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Abstract: Typhoon Mangkhut (1822) was one of the strongest tropical cyclones that ever impacted
the south coast of China in past decades. During the passage of this typhoon, the structural health
monitoring (SHM) system installed on a 303 m high building in this region worked effectively,
and high-quality field measurements at nine height levels of the building were collected successfully,
which provides a valuable opportunity to explore the dynamic properties of the building and the
associated wind effects. In this study, the typhoon wind characteristics are presented first based on
in-situ measurements at two sites. Acceleration responses of the building is then investigated, and
the building’s serviceability is assessed against several comfort criteria. This study further focuses on
the identification of modal parameters (i.e., natural frequency, damping ratio, and modal shape) via
two methods: stochastic subspace identification (SSI) method and a method based on combined use
of spectral analysis and random decrement technique (RDT). The good agreement between the two
results demonstrates the effectiveness and the accuracy of the adopted methods. The obtained results
are further compared with the stipulations in several technical codes as well as simulation results via
finite element method to examine their performances in this real case. The amplitude dependence of
natural frequencies and damping ratios of the studied building are also stressed.

Keywords: wind-induced structural response; modal identification; tropical cyclone; high-rise
building

1. Introduction

There is a fast development of high-rise buildings at coastal areas where tropical cyclones (TCs)
may attack frequently [1]. As these buildings are commonly characterized by low natural frequencies
and high flexibilities, they become considerably sensitive to wind load [2]. In light of the significance
of wind effects on the safety and the serviceability of such skyscrapers, continuous efforts have been
made on this topic via different methods, such as wind tunnel tests and numerical simulation [3-7].
However, due to the complexity of involved issues, field study is generally regarded as the most
credible way for such investigations at present.

During the last decades, numerous filed studies on dynamic performance of high-rise buildings
under wind action have been conducted [8-14]. Among these works, Kijewski-Correa, et al. established
structural health monitoring (SHM) systems on four skyscrapers in Chicago and Dubai and analyzed
the structure dynamic properties and the associated wind effect based on collected records [15-17].
Wu et al. measured the wind-induced vibration response of a 79-story tower during the passage of
several typhoons [18]. Fu et al. analyzed wind characteristics and wind effects on super-tall buildings
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based on field records from the SHMs of three towers [19,20]. Au et al. employed the fast Bayesian
frequency domain method to observe the modal characteristics of two high-rise buildings under the
action of typhoon [21]. He et al. analyzed the dynamic properties of a 492 m high building, and the
functional performance of affiliated active-tuned-mass-damper (ATMD) system was examined [22,23].
Li and his team explored the wind-induced responses of several super-tall buildings at coastal areas.
Results from field measurements were further used to verify the validity of wind tunnel testing
techniques [24-27]. Wang et al. and Wu et al., among others, also analyzed the dynamic characteristics
and the wind-induced response of high-rise buildings [28,29].

Undoubtedly, the aforementioned studies provide useful insights for further understanding the
characteristics of structural dynamics of high-rise buildings. However, a majority of these investigations
were based on field records collected at a single height level, while those based on multi-levels of
records have been comparatively less reported. The reason mainly lies in that field measurement
at multiple height levels of a high-rise building is much more challenging and costly than the one
at a single level. Typically, not only considerably more devices are required, but also the output
signals from varied devices should be synchronized and collected with a uniform format. However,
studies based on multi-levels of records are of great practical interests, since they have overwhelming
advantages against those based on a single level of records. First, they can provide more information
of the building structure (e.g., mode shape), and such information is significantly useful for many
relevant studies and practices such as updating finite-element (FE) models and correcting wind tunnel
test results. Second, results based on multi-levels of records are usually regarded as more accurate and
credible than those associated with a single level of records, as more measurement information and
more robust methods/algorithm are utilized [30].

During 15-18 September 2018, Typhoon Mangkhut got close to and made landfall on the south
coast of China at a severe-typhoon intensity level and exerted severe impact on Guangzhou. During
this period, the SHM system installed on a 303 m high-rise building at Guangzhou worked smoothly,
and field records at nine height levels of the building were collected successfully. This study focuses
on the structural responses of this skyscraper with a primary objective of further understanding
the dynamic properties of and the typhoon effects on this building based on multi-levels of field
measurements. The serviceability of the studied super-tall building subjected to this severe typhoon is
assessed, and the working performances of two different modal identification methods are examined.
The remainder of this article is organized as follows. Section 2 introduces the SHM system of the
study building and the datasets. Section 3 presents the main methods and techniques for data analysis.
In Section 4, typical results about modal parameter identification, structural response, and comfort
evaluation from the field measurements are presented and discussed. Main results and conclusions are
summarized in Section 5.

2. SHM System and Dataset

2.1. Study Site and SHM System

Leatop Plaza is located at the entrance of the Pearl River in the New City Central Business District
(CBD) area of Guangzhou, Guangdong Province of China. It is of 303 m in height and contains 65
floors above ground. Except for the topmost floor, which has a wedge-shaped configuration, all the
other floors are cuboid in shape and have a square cross-section with the side length equal to 45.7 m.
This building adopts a structural system that consists of a steel diagonal steel frame and a reinforced
concrete core tube. An aerial view of the building is shown in Figure 1.

An SHM system was established on the building to provide in-situ measurements of wind
characteristics and structural acceleration responses. As shown in Figure 2, the SHM system consists
of three functional layers: device-node layer, data-acquisition layer, and a layer for data-display and
management. The device-node layer involves nine levels of instruments. An ultrasonic anemometer is
installed at a height of 2.5 m atop the building, and eight bi-axial low-frequency oriented accelerometers



Appl. Sci. 2020, 10, 2965 3 0f 20

are installed at varied locations among the 17th-58th floors. Among these accelerometers, except for
the one installed at the 58th floor, which is located around the centroid of the building’s cross section,
all the others are located far away from the sectional centroids, as depicted in Figure 1b. Detailed
layout information of the accelerometers is listed in Table 1. Measurements from these devices are first
low-pass filtered and then sampled at 10 Hz and 20 Hz, respectively.
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(a) Aerial views of the building (b) Cross section at varied floors

Figure 1. Overview of the Leatop Plaza.

Anemometer

Figure 2. Three functional layers involved in the structural health monitoring (SHM) system.

Table 1. Layout of accelerometers installed on Leatop Plaza.

Floor Height Eccentric Distance (m) along X-Direction Eccentric Distance (m) along Y-Direction
No. (m) (East—West) (North-South)
58th 260 0.2 0
56th 252 17 9
47th 215 1.7 9
39th 175 1.7 9
31st 145 17 9
28th 135 1.7 9
23rd 115 17 9
17th 80 1.7 9
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2.2. Typhoon Mangkhut

Mangkhut (1822) was one of the strongest tropical cyclones (TCs) to have ever attacked Guangdong
of China in past decades. Figure 3 shows the best track of the typhoon. Mangkhut formed over the
western North Pacific on 7 September 2018 and developed into a super typhoon on 11 September. After
that, the vortex weakened as it crossed the northern part of Luzon and tracked northwestwards across
the northern part of the South China Sea. Mangkhut weakened into a severe typhoon on the morning
of 16 September and made landfall in the vicinity of Taishan of Guangdong. It then moved into the
western part of Guangdong and weakened further until it disappeared in Guangxi province.
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Figure 3. Best track of Typhoon Mangkhut and location of the study building.

Mangkhut exerted severe impact on Guangzhou during its passage around this region. The largest
gust wind speed recorded at a local meteorological station reached 50 m/s. In this study, field
measurements from two observational sites are adopted to explore the typhoon wind characteristics:
the one atop the Leatop Plaza tower and the other installed on the antenna of the Canton Tower, which
is located at 2 km distance to the south of Leatop Plaza. Detailed information for the locations of the
two sites is listed in Table 2.

Table 2. Information of meteorological stations.

Meteorological Station Geographic Coordinates Anemometer Height (m)
Canton Tower 23°6’44” N,113°19’52’ E 532
Leatop Plaza 23°7'54’ N,113°19’56" E 303

3. Methodology Statement

3.1. Estimation of Structural Extreme Response

High-rise buildings subjected to strong wind excitations may vibrate excessively, which can
result in comfort problems for occupants and other serviceability issues for relevant components or
affiliated devices. Thus, it is conventionally required that the extreme response of building structures
be restricted within an acceptable level [31,32]. Otherwise, associated measures should be implemented
for vibration reduction and control of the dynamic systems [33-36].

In practice, the acceleration response is widely used as a preferred indicator for
comfort/serviceability assessment of high-rise buildings, and many acceleration-response based
criteria have been proposed, including those suggested in ISO 6897 [31], ISO 10137 [32], Melbourne
and Palmer [37], JGJ 3-2010 [38], and AIJ-GEH-2004 [39]. Among these sources, the peak value
of acceleration response is mostly utilized, although some recommend other alternatives, such as
root-mean-square (RMS) value [9,10].

Statistically, the maximum acceleration response of a system Amax can be estimated as:

Amax = g+ 0g (1)
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where 0, is the standard-deviation response, and g is the peak factor. For a Gaussian process, g can be
computed through up-crossing analysis [22]:

g = 2In(0-T) + 05772/ \2In(v-T) @)

in which v is the up-crossing rate associated with a given period T (usually T = 600s) whose value can

be calculated by: o ( fow fzs(f)df) /( fow S(f)d f) 3)

in which f denotes natural frequency (Hz), and S(f) is the power spectral density (PSD) function.
For high-rise buildings, since the first swaying-mode component often dominates the structural
response, v can be roughly regarded as equal to the fundamental frequency of the building f.

For narrow-band signals, 0, can be determined by using the frequency-domain method:

fﬂ foSe(fo)
Og = 4_5 M2 4)

where & is the damping ratio, Sr is the power spectrum of generalized force F(t), while M is the
generalized mass.

H
FO) = [ fen)- ) 6)

M= | " n(e) e ©®)

in which f(z,t) is the distributed wind force along height, 1(z) is the modal shape, and m(z) is
distributed mass of the building along height.

The above equations indicate that the structural response depends on both the wind force f(z, t)
and the modal parameters of the building (especially on &). In wind engineering, wind-induced
structural responses of high-rise buildings are conventionally determined via wind tunnel tests. Usually,
only the first modal contribution of the structural response is taken into account, and the generalized
force F(t) associated with the first mode can be measured directly based on the assumption that the
mode shape is linear along height. If the first mode shape deviates from a linear pattern significantly,
amendment should be conducted accordingly.

3.2. Identification of Modal Parameters Via SSI Method

Modal parameters (e.g., natural frequencies, damping ratios, and mode shapes) are usually
involved as prerequisite information for many studies and practices. Thus, identification of modal
parameter has gained extensive researching attention.

Many methods have been developed for the identification of modal parameters, such as peak-pick
method and random decrement techniques (RDT) [22,24]. Among these methods, the Stochastic
Subspace Identification (SSI) method is an advanced time-domain method that has been widely applied
in recent years. This method has the ability to identify modal frequency, mode shape, and damping
ratio of multiple modes of the system simultaneously, making it pretty efficient. Details about the SSI
method can be referred to in [40]. This study only briefly introduces its methodology.

The dynamics of a structure subjected to ambient excitation can be depicted by the following
discrete state-space model:

{ Xky1 = Axg + Buyg + wy )
Yk = Cxx + Duy + vy

where x; is the state vector, y; is the response data of the system, uj represents the input vector
at the sampling time, and wy, v, are the process noise and the measurement noise, respectively.
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The sub-indices denote the time number, which is correlated with time through + = (k—1)/f;,
where f; is the sampling frequency. A is the discrete state matrix, which represents all the dynamic
characteristics of the system, B is the discrete input matrix, C is the output matrix, and D is the direct
transmission matrix.

For simplification, the two items wy, vy in Equation (7) can be regarded as two independently
stationary zero-mean white-noise processes with the covariance matrix expressed as:

E[(Zvu:) (e ”?)]‘(SQT ;)51'1 ®)

where E is the mathematical expectation operator, 6;; is the Kronecker function whose value equals to
one for i = jand to zero for i # j. w; and w; are the input noises at moment i and j.v; and v; are the
measurement noises at moment i and j, respectively, and Q, S, and R belong to covariance matrices.

To implement the SSI method, the so-called Hankel matrix should be constructed first based on
output records. The block Toeplitz matrix can be then obtained by calculating the output covariance
sequence. Finally, the state matrix A can be computed via singular value decomposition (SVD) from
the block Toeplitz matrix.

Conducting eigenvalue decomposition operation on A:

A=yAyY! )

where A is the eigenvalue diagonal matrix associated with the discrete-time system, whose non-zero
elements are complex values A, and 1) is the discrete-time eigenvector matrix.

According to the relationship between the eigenvalues associated respectively with the
discrete-time system A, and the continuous-time system A, one has:

Ae=InA/At = —Ew + jwy1-& (10)

where &, w represent damping ratio and natural frequency, respectively, and At represents
sampling interval.

Based on the above equation, the model parameters (natural frequency, damping ratio, mode
shape) of the system can be determined:

VTR —a
f=2—,5:—,cIJ:C1p (11)
z N
where g, b represent the real and the imaginary parts of the eigenvalue, respectively.

It is worth noting that the mode order 7 of the system is involved as a key parameter in the above
modal identification process. Misestimation of # may result in intractable problems in the final results,
such as false modes or mode absence. Currently, there is no method for robust determination of the
accurate value of n, but the stability diagram method is widely adopted as an effective way to estimate
the computational mode order.

The stability diagram method assumes that the system has a series of computational mode orders
whose values are continuous within a certain range. The nominal modal parameters associated with
differed mode orders can be then computed using the aforementioned SSI method. If the difference
between the identified modal parameters with the current computational mode order n and its next
n + 1 is less than a preset critical value, the current state point is called a stability point, which
constitutes the stability poles in the associated stability diagram. Figure 4 shows an implementation
flow of the stability diagram method.
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3.3. Random Decrement Technique

Random decrement technique (RDT) is an effective way to estimate the amplitude dependence
of modal parameters. The response of a single-degree-of-freedom (SDOF) system consists of three
components, i.e., the free attenuation caused by the initial displacement and the initial velocity, and the
forced response caused by the random excitation:

x(t) = xxy + Xy, + X (12)

where xx, and x;  respectively represent the response components associated with initial displacement
xo and initial velocity xo, and xp ;) stands for the component associated with external input force at
time instant ¢. In practice, since acceleration responses are more available, the response in Equation (12)
can be equally treated as the acceleration response for easy application, given that the acceleration
response signals account for the SDOF system. Accordingly, x; tends to be the first-order derivative of
acceleration response at x.

By averaging multiple time periods response with the specified duration 7 under the same initial
conditions, the so-called random decrement (RD) signature can be obtained:

a(x;7) = E{sgn[x(t)]x(t + T)| (13)

x(t):o,x(t):a}}

where E{(+|C)} is the conditional expectation under the condition C, and sgn[] stand for sign function.

7 is an appointed time duration, which is also the length of a4, and x(t) = 0, x(¢) = x, are the conditions.
Considering that the input process is a zero-mean static random state, both the forced vibration
response contribution and the one due to initial velocity involved in the signature should turn to zero,
only leaving the contribution due to initial displacement.

a(t) = E[sgn(;c) -;c}e_&"oT X (cos V1 — E2wpt + sin V1 — &2wq1) (14)

<
Vi-¢
The natural frequency and the damping ratio for this SDOF system can be estimated by fitting the
measurement records with Equation (14), or, alternatively, by fitting the envelope of the decay curve of
the RD signature:
a(t) = E[sgn() - fe~*" (15)

where wy, £ are natural frequency and damping ratio, respectively.
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4. Results and Discussion

4.1. Typhoon Wind Characteristics

The time histories of 10 min mean wind speed and direction as well as three second peak gust
in each 10 min duration at the two aforementioned meteorological stations are shown in Figure 5.
As reflected, results at the two stations differ markedly. The maximum peak gusts at the Canton Tower
were 43.8 m/s compared with the one of 56.5 m/s at Leatop Plaza. Basically, the mean speeds at the
study building were much lower than those at the Canton Tower, while the peak gusts at many episodes
from the study building were noticeably larger than those at the other site, which makes the gust factor
values at Leatop Plaza considerably larger than those at the Canton Tower. Measurements of mean
wind direction at the two sites also differed with each other significantly. The above discrepancies were
mainly attributed to the fact that the study building is located at the CBD area of Guangzhou, where
there exist many super-tall buildings which are comparable to or even taller than Leatop Plaza. Thus,
wind flows around the study building were considerably turbulent. By contrast, the anemometer at
Canton Tower is installed at a height of 532 m, where wind flows were less affected by the urban canopy.
Despite these discrepancies, results of wind speed and direction at both sites demonstrate a similar
changing trend, which is consistent with the evolution of distance between Mangkhut and Guangzhou.

Canton Tower SHM
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Figure 5. Time histories of wind measurements at two sites (the vertical gray dot line denotes time
constant of 17:00 on 16 September 2018 when Mangkhut got closest to the study site).

4.2. Structural Response and Comfort Assessment

4.2.1. Structural Response

The time histories of acceleration response at the 58th floor are depicted in Figure 6a. According to
the evolutions of wind strength around the study site, three episodes during the passage of Mangkhut
are selected for detailed studies in the following parts: typhoon approaching period (22:00/15-02:00/16),
nearest period (15:00/16-19:00/16), and leaving period (11:00/17-15:00/17), which, for short, are denoted
as Period 1, Period 2, and Period 3, respectively. A balance between data size and stationarity of signals
was considered for determining the duration of these periods.

Comparison of Figures 5 and 6a demonstrates that the structural response evolved in a consistent
way with the evolution of wind strength at the study site. The maximum accelerations along the two
measurement directions were respectively recorded as 5.82 cm/s? and 8.98 cm/s?. Figure 6b depicts the
locus plot in Period 2, which provides a straightforward demonstration of the resultant response of
the building.
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Figure 6. Time histories of acceleration responses at the 58th floor of Leatop Plaza.
To quantify the correlation between the structural response and the wind speed, Figure 7

exhibits the standard deviations of acceleration and the mean wind speed over each 10 min duration.
The following regression model was utilized to fit the measurements:

0, = U (16)
where ¢; and ¢; are two coefficients.
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Figure 7. Correlation between mean wind speed measured at two sites and the standard deviation of
acceleration response at 56/F of Leatop Plaza. (a) SHM; (b) Canton Tower.

As can be seen, the structural response increased in an exponential manner with increasing wind
speed. The power exponents are recognized as 2.05-2.40, which are much larger than those reported
in [22] where records of surface wind were adopted.

4.2.2. Peak Factor and Conform Assessment

According to Equation (1), the peak response value correlates with the standard deviation (SD) of
response linearly with the correlation coefficient equal to the peak factor. As the peak factor can be
calculated directly based on the natural frequency for SDOF cases, the peak response can be predicted
from the SD values via the peak factor method.

To examine the validity of the above method, Table 3 compares the measured peak factor values
with those calculated via Equation (2) during the three selected periods. It is seen that the two
results basically agree with each other. The difference is largely attributed to the fact that response
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measurements do not strictly follow a Gaussian distribution, or, equally, the basic assumption for the
derivation of Equation (2) was not satisfied so well.

Table 3. Peak factors from measurement and calculation during different periods.

Di Approaching Period Nearest Period Leaving Period
ir.
Measured Calculated Measured Calculated Measured Calculated
X 2.99 3.26 3.03 3.26 3.03 3.28
Y 3.09 3.26 2.97 3.25 3.25 3.25

Figure 8 compares the measured maximum responses in the two directions (X: 5.82 cm/s?,
Y: 8.98 cm/s?) at the 58th floor of Leatop Plaza against the comfort criteria from the five aforementioned
reference sources. As demonstrated, although Typhoon Mangkhut was one of the strongest typhoons
that ever impacted the study region, the maximum acceleration responses at the top of the building
were still restrained within the recommended range. It must be noted that even the comfort criterion
was well satisfied; according to the criteria of AIJ-GEH-2004 [39], there would be nearly 90% of
occupants who could perceive the structural accelerations during the typhoon.

”
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(=)
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= =[SO 10137
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Figure 8. Comparison of measured maximum acceleration responses with those recommended by
different comfort criteria.

4.3. Identification of Modal Parameters

4.3.1. Natural Frequency and Damping Ratio

Figure 9 shows the PSD results based on the acceleration response at the 56th and the 58th floors
during 15:00-19:00/16. In this study, both the Welch approach and the Yule-Walker technique are
adopted to estimate the PSD. The block length for the Fast Fourier Transform (FFT) analysis involved
in the Welch method was set as 2'4 = 16384 to provide a frequency resolution finer than 0.001 Hz
(actually 0.000977 Hz), and the order for the Yule-Walker method was taken as 1000. From Figure 9,
the results estimated via the two methods show good agreement, which indicates that the estimation
processes were conducted effectively.

The results at the 56th floor show that there exist three evident PSD peaks in the frequency range
below 0.8 Hz. However, the sharp peak around 0.430 Hz at the 56th floor turned out to be considerably
subtle for the case at the 58th floor. From Table 1, the accelerometer at the 58th floor was placed around
the centroid of the cross section, while the one at the 56th floor was placed far away from it. Thus,
the accelerometer at the 58th floor was hardly able to measure response components of the torsional
modes. Based on the above discussions, it is clear that the mode associated with 0.430 Hz belongs to a
torsional type, while others belong to a swaying type.
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The RDT method is then utilized to estimate the damping ratio for different modes based on
SDOF response components that are separated from the acceleration signals via band-pass filtering.
Figure 10 exhibits associated results for the first swaying mode at the 56th floor. The damping ratios
for the modes along the two measurement directions are estimated to be 1.03% and 1.02%, respectively.
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Figure 9. Comparison of power spectral density curves by the Welch and the Yule-Walker methods.
(a) Along X; (b) Along Y.
Along X at 56/F Along Y at 56/F
035 ‘ f0-0.183Hz| ‘ ‘ " f0=0.182Hz
% | == 1.03% | Yy 054 [f\l N~ 4 ‘ 1.02% |
o N=363 = | I N=379
E I o 5 \\\/"( i
= L A T - AR
< 0Ff I | ‘ } \ AN = 0 ; \ ‘l | ‘I 1‘ | | \J
2 0 L 2 AL
= it \j \) ‘J \ ij ——— Measured value | &, L l\ ] I \} ‘J V [ Measured value
=) ll U ***** Fitted curve g U \J j -——-Fitted curve
< 0.5 ¢ ‘ ‘ Fitted envelope | <G -0.5¢ Fitted envelope
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)
(a) (b)

Figure 10. Typical random decrement (RD) signatures and estimation of natural frequency and damping
ratio for first swaying mode at the 56th floor (N: sample number involved in RD signature). (a) Along

X; (b) Along Y.

The SSI method is further adopted to estimate the modal parameters of Leatop Plaza. As discussed
previously, the stability diagram method is used to evaluate the computational mode order with the
involved critical values determined through a trial-and-error method as follows: 0.01 for natural
frequency, 0.05 for damping ratio, and 0.90 for mode shape. Figure 11 shows the stability diagram
overlaid by associated PSD results at the 56th floor. As reflected, there are three robust stable-axes in
the range below 0.8 Hz, and the corresponding frequencies agree well with the natural frequencies
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obtained via the peak-picking method based on the PSD results. The computational mode order can be
then selected as six, which is half of the nominal mode order as marked in the figure. Table 4 compares
the identification results of the natural frequencies and the damping ratios via both the SSI method
and the RDT method. Basically, the two kinds of results show acceptable agreement. It is noted that it
is very different to estimate the damping ratios accurately based on output-only records, and large
fluctuation may exist even for the case by using the same method but based on different episodes
of records.
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Figure 11. Stability diagram overlaid by power spectral density (PSD) results at the 56th floor. (a) Along
X; (b) Along Y.

Table 4. Results of damping ratio and natural frequency estimated via random decrement technique
(RDT) and stochastic subspace identification (SSI).

q 1st Swaying Mode 1st Torsional Mode 2nd Swaying Mode
Modes

SN EW SN EW SN EW

RDT (Hz) 0.182 0.183 0.429 0.429 0.656 0.683

f SSI (Hz) 0.180 0.183 0.442 0.433 0.679 0.679
Diff (%) 1.10 0.00 3.03 0.930 3.51 0.590

RDT (%) 1.02 1.03 1.03 0.910 0.710 0.900

g SSI (%) 0.890 0.910 1.19 0.900 0.750 0.890
Diff. (%) 12.8 11.7 15.9 1.32 5.34 1.11

Note: Diff. = (RDT-SSI)/RDT.

In wind engineering, the modal parameters are often estimated via certain empirical predictors at
the design stage of building structures. These empirical predictors are generally established based on
statistical analysis of database of identified modal parameters through field measurements [41-45]. Since
the damping ratios are usually scattered severely around the recommended predictors in associated
literature, this part only considers comparing the results of natural frequency from measurement with
those estimated via corresponding predictors. Figure 12 plots the measured fundamental natural
frequencies along the two measurement directions against the estimations via the predictors suggested
in five reference sources [41-45]. The measured results agree best with those estimated via the predictor
in [43], which suggests the fundamental natural frequency is equal to 50/H, H being the height of
the building.
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Figure 12. Correlation between the building fundamental frequencies with building height and existing
prediction models.

4.3.2. Amplitude-Dependence of Natural Frequency and Damping Ratio

Although natural frequencies and damping ratios are conventionally regarded as constant for a
given mode of the studied dynamic system, results from numerous field studies reveal that the values
of these parameters may vary noticeably with the vibration amplitude of building structures [22].
The amplitude-dependence of modal parameters, particularly of the damping ratio, sheds new light
on the intrinsic properties of the buildings” dynamics.

Figure 13 and Table 5 show the values of natural frequency and damping ratio for the first three
modes along the two measurement directions via the SSI method based on field records collected at
the 56th floor during the three selected periods. As expected, the values of natural frequency and
damping ratio for the same mode varied among different periods. The natural frequencies decreased
slightly, while the damping ratios increased significantly when the typhoon got nearest to the study
site and the building vibrated most severely. By contrast, when the typhoon moved far away from the
study site and the building vibrated moderately, the natural frequencies increased while the damping
ratios decreased, respectively.
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Figure 13. Natural frequencies and damping ratios at three periods during the passage of Mangkhut.

(a) Dir-X; (b) Dir-Y.
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Table 5. Values of natural frequency and damping ratio during three selected periods.

Mode 1st Swaying 1st Torsional 2nd Swaying

Direction Y (S-N) X (E-W) Y (S-N) X (E-W) Y (S-N) X (E-W)

Approach 0.185 0.186 0.437 0.437 0.673 0.699

f (Hz) Nearest 0.181 0.183 0.429 0.429 0.656 0.683

Leaving 0.182 0.186 0.433 0.433 0.663 0.689

Approach 0.490 0.450 0.410 0.340 0.470 0.710

& (%) Nearest 0.840 0.900 1.03 0.910 0.710 0.890

Leaving 0.620 0.530 0.480 0.490 0.610 0.720

Great efforts have been made to explore the mechanisms for the amplitude dependence of damping
ratio. Typically, Jerry [46,47] proposed a three-staged model of damping ratio for building structures.
According to this theory, at quite low amplitudes, only large structural components have relative
motions, typically at junction points, and the damping at this stage is relatively stable and small. As the
building’s vibration amplitude increases, increasingly more small units tend to participate in such
relative movements. Accordingly, the damping increases continuously. Finally, when all possible
mechanisms are activated, the damping remains constant, even throughout the increase of amplitude.

To further explore the amplitude-dependence of modal parameters, Figure 14 plots the variations
of damping ratios and natural frequencies with continuously increasing acceleration response for
the first swaying and torsional modes in the two orthogonal directions. As depicted, the natural
frequencies decreased gradually with the increase of vibration amplitudes, from 0.185 to 0.175 Hz
for the first swaying mode, from 0.435 to 0.425 Hz for the first torsional mode, and from 0.70 to
0.65 Hz for the second swaying mode. On the other hand, results of damping ratio demonstrated
slight fluctuations, but an increasing trend could be observed when the amplitude reached a certain
level, beyond which, the damping ratio values tended to level off. Overall, the damping ratios for both
the swaying modes and the torsional mode were in a range of 0.5-1.2%, which were a bit smaller the
typical value of 1.0-1.5% as recommended in codes and standards.

" 1" swaying mode (56th) 1" torsional mode (56th) 2" swaying mode (56th)
_ . East-West ast-Wes 1.8t o Bast-We
@ qrePetad, 000 90 fontetle o Baw | < 12 - ° o2 o% o8 Sghia
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Figure 14. Amplitude-dependence of natural frequencies and damping ratios for the first two swaying
modes and the first torsional mode along two measurement directions. (a) 1st swaying mode; (b) 1st
torsional mode; (c) 2nd swaying mode.

4.3.3. Mode Shapes

As discussed in the introduction section, a typical merit of modal identification based on multiple
levels of records lies in the ability to determine mode shapes. The following forms are recommended
in the national load code of China, i.e., GB50009-2012 [48], for depicting the mode shapes for the first
swaying mode ¢ and the first torsional mode ¢g1, respectively:

6z2H? — 423H + z*
3H4

Ps1 = (17)
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. )0.8 as)

o =
where z denotes height, and H stands for building height.

Figure 15 compares the measured mode shapes with those predicted by the above equations.
Besides the SSI method, another method is also utilized to identify mode shapes based on field
measurements, i.e., the RMS method, which assumes that the mode shapes can be quantified by
the proportional relationship of root-mean-square values for the associated modal component at
different testing points. From the figure, results obtained via different methods show good agreement,
indicating the credibility of the adopted modal identification methods as well as the empirical
predictors recommended in code. Note that the first swaying mode shape deviates from a linear
pattern, which is against the basic assumption of linear distribution for the first mode shape involved
in the high-frequency force balance (HFFB) wind tunnel tests. Thus, to obtain more accurate testing
results, such nonlinear effects should be specially taken into account and compensated [49]. It is also
observed that, for the Leatop Plaza building, which adopts a structural system consisting of a steel
frame and a reinforced concrete core tube, the first swaying mode shape is convexly curved along
height, while the first torsional mode shape is concaved.

~&- 8] - RMS - GB 50009-2012 & SSI — RMS 4 GB 50009-2012
300 300 300 300 300 300
250 " 250 £ 250 S s A 250 $ 250 a
@ o g P &
- 200 o 200 4 12000 7 - 200 4 200 512000
Zisof 2 sof £ s Fis0p ¢ 150 § {isopfe
= 4 @ & = ¢S @ AG
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o ok 0 S 0k 0% 0 2
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Direction X Direction Y
(a) (b)

Figure 15. Mode shapes identified via SSI and root-mean-square (RMS) methods against code
predictions for the first two swaying modes (i.e., Mode 1 and Mode 3) and the first torsional mode
(Mode 2). (a) Dir-X; (b) Dir-Y.

4.4. Comparison with Finite Element Results

A finite element model is established via a beam-slab modeling method in accordance with the
structural information of the studied building at its design stage. Twelve-node beam elements
and four-node elastic plate elements are employed to model the main body of the structure,
three-dimensional link elements are adopted to model the supporting components, and mass elements
are used to model the live loads and the nonstructural components. Modal analysis is performed based
on the established model via the ETABS software. Relevant results are shown in Figure 16 and Table 6.
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Figure 16. Mode shapes for the first five orders from simulation via finite element method.

Table 6. Results of natural frequencies of Leatop Plaza.

Mode No. Measurement (Hz) Simulation (Hz) Difference (%) Mode Type
1 0.183 0.164 104 1st mode in X direction (sway)
2 0.182 0.167 8.24 1st mode in Y direction (sway)
3 0.429 0.388 9.56 1st mode in Z direction (torsion)
4 0.683 0.592 133 2nd mode in X direction (sway)
5 0.656 0.612 6.71 2nd mode in Y direction (sway)

Through comparison, the natural frequencies from simulations are found to be collectively lower
than the measured values, with the maximum relative difference equal to 13.3%. The discrepancy may
be attributable to the following potential reasons. (1) During the simulation process, the live loads for
the building were overestimated with respect to real conditions, and the modal mass of the building
model was overestimated correspondingly. (2) As the building was constructed, its stiffness may
be increased slightly due to the contribution of non-structural components such as doors, windows,
and walls, which were not taken into account during the numerical simulation. (3) Because the
structure of the studied building is very complex, many uncertainties may exist in the numerical model,
which tends to result in simulation errors. It is noted that such discrepancies were also reported in
many previous studies [24,50]. However, more efforts are still required to explore the detailed reasons.

To examine the working performance of numerical simulation in term of mode shape, the modal
assurance criterion (MAC) and the normalized modal difference (NMD) are adopted [24]:

MAC({¢}, {9B)) = ‘{CplA}T{(P?}‘Z
T (o) ot (198) 0By (19)
1— MAC({¢?), {¢P))
NMD({¢4}, {pF}) = 5
(fo), 1of)) MAC({¢2), {9P})

in which ¢f, ¢)? denote the i mode shape vectors from measurement and simulation, respectively.
If MAC = 1, it means the two mode shapes are identical, while when MAC = 0, it indicates the two
mode shapes are completely different. In contrast, a smaller NMD value indicates a better correlation
between the two mode shape vectors.

Table 7 lists the values of MAC and NMD between the measured and calculated mode shapes.
It can be observed that most of the MAC values are greater than 0.88, which indicates that the measured
and simulated mode shapes show good agreement. It is also observed numerical simulation tends to
provide less accurate prediction of mode shapes for higher order modes.



Appl. Sci. 2020, 10, 2965 17 of 20

Table 7. Values of modal assurance criterion (MAC) and normalized modal difference (NMD) between
measured and simulated mode shapes.

1st Swaying 1st Torsion 2nd Swaying
Direction X Y X(Y) X Y
MAC (%) 99.2 99.7 97.5 88.2 77.5
NMD (%) 9.3 5.2 16.0 36.5 53.9

5. Conclusions

In this study, field measurements collected at multiple height levels of a 303 m high building

during the passage of a severe typhoon were analyzed to explore the dynamic properties of and
the associated wind effects on the building. The relationship between the structural response and
the wind strength was examined. Comfort assessment was conducted by comparing the maximum
acceleration response with recommendations from several reference sources. Emphasis was paid to the
identification of modal parameters via different methods and their dependence upon wind strength or
the amplitude of structural vibration. Main conclusions and discussions are summarized as follows.

1)

)]

®)

Although Typhoon Mangkhut was one of the strongest tropical cyclones to have ever impacted
the study region, and the maximum peak gust wind speed was recorded as 56.5 m/s at the study
site, the maximum structural response at the top floor (260 m) of Leatop Plaza was only 8.98 cm/s?,
which is well below the critical levels for conform assessment as recommended in several reference
sources. Practically, one may use the peak factor method to predict the peak structural response
based on SD values of building responses that can be easily estimated through wind tunnel
testing techniques, given the values of peak factor and other modal information. In this study, the
measured peak factors for the fundamental modal response were found in a range of 2.97-3.25,
which are a bit lower than the theoretical values. The reason is mainly attributed to the fact that
response signals deviate from a Gaussian distribution pattern. Thus, more advanced techniques
may be adopted to better predict the values of peak factor. Measurement results also show that the
SD values of building response increased exponentially with mean wind speed, with the power
exponent equal to 2.05-2.40. This indicates that high-rise buildings are considerably sensitive to
wind load.

Results of modal parameters identified via the SSI method and other alternative methods
(including the RDT method and the RMS method) basically show good agreement, which
indicates the validity and the accuracy of the adopted methods. However, it must be noted that
the SSI method is much more efficient, since it can provide results of natural frequency, damping
ratio, and mode shape for multiple modes simultaneously, while the alternative methods can
be only employed to deal with SDOF problems. More importantly, the alternative methods
should be used in conjunction with filtering techniques whose working performance may differ
significantly with users depending upon their experience. Thus, the SSI method is regarded as a
preferred method for modal analysis.

Both natural frequency and damping ratio demonstrated noticeable amplitude-dependence
features. While the natural frequencies decreased slightly with increasing structural response,
the damping ratios increased markedly as the structure response became stronger. For the first
swaying mode, the measured damping ratios varied in a range of 0.4-1.2%, which is a bit smaller
than the recommendations in many codes and standards. The above findings provide useful
insights to explore the nonlinear dynamic properties of building structures.

The performance of five empirical predictors for natural frequency was examined, and the one
proposed by Tamura et al. [43] was found to provide the best predictions for the study building.
The performance of two empirical predictors for first swaying mode shape and first torsional
mode shape were examined as well, results from both of which agreed well with those obtained
from measurements. It is also observed that the first swaying mode shape did not follow a linear



Appl. Sci. 2020, 10, 2965 18 of 20

)

pattern, which is against the basic assumption of linear distribution for the first mode shape
involved in the HFFB wind tunnel tests. Thus, amendment is required for such testing results.
The measured results were further compared with those through numerical simulations. It was
found that the natural frequencies computed via the finite-element-method were consistently
lower (on the order of 10%) than the measured values for the study building. Several possible
reasons were discussed in the context.
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