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SUMMARY

The dynamic characterization of structures is essential for assessing their response when subjected to dynamic
loads in structural health monitoring. It mainly comprises the modal parameters, that is, the natural frequencies,
damping ratios and mode shapes. These modal properties are attracting more attention when structures are under
construction or operation for the researchers, structure owner and engineers. This paper presents the work on the
operational modal analysis of a super tall building-the Shanghai Tower with a height of 632m situated in Shang-
hai, China. A recently developed fast Bayesian method is utilized to perform modal identification, providing an
effective means to identify the modal properties and assess their accuracy. In this study, ambient vibration tests
are implemented in different construction stages. The corresponding modal properties and their associated uncer-
tainties are identified and investigated, with interesting trends observed. Finite element models are also established
to obtain the modal parameters in different stages and compared with the identified results. After the main structure
is completed, a field test covering the eight corners of the core wall in a typical floor is performed to investigate the
mode shapes. Afterward, a 12-h measurement is performed with the information of temperature and humidity re-
corded simultaneously. The variation of modal properties with changing environment is studied. The results ob-
tained will be beneficial for understanding the modal properties of this super tall building and provide a
baseline for future structural health monitoring. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Structural health monitoring (SHM) has attracted increasing attention in the past few decades, and
more and more SHM systems have been built around the world in super tall buildings or long span
bridges [1–3]. One successful example is the Canton Tower with a height of 610m, in which a sophis-
ticated long-term SHM system has been installed along with more than 700 sensors [4,5]. A large
amount of research work has been performed based on the collected data. Another example is Burj
Khalifa, which is the tallest building in the world. An integrated real-time SHM system named
SmartSync was developed [6]. Several SHM systems are under construction on some super tall build-
ings, for example, the Shanghai Tower in Shanghai, China, with a height of 632m, Pingan Interna-
tional Financial Center in Shenzhen, China, with a height of 660m, Wuhan Greenland Center in
Wuhan, China, with a height of 636m and Kingdom Tower situated in Jeddah, Saudi Arabi, which
is expected to soar to a height of more than 1000m.
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In these systems, acceleration data play an important role, based on which modal parameters includ-
ing natural frequency, damping ratio and mode shape of the objective structures can be obtained [7–10].
Observing the change of modal properties may help perform condition assessment of the structure or
even damage detection in the process of construction or during its service life [11]. During construction,
with the increase of building height, the natural frequency may decrease gradually. It will be an
important way to analyse any fluctuation of identified modal parameters by comparing with the results
obtained based on finite element model (FEM) in order to monitor construction quality. After the main
structure is completed, the natural frequency will tend to be stable, but it is also affected by the environ-
ment, for example, temperature, humidity and wind. The damping ratio is also found to be amplitude-
dependent [12,13], especially in regard to tall buildings.

Modal identification is often the first step to determine the baseline properties of the subject structure
based on the collected acceleration response. Compared with other tests, for example, forced vibration
and free vibration tests, the ambient vibration test provides an economic and efficient way to collect the
structural response with high-quality modern instruments. In this process, the excitation is assumed to be
stationary and statistically random. Based on the ambient vibration data, many methods have been devel-
oped to perform ambient modal identification, for example, peak-picking, stochastic subspace identification
(SSI) method [14] and frequency domain decomposition method [15]. In addition to these non-Bayesian
methods, based on Bayes’ Theorem, a series of Bayesian methods are also developed, including Bayesian
spectral density approach [16,17], Bayesian time domain method [18] and Bayesian FFT approach [19]. A
fast Bayesian method has been recently developed [20–25] on the basis of Bayesian FFT approach. This
method views modal identification as an inference problem where probability is used as a measure for
the relative plausibility of outcomes given a model of the structure and measured data. In addition to the
most probable values (MPVs) of the modal parameters, the associated posterior uncertainty can also be ob-
tained analytically without resorting to finite difference, thus providing an efficient way to assess the reli-
ability of the modal parameters. This is especially important for the damping ratio because, as known, a
large variation is usually observed for this quantity.

On the basis of ambient vibration data and the modal identification techniques, much research has been
carried out in the past few years to investigate the modal properties of super tall buildings. Au et al. (2012)
performed an investigation on the ambient vibration tests and modal identification of two super tall build-
ings in Hong Kong [26]. The modal properties under different strong wind events were studied, and the
relationships between natural frequency and vibration amplitude, damping ratio and vibration amplitude
were built numerically. Ni et al. (2012) presented a benchmark problem to study the ambient vibration
response of the Canton Tower over a whole day with the temperature and wind information measured
simultaneously [27]. Based on these data, research has been conducted all over the world, includingmodal
identification, model updating, sensor displacement, and so on [5, 28–36]. Shi et al. (2012) introduced
their work on modal identification of a super tall building located in Shanghai using ambient and free
vibration data. Peak-picking, the random decrement-based method and Hilbert–Huang’s transform
method were utilized to perform the analysis, providing a baseline for future SHM [37]. Li and Yi
(2015) presented their findings after monitoring the dynamic behaviour of two super tall buildings during
the passage of one typhoon in 2011. The damping ratios of these two buildings were identified by the ran-
dom decrement technique, and their amplitude-dependent characteristics were investigated [38].

From the previous discussion, it is seen that most of the research focuses on the SHM when under
the service condition. Only a few studies have been conducted to monitor the structural behaviour of
super tall buildings based on the acceleration data collected during different construction stages. In this
process, modal parameters in different stages can be identified and compared with the corresponding
FEM to provide useful information for monitoring the structural condition. This paper presents the
work on the operational modal analysis of a super tall building – the Shanghai Tower. The focus will
be on the acceleration response measured during construction and after the main structure has been
completed. Ambient vibration tests were conducted to collect data with the structure in actual opera-
tion. The ambient vibration tests can be divided into three parts that are complementary. The first part
is a series of tests in different construction stages to monitor the changes of natural frequency and
damping ratio; the second part is an ambient vibration test measuring one typical floor of the building
for the purpose of investigating the mode shape of this floor and the torsional behaviour of the whole
structure, which cannot be evaluated by the first part; while the third is a 12-h measurement with the
Copyright © 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2016; 23:1366–1384
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information of temperature and humidity recorded to learn more about the dynamic behaviour of the
structure over a relatively long period. The fast Bayesian method is adopted to identify the modal pa-
rameters of the structures on the basis of the collected data. The characteristics of the modal parameters
during different construction stages under normal working conditions are investigated. The associated
posterior uncertainties of these modal parameters are discussed, and they are also compared with the
sample coefficient of variation (c.o.v.) from a frequentist perspective. Based on a new developed prob-
abilistic model, the distribution of the modal parameters in a future time window is predicted, provid-
ing a reference for the future condition assessment of this structure. Finally, the relationships of the
modal parameters with environmental factors are addressed and studied.
2. DESCRIPTION OF THE SHANGHAI TOWER

The Shanghai Tower, situated in Lujiazui financial and trade zone, Shanghai, China, is a super tall mega
frame-tube-outrigger structure with a height of 632m, as shown in Figure 1. The tower has 124 floors above
the ground and five floors under the ground, which serves as hotels, offices, tourism, restaurant, conference
rooms, shopping mall, and so on, and can be regarded as a vertical city. The internal office plane of the
structure is constituted by nine rotunda superimposed on each other with eight zones divided. The curtain
wall outside the tower spins upwards, with the diameter decreasing from 83.6m in zone 1 to 42m in zone 8.
As many as six 2-storey outrigger trusses and eight boxy space circular trusses are set in eight electrome-
chanical floor zones. The mega frame is composed of the boxy space circular truss and the giant column,
forming a mega frame-tube-outrigger lateral resistant system.

As one of the tallest buildings in the world, its structural safety is attracting much attention. A so-
phisticated long-term SHM system has been designed to monitor the structural behaviour in both its
construction and service stages. Many kinds of sensors have been installed including accelerometers,
anemometers, global positioning system, temperature sensors, strain gauges and so on. A FEM is de-
veloped to investigate the modal properties in different construction stages by the same research group.
3. AMBIENT VIBRATION TESTS

3.1. Field test in different construction stages

To assess the structural condition under construction, 15 ambient vibration tests were performed over a
period of 2.5 years from April 2012 to December 2014. The number of floors completed and the
Figure 1. Overview of the building.
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Table I. Measurement time and floors.

Setup 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Year/ 12 12 12 12 13 13 13 13 13 13 14 14 14 14 14
Month 04 07 08 10 01 03 05 07 08 12 02 03 07 10 12
Floors 55 68 71 81 94 102 111 120 125 125 125 125 125 125 125
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corresponding time to carry out the field test are shown in Table 1. To collect data with a larger signal
to noise ratio, in each test, two locations were measured. The first was at the top of a core tube, while
the second was at the top of composite slabs after completion of concrete pouring. In each location, two
uniaxial piezoelectric accelerometers with a frequency range of 0.05 to 500Hz were utilized to measure
the structural response. The measurement capacity range was equal to 0.1 g. The sampling frequency
was set to 20Hz. At the time of measurement, the site was under construction. Before the main
structure was completed, four cranes were installed on the outside of the core tube, and they were also
working during the measurement. In each test, at least 30min of data were collected. An overview of
the structures in different stages can be found in Figure 2. To perform some comparison during
different construction stages, a series of FEMs corresponding to the first eight construction stages were
developed in Figure 2 using commercial software ETABS (Computers and Structures Inc., Walnut
Creek, CA, USA) based on design drawings. At the writing of this paper, the FEM of other stages
are still not available. These eight stages are also representative ones and almost cover all the
Figure 2. Overview of buildings in different stages and finite element models [39].
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construction stages. In this model, some assumptions were made, for example, live loads that may exist
in service stage were not taken into account in the construction stage; the elastic modulus of concrete
was assumed to be the same as the design value; and the connection between outrigger trusses and su-
per columns was assumed to be reliable during construction stages.

3.2. Field test on a typical floor

After the main structure was completed, it is interesting to know the modal properties of a typical floor
and investigate the motion in different modes from a plan view. It was desired to measure different cor-
ners of the tube. At the time of measurement, the renovation has begun in the lower floors, making it
difficult to access some corners through the tube. Meanwhile, in the measurement, higher floors were
preferred because the vibration amplitude is larger than those on lower floors. Taking into account
the aforementioned factors, the 101st floor was chosen, where the filled walls inside the tube have not
been completed, and it was convenient to perform the sensor alignment and cable layout. Nine locations
were desired to be measured biaxially, as shown in Figure 3, including eight locations in the eight cor-
ners of the tube, and one location in the centre of the whole structure. Sensor alignment was essential
because it may affect the identified mode shape, and the modelling error during alignment cannot be
reflected in the data analysis process. To determine the direction of the sensor channels accurately, in
the beginning, a compass was utilized. However, this equipment gives unreasonable direction inside
the building because of some unknown factors. To solve this problem, the core walls were taken as
the reference. Since the walls in eight corners were also different, double checking was necessary to en-
sure that the sensors in the X and Y directions were consistent.

If there were enough sensors for measuring all the 18 degrees of freedom (DOFs), one could have
finished the test in one setup with synchronized data. However, at the time of testing, only four channels
at two locations can be measured at a time. It was necessary to design multiple setups to finish the whole
measurement. In order to provide common information for all the setups, two reference channels were
set in location 1. Note that location 9 cannot serve as a reference because it cannot provide common
information for the torsional mode with good quality. During the whole measurement, the reference
location was kept unchanged. The setup plan can be found in Table 2. Note that the measurement
was not arranged in a particular order. This is because, at the time of measurement, some persons were
still working around. Arrangement in this manner was to minimize the influence due to the noise from
Figure 3. Setup plan.
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Table II. Setup plan.

Setup Measured locations

Setup 1 1 4
Setup 2 1 5
Setup 3 1 6
Setup 4 1 3
Setup 5 1 2
Setup 6 1 8
Setup 7 1 7
Setup 8 1 9
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these construction works. Before the actual setting up, a baseline test, setup 0, was performed with all
the four sensors placed near location 1, as shown in Figure 4(a). This setup could provide baseline in-
formation and help predict the potential problems that may arise in some particular channels in subse-
quent setups.

In each setup, at least 40min was required, including 30min for data collection and 10min for rov-
ing the sensor. To ensure the data quality, once the data in a particular setup was finished, some spec-
trum analysis was carried out. If there was some problem, the measurement was repeated. Figure 4(b)
shows the measurement in one particular setup. The whole measurement was performed from 10AM to
7 PM in 1 working day. The analogue signals were transmitted through cable and acquired digitally by a
24-bit data logger. The sampling frequency was set to 2048Hz and then in the analysis the data were
decimated by 32 to a sampling rate of 64Hz.

3.3. Field test over a relatively long period

To investigate the effect due to environmental change, a long-term field test covering 12h was also con-
ducted after the main structure was completed. In this test, two uniaxial sensors were installed on the 100th
floor, as shown in Figure 5. For the convenience of alignment, the x and y directions of the sensors were
set to along the direction of the core wall. Similar to the measurement on a typical floor, the sampling
frequency was set to 2048Hz and then in the analysis the data were decimated by 32 to a sampling rate
of 64Hz. When measuring the acceleration, the temperature and humidity were also recorded, as shown
in Figure 6. The whole measurement was begun at 10AM and finished at 10PM of the same day.
4. METHODOLOGY

To perform modal identification based on the measured acceleration data, a recently developed
Bayesian method incorporating multiple setups (including single setup) is employed. The theory is
outlined briefly [40]. Please refer to [24,25] for the details.

LetZ ið Þ
k ¼ ReF ik ; ImF ik½ � 2 R2ni i ¼ 1;…; nsð Þ denote a vector composed of the real and imaginary

part of the FFT F ik of the measured acceleration data at frequency fk in the ith setup; ns denotes the
(a) (b)

Figure 4. (a) All the sensor and data acquisition system and (b) measurement in one setup.
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Figure 6. Temperature and humidity during the measurement.

(a) (b)

Figure 5. (a) Measured location and (b) instrumented sensors.
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number of setup;Di ¼ Z ið Þ
kf g is the FFT data in the selected frequency band of setup i and D ¼

Di : i ¼ 1;…; nsf g is the collection of FFT data in all setups. The data in different setups are assumed
to be statistically independent. The modal parameters θ to be identified is set to be

θ ¼ f i; ζ i; Si; Sei : i ¼ 1;…; ns;φ 2 Rn½ � 2 R4nsþn (1)

where fi, ζ i,Si, Sei(i=1,…,ns)denote the natural frequency, damping ratio, spectral intensity of modal
force and power spectral density (PSD) of prediction error in the ith setup, respectively; φ denotes
the global mode shape covering all the measured DOFs; n denotes the number of measured DOFs.
Note that φ is assumed to be the same in all the setups. For the remaining modal parameters, in order
to consider their variation in different setups, each setup is parameterized with separate values.

The prior distribution is assumed to be uniform, and based on Bayes’ Theorem, the posterior prob-
ability density function (PDF) of θ given the data in all setups can be expressed as

p θ DÞ / p D1;D2;…;Dnsf g θÞ ¼ p D1 θÞp D2 θÞ…p Dns θÞjðjðjðjðjð (2)

Assume the modal parameters in setup i are independent with the modal parameters in other setups.
Thus,
Copyright © 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2016; 23:1366–1384
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p θjDð Þ / ∏
ns

i¼1
p Di f i; ζ i; Si; Sei;φij Þð (3)

To perform optimization conveniently, negative log-likelihood function (NLLF) is utilized. In terms of
the NLLF,

L θð Þ ¼
Xns
i¼1

Li θið Þ (4)

so that

p θ DÞ / exp �L θð Þ½ �jð (5)

where θi={fi, ζ i, Si, Sei,φi} denotes the modal parameters in the ith setup with φi ¼ Liφ 2 Rni ; Li 2
Rni�n denotes the selection matrix; ni denotes the number of measured DOFs in setup i and

Li θið Þ ¼ 1
2

X
k

½ln detCik θið Þ þ Z ið Þ
k

TCik θið Þ�1Z ið Þ
k � (6)

where det(.) is the determinant;

Cik θið Þ ¼ SiDik

2

φiφT
i 0

0 φiφT
i

" #
þ Sei

2
I2ni (7)

denotes the theoretical covariance matrix of the FFT data at fk in setup i; I2ni 2 R2ni is the identity
matrix; and

Dik f i; ζ ið Þ ¼ ½ β2ik � 1
� �2 þ 2ζ iβikð Þ2��1 (8)

where βik= fi/fk.
To obtain the MPVs of the modal parameters, the posterior PDF in (3) needs to be maximized,

which is equivalent to minimizing the NLLF in (4). However, some computational problems exist if
performing the optimization directly. The first is that the optimization process is ill-conditioned, and
the second is that if the number of modal parameters is too large, it may not converge. To solve these
problems, a well-separated mode case is focused upon. Using an eigenvalue decomposition technique,
the NLLF is reformulated as follows:

L θð Þ ¼ � ln 2ð Þ
Xns
i¼1

niN f i þ
Xns
i¼1

ni � 1ð ÞNf ilnSei

þ
Xns
i¼1

X
k

lnðSiDik Liφk k2 þ SeiÞ þ
Xns
i¼1

S�1
ei di � φTA φð Þφ

(9)

and it allows efficient computation, where Nfi denotes the number of FFT ordinates in the selected fre-
quency band of setup i; and

A φð Þ ¼
Xns
i¼1

S�1
ei

X
k

ð Liφk k2 þ Sei=SiDikÞ�1LT
i DikLi 2 Rn�n (10)

Dik ¼ ReF ikReF ik
T þ ImF ikImF ik

T 2 Rni�ni (11)

di ¼
X
k

ReF ik
TReF ik þ ImF ik

T ImF ik
� �

(12)

Based on the reformulated NLLF (Equation (9)), partial analytical solutions of the MPVs of the
modal parameters are derived. A fast iterative algorithm is developed to enable the optimization to
be practically implemented even for a large number of DOFs and setups [24].

Besides the MPVs of the modal parameters, this method can also assess the associated posterior un-
certainty by calculating the posterior covariance matrix, and it is proved to be equal to the inverse of
Copyright © 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2016; 23:1366–1384
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the Hessian matrix. For calculating the Hessian matrix, analytical expressions have been derived
without resorting to finite difference [25].
5. DATA ANALYSIS

5.1. Data in different construction stages

In this study, the data in the second location with a length of 20min are analysed. Figure 7 shows the
PSD spectrum of the measured data at the first time of measurement. Clear peaks can be found indicat-
ing structural modes. It is seen that the natural frequency of the first mode is larger than 0.3Hz. It is
worth mentioning that the PSD spectrum is used for visualizing the modes only but not used in
Bayesian identification computations.

Figure 8 shows the identified natural frequencies and damping ratios in different construction stages for
the first two modes, where each parameter is shown with a dot at the MPV and an error bar covering ±2
posterior standard deviations. It is seen that the natural frequencies tend to decrease with increasing number
of floors completed. After the main structure is completed, the rate of increase becomes slower, and the nat-
ural frequencies tend to be stable. It is also found that the uncertainty of the natural frequency is quite small,
which also verifies that the decrease of the natural frequency is not attributed to the identification error be-
cause there is no overlap of the error bar among neighbouring setups. The damping ratios are all small with
(a) (b)

Figure 8. Identified modal parameters in different construction stages: (a) mode 1 and (b) mode 2.

Figure 7. PSD spectrum in the first measurement.
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the magnitude of around or less than 1%. With the increase of the number of floors, no obvious trend can be
found. Compared with the natural frequency, damping ratios have relatively high uncertainties, as can be
seen in Figure 8.

Figure 9 compares the identified results and the ones obtained from the FEM of the first two modes.
It is found that these two results are consistent well with each other, especially for the latter four setups.
The consistency implies that the effect from the increase of structural height on the natural frequency is
reasonable.

5.2. Data for a typical floor

Based on the field test, data from eight setups are collected. Figure 10 shows the PSD and singular
value decomposition (SVD) spectra of setup 1. Below 1Hz, there are about eight obvious peaks. From
the SVD spectra, it is also seen that there are two modes between 0.1–0.2Hz, 0.3–0.4Hz and
0.6–0.7Hz. The mode numbers are shown in the PSD spectra. Based on the Bayesian method, modal
identification is performed on these eight potential modes.

Note that the first twomodes are closely spacedmodes. According to the analysis before, these twomodes
are mainly along the x and y directions, respectively. The Bayesian method incorporating multiple setups in-
troduced in the last section can only identify the well-separated modes. Therefore, the data in the x and y
Figure 9. Comparison between the identified results and finite element model (FEM) results.

Figure 10. PSD spectrum of the data in setup 1: (a) PSD spectra and (b) SVD spectra.
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directions are analysed separately. For othermodes, that is, mode 3 tomode 8, because from the SVD spectra,
all the modes are separated, they are therefore identified using the data in both the x and y directions together.

Figures 11 and 12 show the identified natural frequencies, damping ratios and spectral intensity of
modal force in the different setups of modes 1 to 8, where each parameter is shown with a dot at the
MPV and an error bar covering ±2 posterior standard deviations. It is seen that the natural frequencies
have small variations among different setups with small posterior uncertainties, while this is not the
fact for the damping ratio and spectral intensity of modal force, especially for the spectral intensity
of modal force, which can reflect the environment changing across several hours. It is also interesting
to find that the posterior uncertainties of the modal parameters can reflect the data quality and the un-
certainties of these three modal parameters in some setups are consistently larger than those of other
setups, for example, setup 4 of mode 1, setup 2 of mode 2, setup 3 of mode 3, setup 4 of mode 4, setup
5 of mode 5 and setup 7 of mode 8.

Figures 13–16 show the mode shapes of the eight identified modes. The values above the figures are
averaged natural frequency and damping ratio of nine setups with the values in the parenthesis being the
Figure 11. Identified modal parameters and associated uncertainties: (a) natural frequency and (b) damping ratio.

Copyright © 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2016; 23:1366–1384
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Figure 12. Identified modal parameters and associated uncertainties: spectral intensity of modal force.

Figure 13. Identified mode shapes: (a) mode 1 and (b) mode 2.
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Figure 14. Identified mode shapes: (a) mode 3 and (b) mode 4.

Figure 15. Identified mode shapes: (a) mode 5 and (b) mode 6.

Figure 16. Identified mode shapes: (a) mode 7 and (b) mode 8.
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posterior c.o.v. Consistent with the aforementioned investigation, the posterior c.o.v. of natural frequency
is less than 1%, which is much smaller than that of damping ratio with an order of magnitude of a few tens
of percent. It is seen that the first two modes are translational modes in the x and y directions, respectively.
The third mode is the first torsional mode of the building with the torsion centre located at the centre of the
tube. Similar to modes 1 to 3, modes 4 to 6 are translational modes in the x and y directions, and the second
torsional mode, respectively. Modes 7 and 8 are also translational modes in the x and y directions, respec-
tively. From themode shapes, it is seen that although the design of this structure is special, the mode shapes
are still regular. Table 3 shows the comparison between averaged posterior c.o.v. and the sample c.o.v.
(= sample standard derivation/sample mean) among different setups. It is seen that the latter tend to be
larger than the former, but they have similar orders of magnitude. Note that these two quantities can reflect
Bayesian and frequentist perspectives, respectively, and they are consistent with each other.

5.3. 12-h Relatively long-term monitoring

We next investigate the behaviour of the modal parameters over the period of a half day under ambient
conditions on the basis of the 12-h data collected. Note that in operational modal analysis, the loading
Copyright © 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2016; 23:1366–1384
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Table III. Posterior c.o.v. and sample c.o.v.

Mode 1 2 3 4 5 6 7 8

f (%) P c.o.v. 0.37 0.34 0.23 0.18 0.35 0.14 0.18 0.21
S c.o.v. 0.48 0.37 0.27 0.17 0.40 0.21 0.12 0.67

z (%) P c.o.v. 57 46 38 48 48 25 26 32
S c.o.v. 88 48 53 41 62 31 27 33

c.o.v., coefficient of variation.
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is modelled as a stationary stochastic process. Therefore, the 12 h of data are divided into 24 non-
overlapping time windows with 30min for each data set. Because the natural frequency of the first
mode is about 0.11Hz, if the data are too short, the identified modal parameters may have larger
uncertainties. In contrast, if the data are too long, the stationary assumption cannot be satisfied well,
and it may increase the modelling error in the analysis. In this study, only the first three modes are
investigated. The 24 data sets are analysed separately using the Bayesian method.

Figures 17–19 show the modal parameters identified using the 24 sets of data and the associated
uncertainties for modes 1 to 3, respectively. The identified result for each data set is shown with a
dot at the posterior MPV and an error bar covering ±2 two posterior standard deviations. It is found
from the three figures that the MPVs of natural frequencies vary with time slightly. The damping ratios
of the first two modes are all less than 1%, while for the third mode, they are a little higher (about 1%).
Figure 17. Modal parameters in different setups, mode 1.

Figure 18. Modal parameters in different setups, mode 2.

Copyright © 2016 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2016; 23:1366–1384
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Figure 19. Modal parameters in different setups, mode 3.
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Similar to the natural frequency, the MPVs of damping ratio among different data sets also have similar
orders of magnitude. For both quantities, the posterior uncertainty is consistent with the ensemble
variability of their MPVs over different data sets, and they roughly agree between Bayesian and
frequentist perspectives. Similar to the results in the last section, the data quality can be reflected by
the posterior uncertainty, for example, the data set corresponding to 4 h. It is seen that the error bars
of the modal parameters in Modes 2 and 3 are all obviously larger than those in other data sets. The
natural frequency and damping ratio are consistent with each other.

Note that the modal parameters in similar environments may have similar behaviour. To perform
further investigation, a probabilistic model has been developed based on the modal parameters identi-
fied and the associated posterior uncertainties [41], shown as follows:

pΘðθjDÞ ¼
1
Ns

XNs

i¼1

1ffiffiffiffiffiffiffiffi
2πĉ

p
i

exp � 1
2ĉi

θ � θˆ i
� �2#"

(13)

which is a marginal PDF, where θˆ i is the posterior MPV of θ in i-th data set with θ being a particular
parameter in θ; D denotes the data used; Ns is the number of data sets; and ĉ denotes the posterior var-
iance of the identified modal parameters. Based on this model and the information obtained in the mon-
itoring database, the distribution of modal parameters of the objective structure in a future time window
can be predicted and assessed under a similar environment.

Figures 20–22 show the PDF of the modal parameters calculated according to Equation (13) for the
first three modes, respectively. It is found that the distributions of natural frequency and damping ratio
are all approximately Gaussian, especially for the natural frequency, while this is not true for the spec-
tral intensity of modal force and PSD of prediction error (not shown here). Note that the former two
quantities are the properties of the structure, and they are relatively stable under similar environments.
The spectral intensity of modal force and PSD of prediction error are related to the excitation and en-
vironmental noise, and they are easily affected by environmental change. The mean and c.o.v. of the
distributions are also shown above each subfigure. It is found that these c.o.v. values are a little larger
Figure 20. PDF of the modal parameters based on the probabilistic model, mode 1. c.o.v., coefficient of variation.
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Figure 21. PDF of the modal parameters based on the probabilistic model, mode 2. c.o.v., coefficient of variation.

Figure 22. PDF of the modal parameters based on the probabilistic model, mode 3. c.o.v., coefficient of variation.
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than those obtained by a single data set. This is reasonable because in the former case, the variability
among different data sets is considered, indicating that it is not accurate to evaluate the distribution of a
future time window in accordance with a single data set directly.

Recall that the temperature and humidity information is also recorded when performing the ambient
vibration test. The influence due to these environmental changes on the modal parameters is also
investigated. Figures 23 and 24 show the relationship between the modal parameters and temperature
and between the modal parameters and humidity during the whole 12 h, respectively. It is found that
the natural frequency has an ascending trend with increasing temperature, while slightly decreases with
increase of humidity. These trends cannot be found for the damping ratio, which is consistent with the
fact that the damping ratio has larger posterior uncertainty, and it is not sensitive to the environment
changing. From these observations, it may be not enough to conclude that the natural frequency will
Figure 23. Modal parameter versus temperature.
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Figure 24. Modal parameter versus humidity.
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always change with temperature and humidity according to the aforementioned trends. More data and
some efficient methods [42,43] may be required to evaluate the relationship between the natural fre-
quency and environment variation.

Using the Bayesianmethod, the root mean square values of eachmode can be calculated directly accord-
ing to the spectral intensity of modal force, natural frequency and damping ratio, which can represent the
vibration amplitude of this mode [26]. Figure 25 shows the relationship between the modal parameters
and vibration amplitude. A descending trend for the natural frequency is also observed, although it is not
obvious. The damping ratio has been found to be amplitude-dependent in other studies, while this is not
found in this work. This may be attributed to the amplitude change in this period being very small. All
in all, it shows that the environment changing should be taken into account when designing this kind of
structure.
Figure 25. Modal parameter versus vibration amplitude. RMS, root mean square.
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6. CONCLUSIONS

This paper presents the work on ambient vibration tests and modal identification of a super tall building
using a Bayesian method. To monitor the modal properties in different construction stages, 15 field
tests are carried out with the number of floors increasing from 55/F to 125/F. In this process, the natural
frequencies decrease obviously at first, and then tend to be stable after the main structure is completed.
The posterior uncertainty of natural frequency is quite small, indicating the identification of this
quantity is accurate. This also reflects that the decrease of natural frequency cannot be attributed to
identification error because there is no overlap for the error bar. For the damping ratio, which has larger
uncertainty, no obvious trend can be found in different construction stages. The FEM results in differ-
ent stages have a similar order of magnitude with the identified values. This consistency indicates that
the construction quality of this building is controlled well.

After the main structure is completed, ambient vibration tests on a typical floor are also conducted to
investigate the modal properties of this floor using nine setups due to the limitation of the number of sen-
sors. It is found that there are more than eight modes below 1Hz, including three translational modes in
the x direction, three translational modes in the y direction and two torsional modes. The identified results
show that although the design of the building appearance is highly innovative and full of art, because the
main structure is regular, the dynamic characteristics of this structure are also regular. By investigating
the posterior uncertainty of the modal parameters in different setups, the problematic data in some setups
can be reflected, where all themodal properties in this setupwill consistently have larger uncertainties. By
comparing the posterior c.o.v. and sample c.o.v. among different setups, it is found that although these
two quantities have different concepts, they have similar order of magnitude.

A preliminary study on the 12h of long-termmeasurement of this super tall building is also performed.
Under similar environments, the variation of natural frequency and damping ratio is very small among 24
data sets. Based on the probabilistic model, the PDF of modal parameters for each mode is determined to
predict the distributions of these parameters in a future time window. It is found that the distributions of
natural frequency and damping ratio are approximately Gaussian, while this is not true for the spectral
intensity of modal force and PSD of prediction error due to the influence of environmental changes. It
is also worth noting that the natural frequency changes with the temperature, humidity and vibration am-
plitude, and so in the design of this kind of structure, these effects should be taken into account.
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