difficult to control in field tests, which could lead to discrepancies between the
theoretical and measured results.

Furthermore, due to the limited amount of cable monitoring data in this study,
the potential fatigue damage caused by the long-term effects of metro vibrations on
the cables has not been considered. The fatigue behavior of single-layer cable nets
has been studied using the cumulative damage theory [39], and demonstrated that the
fatigue life of single-layer cable net curtain walls can be significantly shortened in
the presence of strong external vibration sources, such as wind-induced vibrations.
Metro operations are periodic, with vibrations generated each time trains enter or
exit stations, which aligns with the definition of cyclic loading that is prone to
inducing fatigue damage. For cables, which are prestressed structures, the
consequences of fatigue damage go beyond the loss of prestress, leading to gradual
structural failure. More critically, fatigue damage could also affect the associated
structures of the cable, such as the failure due to bolt loosening or weld failure in the
horizontal flat bar connection nodes. Therefore, the study of cable fatigue damage is
essential. In future research, long-term monitoring of metro operational vibrations
could be conducted, and a model of this vibration source could be developed to
simulate the fatigue life of the cables.

5.3. Engineering application to different curtain wall structures

Based on the findings of this study, it is evident that different types of curtain
wall structures, such as single-layer cable net curtain walls and frame-glass curtain
walls, exhibit varying responses to operational vibrations in metro environments. In
light of these findings, it is crucial to establish tailored strategies for the application
of different curtain wall designs in environments subject to significant vibration,
such as those encountered in metro stations.

The cable net curtain wall structure exhibits favorable dynamic characteristics
when subjected to large-amplitude vibrations, such as those induced by seismic
events. However, when exposed to cyclical, low-amplitude vibrations, as
experienced in metro operations, the stress relaxation phenomenon in the cables
becomes a significant weakness of the system. This cyclical loading, characteristic of
the repetitive entry and exit of metro trains, induces long-term fatigue damage,
leading to a gradual loss of prestress in the cables, which in turn compromises the
structural integrity and overall performance of the curtain wall. For environments
with high vibrational exposure, it may be necessary to optimize curtain wall designs
to enhance their vibration resilience. This could include incorporating additional
damping measures, selecting materials with improved vibration resistance, or
adopting alternative structural forms that are less susceptible to resonance under the
operational frequencies of nearby metro lines. For instance, in single-layer cable net
curtain walls, enhancing the structural connectivity and flexibility of the design
could mitigate the risk of excessive deformation, while for frame-glass curtain walls,
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incorporating shock-absorbing elements at critical points of connection could prove
beneficial.

Moreover, the frequency analysis methods utilized in this study—particularly
the consideration of multi-horizontal constraints—can be extended to other curtain
wall structures facing similar operational challenges. This theoretical calculation
method offers a cost-effective and efficient means to conduct preemptive vibration
risk assessments, which can provide essential insights into potential resonance and
fatigue issues. Meanwhile, numerical simulation remains a robust and precise
validation method. With its high accuracy, it serves as an effective tool for
comparing experimental data with theoretical calculations, thereby further enhancing
the validity of the results. By applying the frequency analysis techniques developed
in this research, engineers can more accurately evaluate the dynamic behavior of
curtain wall systems and develop targeted design interventions to ensure the
longevity and safety of the structure in high-vibration environments.

In conclusion, the practical application of the study’s findings could be
extended beyond the single-layer cable net curtain wall, offering a valuable approach
for the design and optimization of curtain wall systems in other high-vibration
settings, such as transportation hubs and industrial facilities. By integrating these
advanced vibration analysis methodologies, engineers can more effectively address
the dynamic challenges posed by metro environments, ensuring that curtain wall
systems maintain their structural integrity over time.

6. Conclusion

Based on the research, the following conclusions can be drawn:

a) Due to the constraint effect of the horizontal flat bars, the overall vibration of
the cables is mainly composed of the fundamental frequency vibration of the
cable segments between the horizontal flat bars. The theoretical values of the
natural frequencies for the 3-meter and 4-meter cable segments match the
measured values, verifying the validity and accuracy of the theoretical results.

b) The excitation caused by the Metro Line 12 (Jinhai Road direction) during train
entry and exit is likely to induce the fundamental frequency vibration of both
the 3-meter and 4-meter cable segments. From the overall numerical simulation
results of the single-layer cable net curtain wall, it can also excite higher-order
mode vibrations of the curtain wall. Therefore, under this excitation, the cables
are prone to complex coupled vibration responses. Long-term exposure to this
excitation will not only cause the loosening of the cable tension but also result
in excessive deformation of the horizontal flat bars connected to the cables,
which is the primary cause of the deformation of the glass curtain wall.

c) The excitation frequency from the Metro Line 4 (Outer Loop direction) during
train entry and exit induces the fundamental frequency vibration of the 2-meter
cable segment, which has a minimal effect on the glass curtain wall. The
excitation from both metro lines is unlikely to cause resonance at the overall
fundamental frequency of the single-layer cable net curtain wall structure.

d) When calculating the dynamic characteristics of the single-layer cable net
curtain wall cables under metro operational vibrations, considering the multi-
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