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Abstract

The applicability of the proposed dynamic response model for buildings is investigated using shaking-table tests with a four-storey
steel specimen. This approach derives the equation of motion for a multi-degree-of-freedom linear building based on microtremor
measurements. Under a linear assumption, the equation can estimate the seismic response accelerations, velocities, and displacements
at microtremor sensor locations without the need for information about the mass, damping, stiffness matrices or need for structural
design documents to estimate peak responses that are linked with seismic damages of structural and non-structural components. The
modelling is unconstrained by structural shape, composition of frames, connections of structural members, or the assumption of a rigid
floor. In comparison to the previous methods assuming simple/regular building shape with standard/typical rigid floor, the proposed
model is applicable to large-scale low-rise buildings with irregular shapes, flat expanses, and open spaces such as large atria and
skylights as well. The applicability study considers two practical scenarios: natural frequencies and damping ratios based on
microtremors that can be updated by an earthquake and a standard assumption for structural design. The prediction accuracy is best
when the participation vector for seismic input is obtained from sensors located on the upper floors; the structure mostly exhibits elastic
response; a modal system identification is applied to the seismic measurement; and local damage does not affect the global seismic
response of the structure. The reason is that this method assumes that identified mode shapes do not change due to the occurrence of
an earthquake.

KEYWORDS: damage estimation; M-DOF system; microtremor; modal system identification; participation vector for
seismic input; seismic response prediction

1. INTRODUCTION

Research interest in the application of vibration monitoring to seismic damage detection for buildings gained popularity
in Japan after the 1995 Kobe Earthquake. This earthquake revealed that structural researchers and engineers require a
considerable amount of effort and time to evaluate the safety of many buildings immediately after a large earthquake.'
The 2011 Great Tohoku Earthquake occurred when research and development in this field were underway; after the
earthquake it was discovered that instructions to help earthquake victims to return home after the main shock and during
the aftershock were confusing in Tokyo.? This facilitated the promotion of structural health monitoring in building
engineering. Currently, large cities in Japan, e.g., cities around Tokyo, Osaka, Nagoya, and Sendai, recommend that office
building users can stay in the building for at least three days if building safety measures are implemented after a large
earthquake.’™ However, it is impossible for non-experts in structural engineering to guarantee building safety. Therefore,
the automation of seismic damage assessment can aid the decision making for building use after an earthquake. This is
another reason for the increased interest in damage detection in vibration monitoring.

In practical applications of structural health monitoring, the total number of installed sensors is economically limited
in an actual building, and this requires integration of the measurement and analysis to provide building users with useful
information about structural damage. Limongelli 7 classifies research approaches employed to estimate the overall
structural response under a dynamic excitation with a limited number of recorded responses into four categories: (1) to
reduce the total number of DOF (degree-of-freedom) of the structural system by considering system identification results
with a limited number of sensors #1%; (2) to use the extended Kalman Filter !> 1?; (3) to expand the measured mode shapes
to the total dynamic DOFs *"'; and (4) to optimise the sensor locations '*'°. For a medium-/high-rise steel building,
linearly equivalent dynamic properties can be easily evaluated in the lowest vibration modes with a limited number of
sensors. It is possible to estimate the structural responses at all floors and in all stories equivalently by modifying some
sinusoidal mode shapes based on the identification results.?’ This approach is classified into the third category. The idea
was verified by the acceleration measurements that were recorded in the 29-storey steel building in Tokyo during the
2011 Great Tohoku Earthquake.?’ The estimation method has the advantage of conducting seismic response analysis
without requiring the mass, damping, and stiffness matrices.?! 22

Seismically induced non-structural damage can be classified as acceleration-sensitive phenomenon, drift-sensitive
phenomenon, or combined phenomenon.???’ Thus, response accelerations, velocities, and displacements on all floors are
useful information for making decisions regarding the tentative use of a building immediately after an earthquake. From
the floor response, inter-storey displacement can be calculated to obtain damage information, i.e., whether columns,
beams, walls, and braces perform nonlinearly or not, and damage possibilities of non-structural components for each
storey. Concepts that use sensors on the restricted floors were verified under larger excitations by shaking-table tests on



a 1/3-scale 18-storey test specimen.?®3° Following Ikeda and Hisada,?® Hatada et al.*® employed the identified mode
shapes; Morii et al.”® employed the mode shapes of the analytical model; and Kodera et al.3° employed the cubic spline
interpolation to estimate the responses on all floors directly from a limited number of accelerograms. The estimation does
not need system identification based on the accelerograms. Limongelli 7 proposed a response estimation scheme based on
cubic spline interpolation. The method expresses the response at each time as a function of floor locations and utilises the
functions to estimate the response on the floors without the installed sensors. Limongelli’s scheme assumes fixed-end
boundary condition at the base of the building and free-end boundary condition at the top of the building; therefore, the
building can be expressed as a cantilever beam. Kodera et al.’® removed the cantilever assumption to improve the
prediction errors on the floors near the base and the roof. All these approaches are based on modal analysis, which means
linearisation in structural dynamics. They assume that sensors such as accelerometers are permanently installed to
estimate seismic responses in an objective building. For high correlation with damage, the accuracy of these estimations
is within an error of 20 % for the maximum response at each floor.?% 283 Even if the structure performs nonlinearly under
a larger earthquake, the modal analysis is a useful tool for tall steel buildings.

The methods proposed in the completed works implicitly assume a simple/regular building shape with the same
standard/typical rigid floor.? 233 This assumption is mostly applicable to high-rise buildings where the vibration
characteristics can be expressed through a simple mathematical model. However, the modal identification results of large-
scale low-rise buildings indicate that the seismic response estimation methods for high-rise buildings cannot be applied
to buildings with irregular shapes, flat expanses, and open spaces such as large atria and skylights.>!. New estimation
approaches are expected in seismic response prediction for low-rise buildings by the private owners and governmental
organizations because the number of low-rise buildings is much higher than that of high-rise buildings. Thus, this study
attempts to investigate the applicability of a newly proposed response prediction method.

Current building standard seismic codes do not necessarily require vibration analysis for the structural design of low-
rise buildings;*** in fact, the vibration measurement of low-rise buildings is rarely conducted. Thus, the dynamic
characteristics of these buildings remain unclear compared to those of tall buildings. Besides, it is not economically viable
to permanently install many sensors, especially in low-rise buildings, which is another reason the proposed prediction
method employs microtremor measurement and modal system identification before performing the dynamic response
analysis. Microtremor is an extremely low amplitude ambient vibration caused by ground, man-made, and atmospheric
disturbances. Observation of microtremors can give useful information on the dynamic properties of a site or structure,
such as the predominant frequencies, damping ratios, and mode shapes. Many practical applications of microtremor to
civil engineering structures have been introduced.’> The proposed method utilises microtremor measurement data to
identify natural frequencies, damping ratios, and mode shape vectors at observation points under limited vibration modes.
The participation factors in the selected modes are approximated using the corresponding mode shapes for the seismic
response analysis.

In this paper, we study the applicability of the proposed structural modelling through shaking-table tests of a 4-storey
steel specimen. 222 The modelling involves formulating an equation of motion for a multi-degree-of-freedom (M-DOF)
linear building based on microtremor measurements. The advantage is the implementation of the seismic response
analysis without information about the mass, damping, and stiffness matrices. That is, the modelling requires no structural
design documents for seismic response prediction under a linear assumption. The assumption occurs from the process
that the modal properties are determined using microtremor measurements.

The remainder of this manuscript is organised as follows: Section 2 summarises the modelling method for the M-DOF
building based on microtremor measurements to study its applicability through the shaking-table tests. Section 3 presents
the 4-storey steel structure used as the test specimen. Section 4 describes the modal identification result of the microtremor
measurement for making the equation of motion for the corresponding 12-DOF linear structure. Section 5 applies the
structural models reported in the previous section to six shaking-table tests wherein the test specimen is excited in linear
and nonlinear ranges. Sections 3—5 describe the verification process for the modal system identification using a
microtremor for the shaking-table tests. Finally, Section 6 concludes the study.

2. MODELLING OF M-DOF BUILDING BASED ON MICROTREMOR

Ikeda et al.®">?? have already proposed the basic concept for modelling an equation of motion for an M-DOF linear
building based on microtremor measurements. The advantage of this concept is that it can perform seismic response
analyses without information about the mass, damping, and stiffness matrices. In other words, the modelling requires no
structural design documents for the seismic response prediction under a linear assumption. The design documents include
structural calculation sheets, structural calculation process records, and drawings of structure based on the calculation
results.

2.1. Modal equation of motion
When an n-DOF linear structure with #» lumped masses is excited by a one-directional horizontal earthquake, the equation
of motion is expressed as

ME(t) + C2(t) + Kz(t) = —Mez,(t), (1)

where M, C, K, e, z(t), and Z,(t) denote the nxn mass matrix, nxn damping matrix, nxn stiffness matrix, n-



dimensional vector for input earthquake (each component is a unit), n-dimensional relative displacement vector to the
base, and earthquake acceleration input to the structure, respectively. Dot notation implies differentiation with respect to
time.

The proposed method assumes that the natural frequencies of the structure can be identified in several lower vibration
modes based on microtremor measurements; the corresponding modal amplitudes can be identified at the sensor locations
to record the microtremor; and in structural modelling, » lumped masses are set at the sensor locations where the modal
amplitudes are identified.

The relationship between z(t) and q(t) can be obtained by defining U and q(t) as the nxn mode shape matrix
and the n-dimensional modal displacement, respectively, as
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where q;(t) denotes the j-th modal displacement and u;; denotes the j-th modal amplitude at the i-th sensor location.
When an undamped eigenvalue problem using the mass and stiffness matrices is considered, and the damping matrix
is assumed to be diagonalised by the mode shape matrix, Equation (1) can be decoupled as
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In these equations, wj, 4;, and B; denote the j-th natural circular frequency, corresponding damping ratio, and j-th
participation factor for an input earthquake, respectively. f; expresses the input contribution to the j-th modal response
of the structure, and b denotes an n-dimensional participation vector composed of f;. Equation (3) can be rewritten as
the following scalar equation for the j-th mode:

G;(t) + 2hw;q;(t) + w;?q;(t) = —P;Zy(1). 7

In general, system identification using microtremors is classified as an output-only identification. The identification
cannot evaluate 5; because the factor needs an input-output identification, and the input is unknown/unmeasured because
microtremor is an extremely low amplitude ambient vibration caused by ground, man-made, and atmospheric disturbances.

2.2. Approximation of participation vector
The key issue to obtain seismic structural response is evaluating the participation vector by considering a limited number
of identified modes because only the lower modes can be identified in practical applications for a building. The limited
number of identified modes is denoted by m (m < n).

The modal amplitudes obtained from microtremors are arbitrary, and any amplitude is a relative value to the specified
reference amplitude. Further, the participation vector depends on the normalisation of modal amplitudes. The proposed
method normalises the j-th modal amplitudes such that the sum of amplitude squares becomes unity.

The participation vector is constrained such that the product of the mode shape matrix and participation vector becomes

unity.
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The nondimensional u;;f; is not affected by amplitude normalisation. Considering that limited modes can be identified,
Equation (9) should be replaced by

Tzluijﬁj =1 (l =1, 2, - Tl). (10)

A mode truncation error appears in the modal analysis, especially at the lumped masses nearest the base at which the
point is fixed in the n-DOF model.*® When the participation vector is approximated using a limited number of identified
modes, it is preferable to select the sensor locations away from base.

By defining [ (m <[ < n) as the number of selected sensor locations, Equation (10) is changed to

The LSM evidently requires the previous inequality of m < [. Traditionally, the reduction of stiffness matrix is applied
to reduce model dimension. However, it cannot be applied to this approach because it does not need any stiffness matrix
and the equation of motion has already been uncoupled. In practical applications, the method inevitably checks for an
approximation error based on Equation (11): whether the summation on the left side is approximately equal to a unit or
not. This check will be implemented by Table 3 in Sub-section 4.2. The corresponding matrix-vector representation is
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where Uy, and b,, denote the / X m mode shape matrix and the m-dimensional participation vector, respectively. The
subscripts distinguish Uy, and b, from the full-dimensional U and b. The m-dimensional participation vector b,,
can be obtained using the least squares method (LSM) as
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2.3. Seismic response prediction at sensor locations

Equation (7) has three parameters: the j-th natural circular frequency, corresponding damping ratio, and j-th approximated
participation factor. When the input earthquake acceleration is measured at the model base, the acceleration, velocity, and
displacement can be obtained in the j-th mode. Then, the structural responses at all sensor locations can be obtained by
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In practical applications, natural frequencies and damping ratios in the m vibration modes need to be updated from the
identified values because they depend on the input excitations and structural response amplitudes. This prediction method
assumes that the identified mode shapes do not change during the coming earthquake.

This dynamic modelling is unconstrained by the structural shape, composition of frames, connections of structural
members, and the assumption of a rigid floor. The methods proposed in the completed works implicitly assume a
simple/regular building shape with the same standard/typical rigid floor.2* 28-3° This assumption is mostly applicable to
high-rise buildings where the vibration characteristics can be expressed through a simple mathematical model. However,
the modal identification results of large-scale low-rise buildings indicate that the seismic response estimation methods for
high-rise buildings cannot be applied to buildings with irregular shapes, flat expanses, and open spaces such as large atria
and skylights.’! The increasing number of microtremor sensor locations produce a detailed structural model with more
lumped masses, which implies that the measurement effort will be rewarded. Under the linear assumption, the modal
analysis has the advantage of implementing seismic response analysis without information about the mass, damping, and
stiffness matrices.



3. TEST SPECIMEN FOR THE VERIFICATION OF THE PROPOSED METHOD

In December 2020, experimental tests were conducted at a three-dimensional full-scale earthquake testing facility
nicknamed ‘E-Defense’ at the National Research Institute for Earth Science and Disaster Prevention (NIED) near Kobe
in Japan. The programme was ‘The Tokyo Metropolitan Resilience Project of the National Research Institute for Earth
Science and Disaster Resilience: Sub-project C-3°. The project aim was to carry out holistic seismic assessment of critical
buildings with due consideration of non-structural components and equipment’.’” However, shaking tests were planned
for other studies and not for the current verification study. The tests were intended to simulate the seismic performance
of a hospital, medical equipment, and human bodies on each floor, and a water tank filled with sand was installed on the
roof.
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FIGURE 2 Sensor locations on plan views for microtremor measurements

Figures 1 and 2 show the specimens used for the shaking-table tests. Two steel buildings were connected by a bridge
with an expansion joint. The 4-storey building was base-fixed, while the 3-storey building was base-isolated. The two
buildings were independent of each other in their dynamic behaviour because of the expansion joint. The target building
for this study was a base-fixed structure.



The fixed-base building had a 10.0 m (two bays in the x-direction) by 7.0 m (one bay in the y-direction) floor plan and
it was 15.1 m high. The total weight was approximately 3,240 kN, including the concrete foundation. The building's
structure was a 4-storey moment-resisting frame designed and constructed according to the current Japanese seismic
codes. The frame was composed of steel hollow structural section (HSS) columns and H-shaped steel beams. All column-
beam connections had through-diaphragms, and all fixed column bases were designed as the exposed type. All floors
were made of 150 mm reinforced concrete slabs on steel deck plates. No claddings were installed; however, the x-
directional frame was covered with partition walls in the second to fourth stories. The columns were made of 250 x 16
mm cold-rolled HSS BCR295 with a nominal strength of 295 MPa. The main beams were H-shaped (400 x 200 x 8 x 13
mm) made of SN490B steel with a nominal strength of 325 MPa or equivalent built-up steel sections. Floor beams are H-
300 x 150 x 6.5 x 19 mm. These column bases are the exposed-type used in Japan, where anchor bolts embedded in the
concrete foundation are connected to the base plates welded to the first-storey columns. The column bases are designed
to yield prior to the columns, and in turn, the base shear coefficient for the upper structure design is increased by 0.05,
according to Japanese specifications.

4. MODAL IDENTIFICATION BASED ON MICROTREMOR

4.1. Microtremor measurements

Before the shaking-table tests, the microtremor of the structure was recorded at 15 locations using five accelerometers.
Wireless three-axis accelerometers (M-A351AU by Seiko Epson Corporation, Japan) were used for the microtremor
measurements. The amplitude range is + 5G (G is the gravity acceleration), the average noise density is 0.5 uGrms/NHz
(25 °C, 0.5-6 Hz, Horizontal +5 degrees), the peak noise density is 60 pGrms/YVHz (25 °C, 0.5-100 Hz, Horizontal +5
degrees), and the resolution is 0.0596 uG/LSB. The radio frequency is in the 920 MHz band and the communication
distance is 500 m, when there are no obstacles.

The black spots in Figure 2 show the sensor locations on the first, third, and fifth (roof) floors for the microtremor
measurements. The locations on the other floors were horizontally identical to the three floors. For example, Notation ‘5a’
implies sensor location ‘a’ on the fifth floor. Four simultancous measurements (Measurements A, B, C, and D) were
repeated by fixing one accelerometer at Reference location 5a to obtain the global mode shapes of the structure with a
limited number of sensors. The reference location was selected on the fifth floor because the modal amplitude might have
been relatively larger. The reference location was used to integrate the local mode shapes obtained independently from
the four measurements into the global mode shapes of the structure. The proposed method recommends that
accelerometers are installed evenly in an objective building to record microtremor responses, because the dynamic nature
is unknown a priori. In general, the accelerometers are installed as close to the columns as possible to reduce the effect
of floor vertical vibration. As illustrated in Figure 2, three sensors were installed on each floor (marked by black spots)
and three along vertical lines to measure lateral and torsional vibration modes.

Acceleration (10-2m/s?)

2.0
0.0 “\ll“.‘\]\'ﬂlwvl ﬂ]mHH‘h.|.,mmy\ll.“I].,\“i n“‘n1\1|J“H|H|H“M|\,H.J”J]I.l ll‘|HI“_:‘\“L“\‘(]I
T e e TN !"W[HU‘HNIW UK R
-2.0 . . . . .
0 10 20 30 40 50 60
Time (s)

Acceleration at location 5a
Acceleration (102m/s?)
2.0

0.0

-2.0

Time (s)

Acceleration at location 3a
Acceleration (102m/s?)
0.1

-0.1

0 10 20 30 40 50 60
Time (s)
Acceleration at location 1a

FIGURE 3 x-directional microtremor accelerations recorded under Measurement A



Measurement A selected five locations 5Sa, 4a, 3a, 2a, and 1a on a vertical line, Measurement B selected five locations
Sa, 5b, 5c, 4b, and 4c on the upper floors, Measurement C selected five locations 5a, 3b, 3¢, 2b, and 2¢, and Measurement
D selected three locations 5a, 1b, and 1c. The recording length was 25 min for each measurement, and the sampling
frequency was 200 Hz. Figure 3 shows the x-directional microtremor accelerograms recorded at locations 5a, 3a, and 1a
under Measurement A. The peak accelerations were less than 0.02 m/s? on the fifth floor and less than 0.006 m/s? on the
first floor. The sources of vibration are mostly indoor construction activities and ground vibrations, which can be assumed
to be random.

4.2. Modal identification results and approximated participation vectors

Natural frequencies and the corresponding mode shapes were identified by the singular value decomposition of power
spectra density matrices of outputs in the frequency domain.’® This modal identification is often called the frequency
domain decomposition (FDD) method. The peak frequencies were evaluated as natural frequencies and the corresponding
left singular vectors expressed the modal shapes. Its advantage is that it can clearly separate modes located close together,
which is particularly useful for a structure with lateral-torsional coupled modes.

Based on the four measurements, Figure 4 shows the distributions of the first singular values in the frequency domain
using the FDD method. In one horizontal direction for each measurement, the first singular value distribution was
averaged using 20 windows in the time domain. Each window was 40.96 s long, responding to 8192 data sets in the
discrete time. Finally, the average distribution curve was smoothed by repeating the Hanning window five times.>
Averaging and smoothing are useful for identifying natural frequencies more easily by removing the noise included in
the microtremor.’! The peak values on Figure 4 indicate the power levels of each vibration mode. However, these values
are relative because the four measurements A, B, C, and D are implemented independently of each other.

Comparing the four distributions of the first singular values in a specific direction, similar peaks appear at slightly
different frequencies in the specific frequency bands. Similar peak frequencies were averaged because the maximum
difference was 0.1221 Hz at the most around the relatively high frequency of 8.4 Hz. Table 1 lists the natural frequencies
selected and averaged from Figure 4. The dominant natural frequencies are 1.57 Hz in the y-direction and 1.65 Hz in the
x-direction. The first torsional frequency is 2.25 Hz. Figure 5 shows the corresponding mode shapes after normalisation
to the amplitude at location 5a. Similar to Gentile and Saisi,*’ global mode shapes were obtained using the modal
amplitude at Reference location 5a. As indicated in Equation (8), mode shapes are normalised such that the sum of squares
of each modal amplitude equals unity for the evaluation of participation factors. Although the second lateral mode in the
x-direction is alternative either at 4.91 or 5.33 Hz, the first and second modes in the horizontal and torsional directions
can be recognised clearly. The damping ratios in the first lateral modes were identified to be 1% by the random decrement
method.*! However, the identified damping ratios were not used in the later verification because the damping ratios under
medium/large excitations cannot be estimated by the microtremor.
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TABLE 1 Natural frequencies identified through microtremor measurements
x-direction y-direction

Frequency (Hz) Modal shape Frequency (Hz) Modal shape

1.65 Lateral 1st 1.57 Lateral 1%

2.25 Torsional 1st 2.25 Torsional 1%

491 Lateral 2nd (Alternative) 4.79 Lateral 274

5.33 Lateral 2nd (Alternative) 7.15 Torsional 274

7.22 Torsional 2nd 8.46 Not determined

8.39 Lateral 3rd with torsion

Table 2 indicates the approximated participation factors obtained using both Equation (13) and the mode shapes in
Figure 5. Each direction has seven cases in which the considered modes are different from each other because the sensor
locations satisfy Equation (11). Cases X-0 and Y-0 satisfy Equation (11) at 12 locations on the second to fifth floors (I =
12). Case X-1 satisfied the equation at only nine locations. The total number of identified modes in the x-direction is 6.
Y-1 satisfies the equation at only five locations in the y-direction. The difference in the appointed sensor locations for



Equation (11) is studied in the comparisons of Case X-1 with Cases X-0 and Y-1 with Case Y-0. The effect of the second
alternative lateral mode in the x-direction is studied by comparing Case X-2 with Case X-3. Various comparisons are
listed in Table 2: Cases X-4, X-6, and Y-5 neglect the torsional modes; Cases X-5 and Y-3 consider the lowest three
modes; Cases X-6 and Y-5 consider only two lateral modes; and Cases Y-1 and Y-6 study the mode truncation problem
depending on the sensor locations described in Sub-Section 2.2.

TABLE 2 Approximated participation factors

Sensor locations

Direction  Case satisfying Equation (11)

Natural frequencies of considered modes
1.65Hz 225Hz 491Hz 533Hz 7.22Hz 8.39Hz
X-0 3.300 0.011  —1.603 0.515  —0.042 0.429  all (12 locations)
X-1 3.141 -0.024 -1.176 0.390 —0.007 0.095 5a, 5b, 5c, 4a, 4b, 4c, 3a, 3b, 3c

X X-2 2.086 —0.334 1.127 - 0370 —0.921 5a, 5b, 5¢c, 4a, 4b
X-3 2271 -0.312 - 0.861 0.452  —0.876 5a, 5b, 5¢c, 4a, 4b
X-4 1.567 - —0.060 1.446 - - 5a, 5b, 5¢
X-5 1.041 -0.167 2.074 - - - 5a, 5b, 5¢
X-6 3.855 - —1.690 - - - 5a, 5b

Natural frequencies of consider modes
1.57Hz 2.25Hz 479Hz 7.15Hz 8.46Hz

Y-0 3.187 0315 —0.995 0.270  —0.138 all (12 locations)

Y-1 2.894 0.238 —-0.378 0.063  —0.019 5a, 5b, 5c, 4a, 4b
y Y-2 2.135 0.717 0.536  —0.800 - 5a, 5b, 5¢, 4a

Y-3 1.026 0.032 1.863 - - 5a, 5b, 5¢

Y-4 2.574 0.219 - - - 5a, 5b

Y-5 0.765 - 2.178 - - 5a, 5b

Y-6 —2.178 0.048 —4.377 —0.146 0.398 3a, 3b, 3c, 2a, 2b

TABLE 3 Values on the left side of Equation (10) corresponding to Table 2

Sensor location

Direction  Case —5 5b 5¢ 4a___ 4b 4c 3a 3b 3¢ 2a_ 2b 2 Average
X-0 102 1.02 104 090 094 093 105 110 114 090 091 097 0.99
X1 099 100 100 1.00 099 100 096 1.00 1.03 067 070 0.72 0.92

X2 100 100 1.00 1.00 100 090 0.2 037 —0.01 033 -024 -0.61 Notevaluated

x X3 100 100 1.00 1.00 100 087 019 052 0.07 036 -0.08 -047 Notevaluated

X-4 1.00 1.00 1.00 0.41 0.33 033 -0.10 —0.14 —0.26 -0.18 —0.24 -0.28 Not evaluated
X-5 1.00 1.00 1.00 024  0.28 021 —-0.44 —0.44 —-0.65 -0.53 —0.52 —0.66 Not evaluated

X-6 1.00 1.00 1.02 1.35 1.31 1.36 1.45 149 1.61 0.99 1.06 1.10 1.23

Y-0 0.92 0.90 0.84 1.15 1.14 1.19 1.16 0.96 120 0.67 0.67 0.70 0.96

Y-1 1.00 1.00 1.00 1.00 1.00 0.99 0.88 0.81 0.85 0.45 0.44 0.44 0.82

Y-2 1.00 1.00 1.00 1.00  0.72 0.38 0.87 0.79 —0.13 0.42 0.07 —0.30 Not evaluated
y Y-3 1.00 1.00 1.00 0.11 0.11 0.08 —042 —-034 -0.41 -046 -043 —0.44 Not evaluated

Y-4 1.00 1.00 1.01 0.86  0.86 0.83 0.68 0.64 0.62 0.30 0.29 0.28 0.70

Y-5 1.00 1.00 1.00 —-0.02 -0.02 -0.05 -0.61 -0.51 —0.59 -0.59 -0.55 -0.56 Not evaluated
Y-6 —-198 —220 227 -0.09 -0.12 -0.24 1.00 1.00 1.00 1.00 1.00 1.07 _ Not evaluated

Table 3 investigates how the locations satisfy Equation (10) via averages in the right column. Cases X-0, X-1 and Y-0
obtain the participation vectors using the LSM, which means that many locations want to approximately satisfy Equation
(10). In each of the other cases, the appointed locations strictly satisfy Equation (11), which means 1.00. Besides Cases
X-0 and Y-6, lower values appeared in the lower floors. This implies that mode truncation errors appear at the lumped
masses near the base.?¢ It would be better to select the sensor locations far from the base to approximate the participation
vector under a limited number of identified modes. Cases X-0 and Y-0 may overestimate the seismic responses on the
third and the fourth floors, respectively. Cases X-2, and X-3 have similar values, which implies that the selection of the
second lateral modes is not significant in the seismic response prediction. Cases X-2, X-3, X-4, X-5, Y-2, Y-3, Y-5, and
Y-6 cannot be selected for structural modelling because of the negative values. Case X-6 overestimates the responses on
the second to fourth floors because the sums are more than 1.00. Case Y-4 has a small average value.

Thus, Cases X-0, X-1, Y-0, and Y-1 are selected as the candidate models for the seismic response predictions.

5. VERIFICATION WITH THE SHAKING-TABLE TESTS

5.1. Input excitations to shaking table
Table 4 lists the input motions using the shaking table. The tests used two kinds of seismic excitations. The NS-component



of the JMA Kobe-wave was adopted as the earthquake ground motion for simulating hospital damage by an active fault
directly beneath the Tokyo metropolitan area. This wave is often used as a short-period and impulsive earthquake for
structural design in Japan. The other ground motion (OS2) is an artificial ground motion used to evaluate the seismic
damage of relatively long-period contents in hospital buildings and the behaviour of seismic base-isolated buildings. OS2
is a ground motion prepared by the Ministry of Land Infrastructure Transport and Tourism, Japan, for the engineering
bedrock in the Osaka region for a mega subduction-zone earthquake along the Nankai Trough. Here, ‘OS’ stands for
Osaka, and ‘2’ stands for the relatively soft ground in the area. The bedrock ground motion was amplified to obtain a
ground surface motion considering Type 2 soil conditions (normal stiffness). Then, the ground motions were scaled down
to simulate the elastic limit corresponding to the allowable stress design (Level 1: Tests 1, 2 and 3) and the inelastic limit
corresponding to the ultimate strength design (Level 2: Tests 4, 5 and 6) in the Japanese seismic design. Tests 1 to 4
excited the objective structure in either the x-direction or the y-direction to simplify the structural performance. Tests 5
and 6 excited it in both the x-direction and the y-direction to understand damage of corner columns in the first story well.
White noise excitations were input to the structure before and after each earthquake excitation. However, this study did
not use the white noise excitations.
TABLE 4 Shaking-table tests

Peak acceleration on

Test Input direction Input scale B
sequential Ear;zgllzake 1st floor (10 m/s?)
No. x-dir. y-dir. x-dir. y-dir. x-dir. y-dir.
1 Kobe Input - 16% - 137 16
2 Kobe - Input - 16% 34 149
3 0S2 - Input - 20% 22 89
4 Kobe Input - 50% - 406 76
5 0S2 Input  Input  50%  50% 225 207
6 Kobe Input Input 50% 50% 544 474
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FIGURE 6 Measured accelerograms when the 50%-scale Kobe earthquake is input in two horizontal directions
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FIGURE 7 Measured accelerograms when the 50%-scale OS2 earthquake is input in two horizontal directions
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FIGURE 8 Acceleration response spectra of input accelerations on the shaking table

The shaking sequence is the (1 and 2) JMA Kobe motion in a single horizontal direction for a Level 1 design check,
(3) small OS2 in a single horizontal direction for evaluating the immediate functionality limit, (4) JMA Kobe motion in
a single horizontal direction for Level 2 design check, (5) significant OS2 motion in two horizontal directions for
evaluating the functionality limit, and (6) JMA Kobe motions in two horizontal directions with a vertical motion to



evaluate the failure mechanism. The sequential numbers are listed in Tables 4, 5, and 6.

Figure 6 and 7 show the measured accelerograms when the 50%-scale Kobe earthquake is input in two horizontal
directions and the 50%-scale OS2 earthquake is input in two horizontal directions. Figures 6 (a) and 7 (a) show the x-
directional accelerograms, and Figures 6 (b) and 7 (b) show the y-directional accelerograms. In each of the last two tests
(5§ and 6), the y-directional input was the same as the x-directional input. Figure 8 shows the same input as the acceleration
response spectra. In the Kobe earthquake, the maximum input acceleration was approximately 5.0 m/s?. Several anchor
bolts’ fractures caused the intense shaking at 14.3 s at the column bases.

In the OS2 earthquake input, the maximum acceleration input was approximately 2.0 m/s>. However, if we compare
the response spectra of the two motions, the spectral acceleration around 0.7-0.8 s, which corresponds to the natural
period of the structure, differs only 30%. Figure 9 shows the x-directional accelerograms with extreme peak amplitudes
under the 50%-scale Kobe earthquake input, Test 6. These recorded the impact movements of the non-structural
components indoors.
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FIGURE 9 x-directional accelerograms with extreme peak amplitudes with when the 50%-scale Kobe earthquake is input
in two horizontal directions

5.2. Modal identification by recursive LSM method
Modal identification using the recursive LSM method with a forgetting factor was employed to the recorded
accelerations to understand the dynamic performance of the nonlinear structure. Five accelerometers located at 1d, 2d,
3d, 4d, and 5d (1d, 3d, and 5d are the red spots in Figure 2) recorded the responses on the shaking-table tests. The
identification models are single-input and four-output Auto-Regressive Exogeneous (ARX) models: the input is the
acceleration at sensor location 1d, and the outputs are the accelerations at the other sensor locations. The forgetting factor
was set at 0.998 to globally determine the time variances of the first equivalent modal properties, i.e., nonlinearity and
amplitude dependency. Before the identification, the measured accelerations were bandpass-filtered with the band from
0.5 to 2.0 Hz to fix the dimension for the ARX models to (2,2): the first 2 indicates two auto-regressive terms and the
second 2 indicates three exogeneous input terms with the direct term (present term). The identification was conducted in
the horizontal direction independent of the other direction. A similar identification has already been applied to the past
E-defence tests to understand the structural amplitude-dependency.** Reference 44 showed that the identified
equivalently-linear properties such as natural frequencies and modal damping ratios have consistency with nonlinear
hysteresis curves of a steel structure.

Figure 10 compares time variances in the x-direction of the first lateral mode under Kobe excitation tests Nos.1, 4, and
6 in Table 4. The initial 10 s were neglected because of the warm-up period for the shaking. Remarkable variances can
be seen in the first 5 s (10 s to 15 s in the figure) when the excitation amplitude becomes extremely large. A negative
damping ratio of approximately 13.5 s implies that the ARX model cannot understand the corresponding physical
phenomena with causality. Figure 11 compares them under OS2 excitation test Nos. 3 and 6. The natural frequency tended
to decrease as the excitation scale increased. The damping ratio increased under the Kobe excitations. Table 5 compares
the identified modal properties that were averaged in the 30 s from 10 to 40 s under the Kobe excitations and in 240 s
from 10 to 250 s under the OS2 excitations. The positive values were evaluated as zero when the damping ratios were
averaged.

42, 43
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FIGURE 10 Changes of the first modal properties in the x-direction under the Kobe excitations

The modal amplitudes were normalised to the amplitude on the fifth floor. The amplitude on the second floor tends to
increase after the excitation scale becomes larger, which is a recognised physical phenomenon in which the structural
damages were found around the column bases; the damage apparently softened the stiffness in the first storey. The
hysteresis relationship of the column bases shows a ratcheting behaviour where anchor bolts yielded in tension do not
resist force until the deformation demand exceeds the experienced maximum deformation. The yielded anchor bolts were
retightened after shaking. The modal amplitudes at the second and third floors gradually become larger in response to the
repetitions of the shaking-table tests with an increase in excitation scales. The assumption that the identified mode shapes
are constant may imply a certain limitation in practical applications.

5.3. Verification of proposed method

The applicability of the proposed method is studied by first updating the natural frequencies and damping ratios obtained
from microtremors with those obtained from the shaking-table tests. The method then utilises the same modal shapes
based on the theoretical assumption. The first applicability test images verify that (1) an instrumented building has an
observation system to record at least an input acceleration at the base and an output response on a certain floor in each
horizontal direction, (2) modal system identification was applied to the records, and (3) seismic response prediction was
expected on the other floors that were not instrumented. Although the verifications are examined in only one horizontal
direction, the response prediction results include the effect of torsional vibration. The reasons are, the FDD method can
identify lateral modes, torsional modes, and the lateral-torsional coupling modes using one directional microtremor, and
that Tests 5 and 6 excited the specimen in two directions. Consequently, the effect of torsional vibration was relatively
small in the test specimen, which can be confirmed by the fact that the approximated participation factors in the torsional
modes are smaller than ones in the lateral modes in Table 2.



Frequency (Hz)

1.6
—y20% —xy50%
14
12
1.0
0.8
10 40 70 100 130 160 190 220 250
Time (s)

Natural frequencies
Damping ratio

0.10

—y20% —xy50%
0.08

0.06
0.04

0.02

0.00

10 40 70 100 130 160 190 220 250
Time (s)

Damping ratio

Normalized amplitude s —— e sened SFL/SFL - ——4IL/SFL
P Xy 50% 2FL/SFL = ==--- 3FL/SFL ——A4FL/5FL
1.0
08 W R
. AN ,,...,._.’%"‘.'»--"J‘“\l Nedey, ,""/" M""‘“\'ﬂ\n;.-wvmnf‘w;’ "~
06 ﬂ?“mmam«wezi:iJ- SO S ‘w..r .

"‘:l'

04 |
02
00 .......................................
10 40 70 100 130 160 190 220 250
Time (s)

Modal shapes normalised by amplitudes on the 5th floor
FIGURE 11 Changes of the first modal properties in the y-direction under the OS2 excitations

TABLE 5 Comparison of averaged identified modal properties

Natural Damping Modal amplitude Averagin
Direction frequency ratio normalised to 5th floor timi &
(Hz) (%) 2 3 4 5
Microtremor 1.65 1.0 032 060 0.84 1.00
1 1.40 3.2 029 059 0.84 1.00 1040 s
Sequential 2 Not identified under y-dir. excitation
X shaking 3 Not identified under y-dir. excitation
No. 4 1.27 4.4 035 0.63 0.85 1.00 1040 s
in Table4 5 1.20 4.2 038 0.66 0.86 1.00 10-250 s
6 1.11 6.1 044 074 0.89 1.00 1040 s
Microtremor 1.57 1.0 029 064 0.85 1.00
1 Not identified under x-dir. excitation
Sequential 2 1.30 3.0 025 058 0.84 1.00 1040 s
y shaking 3 1.28 2.0 029 060 0.85 1.00 10-250 s
No. 4 Not identified under x-dir. excitation
in Table4 5 1.14 2.0 039 067 0.88 1.00 10-250 s
6 1.04 3.9 048 0.67 0.88 1.00 1040 s
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FIGURE 12 Measured and predicted peak responses under the Kobe Earthquake, considering averaged identified modal
properties
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FIGURE 13 Measured and predicted peak responses under the OS2 Earthquake, considering averaged identified modal
properties

In each verification using the shaking-table test, an equivalently linear model has the average natural frequency for the
first lateral mode, decreases the natural frequencies for the other modes with the same frequency ratios in the first lateral
mode, and utilises the same damping ratio in the first lateral mode for all modes. Figure 5 and Table 5 indicate that this
model determines all parameters for each model. Cases X-0, X-1, Y-0, and Y-1 are candidate models for seismic response
prediction. The velocities and displacements relative to the first floor were obtained by integrating the accelerations
recorded at locations 1d, 2d, 3d, 4d, and 5d to compare the predicted seismic responses with the corresponding
measurements.

Figure 12 compares the predicted peak responses with the corresponding measurements under the Kobe excitations
and Figure 13 compares them under the OS2 excitations. Figures 12 (a), 12 (b) and 13 (a) show the responses under the
Level 1 shaking Nos. 1, 2 and 3, respectively. Figures 12 (c), 12 (d), 12 (e), 13(b) and 13 (c) show the responses under
the Level 2 shaking Nos.4, 5 and 6. In these figures, the predicted response on a certain floor is the average value of the
three responses at the microtremor sensor locations on the same floor. Comparisons of accelerations under the 50%-scale
excitations are impossible because the extreme peak values on some floors, as shown in Figure 9, were recorded by the
impact movements of the non-structural components indoors. Cases X-0 and Y-0 estimate the seismic responses larger
than Cases X-1 and Y-1, respectively. The applied method is most useful under the 16%-scale Kobe and the 20%-scale
OS2 excitations because of the linear assumption. The stiffness softening in the first storey makes it difficult to predict
the seismic responses under 50%-scale excitations. However, the prediction accuracy is better under the 50%-scale OS2
excitation than that under the 50%-scale Kobe excitation.

The next verification test considers the practical scenario in which a building observes only an input acceleration at
the base. Now, the test assumes two cases: (1) use 85% values of all natural frequencies identified through the microtremor
and stiffness-proportional damping matrix (i.e., frequency-proportional damping matrix, or internal viscous damping
matrix) with a 2% damping ratio in the first lateral mode; and (2) use 70% values of all natural frequencies identified
through the microtremor and stiffness-proportional damping matrix with a 3% damping ratio in the first lateral mode.
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FIGURE 14 Measured and predicted peak responses under the Kobe Earthquake, considering design scenario
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FIGURE 15 Measured and predicted peak responses under the OS2 Earthquake, considering design scenario

Generally, dynamic properties are different under microtremor and earthquake level even when there is no obvious
structural damage. For reference, the comparison of microtremor records and the seismic records in six tall buildings
reveal that the decrease of the first natural frequency is generally 10 to 20% in steel structures and 20 to 30% in reinforced
concrete structures.**! The comparison of pre-shock and main shock records after the 2011 Great Tohoku Earthquake
revealed a 10% decrease found in two other tall steel buildings in Tokyo.? These reports led to 85 and 70% values in
changing the natural frequencies. However, damping ratios has more variances than the natural frequencies.

Figures 14 and 15 compare the two cases with the experimental records: the latter case with the lower frequencies and
higher damping ratios (Notation 70-3% in the figures) images indicate that the structure is more excited than the former
case (Notation: 85-2%). Similar to Figures 12 and 13, Figures 14 (a), 14 (b) and 15 (a) show the responses under the
Level 1 shaking Nos. 1, 2 and 3, respectively. Figures 14 (c), 14 (d), 14 (e), 15(b) and 15 (c) show the responses under
the Level 2 shaking Nos.4, 5 and 6. The structural design in Japan often assumes a stiffness-proportional damping matrix
with a value of 2% in the first lateral mode for steel structures. For reference, five identified large-scale low-rise
commercial buildings show that the first natural frequencies assumed at structural designs were approximately 65-80%
values under the microtremor.’! The two cases in Figures 14 and 15 adopt Cases X-1 and Y-1 for the participation vector
because the small differences between two cases (Cases X-0 and X-1 in x-direction; Cases Y-0 and Y-1 in y-direction)
are found in the seismic response prediction, as shown in Figures 12 and 13.

Before comparing Figures 12 to 15, note that 85% of the first natural frequency is 1.41 Hz in the x-direction, and it is
approximately equal to 1.40 Hz under the x-directional 16%-scale Kobe excitation in Table 5. Similarly, 85% of the first
natural frequency is 1.34 Hz and it is nearly equal to 1.30 Hz under the y-directional 16%-scale Kobe excitation. In the x-
direction, the 70% natural frequency is 1.16 Hz and it is nearly equal to 1.20 Hz under the bidirectional 50%-scale OS2
excitation and 1.11 Hz under the bidirectional 50%-scale Kobe excitation. In the y-direction, the 70% natural frequency
is 1.10 Hz, and it is nearly equal to 1.14 Hz under the bidirectional 50%-scale OS2 excitation. In the x-direction first
mode, the assumed damping ratios of 2 and 3% are less than the average identified values in Table 5.

A comparison of Figures 12 and 14 indicates the response differences under the Kobe excitation. The case of 85-2%
predicts the peak responses better than the case of 70-3% under the x-direction and the y-directions 16% excitations. The



case of 85-2% in Figure 14 can be accepted similarly to Cases X-0, X-1, Y-0 and Y-1 in Figure 12. In Figures 14 (a) and
(b), the case of 70-3% predicts larger velocities and displacements than the case 85-2%. A lower frequency increased the
response displacement, and this displacement tendency can be observed in all excitations. This implies that the tuning of
natural frequencies was more important than the damping effect under the excitations. Under the 50%-scale excitations,
the difference between the measured response and its prediction becomes more remarkable than the difference between
Figures 12 and 14.

TABLE 6 Averaged prediction errors responding to Figures 12-15

Test Earthquake Figures 12-13 Figures 14-15
sequential Scale x-dir. y-dir. x-dir. y-dir.
No. Input dir. Vel. Disp. Vel. Disp. Vel. Disp. Vel. Disp.
Kobe 16% +10 +8 +26 +18
1 dir. 4 9 Not evaluated 146 7 Not evaluated
Kobe 16% +6 +3 —6 —11
2 J-dir. Not evaluated 4 7 Not evaluated +9 125
082 20% +9 +1 —28 -36
3 J-dir. Not evaluated s g Not evaluated o4 15
Kobe 50% +22 +17 +28 +15
4 dir. +16 1] Not evaluated 130 4] Not evaluated
5 082 50% +15 +11 +13 +11 +22 +1 +1 +2
x- & y-dir. +8 +6 +2 +0 +37 +40 -10 -1
6 Kobe 50% +12 +9 =3 -1 +33 +0 +0 -12
x- & y-dir. +6 +4 -13 -9 +27 +13 —6 —8

Figures 12 & 13: Upper line for Cases X-0 or Y-0, Lower for Cases X-1 or Y-1
Figures 14 & 15: Upper line for 85%—2%, Lower for 70%—3%

A comparison of Figures 13 and 15 indicates response differences under OS2 excitations. Under the y-directional 20%-
scale excitation, the case of 70-3% predicts the peak displacement responses better than the case of 85-2%. The stiffness
softening in the first storey makes it difficult to predict the seismic responses under 50% scale excitations. However, the
prediction accuracy is better under the 50%-scale OS2 excitation than under the 50%-scale Kobe excitation because this
method assumes that the identified mode shapes will not change under the coming earthquake, and the local damage
affects the global seismic response of the structure under the OS2 excitations less than under the Kobe excitations.

Table 6 summarises the averaged errors in the prediction in response to Figures 12—15. In the columns of Figures 12
and 13, the upper lines indicate Cases X-0 or Y-0, and the lower lines indicate Cases X-1 or Y-1. In the columns of
Figures 14 and 15, the upper lines indicate 85% natural frequency with 2% damping ratio (85-2%) and the lower lines
indicate 70% natural frequency with 3% damping ratio (70-3%). From the four figures and the table, a better prediction
can be found under (1) Cases X-1 and Y-1 similar to Cases X-0 and Y-0, (2) 16%- and 20%-scale excitations (compared
to 50%-scale excitations), (3) the condition that the single-input-single-output system identification is possible (Figures
12 and 13 compared to Figures 14 and 15), and (4) OS2 excitations (compared to Kobe excitations).

As described in Section 1, References 20, 28, 29, and 30 verified the proposed prediction methods for high-rise
buildings based on the fact that the accuracy of the predictions is within an error of 20% for the maximum response at
each floor. This study also exhibited nearly the same level of error. The proposed method can estimate the peak
accelerations, velocities, and displacements at the microtremor locations. By considering specifications of the structural
and non-structural components and the past seismic structural damages, the building owners can temporally assess the
seismic damages soon after seismic events. Peak response information with 20% error can be considered acceptable for
checking if buildings are safe for reoccupation or not after a significant earthquake.

6. CONCLUSIONS

The applicability of the proposed modelling was studied through shaking-table tests of a 4-storey steel specimen structure.
An equation of motion was modelled for an M-DOF linear building based on microtremor measurements. The first
advantage of the proposed approach is that it can obtain seismic responses at microtremor sensor locations without
information about the mass, damping, and stiffness matrices. It means that the model does not need any structural design
documents to estimate peak responses that are linked with seismic damages of structural and non-structural components.
Compared to the past methods, the second advantage is that the modelling is unconstrained by structural shape,
composition of frames, connections of structural members, and the assumption of a rigid floor. Increasing the number of
microtremor sensor locations produces a detailed structural model with more lumped masses. The third advantage is that
the seismic response estimation needs at least one sensor to measure seismic input accelerations and to estimate seismic
responses. The seismic response prediction considers actual model properties of a building. The main conclusions of this
study are summarised below.
(1) The proposed method demands that the natural frequencies of the structure be identified in several lower vibration
modes based on microtremor measurements; the corresponding modal amplitudes are identified at the sensor



2)

3)

(4)

)

locations to record the microtremor. The key process is evaluating the participation vector for input earthquakes by
considering a limited number of identified modes. The application identifies the mode truncation error in the modal
analysis.

Before the shaking-table tests, the microtremor was recorded at 15 locations with five accelerometers in the 4-storey
steel test structure. The reference sensor location is used to integrate the local mode shapes obtained independently
from the four measurements into the global mode shapes of the specimen. The natural frequencies and mode shapes
are identified by the FDD method. The approximated participation vectors depend on the selection of the identified
modes and the sensor locations used. Thus, it is the best for the structure to consider all identified modes with the
selection of sensor locations on the upper floors, because the mode truncation errors appear at the lumped masses
near the base.

To understand the dynamic property changes of the structure with different scales of ground motions, the modal
identification by the recursive LSM method with a forgetting factor was applied to the recorded accelerations under
the shaking-table tests. The dominant natural frequencies decreased and modal amplitudes at the second and third
floors increased in response to the repetitions of shaking-table tests with an increase in the excitation scales.

The applicability of the proposed approach was first studied by updating the natural frequencies and damping ratios
obtained from microtremors with those obtained from the shaking-table tests. Next, we considered the standard
assumptions for the structural designs in Japan. The prediction accuracy is best when the participation vector for
seismic input is obtained from sensors located on the upper floors; the structure mostly exhibits elastic response; a
modal system identification is applied to the seismic measurement; and local damage does not affect the global
seismic response of the structure. The reason is that this method assumes that identified mode shapes do not change
due to the occurrence of an earthquake. On the contrary, this limited ability may be useful for the building owners
and users from a viewpoint of structural health monitoring because in the event of a strong nonlinear case, they can
find out damages of structural and non-structural component with their naked eyes directly.

Further applicability studies are expected because the simple shape of the test specimen does not take the advantage
that the modelling is unconstrained by structural shape and rigid floor assumption.
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