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Abstract: In structural response array observation, the vibration response of a structure during an
earthquake or from the natural environment is recorded and stored using high-sensitivity strong
motion seismographs, and the dynamic characteristics of the structure are analyzed and determined
using random signal data processing technology. Due to the use of field test data for analysis, this
may be the most accurate and effective way to obtain the actual characteristics of the structure,
which can be further used to verify the accuracy of theoretical analysis, experimental results, and
numerical simulations. Therefore, this technique plays an important role in earthquake prevention
and disaster reduction, with the application of strong motion observation data. In this paper, field
vibration tests were performed on the highest reinforced masonry structure in China. With the test
environmental vibration data, the natural vibration frequency values and mode shapes of the structure
were identified using the peak picking method. A numerical modal analysis was then performed
to verify the accuracy of the field test results. In addition, the structural response records obtained
during an earthquakes in Songyuan were also used to identify the natural vibration frequency of the
structure and the changes in the natural vibration frequency before, during, and after the earthquake.
The results showed that the structure was not damaged during the earthquake and remained in an
elastic state.

Keywords: reinforced masonry structure; structural response array; the peak picking method; field
vibration tests; natural vibration frequency; mode shapes

1. Introduction

With the rapid development of society and the economy, earthquake protection and
disaster reduction has become more urgent. In recent years, several strong earthquakes
have caused a large number of casualties and huge economic losses [1]. In order to reduce
earthquake damage, national and regional governments have increasingly realized that
the necessary investments are of great significance for strong motion observation and the
research of structures [2,3]. This aims to apply strong motion seismographs to observe
ground motion or the response of engineering structures during earthquakes or with
environmental vibration, to provide basic research data for structural engineering, and to
further study the seismic performance of structures, so as to minimize the loss of lives and
property [4-6].

In 1932, the first strong motion accelerometer was successfully developed in the United
States, and the first group of strong motion acceleration records was obtained during the
Long Beach earthquake in the following year. Since then, strong motion observation has
gradually attracted a great deal of attention in related fields. The ANSS plan, proposed by
the USGS in 1999, deployed 6000 strong motion seismographs in specific areas of 26 related
cities [7]. In Japan, 1400 strong motion seismographs had been installed by the 1980s.
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After the Hanshin earthquake in 1995, construction plans for the K-NET, KiK-net, and JMA
observation networks were successively launched [8]. By 1997, a total of 5855 strong motion
seismographs had been installed in Japan [9]. In China, strong motion observation began in
the 1960s, and strong motion observation arrays were arranged on a few structures. Due to
the relatively undeveloped level of instruments and the limited number of arrangements,
the strong motion records obtained were quite spars [1]. In the 1970s, Taiwan district began
to carry out strong motion observation, and about 1500 strong motion instruments were
set up throughout the whole island. In the Chi-Chi earthquake, a large number of strong
motion records were obtained, which promoted the further development of strong motion
seismology [9]. Considering economic factors, Iwan [10] pointed out that future strong
motion arrays should be deployed in earthquake-prone places around the world, and
that through mutual cooperation among countries, this can provide the greatest potential
benefits from a large investment in strong motion observation.

At present, the proportion of strong motion observation arrays placed on engineering
structures is not large, thus the available seismic response observation data from structural
arrays are relatively few. In practical research, theoretical analyses, numerical simula-
tions, and experimental tests are used to analyze the natural vibration characteristics and
dynamic response of structures, and many new analysis methods have been proposed
for structural seismic assessment [11-16]. All these analyses make different degrees of
simplified assumptions about the used models, and the reliability of the models cannot be
verified, due to a lack of response data of structures during strong earthquakes. In this case,
the construction of structural response arrays and the considered application and analysis
of existing strong motion data and environmental vibration data has become an effective
way to promote the development of structural seismic engineering [17-20].

Combined with the environmental vibration data of a structural response array, Gal-
lipoli et al. [21] analyzed the soil-structure interactions; Facke et al. [22] accurately estimated
the natural frequency of a church in Germany. Ueshima et al. [23] carried out long-term
health monitoring of an arch dam structure, and according to a frequency spectrum anal-
ysis of the main shock in the 2011 Northeast Pacific Earthquake and the environmental
vibration records, it was found that the predominant frequency during the main shock was
significantly decreased, and the frequency was generally recovered after the main shock.
Astorga et al. [24] identified the natural frequency of a building through environmental
vibration data and observed that the resonance frequency of the building continued to
decrease until it reached a stable value, which showed the process of continuous damage
of the structure under a cyclic dynamic load. Luo et al. [25] identified the natural frequency
of a reinforced concrete structure using test environmental vibration data, extended the
application of the spectral ratio method to the structure, and analyzed the seismic response
of the structure, to verify the feasibility of the method; Wang et al. [26] identified the natural
vibration characteristics of a building, based on test environmental vibration data, and
according to the identification results, arranged the seismic response array on the floors
with a large amplitude. Combined with the strong motion observation data of a structural
response array, Celebi [27] identified the natural vibration characteristics of the Atwood
Building through the seismic response records observed by the comprehensive earthquake
monitoring network, and judged the possible occurrence of a resonance phenomenon,
according to the proximity of the site frequency to the second-order natural frequency of
the structure. Miyakoshi et al. [28] analyzed observation data of strong vibrations and
found that the predominant period of Osaka Basin may have caused the resonance that
occurred in high-rise buildings between 150 and 300 m high near Osaka City. Chandramo-
han et al. [29] analyzed the seismic response records of two buildings during the Kaikoura
earthquake and pointed out that the structure experienced a significant ground motion
amplification effect in 1-2 s, due to the site effect, which should be considered critically
in seismic fortification. Wu et al. [30] demonstrated an effective application of seismic
environmental noise interferometry in structural health monitoring and risk assessment
through an environmental noise analysis of the Shanghai Tower.
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In general, the processing methods of array observation data and the application
of data in identifying the natural vibration characteristics of structures are still in their
infancy, and the application of array observation data requires further research. With the
development of real-time data processing methods, the demand for structural response
arrays is increasing progressively, and this development calls for constant investment.
Therefore, this is particularly important for the analysis of structural response array data,
especially for special types of structure. In this paper, the highest reinforced masonry
structure in China was selected, to identify the natural vibration frequency and mode shape
of the structure from environmental vibration tests and numerical analysis. At the same
time, a group of structural response records captured during the Songyuan earthquake
were processed and analyzed, and the health status of the structure was judged by the
changes of natural vibration frequency information of the structure before, during, and
after the earthquake.

2. Information about the Reinforced Masonry Structure

In this paper, a field test of a reinforced masonry structure was carried out using the
environmental excitation method. The structure is located in Songbei District, Harbin,
China, and the main structure is 98.8 m high, which is the highest reinforced masonry
structure in China. In fact, it exceeds the maximum applicable height specified in “Code
for Design of Masonry Structures” (GB50003-2001) [31] and “Code for Seismic Design of
Buildings” (GB50011-2010) [32]. The plan of a typical floor and front elevation for the
structure are shown in Figures 1 and 2. The structure is composed of one basement floor
and 29 floors above ground, and the above ground part is composed of 28 ordinary floors
and an elevator floor. The heights of the first, second, 3-27th, 28th floor, and the elevator
floor are 4.5m, 4.2 m, 3.4 m, 4.5 m, and 4.5 m, respectively. The total height of the structure
is 101.8 m, which is an ultra-high building. It was the first high-rise reinforced concrete
block masonry structure with a height of over 100 m in China. The structure adopts the
form of a block casting shear wall, the structure size is similar to a rectangle, and the plane
size is about 35.1 m x 16.2 m. The total construction area is 16,187 m?. The thickness of the
outer walls of the 1-14th floors is 290 mm. The outer walls of the 15-28th floors and the
elevator room are 190 mm thick. The height to width ratio of the main structure is 6.59. The
construction site is classified as class III, and the earthquake design is in the first group. The
seismic precautionary intensity is 6 degrees, i.e., the peak acceleration of ground motion is
0.05 g. The characteristic period is 0.45 s.
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Figure 1. Plan of a typical floor (The black block is the sensor position; unit: mm).
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Figure 2. Front elevation.

The structure was formed with a block pouring wall structure. In terms of construction
technology, for the 190-mm thick wall, a 190-mm block with strength of MU20 and the
hole rate of 45% was adopted. For the 290-mm thick wall, a new 290 mm block with a hole
rate of 53% was adopted. The strength grade of mortar was Mb20, and the strength grade
of the core concrete was C40. The masonry was 100% fully core-filled, according to the
code for design of masonry structures (GB50003-2010) [31]; for the 290-mm-thick wall and
190-mm-thick wall, the compressive strength is 12.37 Mpa and 11.45 Mpa, respectively; the
modulus of elasticity is 24,740 Mpa and 22,900 Mpa, respectively. In addition, the concrete
C30 and steel HRB400 were used for ring beams, floor slab, connecting beams, and the
beams under the floor slab of the masonry shear wall.

3. Structural Dynamic Characteristics Identification Method
3.1. Environmental Excitation Method

The environmental excitation method aims to infer the dynamic characteristics of a
structure by recording the vibration response of the target structure in the environment. This
tiny pulsed vibration of the structure is caused by a variety of factors, such as crustal activity,
vehicle movement, machine operation, and wind vibrations. During the test, there is no
need for special excitation equipment, so it is not limited by the structural form and size [33].
The analysis of structural dynamic characteristics based on environmental vibration testing
is a hot issue in the field of structural engineering, and its area of application includes the
defense industry, transportation engineering, civil engineering, mechanical engineering,
and aerospace [34,35]. At present, along with the rapid development and continuous
improvement of testing technology and finite element theory, it is a key issue that needs
attention in the future for accurate and real-time judgment of damage location and damage
degree. In addition, for a specific structure, the difference of frequency characteristics
of the structural environmental vibration data before and after an earthquake is able to
reflect the change of the structural characteristics and enable judging the damage to the
structure [36,37].



Buildings 2022, 12, 1457

50f19

Measuring

arrangement

A flow chart of the environmental excitation method is shown in Figure 3. A tiny
vibration response signal is collected by the sensor, converted into an electrical signal and
amplified, and then transmitted to the collecting instrument for automatic recording and
storage; then the data are processed by the modal identification method, to obtain the
natural vibration frequency, the structural mode shape, and other dynamic characteristics.
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Figure 3. Environmental excitation method flow chart.

Currently, the modal identification methods commonly used include frequency do-
main methods, such as peak picking, frequency domain decomposition, and enhanced
frequency domain decomposition, as well as time domain methods, such as random decre-
ment, random subspace algorithms, and time series [38—41]. In this paper, the peak picking
method was adopted for the modal identification of the structure.

3.2. Data Processing Method

In order to ensure the reliability of the research results, preprocessing of raw data,
which includes baseline processing, digital filtering, Fourier transform, and data smoothing,
is needed, to prevent external conditions from interfering with the original data, and at the
same time, to enable the seismic response observation records to truly reflect the vibration
characteristics of the structure.

For baseline processing, based on the least square method, a linear fitting method is
adopted to generate a new linear function for the original discrete points, and each value of
the raw data is used to subtract the value of each corresponding point of the new linear
function, so as to achieve the effect of baseline initialization of the raw data. In this paper,
a Butterworth filter was used to perform band-pass filtering on the data after baseline
processing, to obtain the ground motion records diminishing the influence of high and low
frequencies; and the frequency band range was set to 0.1-35 Hz. On this basis, Fourier
transform was performed on each section of data, to obtain the Fourier amplitude spectrum.
Finally, the Konno—Ohmachi method [42] was used for smoothing, to obtain the smoothed
Fourier amplitude spectrum.

3.3. Peak-Picking Method

The peak-picking (PP) method [38] uses input and output responses to obtain the fre-
quency response function of the structure, and according to the principle that the frequency
response function will have a peak near the natural frequency of the structure, the character-
istic frequency is determined using the peak value on the power spectral density curve [43].
After determining the natural frequency, the mode shape of the structure can be determined
by the ratio of amplitudes at the natural frequency for different measuring points.

The frequency response function of the structure can be written as:

. & 1
H(jw) = Y o3 9l (1)
i=1 !

where w is the natural frequency of the structure; ¢; € R™ represents the modal vector
of the structure; j is the number of output responses; n represents the modal order of
the structure; A; corresponds to the eigenvalue of the continuous time state model of the



Buildings 2022, 12, 1457

6 of 19

structure; [ is the modal participation coefficient vector. The ith-order frequency w; and
damping ratio {; of the corresponding structure are:

AiAj = —iw; £ j\/1 — Zwip; € R" ()

In the case of low damping, the eigenvalue A; ~ —(;w; + jw; of the continuous state
space model of the corresponding structure can be substituted into Equation (1) to obtain
the maximum value of the frequency response function corresponding to the natural
frequency w; of the ith order, as follows:

. 1 T
H(jw;) = mqblli ®3)
Therefore, the natural frequency of the structure can be obtained by picking up the
peak value of the frequency response function. For the modal parameter identification
method using environmental excitation, it is usually impossible to obtain the input response
of the structure. Therefore, the Fourier spectrum of the output response signal is usually
used to replace the frequency response function, to identify the modal parameters of
the structure.
The peak-picking method is the simplest method for identifying modal parameters,
and it is suitable for low damping ratio structures with relatively separated modes. It has a
fast recognition speed; in the case of a not very dense modal, it also has a good recognition
accuracy; thus, it is widely used in construction engineering.

4. Environmental Vibration Test Data Analysis

In order to meet the requirements of environmental vibration testing and prevent
interference from the external environment, the field test was performed at night [44]. The
main equipment for the field test included acceleration sensors, digital recorders, and
laptops. The acceleration sensor adopted a triaxal EpiSensor force balance accelerometer,
FBA ES-T sensor; its dynamic range is 155 dB+, the bandwidth is DC to 200 Hz, and the full
scale can be set within the range of +0.25 g to £4 g. The recorder was a Basalt, which is a
4 sensor channel digital recorder with an external Episensor Triaxial Deck, and each channel
is a 24-bit Delta Sigma converter. It supports multiple sample rates, data formats, and
telemetry protocols. The test direction included the long-axial translation and short-axial
translation direction of the structure. The field tests were carried out from the basement
floor to the top floor. The acceleration sensor on each floor was located at the center of
the plane, as shown in Figure 1. Before the test, the accelerometer was first calibrated, to
ensure the normal operation of the instrument. In the test, the data sampling frequency
was 200 sps, and the collection time was longer than 10 min, to ensure the stability and
objectivity of the sampled data.

4.1. Environmental Vibration Data Preprocessing

During environmental vibration data preprocessing, each record in the original data is
stored for a long time, and has more than 40,000 sampling points. In order to facilitate data
analysis, each piece of data was divided into 10 segment records, which were intercepted
with a length of 4000 sampling points. Each segment of data was preprocessed by the
method described above. The acceleration time history curves of part of the original data,
before and after baseline initialization and band-pass filtering, are shown in Figure 4. The
Fourier amplitude spectra of two segments of data, with and without smoothing, for a
representative floor are shown in Figure 5. The black line in the figure is the Fourier
amplitude spectrum curve of the original data, and the red line is the Fourier amplitude
spectrum curve of the processed data. It is not difficult to see the smoothing effect of
the original environmental vibration data using the above method; the sharp part of the
original data is removed, and at the same time, the spectrum characteristics of the original
data in each frequency band are well preserved.
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Figure 5. Fourier amplitude spectra of several segments of data, with and without smoothing (a) NS;

(b) EW.

4.2. Results Analysis

The test environmental vibration data are not presented in this section for the sake
of brevity. However, from the environmental vibration data of different floors, it can be
concluded that with an increase of height, the vibration response of the structure became
gradually larger.

The peak-picking method was used to identify the first three-order natural vibration
frequencies of the structure in the NS and EW directions. The Fourier amplitude spectra
of the 10 segments of data for several representative floors in two directions are shown in
Figure 6.
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Figure 6. Fourier amplitude spectra of 10 segments of data with smoothing for several representative
floors (a) 28 floor in NS; (b) 28 floor in EW; (c) 21 floor in NS; (d) 21 floor in EW; (e) 14 floor in NS;
(f) 14 floor in EW; (g) 7 floor in NS; (h) 7 floor in EW.

It can be seen that the Fourier amplitude spectra obtained from the 10 segments of data
of the same floor and the data of different floors are consistent with the overall fluctuation
trend. For the NS direction, the Fourier amplitude spectra of the floors below the 5th floor
have some differences in the low frequency stage, while the Fourier amplitude spectra
of other floors are relatively close. It can be seen that there are distinct peaks around the
frequencies of 0.55 Hz, 2.46 Hz, and 5.50 Hz. For the EW direction, there is also a certain
difference in the low-frequency stage of the Fourier amplitude spectra of the floors below
the 5th floor, while the results of other floors are relatively close, and obvious peaks can be
seen at the frequencies of 0.87 Hz, 3.05 Hz, and 5.77 Hz. The recognition of higher-order
frequencies is not very accurate, and the error may be larger, so this was not identified
in this paper. In addition, considering that the peak frequency below the 5th floor was
unstable, the results of floors 5-28 were selected to obtain the first three-order frequencies
in two directions, as listed in Table 1.

Table 1. The first three-order frequencies in two directions (Unit: Hz).

- First Order Second Order Third Order
r

o0 NS EW NS EW NS EW
28 0.557 0.884 2.441 3.071 5.447 5.796
27 0.557 0.884 2.437 3.052 5.469 5.743
26 0.557 0.884 2.427 2.969 5.127 5.859
25 0.548 0.874 2412 2.939 5.532 5.713
24 0.552 0.884 2.349 2.861 5.542 5.645
23 0.548 0.884 2.698 2.902 5.455 5.732
22 0.547 0.884 2.573 3.320 5.322 5.752
21 0.557 0.873 2.524 3.184 5.693 5.825
20 0.552 0.884 2.480 3.130 5.483 5.771
19 0.557 0.884 2.466 3.130 5.387 5.637
18 0.576 0.879 2.466 3.135 5.435 5.688
17 0.542 0.879 2471 3.140 5.304 5.573
16 0.557 0.879 2.461 3.110 5.273 5.469
15 0.547 0.879 2.456 3.120 5.212 5.691
14 0.557 0.874 2.456 3.062 5.811 5.965
13 0.562 0.861 2.451 3.066 5.835 6.064
12 0.562 0.879 2.451 3.042 5.735 5.938

11 0.562 0.879 2437 3.018 5.586 5.869
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Table 1. Cont.
First Order Second Order Third Order
Floor
NS EW NS EW NS EW
10 0.552 0.890 2.471 3.047 5.654 5.864
9 0.562 0.859 2.427 3.018 5.659 5.811
8 0.552 0.874 2.441 3.022 5.522 5.820
7 0.543 0.879 2.422 2.964 5.420 5.786
6 0.555 0.830 2.422 2.939 5.405 5.659
5 0.544 0.879 2417 2.979 5.391 5.698
Mean 0.554 0.877 2.461 3.051 5.487 5.765

After the natural vibration frequencies were captured, the mode shapes of the structure
were determined as described above. The peak point value of the Fourier amplitude spectra
at each natural frequency was taken as the amplitude of the mode shape. The phase can
be determined according to the cross-correlation function Ryy between the test points [45].
If Ryy > 0, the test points x and y are in the same phase; if Ryy < 0, this means that the
phases of points x and y are opposite. If the phases are the same, the mode shapes have
the same sign, otherwise the signs are opposite. Due to data acquisition errors and noise
interference, the amplitudes of individual test points in some mode shapes may deviate
from the actual situation. In order to better describe the mode shapes of the structure, the
normalized amplitudes were averaged in this paper, and the first three mode shapes of the
structure in two directions were obtained, as shown in Figure 7. It can be seen that due to
the change of the masonry blocks used on the 12th to 15th floors, some mode shapes of the
structure have a certain mutation at these positions.
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Figure 7. Cont.
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Figure 7. The identified mode shapes of the structure. (a) first-order in NS, (b) second-order in NS,
(c) third-order in NS, (d) first-order in EW, (e) second-order in EW, (f) third-order in EW.

4.3. Numerical Modal Analysis

In this section, a numerical modal analysis of the reinforced masonry structure was
carried out, and a finite element model was established using the finite element software
SAP2000 [46]. The interaction between the soil and the structure and the influence of the
basement on the main structure were not considered in the modeling. The reinforced
masonry wall can be regarded as a shear wall and was simulated using a nonlinear layered
shell element. The shell element was divided into concrete and reinforcement layers, and
different layers were set with their respective material properties and shell thicknesses.
During the program calculation, the strain and stress values at the center of each layer were
calculated according to the flat section assumption, and then the internal force of the section
was obtained by integrating over the whole section. The nonlinear behavior of reinforced
concrete beams was simulated by specifying concentrated plastic hinges at the appropriate
locations of the beams. In this paper, only the plastic hinge of the ring beam needed to be
defined, and the beam hinge was defined as an M3 moment hinge. Since the transverse
shear of the floor slab has little influence on the deformation of the structure, the thin shell
element was used for the floor slab in the modeling, and the floor slab was set as a rigid
floor slab. For the concrete material, the Mander model and Takeda hysteretic model were
used for the constitutive model. In the Mander constitutive model, the restraint effect of
the hoop reinforcement was considered, which can comprehensively take into account the
influence of the hoop arrangement, spacing, yield strength, and the relative area of the core
concrete on the mechanical properties. For the reinforcement material, the Park tri-linear
model was used for the stress—strain relation, in which the mechanical characteristics,
whereby the stiffness decreases with the increase of strain, can be adequately considered.
Moreover, the Kinematical model was adopted for hysteretic behavior. Finally, the finite
element modeling for the high-rise reinforced masonry structure is shown in Figure 8.
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Figure 8. Finite element modeling for the high-rise reinforced masonry structure.

The modal analysis of the finite element modeling was carried out, and the first
three orders of frequencies in the NS and EW directions obtained from the analysis were
compared with the frequency results obtained from the field test using the environmental
excitation method, as shown in Table 2. It can be seen that the numerical analysis results
were close to the test results, and the maximum relative error was 11.2%, which occurred in
the first order of the EW direction.

Table 2. The first three-order frequencies of the test and numerical results (Unit: Hz).

First-Order Second-Order Third-Order
NS EW NS EW NS EW
Test 0.554 0.877 2461 3.051 5.487 5.765
Numerical 0.570 0.975 2.288 2.924 5.332 5.683
Error (%) 2.9 11.2 -7.0 —42 28 14

Furthermore, the first three orders of the mode shapes of the structure in both direc-
tions obtained from the numerical analysis are given in Figure 9. It can be seen that the
mode shape pattern of the structure was basically consistent with the test results.
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(d) (e) ()

Figure 9. The mode shapes of the structures from the numerical analysis. (a) first-order in NS,
(b) second-order in NS, (c) third-order in NS, (d) first-order in EW, (e) second-order in EW, (f) third-
order in EW.

In order to accurately compare with the test data, the mode shapes of the numerical
and test results were further plotted in the form of dotted lines, as shown in Figure 10.
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Figure 10. Comparison of the mode shapes for the numerical analysis and test results. (a) first-order
in NS, (b) second-order in NS, (c) third-order in NS, (d) first-order in EW, (e) second-order in EW,

(f) third-order in EW.

It can be seen that the vibration trends of the numerical analysis and the test results
were consistent, and the errors were within a reasonable range; thus, the accuracy of the

finite element modeling and the test results were mutually verified.
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5. Structural Vibration Analysis during Songyuan Earthquake

Songyuan City is located on the longest Tan-Lu fault zone in eastern China. The
eastern part of this zone is influenced by the trend of the Pacific plate squeezing westward,
and the western part is affected by the trend of the Eurasian plate escaping eastward, which
has caused Songyuan city to be in a sandwiched state between the two sides. Moreover,
due to the excessive geological activities of human beings, the crustal movement may
also have been affected to a certain extent. As a result, Songyuan City has experienced
frequent earthquakes in recent years. From 31 October to 24 November 2013, there were
five earthquakes with a magnitude of five or higher, and which were sensed in Harbin
City. Therefore, on the highest reinforced masonry structure in China, a structural seismic
response observation array was jointly set up by the Institute of Engineering Mechanics,
China Earthquake Administration, the School of Civil Engineering, Harbin Institute of
Technology, and Heilongjiang Construction Group.

On 15 August 2017, a magnitude 4.5 earthquake struck Songyuan City. The structural
response array was 141.83 km away from the epicenter, and three-component records of
strong motion observation were obtained on the 28th floor of the structure. This struc-
tural response array record is the first seismic response observation record of a high-rise
reinforced masonry structure in China, which provides data support for the study of the
seismic performance of ultra-high typically reinforced masonry structures.

After baseline initialization and band-pass filtering using a Butterworth filter of
0.1-35 Hz, horizontal acceleration time history curves were produced, as shown in Figure 11.
The peak acceleration values in the NS and EW directions were 4.2 cm/ s2 and 2.8 cm/s?,
respectively. It can be seen that the peak values of the acceleration time history curves
were small, since the structural response array was far away from the epicenter and the
magnitude of the earthquake was relatively low.

4 —— NS =4 —— EW
5] S ]
o
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©
-2 821
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0 50 100 150 200 250 = 0 50 100 150 200 250
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Figure 11. Acceleration time history curves of the structural response records during Songyuan
earthquake (a) NS; (b) EW.

The Fourier amplitude spectra of structure in the NS and EW directions for the
processed data are shown in Figure 12. The first three-order natural vibration frequency
values for each horizontal direction were identified using the peak-picking method and
compared with the environmental vibration data analysis results, as shown in Table 3.

It can be seen that the first three-order natural vibration frequency values calculated
using the acceleration response records were close to the environmental vibration data
analysis results. The maximum absolute error occurred in the third order frequency in the
EW direction, which was —0.373 Hz, and the relative errors were all within 6.5%. Due to
the fact that only one set of records was obtained during this earthquake, occasional errors
occurred, in recognition of the small sample amount of calculation.
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Figure 12. Fourier amplitude spectra of the structure in the NS and EW directions for structural
response records (a) NS; (b) EW.
Table 3. Natural vibration frequency values obtained from the structural response records (Unit: Hz).
First Order Second Order Third Order
NS EW NS EW NS EW
Earthquake (Hz) 0.555 0.876 2.319 3.067 5.322 5.392
Environmental
vibration data (Hz) 0.554 0.877 2.461 3.051 5.487 5.765
Absolute error (Hz) 0.001 —0.001 —0.142 0.016 —0.165 —0.373
Relative error (%) 0.18 —0.11 —5.77 0.52 —-3.01 —6.47

Furthermore, the seismic response records captured during this earthquake have
sufficiently long data. In the acceleration time history, the data recorded before and after the
earthquake were actually equivalent to the environmental vibration data of the structural
response. In order to analyze whether the natural vibration frequency of the structure
changed before and after the earthquake, the first 20 s and last 30 s of the structural response
data were intercepted as environmental vibration data, which were used to identify the
natural vibration frequency before and after the earthquake. The Fourier amplitude spectra
in the NS and EW directions are shown in Figure 13, and first three-order natural vibration
frequency values in the two directions before, during, and after the earthquake are listed in

Table 4.
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Figure 13. Fourier amplitude spectra in the NS and EW directions before and after the earthquake
(a) NS; (b) EW.
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Table 4. Natural vibration frequency values before, during, and after the earthquake (Unit: Hz).

First Order Second Order Third Order
NS EW NS EW NS EW
Pre-Earthquake 0.537 0.879 2.441 3.223 5.273 5.908
Earthquake 0.555 0.876 2.319 3.067 5.322 5.392
Post-Earthquake 0.562 0.879 2.344 3.296 5.249 5.908

It can be seen that the difference among the first three-order natural vibration frequen-
cies before, during, and after the earthquake was very small, and the maximum change rate
was only 8.7%, which appeared at the third-order frequency. In combination with the peak
response recorded during this earthquake, it can be judged that the seismic performance of
the structure did not change significantly, the structure was basically undamaged, and it
remained in an elastic state.

6. Conclusions

In this paper, environmental vibration data obtained from a field test of a high-rise
reinforced masonry structure in Harbin and the structural response record obtained from an
earthquake were processed and analyzed. The peak-picking method was used to identify
the dynamic characteristics of the structure, and the conclusions were as follows:

(1) With the increase of floors, the Fourier amplitude spectra of the structural environ-
mental vibration data contained more spectral information, and the frequencies at the
peak points for each segment of data were also more consistent, which could better
calculate the natural vibration frequency of the structure. Specifically, the first three-
order frequencies in the NS direction were 0.554, 2.461, and 5.487 Hz, respectively,
and the first three-order frequencies in the EW direction were 0.877, 3.051, and 5.765,
respectively. Then, the mode shapes of the structure at the corresponding natural
frequencies were determined using the ratio of the amplitudes of the different mea-
suring points. Furthermore, comparing the numerical modal analysis results with the
test results revealed the accuracy of the obtained structural dynamic characteristics.

(2) Based on the structural response records during an earthquake in Songyuan, the first
three-order natural frequencies of the structure in the NS and EW directions were
identified, which were 0.555 Hz, 2.319 Hz, and 5.322 Hz, and 0.876, 3.067, and 5.392 Hz,
respectively, and basically the same as the results obtained from the environmental
vibration data. The structural response data before, during, and after the earthquake
were then analyzed. It can be seen that the natural frequency of the structure changed
very little, and the maximum relative error was only 8.7%. Considering the small
amplitude of the seismic response records, it could be determined that the structure
remained in an elastic state after the earthquake.

(3) Based on the comprehensive analysis results, during modal parameter identification
of high-rise and regular-plan structures, and under the premise of cost and time limits,
it is suggested that a structural response array is set up on the floors above one-third
of the height of the structure, besides the first floor and the free field, from which
better identification results and the ideal mode shapes can be obtained.

Author Contributions: Conceptualization, B.Z., X.W. and J.K.; methodology, B.L. and ].K ; software,
B.L.; validation, B.Z., X.W. and J.K,; formal analysis, B.L. and J.K.; investigation, B.Z. and C.Z.;
resources, B.Z. and J.K.; data curation, B.Z. and C.Z.; writing—original draft preparation, X.W. and
B.L.; writing—review and editing, B.Z., X.W. and C.Z; visualization, B.L.; supervision, ].K.; project
administration, C.Z.; funding acquisition, B.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Scientific Research Fund of Institute of Engineering Mechanics,
China Earthquake Administration (2021EEEVL0301), the National Key Research and Development



Buildings 2022, 12, 1457 18 of 19

Program of China (2018 YFE0109800, 2017YFC1500601), and the Heilongjiang postdoctoral fund in
China (LBHQ18032). This support is greatly appreciated.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: Grateful acknowledgment is given to Ruizhi Wen, Maosheng Gong, Qiang Ma,
and Yefei Ren at the Institute of Engineering Mechanics, China Earthquake Administration, and
Changhai Zhai, Fenglai Wang at School of Civil Engineering, Harbin Institute of Technology, for their
guidance and suggestions on the theoretical analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, H.X. The Great Tangshan Earthquake Damage (Vol. 1); Earthquake Press: Beijing, China, 1985.

2. Zhou, Y. Strong Motion Observation Technology; Earthquake Press: Beijing, China, 2011.

3. Zhou, B,; Fan, Y,; Wen, R.; Gong, M.; Xie, L. Development status and prospect for building structures seismic response observation
array. Earthq. Eng. Eng. Dyn. 2017, 37, 57-66.

4.  Ricles, ].M.; Kosmatka, ].B. Damage detection in elastic structures using vibratory residual forces and weighted sensitivity. AIAA
J. 1992, 30, 2310-2316. [CrossRef]

5. Bartilson, D.T.; Jang, J.; Smyth, A.W. Sensitivity-based singular value decomposition parametrization and optimal regularization
in finite element model updating. Struct. Control Health Monit. 2020, 27, €2539. [CrossRef]

6. Zhang, FL.; Ventura, C.E,; Xiong, H.; Lu, W,; Pan, Y.; Cao, ]J. Evaluation of the dynamic characteristics of a super tall building
using data from ambient vibration and shake table tests by a Bayesian approach. Struct. Control Health Monit. 2018, 25, e2121.
[CrossRef]

7. Ventura, C.E.; Ding, Y. Strong Motion Instrumentation of Buildings. In Strong Motion Instrumentation for Civil Engineering
Structures; Erdik, M., Celebi, M., Mihailov, V., Apaydin, N., Eds.; Springer: Dordrecht, The Netherlands, 2001; pp. 313-330.

8. NIED. Strong-Motion Seismograph Networks (K-NET, KiK-net). Available online: https:/ /www.kyoshin.bosai.go.jp/ (accessed
on 5 August 2022).

9.  Li, S.Y. The Application of Strong Motion Observation. Seismol. Res. Northeast China 2004, 20, 64-73.

10. Iwan, W.D. The deployment of strong-motion earthquake instrument arrays. Earthq. Eng. Struct. Dyn. 1979, 7, 413-426. [CrossRef]

11. Cantieni, R. Assessing a dam’s structural properties using forced vibration testing. In Proceedings of the IABSE International
Conference on Safety, Risk and Reliability-Trends in Engineering, Malta, 21-23 March 2001.

12. Omar, O.; Tounsi, N.; Ng, E.-G.; Elbestawi, M.A. An optimized rational fraction polynomial approach for modal parameters
estimation from FRF measurements. J. Mech. Sci. Technol. 2010, 24, 831-842. [CrossRef]

13. Sivasuriyan, A.; Vijayan, D.S.; Gérski, W.; Wodzynski, L.; Vaverkova, M.D.; Koda, E. Practical Implementation of Structural
Health Monitoring in Multi-Story Buildings. Buildings 2021, 11, 263. [CrossRef]

14. Lerna, M.; Sabba, M.E,; Diaferio, M.; Carnimeo, L.; Ivorra, S.; Foti, D. Seismic risk assessment of a medieval tower: The case study
of Craco. In Proceedings of the XI International Conference on Structural Dynamics, Athens, Greece, 23-26 November 2020.

15. Foti, D. A new experimental approach to the pushover analysis of masonry buildings. Comput. Struct. 2015, 147, 165-171.
[CrossRef]

16. Foti, D.; Debernardis, M.; Paparella, V. Structural safety control of masonry buildings: Non-linear static seismic analysis with
a non-linear shear strength criterion. In Proceedings of the Eleventh International Conference on Computational Structures
Technology, Dubrovnik, Croatia, 4-7 September 2012.

17.  Araujo, I.G.; Maldonado, E.; Cho, G.C. Ambient vibration testing and updating of the finite element model of a simply supported
beam bridge. Front. Archit. Civ. Eng. China 2011, 5, 344-354. [CrossRef]

18. Gentile, C.; Saisi, A. Ambient vibration testing and condition assessment of the Paderno iron arch bridge (1889). Constr. Build.
Mater. 2011, 25, 3709-3720. [CrossRef]

19. Liu, Y,; Loh, C.; Nj, Y. Stochastic subspace identification for output-only modal analysis: Application to super high-rise tower
under abnormal loading condition. Earthq. Eng. Struct. Dyn. 2013, 42, 477-498. [CrossRef]

20. Carnimeo, L.; Foti, D.; Vacca, V. On damage monitoring in historical buildings via Neural Networks. In Proceedings of the 2015
IEEE Workshop on Environmental, Energy, and Structural Monitoring Systems (EESMS), Trento, Italy, 9-10 July 2015; pp. 157-161.

21. Gallipoli, M.R.; Mucciarelli, M.; Castro, R.R.; Monachesi, G.; Contri, P. Structure, soil-structure response and effects of damage
based on observations of horizontal-to-vertical spectral ratios of microtremors. Soil Dyn. Earthg. Eng. 2004, 24, 487-495. [CrossRef]

22. Fiacke, A.; Parolai, S.; Richwalski, S.M.; Stempniewski, L. Assessing the Vibrational Frequencies of the Cathedral of Cologne
(Germany) by Means of Ambient Seismic Noise Analysis. Nat. Hazards 2006, 38, 229-236. [CrossRef]

23.  Ueshima, T.; Shiojiri, H.; Kanazawa, K. Structural health monitoring of an aged arch dam using long-term continuous observation
of ambient vibration/seismic motion. INCOLD ]. Half Yrly. Tech. ]. Indian Comm. Large Dams 2017, 6, 32-42.

24. Astorga, A.; Guéguen, P.; Kashima, T. Nonlinear Elasticity Observed in Buildings during a Long Sequence of Earthquakes. Bull.

Seismol. Soc. Am. 2018, 108, 1185-1198. [CrossRef]


http://doi.org/10.2514/3.11219
http://doi.org/10.1002/stc.2539
http://doi.org/10.1002/stc.2121
https://www.kyoshin.bosai.go.jp/
http://doi.org/10.1002/eqe.4290070503
http://doi.org/10.1007/s12206-010-0123-z
http://doi.org/10.3390/buildings11060263
http://doi.org/10.1016/j.compstruc.2014.09.014
http://doi.org/10.1007/s11709-011-0124-8
http://doi.org/10.1016/j.conbuildmat.2011.04.019
http://doi.org/10.1002/eqe.2223
http://doi.org/10.1016/j.soildyn.2003.11.009
http://doi.org/10.1007/s11069-005-8616-2
http://doi.org/10.1785/0120170289

Buildings 2022, 12, 1457 19 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Luo, G; Liu, L.; Qi, C; Chen, Q.; Cheng, Y. Structural response analysis of a reinforced concrete building bascd on excitation of
microtremors and passing subway trains. Chin. J. Geophys. 2011, 54, 2708-2715. [CrossRef]

Wang, F; Liu, Y.; Ren, Z,; Tian, Y. Structural Seismic Vibration Observation and Identification for the Building of Disaster
Reduction Center in Beijing. Technol. Earthq. Disaster Prev. 2015, 10, 539-546.

Celebi, M. Recorded Earthquake Responses from the Integrated Seismic Monitoring Network of the Atwood Building, Anchorage,
Alaska. Earthq. Spectra 2006, 22, 847-864. [CrossRef]

Miyakoshi, K.; Horike, M. Risky high-rise buildings resonating with the long-period strong ground motions in the Osaka basin,
Japan. In Proceedings of the 14th World Conference of Earthquake Engineering, Beijing, China, 12-17 October 2008.
Chandramohan, R.; Ma, Q.; Wotherspoon, L.M.; Bradley, B.A.; Nayyerloo, M.; Uma, S.R.; Stephens, M.T. Response of instrumented
buildings under the 2016 Kaikoura earthquake. Bull. N. Z. Soc. Earthq. Eng. 2017, 50, 237-252. [CrossRef]

Wu, X; Guo, Z.; Liu, L.; Chen, YJ.; Zou, C.; Song, X. Seismic Monitoring of Super High-Rise Building Using Ambient Noise with
Dense Seismic Array. Seismol. Res. Lett. 2020, 92, 396—407. [CrossRef]

GB50003-2011; Code for Design of Masonry Structures. Ministry of Housing and Urban-Rural Development of the People’s
Republic of China: Beijing, China, 2012.

GB50011-2010; Code for Seismic Design of Buildings. Ministry of Housing and Urban-Rural Development of the People’s
Republic of China: Beijing, China, 2010.

Luo, J.; Hong, Y,; Li, C,; Sun, Y,; Liu, X.; Yan, Z. Frequency identification based on power spectral density transmissibility under
unknown colored noise excitation. Comput. Struct. 2022, 263, 106741. [CrossRef]

Wang, Q.; Xiao, ].F. Modal Analysis for the Framework of Beam Pumping Unit Based on Solidworks Simulation. Appl. Mech.
Mater. 2013, 318, 39-43. [CrossRef]

Magalhaes, F.; Cunha, A.; Caetano, E. Vibration based structural health monitoring of an arch bridge: From automated OMA to
damage detection. Mech. Syst. Signal Process. 2012, 28, 212-228. [CrossRef]

Akhlaghi, M.M,; Bose, S.; Mohammadi, M.E.; Moaveni, B.; Stavridis, A.; Wood, R.L. Post-earthquake damage identification of an
RC school building in Nepal using ambient vibration and point cloud data. Eng. Struct. 2021, 227, 111413. [CrossRef]
Asgarian, A.; McClure, G. Impact of seismic rehabilitation and presence of unreinforced masonry (URM) infill walls on the
dynamic characteristics of a hospital building in Montreal. Can. |. Civ. Eng. 2014, 41, 748-760. [CrossRef]

Felber, A.J. Development of a Hybrid Bridge Evaluation System; University of British Columbia: Vancouver, BC, Canada, 1994.
Zhou, K,; Li, Q.S.; Han, X.L. Modal Identification of Civil Structures via Stochastic Subspace Algorithm with Monte Carlo—Based
Stabilization Diagram. . Struct. Eng. 2022, 148. [CrossRef]

Zhang, G.; Tang, B.; Tang, G. An improved stochastic subspace identification for operational modal analysis. Measurement 2012,
45,1246-1256. [CrossRef]

Jacobsen, N.-J.; Andersen, P.; Brincker, R. Using enhanced frequency domain decomposition as a robust technique to harmonic
excitation in operational modal analysis. In Proceedings of the ISMA 2006: International Conference on Noise & Vibration
Engineering, Heverlee, Belgium, 18-20 September 2006.

Konno, K.; Ohmachi, T. Ground-motion characteristics estimated from spectral ratio between horizontal and vertical components
of microtremor. Bull. Seismol. Soc. Am. 1998, 88, 228-241. [CrossRef]

Wen, R.; Hu, J.; Zhou, Z. Mode Identification of high-rise reinforced concrete structures based on ambient vibration test. J. Seismol.
Res. 2008, 268-273.

Beben, D.; Maleska, T.; Bobra, P.; Duda, J.; Anigacz, W. Influence of Traffic-Induced Vibrations on Humans and Residential
Building—A Case Study. Int. J. Environ. Res. Public Health 2022, 19, 5441. [CrossRef] [PubMed]

Ivanovic, S.; Trifunac, M. Ambient Vibration Survey of Full Scale Structures Using Personal Computers: With Examples in Kaprielian
Hall; University of Southern California: Los Angeles, CA, USA, 1995.

SAP2000. Available online: https:/ /www.csiamerica.com/products/sap2000 (accessed on 5 August 2022).


http://doi.org/10.3969/j.issn.0001-5733.2011.10.028
http://doi.org/10.1193/1.2359702
http://doi.org/10.5459/bnzsee.50.2.237-252
http://doi.org/10.1785/0220200119
http://doi.org/10.1016/j.compstruc.2022.106741
http://doi.org/10.4028/www.scientific.net/AMM.318.39
http://doi.org/10.1016/j.ymssp.2011.06.011
http://doi.org/10.1016/j.engstruct.2020.111413
http://doi.org/10.1139/cjce-2013-0092
http://doi.org/10.1061/(ASCE)ST.1943-541X.0003353
http://doi.org/10.1016/j.measurement.2012.01.012
http://doi.org/10.1785/BSSA0880010228
http://doi.org/10.3390/ijerph19095441
http://www.ncbi.nlm.nih.gov/pubmed/35564836
https://www.csiamerica.com/products/sap2000

	Introduction 
	Information about the Reinforced Masonry Structure 
	Structural Dynamic Characteristics Identification Method 
	Environmental Excitation Method 
	Data Processing Method 
	Peak-Picking Method 

	Environmental Vibration Test Data Analysis 
	Environmental Vibration Data Preprocessing 
	Results Analysis 
	Numerical Modal Analysis 

	Structural Vibration Analysis during Songyuan Earthquake 
	Conclusions 
	References

