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ABSTRACT

The Building Research Institute and the Japan 2x4 Home Builders Association jointly built a full-
scale six-story wooden experimental building. The building was densely equipped with two types of
accelerometers to investigate its dynamic characteristics in detail.

First, fundamental dynamic characteristics of the building considering the soil-structure interaction
effect were discussed using a set of strong motion data. Natural vibration mode shapes were
estimated by waveform analysis.

The seasonal fluctuation in the dynamic characteristics was recognised by the system identification
using ambient vibration data. The fluctuation can be explained as the influence of temperature and
relative humidity.

The fundamental natural frequencies and damping ratios were identified using the strong motion
data from more than 100 earthquakes. The dependence of the dynamic characteristics on response
amplitude could be observed in the analytical result.

1 INTRODUCTION

In Japan blessed with forest resources, many houses are made of wood. However, the Building Standards
Law of Japan sets up regulations for large-scale wooden buildings from the aspects of fire protection and
earthquake disaster prevention. In recent years, the use of wood for house construction has been promoted
from the viewpoint of environmental protection. It requires verification of the technology developed for
large-scale wooden buildings.

Against such a background, the Building Research Institute (BRI) and the Japan 2x4 Home Builders
Association jointly built a full-scale six-storey wooden experimental building in the site of BRI in Tsukuba,
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Japan. Various physical quantities, such as temperature and relative humidity, condensation, sound
insulation, and vertical shrinkage, are being monitored in the building. As a part of the monitoring system,
we installed strong motion instruments to investigate the dynamic behaviour of the building. The paper
discusses dynamic characteristics of the experimental building based on the analysis of strong motion data.

2 OUTLINE OF THE EXPERIMENTAL PROJECT

2.1 Building structure

The experimental building has a wooden framing structure with a building area of 38.95 m?, a total floor area
of 206.09 m?, and an eaves height of 16.91 m (Tsujimura 2016). The building is supported by eleven steel
piles, each being 12 m in length. The floor plan and cross section of the building are illustrated in Figure 1.

The building does not have interior finishing and live loads. Therefore, to substitute for the weight of
finishing and live loads, two or one big water pool was placed on each floor during the period from
December 2016 to October 2017. Two water pools were placed on each of the second to fifth floors, and one
water pool on the sixth floor. The dimensions of the water pool are 2.6 m long by 1.6 m wide, and each pool
was filled with water to a depth of 0.56 m. Consequently, the masses of the individual floors were increased
by 14% to 26% by adding one or two pools, each having nearly 2330 kg of mass.
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Figure 1: Floor and cross section plans, and sensor configuration

2.2 Strong motion instrumentation

Strong motion observation for this experimental building started in April 2016 using two types of
instruments. One is a high-performance type equipped with a tri-axial force-balanced accelerometer, referred
to as CV in this paper. Several CV sensors are individually working, and each instrument keeps the accurate
time with calibration using GPS. The other is an economical type equipped with a tri-axial MEMS (Micro
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Electronic Mechanical Systems) accelerometer, referred to as FE. A laptop PC set up on the second floor
acquires acceleration data from all the FE sensors via a local area network. The clock on the PC is calibrated
by NTP. The specifications of both types of instruments are listed in Table 1.

The sensor configuration in the building is plotted in Figure 1. Red squares (=) and blue circles (®) indicate
CV and FE sensors, respectively. In addition to the sensors in the building, one FE sensor was set up on the
ground at a distance of 5 m from the outer wall of the building. This paper discusses the dynamic
characteristics of the building based on acceleration data recorded by both types of sensors.

Table 1: Specifications of strong motion instruments.

Abbr.  Product Sensor type Full scale Resolution Frequency range
CV-374, Tokyo Force-balanced ) )

cv Sokushin Co., Ltd. accelerometer 20 m/s 0.00001 m/s*  DC to 100 Hz

pg  Kanshin Sensor, Fuji - MEMS 15 m/s? 0.0002 m/s2 0.1 Hz to 50 Hz

Electric Co., Ltd. accelerometer

3 FUNDAMENTAL DYNAMIC CHARACTERISTICS OF THE BUILDING

3.1 Strong motion data
Table 2: Peak accelerations of strong motion

In order to discuss the fundamental dynamic data used for analysis.

characteristics of the experimental building, a set of

strong motion data with moderate amplitude level is Peak acc. (m/s?)

i Place
?\;Ietcted.lTh_e ela;[‘hquake with a_xtJZ/IA f(J7azan L focal NS EW UD
eteorological Agency) magnitude of 7.4 and a foca
rological Agency) magnitu anaa 1oc GL 0395 0354  0.194
depth of 25 km occurred on 22nd November 2016.
. . 1F 0.387 0.392 0.175
Maximum accelerations recorded on each floor by the FE
. . . . 2F 0.424 0.415 0.230
sensors are listed in Table 2. The maximum accelerations
. 5 3F 0.543 0.520 0.255
on the first floor were nearly 0.4 m/s? in both the
. o . . 4F 0.781 0.767 0.294
horizontal directions, while those on the sixth floor were
amplified more than 3.5 times and exceeded 1.4 m/s? oF 1110 0.987 0.306
' ' ' 6F 1.497 1.414 0.354
3.2 Soil-structure interaction effect
The soil-structure interaction is often discussed using a s IR/
simplified model having springs and dampers B B T
representing swaying (horizontal translation) and rocking : ,:-e?» *r : ,";!
(rotation) between the ground and foundation as shown | ,’ I" I ’f /
in Figure 2. In this model, strong motion data at five :f;' II : ! ;’
points, xg, xg, X7, 2z, and zg, enable to separate the total " I ¥, I ,’,’
displacement at the top floor into those caused by Yo I ,‘,’ I ,',’
swaying (us), rocking (ug), and building deformation "& 5, lf . 7 :;I
is) - ﬁ%’ﬂ%= ]
The transfer function of motions x to x¢ (x1/xg)
indicates response characteristics of the system including —r

the swaying and rocking effect, and x/x that including
the rocking effect. The transfer function of xz/x reflects

Figure 2: Swaying-rocking model.
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the effect of the kinematic interaction. Those transfer
functions of the strong motion are shown in Figure 3.

Comparing transfer functions of x1/x; and x¢/xg, small
difference can be found although the shapes are complicated.
Looking at the amplitude and phase of the transfer functions
in the NS direction, the natural frequency of the system
including swaying and rocking can be estimated as 3.02 Hz.
The system including rocking will have the natural frequency
of 3.36 Hz. On the other hand, the natural frequencies with
swaying and rocking and with rocking in the EW direction
are 3.22 Hz and 3.64 Hz, respectively. The transfer functions
of xg/x¢ in both the directions generally show flat shape in
the amplitude and small values in the phase, therefore it can
be said that difference between strong motions on the ground
and building foundation is small.

Using the strong motion data recorded by the FE sensors,
fundamental vibration mode shapes considering the soil-
structure interaction are examined. The mode shapes are
determined from peak values of band-pass filtered relative
displacements of each floor to the ground in both the
horizontal directions. Passbands for NS and EW directions
are 2.8 Hz to 3.6 Hz and 3.0 Hz to 4.0 Hz, respectively.

The normalised mode shapes are shown in Figure 4. The
upper and lower plots correspond to the NS and EW
directions, respectively. Grey circles indicate normalised
mode shape at each cycle, and solid red lines represent the
average of those. Dash-dotted and dotted lines represent the
swaying and rocking components, respectively. The ratios of
the swaying and rocking displacements to the total top
displacement in the NS component are about 7% and 25 %,
respectively. Those in the EW direction are about 7% and
18%. Since the NS direction corresponds to the short side
direction of the building, the effect of rocking is higher than
that in the EW direction.
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Figure 4: Vibration mode shapes considering soil-structure interaction.
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4 SEASONAL FLUCTUATION IN DYNAMIC CHARACTERISTICS

4.1 ldentification of daily dynamic characteristics

In order to estimate daily dynamic characteristics, which eliminate the influence of the dependence on
amplitude, the natural frequencies and damping ratios were identified from ambient vibration data recorded
from 00:00 to 00:10 every day. The CV sensors are continuously recording accelerations all the time. Such
data can be used as ambient vibration data. The natural frequencies and damping ratios of the building were
identified from ambient vibration data using the random decrement (RD) technique (Tamura et al. 1993).

The upper and lower plots in Figure 5 represent the identified natural frequencies and damping ratios,
respectively. Red hollow circles (©) and blue hollow triangles (2) correspond to the NS and EW directions,
respectively. The grey zones indicate the period with the loading of the water pools added. Looking at the
natural frequencies, seasonal fluctuation appears in both the NS and EW directions. Comparing between the
natural frequencies in the winter and summer, the values in the winter are 7 % to 8 % lower than those in the
summer. The damping ratios in the EW direction widely vary in the period with the additional loading (grey
zone) caused by the effect of sloshing (Kashima et al. 2018).

4.2 Influence of weather

Weather can be a factor for such seasonal fluctuation. Figure 6 shows changes in daily averages of the
temperature and relative humidity in Tsukuba (Japan Meteorological Agency 2019). Red and blue thin lines
indicate the daily average temperature and relative humidity, respectively. Red and blue thick lines represent
the weekly average temperature and relative humidity for one week before that day, respectively. In
Tsukuba, it is hot and humid in the summer, and cold and dry in the winter. Comparing with the chart in
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Figure 3: Changes in natural frequency and damping ratio with time, identified using ambient vibrations.
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Figure 4: Daily and weekly averages of the temperature and relative humidity in Tsukuba (Japan
Meteorological Agency 2019)
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Figure 5, it seems that the natural frequency correlates with the temperature and relative humidity.

In order to clarify the relationship of the natural frequency to the temperature and relative humidity, multiple
regression analysis is carried out. The data during the period with additional loading were eliminated in the
analysis. The results of the regression analysis are shown in Equations (1) and (2).

fus = 3.171 + 0.00213H,, + 0.00488T;,, R? = 0.766 @
few = 3.424 + 0.00261H,, + 0.00692T,, R?' = 0.756 2)

where fys and fgy are the natural frequencies (Hz) in NS and EW directions, respectively, Hyy is the weekly
average of relative humidity (%), Tyy is the weekly average of temperature (°C), and R?’ is the adjusted
coefficient of determination.

The values R?" exceed 0.75 in both the directions, therefore it can be regarded that the regression models are
generally significant.

To remove the influence of the temperature and relative humidity, the daily natural frequencies are converted
to the values corresponding to the temperature of 15°C and relative humidity of 75% using the regression
results. The converted natural frequencies are plotted in Figure 5. The seasonal fluctuations of the natural
frequencies were almost eliminated and the changes in the natural frequencies during the period with the
additional loading were clarified.
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Figure 5: Changes in converted natural frequency corresponding to the temperature of 15°C and relative

humidity of 75%.

5 DYNAMIC CHARACTERISTICS OF THE BUILDING

5.1 Change in dynamic characteristics with time

Since the observation was begun, strong motion data of more than 100 earthquakes have been recorded until
December 2018. From each strong motion data, the fundamental natural frequencies and damping ratios in
two horizontal directions of the building were identified using a parameter optimization technique (Kashima
et al. 2014). With a single-degree-of-freedom system, the natural frequency and damping ratio that had the
most fitted response displacement were determined using the grid search. Strong motion data recorded by the
sensor on the first floor was adopted as the input motion to the system. The identified frequencies were
converted to the values corresponding to the temperature of 15°C and relative humidity of 75% as well.

Figure 8 indicates changes in natural frequency and damping ratio of the experimental building with time
Red hollow circles (©) and blue hollow triangles (2) correspond to the NS and EW directions, respectively.
Looking at the upper plot, fluctuations in natural frequency are quite large in both the directions. The natural
frequencies in the NS directions are distributed between 3.0 and 3.7 Hz, and those in the EW directions
between 3.5 and 4.1 Hz. Although the damping ratios in both the directions vary widely as well, those are
generally distributed between 2% and 4% except during the period with the additional loading.
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Figure 6: Changes in converted natural frequency and damping ratio with time, identified using strong
motion data.

5.2 Amplitude-dependence of dynamic characteristics

In order to examine the amplitude-dependence of the dynamic characteristics, the maximum displacement
angle 6,,,. is adopted to represent the seismic response amplitude.

Omax = |xT(t) - xF(t)lmax/H (3)

where, x1(t) and xg(t) are the time histories of the displacements on the sixth and first floors, respectively,
and H is the height of the sixth-floor level from the first-floor level.
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Figure 7: Relation of the converted natural frequency and damping ratio to max. displacement angle 9,,,,,
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The relation of the natural frequency and damping ratio to the maximum displacement angle 6,,,, is plotted
in Figure 9. The natural frequencies and damping ratios in the NS direction are plotted in (a) and (b), and
those in the EW direction in (c) and (d). In all the plots, hollow (© and A) and solid (® and A) symbols
indicate values obtained during the time periods without and with the additional loading, respectively. In
both the directions, the natural frequencies become lower as the maximum displacement angles increase.
Comparing the natural frequencies between the cases without and with the additional loading, it seems that
the natural frequencies with the additional loading are lower than those without the additional loading in the
NS direction. In contrast, the damping ratios become larger as the maximum displacement angles increase.
The reason that the damping ratios during the period with additional loading are large is the effect of the
sloshing of the water pools, as mentioned above.

6 CONCLUSIONS

We minutely discussed the dynamic characteristics of the six-storey wooden experimental building using
strong motion data and ambient vibration data. The result can be summarised as follows;

The natural frequencies of the system with swaying and rocking in the NS and EW directions were identified
as 3.02 Hz and 3.22 Hz, respectively, through the analysis using a set of strong motion data. The natural
frequencies of the system with rocking are about 10% higher than those values. In the vibration mode shapes
estimated from the strong motion data, the ratios of the swaying and rocking displacements to the top
displacement in the NS component are about 7% and 25 %, respectively. Those in the EW component are
about 7% and 18%.

Seasonal fluctuation in the natural frequencies could be observed through the system identification using
ambient vibration data. This could be explained as the influence of the temperature and relative humidity.

The natural frequencies and damping ratios identified from the strong motion data have some variations. The
dependence of the dynamic characteristics on amplitude is essential one of the causes of the variation. The
natural frequencies become lower as the maximum displacement angles increase in both the directions. The
damping ratios in both the directions seem to elevate with the increase in maximum displacement angle.
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