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Abstract

Many inexpensive measuring devices equipped with MEMS sensors have been developed. For example, smart devices
(or smartphones) have a 3-axis accelerometer and a network module (i.e. LTE/3G), therefore we will be able to conduct
the strong motion observations using these devices, quite easily. On the other hand, there have been few studies about
the performance of those as the seismometers yet. But we should confirm whether the devices are suitable for our
objectives, because the detailed information about the sensor with smart devices as seismometers (i.e., sensitivity or
measurable range of devices) are unclear in many cases. Therefore, in this research, we performed the shaking table test
to evaluate the measurement performance of the devices as seismometers. At first, we selected the seven types of
seismometers with MEMS sensors (including smartphones), which are cheaper than approximately $1,000 per unit in
Japan. We also adopted the servo-type accelerographs (JU410) for comparison. The table (6m long by 4m wide) were
shaken by 3-axis input waveforms. We used the waves observed at Kobe marine observatory in the 1995 Hyogo-ken
nanbu earthquake, for the shaking table test. Through shaking table test, we found that some of the measurement
devices have almost the same performance as the servo-type accelerographs up to 0.2-20 Hz, comparing Fourier
spectral ratios based on servo-type accelerographs. We also found that the performance of devices correlated positively
with the price of devices. To evaluate the performance of devices for the strong motions with several tens of cm/s’
(ground motions with this level of amplitude frequently occurs a day anywhere in Japan), we performed strong motion
observations using the five devices equipped with MEMS sensor in a six-story wooden building from Jul. 5, 2018.The
strong motion observation with servo-type accelerometers (CV374) have been operated in the same building. At 20:23,
Jul. 7, 2018, an earthquake with Myva 6.0 at offshore Chiba prefecture occurred, and the ground motions were recorded
at these instruments. The right panel of Figure 1 shows the comparison of spectral ratios with MEMS sensors based on
CV374. We found that the Fourier spectral ratios (amplitude) of sensor “F” and “S” in approximately 0.3 to 5 Hz are
substantially matched well with CV374, and, the Fourier spectral ratios (phase) in approximately 0.2 to 10 Hz are also
matched well.
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1. Introduction

There have been many attempts to use vibration measurements from microtremors and ground motion to
evaluate the soundness of structures damaged by an earthquake for example [1][2]. A system of evaluation
techniques is typically called health monitoring [3] and is not limited to the field of architecture. The system
specializing in structure fitness evaluation is especially known as structural health monitoring (SHM). Its
effectiveness is attracting renewed attention after the earthquake off the Pacific coast of Tohoku in 2011 [4],
and SHM is now becoming widely recognized.

Real-time estimation after a disaster is required in SHM, thus SHM is generally incorporated as a
system that automatically evaluates the soundness of a building for example [5]. Real-time estimation
without failure after a disaster is demanded in such a system, thus redundancy in the entire network
consisting of seismometers and recording devices, as well as stability of the system (including obtaining high
precision vibration records, time synchronization between sensors, and data collection), must be guaranteed.
As a consequence, systems often use expensive sensors such as servo-type accelerometers.

Strong motion observation is a field that has many differences but is often confused with SHM. Both
have similarities on the hardware side, where the system measures the oscillation of a structure using sensors,
and on the software side, where the measured vibration is evaluated by signal processing technology.
However, the objectives of SHM and strong motion observation are different; the former evaluates the
soundness of the target structure in real time but the latter aims to obtain insights obtained by, for example,
verification of design in the target structure and provide feedback toward the next design. This difference
clearly distinguishes the two concepts, but there is much common ground in both hardware and software
aspects, and therefore they appear similar to the general public [6]. There are two targets of strong motion
observation, which are the soil and building systems. Examples of strong motion observation networks in
Japan are K-NET [7] and KiK-net [8] of the National Research Institute for Earth Science and Disaster
Resilience (NIED) for the soil system, and the BRI Strong Motion Network of the Building Research
Institute (BRI) for the building system. The measurement points are scattered all over Japan, and the
observed strong motion waveforms are utilized not just in the seismic design of the structures but also in
various applications including understanding of the physical phenomena in seismology and earthquake
engineering. Therefore, strong motion observation could be regarded as infrastructure in the vibration
engineering field [6]. Micro electro mechanical systems (MEMS) sensors are becoming smaller, more
sophisticated, and less expensive in recent years. This is fueled by the rapid global move toward the Internet
of things (IoT). The dissemination of smartphones is especially remarkable [9]. Smartphones contain all the
functions necessary as a seismometer (acceleration sensor, recording device, and time synchronization
through a network time protocol (NTP) server), and there are reports of earthquake observations using
smartphones [10]. There are efforts to treat measured vibration data loaded on cloud storage as big data and
utilize it in disaster prevention [11]. However, measurement devices containing MEMS sensors are currently
not widely used as seismometers, and the vibration measurement performance is not well understood.
Therefore, confirming that measurement devices containing low-cost MEMS sensors have sufficient
vibration measurement performance for strong motion observation or SHM is beneficial.

The goal of this research is to utilize measurement devices loaded with inexpensive MEMS sensors as
seismometers, after evaluating the performance of those. First, vibration measurement performance
evaluation tests were conducted using a large triaxial shaking table and a full-scale vibration test system. The
measurement devices were then installed on a six-story wooden test building [12]. Strong motion
observations were conducted to confirm the measurement performance of real seismic motion, and the
performance of each measurement device as a seismometer for strong motion observation was verified. This
paper discusses buildings among structures.
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2. Meaning of using MEMS sensors as measurement devices

This section discusses the meaning of using measurement devices containing MEMS sensors as
seismometers and clarifies the positioning of this research. The history of strong motion observation in Japan
is reviewed, the current status of SHM is outlined, and the outlook of using MEMS sensors in SHM is
discussed.

There is a long history of strong motion observation in Japan, which is said to have started on July 29,
1953 when a Strong Motion Accelerometer Committee (SMAC)-type accelerometer was installed in the
Earthquake Research Institute, University of Tokyo [13]. SMAC-type accelerometers were installed mostly
in buildings because these were developed after damage from the 1948 Fukui Earthquake. The ultimate aim
of SMAC-type accelerometers was to provide feedback on seismic design, according to Takahashi [14]. This
is the reason for the objective of strong motion observation as mentioned above, which is “to obtain insights
obtained by, for example, verification of design in the target structure and provide feedback toward the next
design”. The advent of SMAC-type accelerometers led to recording of strong motion waveforms, such as
from the 1964 Niigata Earthquake and the 1968 Tokachi-oki Earthquake, over a wide region. The
Meteorological Agency developed the 87-type electromagnetic accelerometers to promote wide area and
wide frequency range strong motion observation in Japan. These accelerometers were replaced with the 95-
type after 1995. Following the 1995 Hyogo-ken Nanbu earthquake, NIED started operation of the ground
surface strong-motion seismograph network K-NET [7] and KiK-net [§].

The BRI started preparing a strong motion observation network since 1957 using SMAC-type
accelerometers mentioned earlier. Observations continue today, and measurement equipment is being
updated [15]. The BRI network is the only building-system strong motion observation network where data is
made public and all of Japan is covered. This is a result of complicated circumstances. For example, strong
motion observation data of a building belongs to the owner of the building, and observation data includes
important information on design and construction.

The current strong motion observation aim is to “not miss the strong motion waveform (vibration
response waveform)” and “understand vibration and seismic phenomena and provide feedback on seismic
design”, thus servo-type accelerometers that are stable and have recording accuracy with high quality are
used as measurement devices (sensors). However, servo-type accelerometers are generally expensive (more
than half a million to a few million yen), and installing multiple sensors in a high-rise office building can
result in a total expense of around 10 million yen. Therefore, strong motion observation is not conducted in
many private buildings because of the cost performance with regards to the initial investment. Strong motion
waveforms have not been recorded for the 2016 Kumamoto Earthquake in base isolated buildings (within the
scope of openly available data) [16]. This fact implies that a sufficient building-system strong motion
network is not available as infrastructure. On the other hand, even without servo-type accelerometer
seismometers, installment of seismometers with low-cost MEMS sensors could have provided very precious
insights on the seismic design of buildings. Therefore, actively installing affordable MEMS sensors for
strong motion observation has very significant meaning.

SHM is gaining attraction after the aforementioned 2011 off the Pacific coast of Tohoku Earthquake.
Measures by Tokyo Metropolis regarding stranded commuters, which were designated after this earthquake,
mandated that building owners judge whether a building could be continued to be used within about three
hours of an earthquake [17]. As such, businesses owning buildings over a certain size are starting to install
SHM systems. Now, there are ongoing studies to grasp the damage a building may incur in detail. In an E-
defense experiment, an SHM system was built that evaluates the disaster situation in detail and the
cumulative damage by installing about 150 MEMS acceleration sensors, mostly at pillar-beam joints, on a
1/3 scale 18-story steel frame building [18]. This is in a test stage, but low-cost sensors are definitely
necessary because many sensors are installed on a building. There are also demands for coarse information,
which is in contrast to aforementioned requests for understanding the details of the damage situation. For
example, some building owners may only need to know the seismic intensity of the first or highest story.
Therefore, the use of servo-type accelerometers is not necessarily the optimum solution for such needs.
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Therefore, consideration of the use of affordable measurement devices is a very natural trend and can be
easily understood.

Table 1 shows our summary of the differences between strong motion observation and SHM (some
information is listed in Reference [6]. The objectives of strong motion observation and SHM are totally
different, as is evident from this table. Strong motion observation requires both real-time and temporal
information, while real-time information is typically sufficient in SHM. The vibration response
characteristics of buildings are evaluated by signal processing of data obtained by sensors in both cases, but
the importance of feedback is higher in the latter for both building users and owners. The information must
be processed into “building soundness”, which is a concept that laymen can digest. Here, primary
information obtained using signal processing technologies, such as vibration response and its characteristics,
are not necessary.

The situation of current earthquake observation systems is outlined next. There are both distributed
and concentrated earthquake observation systems. The sensor and data recording parts are combined in the
former while the latter sends data recorded by sensors to the data recording part through signal cables such as
BNC cables [19]. Even in the former, sensors are often connected using cables in strong motion observation
and SHM to synchronize time and collect data. Possible reasons are conducting soundness evaluation using
an on-site computer and ensuring a robust communications environment and time synchronization. Wireless
communication using multi-hop technology has been established recently for example [20] and being
deployed in SHM. According to Reference [20], communication robustness and time synchronization
precision, which have been considered challenges, were resolved at a high standard. This means that the
currently adopted cable communications can be replaced by wireless communications. This takes away the
need for signal cable pathways and installation, thus installation time and cost can be reduced. Reference
[20] achieved a low-cost earthquake observation system by combining wireless communication technologies
and MEMS sensors.

The building owner not being prompt in the installation of sensors is an obstacle to the dissemination
in both strong motion observation and SHM. Being able to evaluate the soundness immediately after a
disaster should be a huge benefit. However, most people think that seismic motion that causes damage to a
building does not happen many times during a building’s lifetime, thus building owners do not install sensors
quickly, which is one reason that strong motion observation and SHM do not become commonplace.
Therefore, a combined monitoring system is proposed where the building equipment is monitored during
normal times and SHM is conducted in an emergency (disaster) [21]. Use of MEMS sensors that can be
easily combined with various measurement devices and perform data communications would be
advantageous in such situations. The acceleration sensor performance specifications necessary to act as a
seismometer for strong motion observation was reported in the Third Strong Motion Observation
Symposium of the Architectural Institute of Japan in 2002 [22]. Recent MEMS sensors on the market should
have sufficient precision. The above discussions indicate that using measurement devices containing
inexpensive MEMS sensors is an important approach to deploy strong motion observation and SHM.

Table 1 — Differences in strong motion observation and SHM of buildings.

Requiring item Strong Motion Structural Health
a Observation Monitoring
o Change in case of disaster
L State of building -
Objectives Ageing
Evaluation for damage

End-user

Building owner

>POOr™»wes~PO0O0
©0 O s wmnd = 0D>O

Priority i
Structural designer
Researcher
Stand-alone
Data analysis cloud network
Application
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3. Measurement performance evaluation of MEMS sensors
3.1 Measurement performance grasp test using shaking table

Tests using a vibration machine were conducted to evaluate the vibration measurement performance of
measurement devices containing MEMS sensors. A large triaxial shaking table owned by the author’s
institution was employed, and the strong motion waveform of the 1995 Hyogo-ken Nanbu earthquake
observed at the Kobe Marine Observatory was used. Excitations were applied on the shaking table to
reproduce the original wave. Table 2 shows a list of measurement devices tested in this research, and Photo 1
shows how the measurement devices were fixed on the shaking table. Details of the tests are given in
reference [23]. The waveform measured by the measurement device (sensor) J-3 was used as the reference
waveform, and the measurement performance was compared using the Fourier spectrum ratio based on the
cross-spectrum with the waveform from each measurement device (Fig. 1). The measured waveform along
the north-south (NS) direction (x-axis in Photo 1) was compared here, and the spectrum ratio was taken after
adjusting for the time difference by comparing the phase angle of each waveform against the reference
waveform. The sampling rate of the measurement devices was 100 Hz. The terms “measurement device” and
“sensor” have the same meaning in the following discussion.

The following can be deduced by comparing the Fourier spectrum amplitude ratios in Fig. 1A: the
amplitude ratio for sensor G-1 was roughly in unity to about 10 Hz although there were some differences
between individuals on the long period side (about 0.2-0.4 Hz), and there was much scattering as a whole in
sensor G-1c, while sensors G-la and G-1b were relatively stable. The amplitude ratio of sensor G-2 was
approximately in unity in the 0.4-2 Hz range but decreased suddenly above 2 Hz. A similar trend was found
in other investigations, thus signals from this sensor should have passed a low-pass filter. Similarly, Fig. 1B
shows Fourier spectrum ratios for sensors A-1 to A-4. There was less overall scattering compared to Fig. 1A,
and the amplitude ratio was roughly in unity over a wide frequency range of 0.2—10 Hz. The amplitude ratio
was about in unity, and the scattering was small above 10 Hz in sensors A-1 and A-2, but the characteristics
indicate passage through a weak low-pass filter. Fig. 1C and 1D show a comparison of the Fourier spectrum
phase ratio. Fig. 1C compares sensors G-1 and G-2, while Fig. 1D compares sensors A-1 to A-4. These
results confirm that the scattering of sensors A-1 to A-4 was smaller than sensors G-1 and G2, and the phase
delay was zero over a wide frequency range. Most notably, the phase delay of sensors A-1 and A-2 was
almost zero over the range 0.2-20 Hz.

Table 2 — Measurement devices used in tests with a

shaking table.

Code Year Name Number
G-1 2015 Geo-stick 3
G2 2015 GID-SSS 1
A-1 2017 ipad pro 1
A-2 2017 iphone 8 plus 1
A-3 2016 iphone 7 2
A4 2012 ipod (5th gen.) 1

J 2016 JU410 5

Photo 1 — Positions of measurement devices
on the shaking table.

3.2 Measurement performance grasp test using full-scale vibration test equipment

To reproduce seismic motion in a more realistic building, we subsequently conducted measurement
performance evaluation tests on measurement devices containing MEMS sensors with a full-scale vibration
test system owned by the institution to which one of the authors belong.
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Fig. 1 — Comparison of measurement performance between measurement devices. A: amplitudes of G-1a, G-
1b, G-1c, G-2, B: amplitudes of A-1, A-2, A-3a, A-3b, A-4, C: phases of G-1a, G-1b, G-1c, G-2,
and D: phases of A-1, A-2, A-3a, A-3b, A-4.

The full-scale vibration test system has a multiple isolation structure and is equipped with seismic
isolators at the foundation and on a middle story (Fig. 2). There is an active mass damper (AMD) on the roof.
The test system can be vibrated in the horizontal two axes by providing an excitation wave as input to the
AMD (see Watabe et al. [24]) for details on this system). Table 3 shows a list of measurement devices tested.
The excitation waveform was the strong motion waveform of the 1995 Hyogo-ken Nanbu earthquake used
earlier (NS-direction waveform excitations in two directions at the same time), and the amplitude of the
excitation waveform was adjusted such that the seismic intensity is about a scale 4 at the measurement story.
The waveform from sensor L, which is a servo-type accelerometer, was used as the reference waveform for
comparison. The sampling rate and time synchronization methods depend on the specifications of each
measurement device. Thus, comparison was conducted after down-sampling to 50 Hz and adjusting time
using a cross-correlation function. The maximum measured acceleration was about 30 cm/s. The tests in this
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section aimed to investigate the minimum motion that can be detected by MEMS acceleration sensors, thus
the intention was measurement of weak motion.

Fig. 3 compares the Y-direction waveform spectrum ratios versus sensor L measured in the full-scale
vibration test. Fig. 3A gives the Fourier spectrum amplitude ratios of sensors A-1, A-2, G-1, and G-2 to
sensor L; and Fig. 3B shows the ratios of sensors J, X, and F to sensor L. The results show that there was a
good agreement between a range of approximately 0.6 to 3 Hz although there was some scattering. The
measurement performance seems slightly worse than in the previous section, but this is because the
amplitude of the excitation waveform was adjusted such that the seismic intensity is about a scale 4 at the
measurement story. In other words, the difference arises from the lowering in apparent signal-to-noise ratio
(S/N) of MEMS sensors [25]. Fig. 3C and D compares the Fourier spectrum phase ratios. The overall trend is
the same as Fig. 3A and B. Please refer to reference [26] for details on the verification in this section.

Table 3 — List of measurement devices used in the full-scale vibration test.

Code LS-10C - ipad  Geostick GID-SSS  JW24F14 - Ll
Type of sensor Servo MEMS MEMS MEMS MEMS MEMS MEMS MEMS
Samples (Hz) 200 200 100 100 100 125 200 200
Number of Ch. 2 3 3 3 3 3 3 3
RF
Room for
Measurements Y
BF | ] |
X
2 %G1
5 [ ]
T - i
M3F [ — = = Stairs
3F '-;- L Machine room_

(C) Location of seismometers

7 7
(A) Exterior view of the (B) Elevation of the full-
full-scale test system scale test system

Fig. 2 — The full-scale vibration test system and location of seismometers.

4. Strong motion observation in a 6-story wooden experimental house using a MEMS
sensor

4.1 Outline of strong motion observation

The discussion up to the previous section showed that some measurement devices containing MEMS sensors
have measurement capabilities comparable to servo type accelerometers for a certain signal strength and
frequency range. Our discussion was based on results from ideal measurement environments where signals
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Fig. 3 — Comparison of Fourier spectrum ratios measured with the full-scale vibration test.

were measured after artificially exciting a vibration machine or a full-scale vibration test system using a
strong motion waveform. Therefore, the next task is to verify the performance of measurement devices in a
measurement environment comparable to real residences.

There is a six-story wooden test building in the premises of the BRI. The objective of this building is
to verify and promote technologies to develop high-rise wooding buildings, therefore it was realistically
designed and constructed for use as a typical residence as shown in Photo 2. One of the authors has installed
seismometers including servo-type accelerometers and is continuing strong motion observations in this
building [27].

We installed measurement devices shown in Table 4 to this building, which matches our objectives.
Strong motion observations started on July 5, 2018. Fig. 4 shows the locations of measurement devices
installed in this research. Sensors C and F are already installed seismometers and synchronize time using
GPS signals and a NTP server, respectively. Regarding the newly installed measurement devices, sensors A
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and S synchronized time with an NTP server, while sensors G-1 and G-2 used the clock in the measurement
computer. Sensor S synchronized time and communicated time with each other by wireless communication
and not through cables.

4.2 Comparison of vibration measurement performance of MEMS sensors

In Many seismic waveforms have been obtained from the ongoing strong motion observation. We compare
vibration measurement performance using the NS-direction waveform obtained from an earthquake off the
east coast of Chiba prefecture at 8:33 pm, July 7, 2018 (Mimma6.0) in this article. Sensor C is used as the
reference because this is a servo-type accelerometer. There were differences in the absolute time between
MEMS sensors because of the specifications, thus differences in time were adjusted as in Section 3.1. The
waveforms observed at the sixth story are obtained here. The maximum acceleration was about 45 cm/s?.

Fig. 5 shows the Fourier spectrum ratios of waveforms observed by measurement devices in Table 3
(the reference is sensor C). Fig. 5A and 5B compare the amplitude and phase, respectively. As it is evident,
the amplitude and phases roughly agreed with the servo-type accelerometer in the frequency range of about
0.3-5 Hz and 0.2-10 Hz, respectively. Sensors F and S were very consistent with sensor C, while sensor A
shows a similar measurement performance as a whole. Sensors A, F, and S agreed well in the range of 0.3-10
Hz, but the general performances of sensors F and S were better than sensors A. Sensor F was slightly more
consistent with sensor C than with sensor S. Note that the comparison of the G-1 sensor was only for the
main dynamic part because of triggering issues.

Table 4 — List of measurement devices installed for strong motion observation.

Code CV374 \fxi?spep::gr iphone 7 plus sonas x01 Geo stick GID-SSS
Type of sensor Servo MEMS MEMS MEMS MEMS MEMS
Samples (Hz) 100 100 100 100 100 100
Number of sensor 2 8 1 6 3 1
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Fig. 5 — Comparison of Fourier spectrum ratios from strong motion observations.

5. Conclusion
The summaries from this study are as follows.

Shaking table tests and full-scale vibration tests showed that, for strong motion waveforms where the
amplitude reaches a few hundred cm/s?, some measurement devices containing MEMS sensors give
roughly consistent results with servo-type accelerators in the 0.2 - 20 Hz frequency range. On the other
hand, a similar consistence was found in the 0.6 - 3 Hz frequency range when the amplitude was a few
tens of cm/s?.

A comparison of the seismic waveforms of measurement devices from ongoing strong motion
observation in a six-story wooden test building showed that consistence with a servo-type accelerometer
was found for about 0.3-5 Hz and 0.2-10 Hz ranges in the Fourier spectrum amplitude and phase ratios,
respectively.
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