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ABSTRACT: Long-term structural health monitoring is conducted on the Toyosu
campus of Shibaura Institute of Technology. The buildings are installed with
accelerometer sensors and incorporated with base isolation devices, which are also
installed in the ground. The fast Fourier transform (FFT) was used to analyze the
microtremor records for nine years. The result shows a negative correlation between
temperature and the natural period of the buildings, and the periods have increased by
approximately 5% since the 2011 off the Pacific coast of Tohoku Earthquake. The
auto-regressive exogenous (ARX) model was used to analyze the earthquake records. The
result shows that the natural period and damping ratio of buildings are dependent on the
amplitude of vibration. The periods have increased by 6%—10% due to the
abovementioned earthquake, but the damping ratios have not changed.
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1. INTRODUCTION

The evaluation of structural health is important for maintenance management and for the
understanding of and response to seismic functions immediately after an earthquake. For this reason,
structural health monitoring based on seismic observations has been conducted in many cases (e.g.,
Okamoto et al."). Observation records are classified into inputs (e.g., earthquake motion) and outputs
(structural response) that act on the structure, and the vibration characteristics of the structure (e.g.,
natural period, damping ratio) are estimated based on system identification theory. Changes in these
estimated values are correlated with deterioration and damage at the layer and member level to
evaluate structural health?.

In structural health monitoring, not only seismic records but also microtremor records can be used
by employing high-sensitivity sensors. The use of microtremors allows continuous monitoring of
changes in the vibration characteristics of the structure. For example, Okamoto et al.” and Hatayama
et al.> monitored a super high-rise steel structure building and a three-story steel structure building,
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respectively, using microtremor and seismic records. They reported that the natural frequencies
showed seasonal variations and that there was a positive correlation between the natural frequencies
and air temperature. On the contrary, Saito? reported a negative correlation between natural
frequencies and air temperature for a six-story steel structure building with column-head isolation
composed of lead-plugged laminated rubber. The reason for this correlation is not mentioned; however,
it is assumed that the rubber and lead softened as the temperature rose, lowering the natural frequency
of this column-head base isolation system since it is exposed to the surrounding air. Therefore, with
this exception, the positive correlation between natural frequencies and air temperature can be
considered a general characteristic of steel structure and reinforced concrete buildings®. To accurately
extract changes in structural health monitoring over time, it is necessary to understand this seasonal
component, and it is important to understand the mechanism of the relationship between changes in
natural frequencies and temperature. A mechanism of reinforced concrete buildings is examined in a
thermal stress test of concrete test columns by Kanazawa®. The results show that when one side of the
test column is heated, a temperature difference is generated in the cross section, increasing the
stiffness of the concrete member and thus increasing the natural frequency. Alternatively, when the
entire column is heated, the temperature difference in the cross section disappears, decreasing the
stiffness due to the softening of the concrete material and thus decreasing the natural frequency.
However, this mechanism cannot be explained for steel structure building. To the best of the authors’
knowledge, no empirical investigations have been conducted on the mechanism in steel structure
buildings. Although the mechanism has not been investigated in this report, it should be noted that
concrete in steel tubes may also be involved since the subject buildings are concrete-filled steel tube
(CFT) structures.

In the structural health monitoring of microtremors in steel structure buildings, a case of natural
frequency change to the low frequency side after the 2011 off the Pacific coast of Tohoku Earthquake
(hereinafter referred to as “Tohoku Earthquake™) has been reported?. Structural health monitoring
using microtremors allows continuous monitoring of the condition of a structure. However, the
information obtained is only about the vibration characteristics at small amplitudes, so it may be
difficult to determine the seismic function during strong earthquakes. In this respect, albeit
intermittently, seismic records provide information on vibration characteristics during strong
earthquakes. In the case of the application to seismic records of steel structure buildings, it is
reported®® that the natural frequency and damping ratio show amplitude dependence. That is, the
amplitude dependence of the natural frequency changes to the low frequency side when a large
amplitude is experienced, and the amplitude dependence of the damping ratio does not clearly change
before and after a large amplitude is experienced.

This study focuses on two CFT medium-rise buildings (multi-activity building and classroom
building) with large aspect ratios and a CFT high-rise building (research building) connected to one of
the two buildings in an L shape. These three buildings are extremely irregular shaped buildings.
Seismic isolators are located at different heights even within the same building, and a piloti is found in
the high-rise building®”. To understand the dynamic behavior of complex structures, multiple
accelerometers were installed on the three buildings and in the ground to observe the vibration over a
long period of time. In the 2011 off the Pacific coast of Tohoku Earthquake, approximately 300 cm/s?
was observed on the top floor of the classroom building, and cracks were observed in the nonstructural
members such as interior materials. Siringoringo and Fujino'” used seismic records from September
2010 to December 2012 for the two connected buildings mentioned above to show that the natural
frequencies dropped significantly during the Tohoku Earthquake and recovered, although not back to
the levels prior to the earthquake. The damping ratios increased significantly during the Tohoku
Earthquake, but the trend of amplitude dependence was almost the same before and after Tohoku
Earthquake. The trend in the amplitude dependence of the natural frequencies and damping ratios is
the same as in the previous studies®®.

In this study, the natural period was identified from the microtremor records, and the natural
period and damping ratio were identified from seismic records. Moreover, their changes over time and
dependence on amplitude were investigated. This article differs from reference 10 in that it uses
microtremor records to identify the natural period, all three buildings are included in the analysis, and

=20 -



Research bldg. Classroom —<BRAL

- bldg. _uPHEL S|
fi‘l w0 _wiarL &
i’ _wI13FL %
Z12FL. N
2 11FL ¢
109 _Z10FL 5.
™ I O w108 w9
_g8fl 9l

e : w7 [18 _oTEL G

: _vBFL %

i wSFL %

[ 15 | mil6mi02,103  v4FL S

>

e !

Photo 1 Toyosu Campus of Shibaura
Institute of Technology

o @ (GL-40m)

_WPRFL

54 v v lw|w|w|o|w|o|o u w|n

(a) Framing elevation e &
(B — B cross-section) v 14FL |
2 13FL °)
wi12fL *|
Z11FL )
2 10FL Sl
ZOFL <)
3

[unit: m]

EXP.J
Multi—activity bldg. X Roof Classroom bldg.

L1} Ze Foyer -‘-\‘E@ 1105

Bt T | il | | o | ) | —wer | s
©— " Hal - : 1 1©
1M i el 1172 03 v 4FL

Y

A <.

e pe=sa==s =)
©

) 0 1w 7 8 | Z 1
©= R
T u Ul T

5.4 0| 0| 2| 0| 0| o)l sl ol r 2| s|2|s|a|r|s|s|~ | v v #| 2 2 5‘4‘ ’SA 5,7{
™Y 162 | ) 810 - l5.4] 108 |
_156.6 L 162 |

r(b) Franﬁng elevation V(A “A bross-section)

[ 11.66

(%)

T 7 mrienmm

54 # # o # 4 4 4 w4 & wl e 4 w4 4 4 4 4 4 ¥

# » » 54/ 15454

T-3 (GL-1m®m)
l Ll

105 F= A = 1
; i = |
Multi-activity bldg. 118 :?g 3 103,106,108,110 |
- (=] 4 - v: 1
- 1 !
= e L4 X (=] 07 T ]
1 ]6\ 5 1 LU .Atl:lur{l - | — bl
o . Bridge Classroom bldg. @ } i :
- NI W iy - 4|
T/’ AT el
¥ . . 1 |
e Accelerometer above the seismic isolation members (No.6-12) ] Al
e Accelerometer below the seismic isolation members (No.1-5) CHI . B . 9| o
o Accelerometer in the ground (No.13,14) Bridge: |- Filoti NE]
m LAN network accelerometer (Research and Classroom bldg.) B sl
N2aL-om ™ LAN network accelerometer (Multi-activity bldg.) CH2 —| Research bldg. 3
- m LAN network accelerometer (Ground) CH3 SEmaan) =)
=19 4 Displ t met .
(@L-40m) isplacementmeter Direction = %
[JAccelerometer used in this study = —1 |
[T =
(c) Floor plan (C — C cross-section) TTTH T 1
Tp———— T_m_ - z' |
04,1 21T R

Fig. 1 Framing elevation and floor plan of Toyosu school building and seismic instrument location'?
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seismic records from January 2013 to February 2020 are additionally used. Now that the Nankai
Trough earthquake and the Tokyo Metropolitan earthquake are expected to occur, the subject
structures may experience large amplitudes that exceed those of the Tohoku Earthquake. Although the
buildings have a unique shape and configuration, it is possible that similar structures will be
constructed in the future. Therefore, this article is intended to serve as a reference work and describes
the obtained data and other information in as much detail as possible.

2. SUMMARY OF SUBJECT BUILDINGS”

The construction of the subject structures (Photo 1) was completed in September 2005, and the school
opened in April 2006. As shown in Fig. 1, the school building consists of three buildings: a seven-story
multi-activity building, a classroom building, and a 14-story research building. As shown in Fig. 1(c),
the angle between the long or short side of the building and true north is approximately 45°, but for the
sake of simplicity, the orientation of the building will be described based on plant north in this article.
The superstructures of all three buildings are steel construction with CFT columns. The classroom and
research buildings are jointed up to the seventh floor, while the second to seventh floors of the
research building have a piloti, making it a structurally complex, irregular shaped (L-shaped) building.
Conversely, the superstructures of the multi-activity and the classroom buildings are separated. A
connecting bridge with sliding and rotating mechanisms is installed between the second, fourth, and
sixth floors of the two buildings to release the relative displacement between the buildings.

Seismic isolation layers are located between the superstructures and the foundation slabs. Four
types of isolation components (laminated rubber isolators, laminated rubber isolators with U-shaped
steel dampers, lead dampers, and elastic sliding bearings) are placed within the seismic isolation layer.
As shown in Fig. 1(a) and (b), the foundation slab is continuous but becomes shallower near the
boundary between the multi-activity and classroom buildings and on the lower side of the piloti of the
research building. The thickness of the foundation slab is only 100 cm in the lower area of the piloti of
the research building, while the rest is 150 cm. The thickness of the floor slab directly above the
seismic isolators is 20 cm for all three buildings. As shown in Fig. 1(a) and (b), the seismic isolation
members are installed at a lower height on the west side of the multi-activity and classroom buildings
and at a higher height on the east side of the multi-activity and research buildings. In the research
building, the space between the foundation slab and the seismic isolation members (see Fig. 1(a)),
except for the lower part of the piloti, is used as a rainwater storage facility. It is structurally
constructed between the seismic isolation members and the pile heads, with RC columns of 200-310
cm in length and RC walls of 40—-60 cm in thickness between them. From the above, the stiffness of
the substructure below the seismic isolation members is considered to be relatively high.

3. OVERVIEW OF THE EARTHQUAKE OBSERVATION SYSTEM'

Table 1 presents an overview of the seismic observation system. As shown in Fig. 1, seismographs 1—
14 were installed at the time of construction in 2005 to investigate the effectiveness and performance
of the seismic isolation members on a soft ground. Five seismographs were installed on the foundation
slab below the seismic isolation members, seven seismographs were installed on the first basement
floor and the first ground floor, and two seismometers at 1 m and 40 m depth of the ground. These
seismometers are servo accelerometers. The waveform data from each accelerometer is sent via a
dedicated cable to a CompactFlash (CF) card recorder in the Disaster Prevention Center located on the
first floor of the classroom building, where it is recorded at 100 Hz sampling. The recording device
uses a GPS clock synchronization.

As shown in Fig. 1, seismographs 101-119 were installed around the superstructures from 2010 to
2013 to investigate the behavior of the superstructures. These seismographs are servo local area
network accelerometers, which perform continuous and triggered observations and record acceleration
at 100-Hz sampling. A Network Time Protocol (NTP) server incorporated with a GPS clock is used to
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perform time synchronization of each accelerometer'?).

4. CHANGE OVER TIME OF NATURAL PERIOD OF EACH BUILDING USING
LONG-TERM MICROTREMOR RECORDS

Continuous observation of microtremors in the buildings is mainly conducted on the fourth floor and
above and at two other locations, namely, on the foundation (seismograph 101) and on the first floor of
the west side of the classroom building (seismograph 113). Therefore, the natural period was estimated
not from the transfer function that requires input/output records but from spectral analysis of long-term
microtremor records from the seismographs installed on the top floor comers of each building.
Therefore, it should be noted that the natural period presented in this article is the natural period of the
building, including the effect of the ground. Table 2 lists the seismographs used to estimate the natural
period. The microtremor record consists of a single file of three-component, 10-min acceleration
records. A total of 144 files are recorded per day on a memory card in the seismograph. The
continuous record keeping started on March 1, 2011, for seismographs 105, 110, and 111, and on May
13, 2012, for seismographs 117 and 118. The procedure for estimating the natural period is as follows:

1. From the 10-min recordings, the waveform data were divided into six windows of 163.84 s with
50% overlap. FFT and a Parzen window with a bandwidth of 0.2 Hz were used to calculate the
spectrum of each window. The 10-min spectrum was estimated from the geometric mean spectra
for the spectra.

2. The peak period is the period of the largest peak within the period range presented in Table 2 for a
10-min spectrum peak, and the mode frequency among the 144 peak periods for 1 day is the
intrinsic period for that day. Rather than average, mode is used to exclude the effects of sudden
disturbances, such as earthquakes and strong winds, as much as possible.

Figure 2 shows a spectrum normalized by the maximum value of the period range in Table 2. In all
cases, microtremors during the 10-min period from 14:00 on the date indicated in the figure were used,
but the earthquake motion was not included. The vertical lines in the figure indicate the location of the
peak period of each spectrum. In the classroom and research buildings, the peak period clearly
increased after the Tohoku Earthquake.

The estimated natural period is considered to represent the condition of the structure on each day.
In terms of maintenance, it is thought that it is easier to use the intrinsic period of each day compared
with the average value over some period. In this article, the 10-day average of the natural periods is
obtained separately for the beginning (1-10 days), middle (11-20 days), and end (21 days to the end of
the month) of each month. In the following, the 10-day average of the natural period is sometimes
referred to simply as the natural period. The graphs on the left side of Fig. 3 show the changes of the
10-day average of the natural periods over time for the multi-activity building for approximately 8
years and for the classroom and research buildings for 9 years. Clear seasonal variations are found in
the direction of CH1 on the west and east sides of the multi-activity building, CH1 on the north side of
the research building, and CH1 and CH2 on the south side of the research building. Figure 3 also
shows the 10-day averages of temperature'® at the Japan Meteorological Agency (JMA) Edogawa
seaside station (approximately 7 km east—southeast of the subject structure), indicating that the natural
period tends to shorten as the average temperature increases. Therefore, the same trend was observed
in these buildings as in previous studies' ?. The graphs on the right side of Fig. 3 show the
relationship between the average temperature and the natural period. The natural period for the
direction of the abovementioned location becomes shorter when the average temperature exceeds 15°—
20°. The temperature above 15°-20° corresponds to the room temperature inside the building, which is
almost constant throughout the year. When the outside temperature exceeds this temperature, a
temperature difference is generated within the members, increasing the rigidity of the entire structure®.
This is thought to be the reason for the shortening of the natural period. However, the fact that the
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Table 1 Overview of earthquake observation system

Seismometer No. Sensor type Recorder Data record Start date

001-012 Servo Accelerometer (SV-355T) .

SAMTAC-700 - Trigger 2005/07/29
013-014 Servo Accelerometer (SA-355CT)
101-112* 2010/03/25
113-114, 116-118 Servo Accelerometer (CV-374A) Combined unit - Trigger 2012/05/13
115 - Continuous 2013/03/01
119° Servo Accelerometer (AS-303D3BH) CV-374AR 2012/10/26

*: Observations for seismographs 112 and 119 were terminated on December 3, 2019, due to the construction of a new
building.

Table 2 Seismometer used to estimate natural period and search range of peak period
Installation Multi-activity bldg. | Multi-activity bldg. | Classroom bldg. Research bldg. Research bldg.
Position West side / Top flr. | East side / Top flr. | West side/Top flr. | North side/Top flr. | South side/Top flr.
Seismometer No. 117 118 105 110 111
Search range (s) 0.6-6.0 0.6-6.0 0.6-6.0 1.0-6.0 1.3-6.0

2 2 2

Multi—activity bldg.
West side / To

0.1y

p flr| |

Multi-activity bldg.
East side / Top flr.

Classroom bldg.
West side/Top flr.| |

Normalized Fourier amplitude

“““““ 2013/3/11 CH1 117 -~ 2013/3/11 CH1 118 === 2011/3/11 CH1 105
—— 2019/3/11 CH1 117 —— 2019/3/11 CH1 118 —— 2019/3/11 CH1 105
""""" 2013/3/11 CH2 117 -+ 2013/3/11 CH2 118 - 2011/3/11 CH2 105
——2019/3/11 CH2 117 —— 2019/3/11 CH2 118 ——2019/3/11 CH2 105
0.01 0.01 0.01
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Period (s)

Research bldg. North side/Top flr.

|Research bldg. South side/Top ﬂr.|

Normalized Fourier amplitude

0.01

2011/3/11 CH1 110
——2019/3/11 CH1 110
2011/3/11 GH2 110
——2019/3/11 GH2 110

——2019/3/11 CH1 111

——2019/3/11 GH2 111

2011/3/11 CH1 111
2011/3/11 GH2 111

0.01

0.6 1

2 3 4 5
Period (s)

6 0.6 1

P

2
eriod (s)

3 4 56

Fig. 2 Normalized spectra of the microtremors on the top floor of each building (10-min records from
14:00 were used.)
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Table 3 Average value of the natural period (s) estimated from the microtremors in the first 10 days of
March from 2011 to 2019

Installation position Wea sol o 8 Novih se) tonSie South siel tonSte.
Seismometer No. 105 110 111
Direction CHI1 CH2 CH1 CH2 CHI1 CH2
March 1-10, 2011 0.771 1.217 1.524 1.211 1.524 1.509
March 1-10, 2012 0.816 1.278 1.613 1.273 1.613 1.575
March 1-10, 2013 0.820 1.281 1.616 1.274 1.616 1.574
March 1-10, 2014 0.820 1.281 1.617 1.278 1.617 1.577
March 1-10, 2015 0.818 1.279 1.609 1.275 1.609 1.569
March 1-10, 2016 0.817 1.278 1.609 1.272 1.608 1.571
March 1-10, 2017 0.820 1.278 1.619 1.271 1.616 1.574
March 1-10, 2018 0.820 1.277 1.616 1.272 1.616 1.574
March 1-10, 2019 0.818 1.274 1.614 1.270 1.611 1.568
""" Avg. (2012-2019) | 0819 | 1278 | te14 1T 1273 | 1613|1573 ]
SD (2012-2019) 0.002 0.002 0.003 0.003 0.003 0.003
Difference” (s) 0.048 0.062 0.090 0.062 0.089 0.064
" Rate of change™ (%) | 62 T 51T 59 T 51T 58 T 4277

* . Difference between the average natural period in the first 10 days of March from 2011 to 2019 and the average natural
period in the first 10 days of March 2011.
**: Rate of change = Difference” / Average natural period in the first 10 days of March 2011.
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Fig. 4 Average and standard deviation of the 10-day averages of the natural periods estimated from the
microtremors for the same 10-day period from March 2013 to February 2020
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Table 4 Average and standard deviation (SD) of the 10-day averages of the natural periods estimated
from the microtremors for the same 10-day period from March 2013 to February 2020

Installation Multi-activity bldg. Classroom bldg. Research bldg.
Position West side/ top flr. East side/ top flr. West side/ top flr. North side/ top flr. South side/ top flr.
Mo. Day Seismometer No. 117 118 105 110 111
Direction CH1 CH2 CH1 CH2 CH1 CH2 CHI1 CH2 CHI1 CH2
Avg. SD |Avg.| SD |Avg.| SD [Avg.| SD |Avg.| SD [Avg.| SD |Avg.| SD [Avg.| SD |Avg.| SD |Avg.| SD [Avg.| SD
GO ECOREORRORRORNOREOREORNORNORNORNORNONRORRONRORNOREOREORNORNORNNO)
1-10 6.76] 0.99[1.0160.004]0.76510.0020.885[0.0020.7660.00110.81810.001 [1.2750.0041.6190.005|1.2710.003 [1.618 0.0051.577|0.004
1 11-20 5.93] 1.03[1.0160.004/0.767(0.0020.886[0.0020.7680.002(0.819(0.002 [1.2770.004 |1.6190.005|1.2730.003 [1.618 0.006|1.575|0.003
21-EOM 6.03] 1.45[1.016/0.005/0.76710.00210.8860.00310.76910.00310.81910.001 {1.27710.003 |1.6180.006|1.27410.003 [1.6180.006|1.57710.006
1-10 5.60] 0.97[1.0180.002|0.76810.0020.888 0.0020.76910.002|0.81910.001 [1.278 0.005 |1.6210.008|1.27410.004 [1.6200.008 |1.57810.006
2 11-20 7.01] 1.85[1.0170.003/0.76810.0020.8880.0030.76910.002(0.820(0.001 [1.278 0.003 |1.6180.006|1.27410.003 [1.6170.006 |1.575|0.006
21-EOM 7.94] 1.20{1.0190.00310.767(0.00210.887(0.003 0.76810.002|0.819(0.002 [1.2770.0041.6130.007|1.2730.003 [1.6130.0071.57210.007
1-10 8.78| 1.61]1.018]0.004)0.76810.0020.886/0.00310.769(0.0010.819(0.0011.278/0.002{1.61410.004 [1.2730.003]1.613|0.004|1.57210.003
3 11-20 10.48] 1.161.0190.005/0.769(0.0020.888 0.0040.770]0.00210.81910.002 [1.278 0.003 |1.61010.004|1.27210.004 [1.6100.0031.570(0.004
21-EOM 11.26| 1.44]1.01810.004)0.7690.0020.887]0.003|0.77110.00210.8190.0021.2780.003|1.6110.005[1.2730.003|1.610/0.005|1.5700.006
1-10 12.91] 1.82[1.0160.002{0.769(0.0010.8850.0020.770]0.00110.81810.002[1.2760.002 |1.607 0.004|1.2720.002 [1.606 0.004]1.569(0.005
4 11-20 14.66| 0.97(1.0180.004(0.77110.0020.8880.0010.77210.002{0.82010.002 1.2790.003 |1.6090.005|1.275 0.004 [1.608 0.0051.570{0.005
21-EOM 16.47] 1.39[1.0140.005/0.769(0.003 10.8850.0030.77110.00310.81610.002 [1.276 0.005 |1.59910.013 |1.27210.004 [1.602 0.0091.56410.007
1-10 18.04] 1.16(1.0120.006(0.770(0.00210.885[0.0030.770/0.003|0.817(0.001 [1.2770.003 |1.6020.008 |1.27210.004 [1.601 0.007 |1.5660.006
5 11-20 19.51] 0.511.0080.004(0.76910.00210.8820.0030.771/0.00310.81610.002 [1.276 0.004 |1.598 0.004|1.2720.004 [1.5970.004]1.5630.006
21-EOM 21.03] 0.54[1.0040.002(0.76910.0010.8800.0020.77010.00110.816|0.001 [1.2750.003 |1.5920.003|1.2710.003 [1.5920.003 |1.5580.003
1-10 21.46| 0.59[1.0040.005(0.76910.00310.87910.00410.77110.00310.81510.003 [1.2760.005 |1.5940.009|1.27110.005 [1.59410.009|1.5580.008
6 11-20 21.85] 1.100.9990.00310.766(0.00210.875[0.0040.76810.00210.81410.004 [1.273 0.002 |1.58910.007|1.268 0.003 [1.5890.0071.555|0.005
21-EOM 23.01] 0.5200.9940.003(0.765(0.0010.872[0.0020.76710.001|0.81210.002 1.2690.004 |1.5820.005|1.2650.004 [1.5820.0051.551/0.005
1-10 24.15] 1.920.9910.004(0.765(0.00210.869[0.0020.767]0.00310.81310.003 [1.2690.004|1.5790.009|1.2650.004 [1.578 0.009]1.5510.008
7 11-20 26.23| 1.700.9900.005(0.766(0.004 0.869[0.004 0.7680.004|0.81310.003 [1.268 0.004 |1.573 0.005|1.2620.004 [1.574 0.005 |1.547[0.005
21-EOM 26.90] 1.290.9900.006(0.766(0.003 0.871[0.0050.76810.00410.81310.002 [1.2690.0041.5750.007|1.26410.004 [1.5740.007 |1.54710.004
1-10 28.11| 0.76/0.990(0.0050.7680.003 0.87210.005|0.770(0.005 0.813 0.003 |1.2690.004 [1.57210.007 [1.264 0.003|1.571]0.007 |1.546 0.007
8 11-20 27.35] 1.5500.9920.00310.769(0.003 0.875[0.0030.77010.00310.81310.002 [1.2700.003 |1.5780.006|1.2660.003 [1.5770.007 |1.554/0.007
21-EOM 26.29| 1.740.9940.004(0.76810.00110.874 [0.0020.77110.002(0.81410.002 1.273 0.004 |1.58710.007|1.268 0.004 [1.5870.007 |1.55810.009
1-10 25.33] 1.950.9930.005(0.767(0.00210.873 0.0040.76810.00310.81310.003 [1.2720.003 |1.585]0.007|1.26710.003 [1.584 0.0081.559(0.006
9 11-20 23.43]  1.040.9970.004(0.76810.00210.876[0.003 0.7680.002(0.81410.002 1.2740.003 |1.5930.003 |1.27010.003 [1.593 0.004|1.561{0.002
21-EOM 22.24] 1.050.9980.007(0.76710.00410.87710.0070.76910.00410.81510.004 [1.2750.006 |1.60010.009|1.27210.006 [1.5990.009|1.5670.006
1-10 21.56] 1.221.0020.005]0.76810.00210.8780.0050.77010.002|0.817(0.004[1.276 0.005 |1.601 0.008|1.273 10.004 [1.601 0.009|1.5680.008
10 | 11-20 18.39] 1.211.0050.004[0.76810.003 0.8800.004 0.76910.002(0.817(0.002 1.2790.002 |1.6090.005 |1.2750.004 [1.609 0.005 |1.574/0.004
21-EOM 16.83] 0.75[1.0070.004[0.76810.00210.881[0.0040.770]0.00210.81810.002 [1.2790.003 |1.6140.004|1.2760.003 [1.613 0.004]1.575]0.003
1-10 15.42] 1.33[1.010/0.002{0.769(0.0020.8820.0020.771/0.002{0.820(0.001 [1.2800.002|1.6140.006|1.2760.003 [1.6140.006|1.573|0.005
11 11-20 13.34] 1.46(1.0130.005/0.770(0.0020.8860.0040.77110.00310.82010.003 [1.2800.0041.6180.008|1.2760.004 [1.6170.0081.577|0.007
21-EOM 11.35] 1.06]1.015]0.0050.7690.0030.8860.004/0.770(0.003 10.8200.002|1.28010.005[1.6160.006 [1.2750.004|1.616|0.006 |1.575 10.006
1-10 9.79] 1.23[1.015/0.004/0.76810.003 0.887(0.0020.76910.00310.820(0.002 [1.278 0.003 |1.61910.003 |1.27410.004 [1.618 0.003|1.576|0.004
12 | 11-20 8.23| 1.58]1.015]0.004)0.7680.0030.887/0.00310.770(0.003 10.8200.0021.27910.004 |1.621 0.006 [1.274 0.0041.620(0.006 |1.5790.004
21-EOM 7.46] 1.00(1.0160.005/0.767(0.003 0.886[0.003 0.76810.002|0.81910.001 [1.2780.003 |1.619]0.004|1.27410.003 [1.618 0.004]1.577|0.003
|Average 16.42] 1.23[1.0070.004(0.76810.00210.881[0.0030.76910.002(0.817(0.002 [1.276 0.004 |1.602 0.006 |1.2720.004 [1.602 0.006 |1.5660.005
Maximum 28.11] 1.95]1.01910.007(0.7710.004 0.888]0.007|0.77210.005 10.820 0.0041.28010.006|1.6210.013 [1.2760.0061.620{0.009|1.5790.009
Minimum 5.60] 0.5100.9900.002(0.765(0.0010.869[0.0010.7660.00110.81210.001 [1.2680.002|1.5720.003 |1.26210.002 [1.571 0.003 |1.546|0.002
Range of variation’]  22.51 .029] — 0.006] — 0.019] — [0.006] — 0.008] — 0.012] — 0.049| — 0.013| — 0.049] — 0.032| —
Rate of range™ - 29| - 0.8 — 21| - 0.7 — 1.0 — 1.0 31| - 1.1 - 3.0 - 21| -

* : Range of variation means the difference between the maximum and minimum values.
**: Rate of range = Range of variation”/ Average of natural period from March 2011 to February 2020. Cells with a rate of
range of 2% or more are shaded.

natural period remains almost constant when the outside air temperature falls below the temperature
range described above has not been explained, but the phenomenon is thought to imply that there is a
lower limit to the decrease in stiffness. This mechanism will be clarified in the future.

For the classroom and research buildings, natural periods were obtained in early March, just
before the Tohoku Earthquake, and these are indicated by the red circles in Fig. 3. The graphs on the
left side of Fig. 3 show that the natural periods increased after the Tohoku Earthquake and did not
return to the natural period before the Tohoku Earthquake. Table 3 presents the natural periods in early
March 2011-2019. The natural period at the beginning of March 2011 and the average of the natural
period at the beginning of March in each year from 2012 to 2019 show an increase in period of 0.048—
0.090 s, indicating an increase in the period of approximately 5% in terms of the rate of change.
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During the Tohoku Earthquake, cracks were observed in partition walls and exterior materials, which
are nonstructural members, at several locations in the buildings. Nonstructural members are not
evaluated as stiffnesses even at the design stage but are in fact considered to contribute to the stiffness
of the entire building. Therefore, the damage to the nonstructural members may have caused a slight
reduction in stiffness, resulting in an elongation of the natural period.

A temporary elongation of the natural period can also be observed in addition to this constant
natural period elongation. Each graph on the left side of Fig. 3 shows a horizontal line passing through
the maximum natural period from early March 2011 to early September of the same year, which is
larger than the average value of the natural period since then. Therefore, the natural periods for the
6-month period from mid-March to early September, immediately after the Tohoku Earthquake, are
shown in orange. As shown in the graphs on the right side of Fig. 3, the natural period tended to be
longer for approximately 2 months until late April. This may be because the stiffness has recovered
slightly due to the solidification of cracks, although the stiffness has not returned to the level before
the Tohoku Earthquake.

The natural period varies seasonally; therefore, current natural period must be compared with that
of the same period in previous years to determine the condition of the structure. Figure 4 and Table 4
show and present the obtained average and standard deviation of the 10-day averages of the natural
periods estimated from the microtremors for the same 10-day period from March 2013 to February
2020. It is important to continuously monitor the natural period and accumulate knowledge on
building maintenance and management through comparison and discussion with the present record.
Therefore, although Fig. 4 and Table 4 provide almost the same information, specific numerical values
are also presented in Table 4 to facilitate the quantitative implementation of this comparison and study
in the future. Figure 4 shows the average + standard deviation with error bars and shows that the
natural period varies seasonally, with a different range of range of variation. In the CH1 direction on
the west and east sides of the multi-activity building, the CHI1 direction on the north side of the
research building, and the CH1 and CH2 directions on the south side of the research building, the error
bars for the winter and summer are far apart, indicating that the natural periods are significantly
different between the winter and summer. Table 4 presents the rate of variation of the natural period.
The rate of variation in these locations is 2%—3%, which is larger than that of the other locations,
which is approximately 1%. The reason why the rate of change tends to be large in the CH1 direction
is assumed to be because the temperature gradient in the columns increases in the CH1 direction due
to the relationship between the building orientation and sunlight and that stiffness changes® tend to
occur in the CH1 direction.

5. EVALUATION OF THE AMPLITUDE-DEPENDENT CHARACTERISTICS OF THE
VIBRATION PROPERTIES USING SEISMIC RECORDS

Section 4 examined the variation of natural period at the microtremors level. This section estimates the

natural period and damping ratio using seismic records. The ARX model''® has been widely used

for mode identification methods and is not newly developed in this study. However, as mentioned in

Section 1, this article is also intended to serve as a resource, and a brief description of the estimation

method is given below.

5.1 Method for estimating the natural period and the damping ratio

The ARX model is used to estimate the natural period and damping ratio. The ARX model is given by
the following equation:

YO +ayt-D+...+a, yt—n)=bu(t—n)+but-1-n)+...+b, u(t—n, +1-n)+e(®) (1)

where y(¢) and u(?) are the output and input at time ¢, respectively, a, and b, are the model coefficients
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for the output and input, respectively, n, and b, are the model orders of the output and input,
respectively, nx is the delay time, and e(?) is the white noise with zero mean value. Equation (1) can be
expressed using the time-shift operator g as

A(@)y(2) = B(q)u(?) +e(?) (@)

where A(q) and B(q) are polynomial functions defined as follows:

A =0+ag’ +aq” +..+a,q¢") =1+ aq” (3)
Jj=1
B(q)=bq™ +bq ™ +...+ b, gt = ijq-fﬂ—nk )
Jj=1

The model coefficients are identified by applying the least-squares method to minimize the sum of
squares of e(?) in Eq. (2), using y(¢) and u(¢), the model orders 7, and n,, and the delay time n; set in
advance in the time window. Let the time-shift operator ¢ be the variable z in the z-transform. The
transfer function H(z) of the system determined by the identified ARX model is expressed in the
z-transform as follows:

B(2)

H(z)= 10)

&)

On the contrary, from the correspondence with the transfer function of the system in the
multi-degree-of-freedom model, the natural period 7; and damping ratio 4; of the j-th-order mode can
be obtained from the following equations:

27\t
= (6)
llog.. p|
-T.lo )
h = LPJ (7)
/ 27t

where _p; is the pole with 4(z) =0 and Af is the sampling period of the seismic record. From the
above, the natural period and damping ratio can be estimated from the input and output seismic
records by setting the model orders n,, ns, and ni. These identifiers depend on the model order; thus, it
is necessary to set the model order appropriately. Section 5.3 describes the specific method for
determining the model order. The seismic records used in the analysis are then described.

5.2 Seismic records used for the analysis

Estimating the natural period requires seismic records that correspond to the input and output. Since
the seismic isolation system is a nonlinear system with amplitude dependence, the input side was
divided into the upper and lower seismic isolation layer, and the output side was the top floor of each
building to estimate the natural period. The pairs of seismometers were selected to be as vertically
aligned as possible, as presented in Table 5.

The seismic records used are the records of 181 earthquakes out of 196 earthquakes obtained
between November 1, 2010, and February 29, 2020, in the list of seismic records published on the web
by the authors'”, excluding those with very small amplitudes or with problems in the time
synchronization of the network accelerometers.

Considering seismograph 101 as representative of the input side, Fig. 5 shows the relationship
between the JMA seismic intensity and the JMA magnitudes'® of the 181 earthquakes used in the
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Table 5 Input side and output side seismometers and model order n, when using the ARX model

Installation Multi-activity bldg. Classroom bldg. Research bldg.
position West side East side West side North side South side
Period” -3/10 | 3/11- | =3/10 | 3/11- | =3/10 | 3/11- | =3/10 | 3/11- | =3/10 | 3/11—
Number of earthquakes 0 96 0 96 7 174 7 174 7 174
Seismometer No."™" (output/input) 117/006 118/010 105/007 110/008 111/012
CHI1 - 90 - 80 70 100 130 180 160 220
Model order na
CH2 - 50 - 40 190 200 140 200 180 210
Seismometer No. ** (output/input) 117/001 118/002 105/003 110/101 111/005
CHI1 - 130 - 70 80 90 140 180 110 210
Model order na
CH2 - 50 - 50 170 190 130 200 170 200

*: “-3/10” represents the period from 11/1/2010 to 3/10/2011, and “3/11- represents the period from 3/11/2011 to
2/29/2020.
**: Seismometers used in the analysis are marked with blue boxes in Fig. 1.
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Fig. 5 Relationship between the JMA magnitudes'® of the 181 earthquakes used in the analysis and the
measured JMA seismic intensities at seismograph 101

analysis. The range of the JMA seismic intensity scale on the input side was generally in the range of
“1” to “5 lower.”

Figure 6 shows the relationship between the maximum acceleration on the input and output sides,
as presented in Table 5, to examine the characteristics of the seismic records used in the analysis. For
the classroom and research buildings, the results before, during, and after the Tohoku Earthquake are
shown in different colors. Since there is little difference in the trends before and after the Tohoku
Earthquake, regression equations, excluding only the results of the Tohoku Earthquake, were obtained
and are shown by the solid lines in each graph. The dashed lines represent the extrapolations up to the
results of the Tohoku Earthquake. The coefficient of determination (R?) for each building ranged from
0.87 to 0.96, indicating a good fit of the regression equation. However, if the change in the natural
period due to the amplitude dependence in reference 10 and later is interpreted as a decrease in the
stiffness of the structure, the response relationship in Fig. 6 should change before and after the Tohoku
Earthquake, and a downward rightward trend should also be apparent. Therefore, it is difficult to
interpret the linearity of the response relationship seen in the figure. The change in the natural period
mainly reflects the effect of the nonstructural and seismic isolation members, whereas the linear
response relationship in Fig. 6 is believed to reflect the effect of the structural members. Therefore, Fig.
6 can indicate that the structural members were not damaged.
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Fig. 6 Relationship between the maximum acceleration on the input and output sides, as presented in
Table 5. (Regression equations, excluding only the results of the Tohoku Earthquake, were
obtained and are shown by the solid lines in each figure. The dashed lines indicate the
extrapolations up to the results of the Tohoku Earthquake. Each figure also shows the value of
the outlier index defined in Eq. (8). If the absolute value of the outlier index is >20%, it is
significantly considered to be an outlier, and the number is shaded.)

Next, the plots of the response relationship for the Tohoku Earthquake are discussed. The dashed
lines indicate the extrapolated intervals of the regression equation, and it can be seen that the plots for
the Tohoku Earthquake are sometimes near the dashed lines and sometimes far off. Therefore, the
outlier index is defined as an indicator of the degree of outlier as follows:

Maximum acceleration at the top floor — Predicted value “
Predicted value

100 (8)

outlier index (%) =

where the predicted values are obtained by substituting the maximum acceleration of the seismometers
located above or below the seismic isolation layer into the regression equation. The figures also show
the value of the outlier indices. If the absolute value of the outlier index is > 20%, it is significantly
considered to be an outlier, and the number is shaded.

First, the outlier index obtained using seismic records for the bottom of the seismic isolation layer
and top floor is discussed. This outlier index is considered to correspond to the seismic isolation effect.
The outlier index is significantly negative in two directions on the west side of the classroom building,
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and it is also negative in two directions on the north side of the research building and CH1 direction on
the south side, ranging from —7.0% to —16.7%, indicating that there is some seismic isolation effect.
However, in the CH2 direction on the south side of the research building, the outlier index is larger in
the positive direction, indicating no seismic isolation effect.

Next, the outlier index obtained using seismic records for the top of the seismic isolation layer and
top floor is discussed. This outlier index is considered to correspond to the seismic isolation effect. In
the CH1 direction on the north and south sides of the research building, the outlier index is very large
in the positive direction, and in the CH2 direction, they are also relatively large in the positive
direction, indicating that the superstructure of the research building was amplified compared to other
earthquakes. However, on the west side of the classroom building, the outlier index in the CH2
direction shows large negative values, and the outlier index in the CH1 direction also shows negative
values, indicating that the superstructure was damped compared to other earthquakes. As can be seen
in Photo 1 and Fig. 1(a), the research building has a piloti structure, making it a top-heavy structure.
Moreover, it is thought that the Tohoku Earthquake, which had a long duration, caused relatively large
shaking compared to other earthquakes. Conversely, nonlinearity of the structural members could be a
possible reason for the damping of the classroom building. However, since the average inter-story drift
angle'® obtained from the acceleration records has a maximum of 1/241 rad in the CH1 direction
between seismometers 007 (B1) and 102 (fourth floor) on the west side of the classroom building, it is
difficult to consider that nonlinearity is a reason. Another reason is that the amplitude of the classroom
building was suppressed by the L-shaped connection of the research and classroom buildings.
Therefore, it can be inferred that the increase or decrease in the response value of the superstructure is
due to the irregularity of the superstructure.

5.3 Relationship seismic intensity index and natural period of the superstructure with and
without seismic isolation layer

The ARX model is used to estimate the natural period of the superstructure with and without the
seismic isolation layer. The seismic record of the top floor is used as the output, and the seismic
records below and above the seismic isolation layer are used as the input. As mentioned above, an
optimal model order must be determined when using the ARX model. The next section describes the
method used to determine the model order in this study.

5.3.1 Method of determining the model order
The model order n, was assumed to be n, = n,+1 based on reference 11, and the delay time n; was
determined to be nx = 0 based on the examination results of the impulse response function'® using
input—output waveforms. Therefore, 7, is the only parameter to be estimated. In this study, n, was set
between 10 and 250, in increments of 10, and the correlation coefficients between the identified
natural periods and the seismic intensity indices were obtained for each n,. The model order was set to
n, when the correlation coefficient was the largest. On the other hand, as seismic intensity indices, the
maximum acceleration, maximum velocity, spectral intensity (SI), and JMA seismic intensity,
calculated with one component on the output and input sides, were considered. The Tohoku
Earthquake is expected to have caused a change in the response system of the buildings. However,
only seven seismic records are found prior to the Tohoku Earthquake, and the analysis results of
microtremors indicate that the response system may have been in transition for some time after the
Tohoku Earthquake. Therefore, the seismic records used to determine the model order n, are those
observed between September 11, 2011, and February 29, 2020, when the response system is
considered to have stabilized. Consequently, seismic records of 96 earthquakes in the multi-activity
building and 116 earthquakes in the classroom and research buildings were used for the study. The
time window used for identification was 41 s, 4 s before the arrival of the S-wave in the seismic
waveform.

The correlation between the identified natural period and the seismic intensity index was stronger
when the seismic intensity index on the output side (above or below the seismic isolation layer) was
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used than on the input side (top floor). The correlation between various indices and the natural period
was highest for SI (logarithmic value), roughly the same for maximum velocity (logarithmic value)
and JMA seismic intensity, and lowest for maximum acceleration (logarithmic value). Yamamoto et
al.?” reported a relatively high correlation of the natural frequencies obtained from the transfer
function and the SI (logarithmic value) of the input side. They also obtained a regression equation for
the natural frequencies for a 60 m-high steel construction with a relatively similar scale and structure
type to that of the research building. The R? values calculated from the correlation coefficients in the
same reference are 0.29 and 0.43 for the short side direction and for the long side direction,
respectively, which are much smaller than the R? values obtained in the present study.

The regression analysis between the natural period and the SI of the top floor at each model order
n, was conducted using the following equation:

T, = a+blog,,(SD ©)

where T is the natural period (s) and a and b are the regression coefficients (s). Figure 7 shows the
relationship between n,, R?, and regression coefficients @ and b. R* can have a sharp peak or a gradual
peak. In this study, it is assumed that SI can explain the natural period, so the model order is
determined by n, when R?is at its maximum. In the same figure, a vertical line is drawn at the position
of the model order n,. It can be observed that the changes of regression coefficients ¢ and b around the
vertical line are small; hence, further refinement of n, is not necessary in the present method of
determining 7. In some channels, R* drops rapidly to the right of the R? peak. For example, the plots
of the analysis results for the CH2 direction for seismographs 105 and 007 (hereafter denoted as
“105/007”) show that the R? value is maximum at n, = 200, but is almost zero after n, = 210. This is
because the natural periods for some earthquakes were overestimated, resulting in outliers in the
regression analysis and reducing the R? values. Outliers were not excluded from the regression
analysis based on the idea that the occurrence of outliers reflects the influence of n,. From the above,
the determined model order n, and R? values range from 40 to 220 and from 0.72 to 0.93, respectively.
The relationship between the natural period of the structure and n, is discussed here. The natural
period estimated from the microtremors is used instead of the seismic motion. Figure 8 shows the
relationship between the model order 7, and the natural periods indicated by the averages presented in
Table 4. A rightward linear relationship is observed between natural period and #,.

Next, for the classroom and research buildings, the determined model order was also applied to
seismic records prior to September 11, 2011, and its validity was examined. As a result, in some cases,
the identified natural periods and SIs did not show sufficient correlation before the Tohoku Earthquake.
Therefore, the correlation between SI and the identified natural period for the seismic records before
the Tohoku Earthquake was examined by setting n, between 10 and 250 in increments of 10 again.
Figure 9 shows the results, as in Fig. 7. The figure shows that the R*-n, curve often has no clear peak
or multiple peaks, making it difficult to determine the model order. Therefore, the model order before
the Tohoku Earthquake was set to the position of the first maximum R? value in the range smaller than
n, determined above. In Fig. 9, a vertical line is drawn at the location of the model order n,. As in Fig.
7, the changes of regression coefficients @ and b around the vertical line are small; hence further
refinement of n, is not necessary in the current method of determining n,. The reason why the model
order n, here is limited to a range shorter than n, determined from seismic records after the Tohoku
Earthquake is that the natural period is considered to have been shorter before the Tohoku Earthquake
than it is now. This is because n, becomes smaller as the natural period becomes shorter, as shown in
Fig. 8. From the above, the determined model order n, and R* values range from 70 to 190 and from
0.83 to 0.99, respectively. The reason for the larger R* value may be that there were only seven
earthquakes used in the analysis.

Table 5 summarizes the determined model orders #,. In this study, n, is statistically determined by
assuming a correlation between the natural period and the seismic intensity index. Therefore, applying
the present method of determining the model order is difficult to structures with few seismic records or
those that do not meet the above assumptions. The study of how to determine the model order is very
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important. A future study plans to use the Akaike information criterion (AIC)'®, which is used to
determine model fitness, aims to compare the simulated and observed waveforms'® to investigate the
relationship with the model order obtained in this study.

5.3.2 Relationship between the spectral intensity and the natural period of the superstructure with
and without seismic isolation layer

Figure 10 shows the relationship between the natural period and the SI of the top floor. Figure 10 also
shows the average of the natural periods of the microtremors from March 2013 to February 2020
presented in Table 4 as blue squares and the maximum and minimum values of the 10-day average of
natural periods as error bars. The variation range of the natural period estimated from earthquake
ground motion is larger than that estimated from the microtremors, and that it has a roughly linear
relationship with the SI (logarithmic value). For the classroom and research buildings, the average
natural period of the microtremors at the beginning of March 2011 is indicated by a green square, and
the natural periods obtained from seismic records are divided into four periods: (1) before the Tohoku
Earthquake, (2) during the Tohoku Earthquake, (3) from the Tohoku Earthquake to September 10,
2011, and (4) from September 11, 2011, to February 29, 2020. Circles with different colors indicate the
results for each period. Periods (3) and (4) correspond to the transient and stable periods of the
vibration characteristics after the Tohoku Earthquake. As described in Section 4, the natural period of
the Tohoku Earthquake showed a temporary increase of approximately 2 months as well as a
permanent increase. Therefore, September 10, 6 months after the earthquake, when this temporary
increase was considered to have been fully resolved, was set as the boundary date for periods (3) and
(4). However, Fig. 10 shows no clear difference between periods (3) and (4).

Solid green and black lines indicate the regression equations for periods (1) and (4), respectively,
while dashed lines indicate the extrapolated intervals. The R* values range from 0.72 to 0.99,
indicating that the regression equation fits well. As with the microtremors, the natural period estimated
from the seismic motion is found to have increased after the Tohoku Earthquake. Since the natural
period is amplitude dependent, substituting SI of 3.0 cm/s into the regression equations for periods (1)
and (4) and examining the change in the natural period show that the natural period increased by
approximately 6%—10%. Although this is slightly larger than the 4%—6% change in the natural period
estimated from the microtremors presented in Table 3, it is considered to be an elongation of the
period due to damage to nonstructural members caused by the Tohoku Earthquake described in
Section 4. Based on the relationship between SI and the measured seismic intensity calculated with
one component, the SI of 3.0 cm/s corresponded to a JMA seismic intensity of approximately 3.0.

On the other hand, for the Tohoku Earthquake, the natural periods between the top of the base
isolation layer and the top floor and between the bottom of the base isolation layer and the top floor
are consistent with the extrapolation of the regression equation for period (4). However, the natural
period between the bottom of the base isolation layer and the topmost floor in the CH2 direction is
significantly extended from the trend of the regression equation for period (4). The maximum
inter-story drift in the seismic isolation layer of the classroom and research buildings was 4.5-5.2 cm
in the CH1 direction, while the maximum inter-story drift in the CH2 direction was 6.6-9.5 cm, which
is 1.3—1.8 times greater than in the CH1 direction”. This may have caused a reduction in the stiffness
of the seismic isolation layer, especially in the CH2 direction, resulting in a large elongation of the
natural period.

The regression equation for the multi-activity building is also shown as a solid line in Fig. 10. For
CH2 in the long side direction, the relationship between natural period and SI on the west and east
sides tends to be almost the same. However, for CH1 in the short side direction, the natural period
tends to be shorter on the east side. This may be due to the fact that the west side has a deeper
foundation and substantially higher building height than the east side and has fewer columns and less
rigidity due to the presence of a hall (see Fig. 1(b)).

The above results indicate a linear relationship between the natural period and SI (logarithmic
value). If a different response trend from this regression equation is observed in the future, damage or
alteration of the superstructure or seismic isolation members can be suspected.
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Fig. 11 Seismic records and a microtremor record Fig. 12 Comparison of the normalized Fourier

at seismograph 111 on the top floor on the amplitudes (middle panel) of the seismic
south side of the research building (CHI1 and microtremor records shown in Fig.
direction) 11 and the transfer functions of the

seismic records EQ137 (top panel) and
EQ140 (bottom panel) obtained from the
ARX model and spectral ratio

5.4 Relationship between the natural period obtained from the microtremors and earthquake
ground motions

Since the natural period obtained from the seismic record uses the transfer function between input and
output, it is clear that it is the natural period of the system between these inputs and outputs. On the
other hand, only the spectrum of the top floor is used for the microtremors, which may include the
influence of the ground, as mentioned in Section 4, and it is unclear which system has the natural
period. Therefore, this section discusses the relationship between the natural period obtained from the
microtremors and seismic motions.

For the CH1 direction of seismograph 111, the seismic records of EQ137 and EQ140, with the
maximum and minimum SI values in period (4), are treated as strong and weak tremors, respectively.
Figure 11 shows these waveforms. The earthquake numbers correspond to those in reference 13.
Figure 11 also shows a record of microtremors approximately 2 h before EQ140. The normalized
Fourier amplitudes are shown as these spectra in the middle panel of Fig. 12. The FFT and a Parzen
window with a bandwidth of 0.2 Hz were used to obtain the spectrum for the seismic record, with a
cosine taper applied to the 10% at both ends of the time window and a trailing zero to increase
resolution on the long-period band. The same procedure in Section 4 for the 10-min recording (only 1
min is shown in Fig. 11) is used to obtain the spectrum of the microtremor recording. Although each
spectrum includes the effects of the ground and the earthquake source as well as the building, it can be
seen that the larger the amplitude of the record, the longer the peak period.

The upper and lower panels of Fig. 12 show the transfer function obtained from the ARX model
(ARX) and the transfer function obtained from the spectral ratio (RAT). The transfer functions are
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13 Relationship between the damping ratio estimated from seismic records and the spectral
intensity (SI) on the top floor
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obtained between the top of the seismic isolation layer and the top floor (111/012) and between the
bottom of the seismic isolation layer and the top floor (111/005). The two transfer functions are
similar; however, the transfer function (ARX) shows a more distinct peak on the long-period band.
This is believed to be due to the lower resolution of the long-period band of the spectrum with the
FFT.

As can be seen from the middle and bottom panels of Fig. 12, the peak period (1.707 s) of the
weak ground motion spectrum (EQ140) and the peak period (1.726 s) of the transfer function (ARX)
between the bottom of the seismic isolation layer and the top floor are almost the same, suggesting that
the weak ground motion spectrum can be regarded as a response with the bottom of the isolation layer
as the fixed base. The peak period of the microtremor spectrum (1.606 s) is also close to the peak
period of the weak ground motion, and the microtremor spectrum is also inferred to be the response
with a fixed base below the seismic isolation layer. As can be seen from the middle and top panels of
Fig. 12, the peak period (1.905 s) of the spectrum for the strong ground motion (EQ137) is between
the peak period (2.026 s) of the transfer function (ARX) between the bottom and top floors of the base
isolation layer and the peak period (1.781 s) between the top floors and top of the base isolation layer,
indicating a different response from the weak ground motion.

The above results indicate that the natural period obtained from the microtremors corresponds to
the natural period between the bottom and top floors of the seismic isolation layer during a weak
earthquake and tends to be slightly shorter than that of the latter. As confirmed in Fig. 10, the natural
periods estimated from the microtremors are consistent with this trend, except for CH2 at 111/005. On
the other hand, the natural period estimated from the microtremors tends to be as long as or longer
than the natural period between the top of the seismic isolation layer and the top floor during a weak
earthquake. Therefore, the natural period obtained from the microtremors in this article is considered
to be the natural period of the structure above the seismic isolation layer.

5.5 Relationship between the spectral intensity and the damping ratio of the superstructure
with and without the seismic isolation layer

Figure 13 shows the relationship between the damping ratio obtained from the ARX model and the SI
on the top floor. For the classroom and research buildings, the color of the plots is changed for each
period, as in Fig. 10. For both buildings, the damping ratio between the top of the seismic isolation
layer and the top floor is generally 0.02, which is the usual value for the design of steel structured
buildings and high-rise buildings®", and 0.05, indicating a little correlation with the SI. On the other
hand, the damping ratios between the bottom of the seismic isolation layer and the top floor show a
correlation with SI, except for 111/005 (CH2) on the south side of the research building, which tends
to be larger than the damping ratio between the top of the seismic isolation layer and the top floor.
During the Tohoku Earthquake, the damping ratio between the bottom of the base isolation layer and
the top floor was large, which ranged from 0.10 to 0.40, confirming the damping effect of the base
isolation members during strong ground motions. However, unlike the natural period, no clear change
is observed in the relationship between the damping ratio and SI before and after the Tohoku
Earthquake, which is consistent with previous studies®®- 10,

On the other hand, in the CH1 direction of the multi-activity building, the damping ratio between
the bottom of the seismic isolation layer and the top floor tends to be larger than that between the top
of the seismic isolation layer and the top floor. In the CH2 direction, the damping ratio between the top
of the seismic isolation layer and the top floor is also as large as that between the bottom of the
seismic isolation layer and the top floor.

In common with the three buildings, even when a correlation is found between the damping ratio
and the SI, the variation is larger than that of the natural period. This can also be confirmed in
references 68 and 10 and is considered to be a limitation of the accuracy of the identification method
itself.
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6. CONCLUSION

Long-term vibration and earthquake observations were made on base-isolated irregular shaped
buildings. Spectral analysis of microtremor records was conducted to examine the changes in the
natural period over time at the microtremor level. The ARX model was then applied to the seismic
records to evaluate the amplitude-dependent characteristics of the natural period and damping ratio
during earthquakes. The conclusions obtained are listed below.

1. The natural period estimated from the spectral analysis of the long-term microtremor record at the
corner of the top floor of each building showed seasonal variations and a negative correlation
between the natural period and the temperature. The range of this variation was approximately
1%-3% of the average value of the natural period in previous years.

2. Comparison of the average natural period at the beginning of March just before the Tohoku
Earthquake and the average natural period at the beginning of March in each year from 2012 to
2019 indicates that the Tohoku Earthquake caused a 4%—6% elongation of the natural period in
the classroom and research buildings. This elongation is considered to be due to a slight decrease
in building stiffness caused by damage to nonstructural members.

3. The relationship between the maximum acceleration of the seismic records of the upper and lower
seismic isolation layers and the top floor showed that almost no change was found in the response
relationship before and after the Tohoku Earthquake. This is because the Tohoku Earthquake did
not damage the structural members and seismic isolation members.

4. The natural period estimated by applying the ARX model to the seismic records on the top and
bottom of the seismic isolation layer and on the top floor correlated well with the SI (logarithmic
value) on the top floor, confirming the amplitude dependence of the natural period. The regression
equations between the natural period and SI obtained for the two time periods before and after the
Tohoku Earthquake indicate that the natural period elongation is approximately 6%—10% for SI of
3 cm/s.

5. In many cases, the natural period during the Tohoku Earthquake was located above the regression
equation between the natural period and SI obtained from the seismic record before the Tohoku
Earthquake, which was consistent with the occurrence of damage to the nonstructural components
of the building.

6. Comparison of the spectra of the top floor by weak earthquakes and microtremors and the transfer
function (between the bottom of the seismic isolation layer and the top floor) during weak
earthquakes indicates that the natural period estimated from the microtremors is that of the
structure above the bottom of the seismic isolation layer.

7. Amplitude dependence was observed for the damping ratio between the bottom of the base
isolation layer and the top floor. Unlike the natural period, the relationship between the damping
ratio and SI did not change before and after the Tohoku Earthquake.
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