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Characteristics of long-period seismic ground motion
and response of tall buildings are investigated in this
paper to promote earthquake proof countermeasures
considering the damage caused by the 2011 Tohoku
earthquake. 3D finite difference method and the re-
ciprocal theorem are used to examine the effect of sed-
imentary basin structures on seismic wave amplifica-
tion. Natural period and damping of tall buildings
are evaluated by ambient vibration tests and earth-
quake response observation during construction or
demolition of the buildings. The effects of dynamic
soil-structure interaction on response amplification of
tall buildings are confirmed applying wave propaga-
tion theory to a continuum building model. Finally,
a newly built base-isolated building with an isolated
rooftop laboratory is introduced for full-scale long-
period shaking experiment by installing actuators and
jacks. Experience of long-period shaking in the build-
ing is also available with virtual reality view of in-
door damage, which is effective for promotion of seis-
mic countermeasures such as fixing furniture and safe
evacuation.

Keywords: long-period long-term ground motion, natu-
ral period, damping, vibration experiment, virtual reality

1. Introduction

In the 2011 Tohoku earthquake, high-rise buildings in
the metropolitan cities of Tokyo and Osaka shook ex-
tensively. In particular, a 256 m tall high-rise building
located in the Osaka bay area at a distance of 770 km
away from the epicenter shook with a response as large as
137 cm. The input motion at seismic bedrock of Kono-
hana site, near the above building, showed remarkable
amplification at the top of the building by a factor of 1,000
at the building’s natural period of 6.7 s component [1–3].
A reason for this phenomenon was the sedimentary basin
structure in the Osaka plain that increased the ground am-
plification. Another reason was the similarity of the pre-
dominant period of input ground motion to the natural pe-
riod of the building.

Moreover, at the end of 2015, the Cabinet Office of
Japanese Government announced the prediction results

of the long-period ground motion caused by the Nankai
Trough earthquake [4]. The Ministry of Land, Infrastruc-
ture and Transport also proposed measures for tall build-
ings to protect against long-period ground motions [5].
Such actions reflect the forecast of strong, long-period
ground motions in the Osaka and Nobi plains. The ad-
vancements in seismic countermeasures are necessary for
protecting tall buildings and indoor safety.

In this paper, the characteristics of long-period ground
motions in a large-scale sedimentary basin and the re-
sponse of tall buildings are investigated. Newly devel-
oped dynamic experiment devices and shaking experi-
ence environment are also introduced for promotion of
seismic countermeasures for tall buildings against long-
period ground motions.

Based on the ground motion records of the ground sur-
face and the seismic bedrock during the Tohoku earth-
quake at Konohana site, the amplification of the long-
period ground motion cannot be explained by the response
amplification of a horizontally layered soil. Moreover, an
analysis of the past observation records at the site has con-
firmed that the predominant period of the ground motion
varies [6]. This phenomenon is related to the fact that the
sedimentary basin in Osaka plain has topographic subsur-
face irregularity [7]. Therefore, we used a 3D finite dif-
ference method and the reciprocal theorem to examine the
effects of the basin structure of Osaka plain on the seismic
amplification characteristics [8].

In general, the response amplification in a building is
determined by natural period and damping characteris-
tics [9]. However, there is a limited amount of observation
data on various kind of buildings [10] and the dynamic
characteristics are also affected by the soil-structure in-
teraction. Hence, this study aimed to understand the de-
pendence of dynamic characteristics on the number of
floors of a building by introducing a new microtremor and
earthquake response observation procedure in tall build-
ings during construction and demolition. We also demon-
strated the effects of dynamic soil-structure interaction on
the amplification response based on the wave theory by
modeling the building as a continuum.

Finally, we built a system for a full-scale excitation ex-
periment by using a newly built base-isolated building
with an isolated rooftop laboratory. Actuators and jacks
are equipped for shaking the rooftop isolated mass and
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Fig. 1. Velocity waveforms, Fourier spectral ratios, and velocity response spectra recorded at a 256 m tall building and at a
neighboring ground (Konohana site) during 2011 Tohoku earthquake.

building itself. We used this system to develop a virtual
reality environment to promote seismic countermeasures
for buildings and indoor safety such as fixing furniture.

2. Amplification and Elongation of Ground
Motion in Sedimentary Basin

Figure 1 shows the velocity response on the 52nd and
1st floors of a 256 m tall building located in the Osaka
bay area. It also shows the velocity waveforms recorded
at Konohana site in the EW direction on the ground sur-
face and 1600 m below the surface, and their Fourier spec-
tral ratios and velocity response spectra during the Tohoku
earthquake.

The figure shows the large amplification at the period
of 6–7 s. The resonant amplitude on the 52nd floor is ap-
proximately 1000 times as high as that of the bedrock.
Since the predominant period of the seismic ground mo-
tion and the natural period of the building are similar, the
amplification of the response is due to resonance.

According to the information opened on the Web site
of KiK-net, the soil structure at Konohana site consists of
three layers. The top layer has the thickness of 600 m and
the S wave velocity of 500 m/s. The second layer has the
thickness of 1000 m and the S wave velocity of 900 m/s.
Beneath all the layers, there is the seismic bedrock with
the S wave velocity of 3000 m/s. Assuming a horizontally
layered soil, the predominant period for a vertically inci-
dent S wave is 7.4 s, and the amplification factor is 20.
However, the value of the amplification factor is lower
than the value observed during the Tohoku earthquake.
Fourier spectra of seismic ground motions for four earth-
quakes observed at Konohana site are compared in Fig. 2.
They show variation in the predominant period.

The response amplification in the sedimentary basin
and the variation in the predominant period could be due
to the irregularity in the sedimentary basin structure of
the Osaka plain. The Osaka sedimentary basin has al-
most the elliptical shape, which major and minor axes are
about 80 km and 40 km, respectively. The Konohana site
is located at slightly the northeast of the center of the sed-
imentary basin. Therefore, we use a 3D finite difference
method and the reciprocal theorem of Green’s function [8]
to examine the effects of the sedimentary basin structure
of the Osaka plain on the amplification characteristics of
the ground motion.

Here we define Green’s function as the relationship
between the moment tensor at the source and the dis-
placement vector at the station. The 3D finite difference
method is employed to calculate Green’s function refer-
ring the reciprocity of Green’s function. In general, the
3D finite difference method is effective for estimating the
ground motion in whole region of the model for a cer-
tain earthquake. It is therefore suitable for predicting the
ground motions at multiple points for one seismic source.
On the other hand, the method used in this paper is effec-
tive for predicting the ground motion at a particular site
for multiple sources. It allows us to efficiently examine
the effect of the source location and the sedimentary basin
structure in the Osaka plain on the characteristics of soil
amplification.

In this study, the soil structure model previously used
at the headquarters of the earthquake research promotion
is used to predict the long-period ground motions. Fig. 3
shows the distribution of the depth of the seismic bedrock.
The observation site is at the surface of Konohana site.
Point sources with the strike angle of 22.5◦ from the radial
axis, the dip angle of 90◦, the rake angle of 0◦, and the
moment magnitude of 7.0 are assumed. The epicentral
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Fig. 2. Fourier spectra of the ground accelerations recorded at Konohana site.
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Fig. 3. Distribution of the depth of the seismic bedrock in
the analysis region.

distance R is assumed the two cases of 50 km and 100 km.
Similarly, the focal depth D is assumed the two cases of
10 km and 100 km.

The finite difference analysis is based on Graves’s
staggered-grid method [11] and Levandar’s fourth-order
difference formulation [12]. The grid shape is cubic and
its sides are 300 m for the depth of 15 km below the
ground surface. The sides of the grids are 900 m beyond
15 km. The boundary between the grids at the depth of
15 km is treated by the method of Aoi and Fujiwara [13].
The period allowed in this analysis is above 3 s. The
non-reflecting boundary condition by Clayton and En-
gquist [14] and the energy-absorbing boundary condition
with a thickness of 18 km by Cerjan et al. [15] are applied

to the edges of computing regions.
Figure 4 shows the displacement waveforms, particle

motions, and velocity response spectra on the surface and
in the seismic bedrock for the sources with the same epi-
central distances to Konohana site. The origin of the
particle motion corresponds to the epicenter. The figure
demonstrates that regardless of the same epicentral dis-
tances, the amplitude and direction of the particle motion
vary and are dependent on the source location. This is due
to the shape of the sedimentary basin in the Osaka plain.
The variation in the ground motion shown in Figs. 4(a)
and (b) due to the source direction is larger than those
in Figs. 4(c) and (d). This is because the seismic waves
from deeper sources have larger incident angles. This de-
creases the effects of the irregularity of the shallow soil
structure. Moreover, the comparison between Figs. 4(a)
and (b) and Figs. 4(e) and (f) reveals that both cases have
similar variations in the ground motion due to the source
direction. The above results indicate that the variation in
the seismic ground motion due to the source direction is
largely caused by the irregular soil structure near Kono-
hana site.

Figure 5 shows the Fourier spectral ratios on the
ground surface and in the seismic bedrock for the sources
with same epicentral distances to Konohana site. The red
color corresponds to the spectral ratio for the source in the
north, and the blue color corresponds to that in the south.
The colors are changed continuously depending on the
source direction. The spectral ratios do not change con-
tinuously with the change in the source direction. They
seem to reflect the irregularity of the soil structure of the
Osaka sedimentary basin in a complex manner. Addition-
ally, we studied the peaks in the spectral ratios by group-
ing them into peaks with a period of 5 s and those with a
period of approximately 6–7 s. The peaks in the former
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(a) R = 100 km, D = 10 km, Radial

(b) R = 100 km, D = 10 km, Transverse

Fig. 4. Displacement waveforms, particle motions, and velocity response spectra on the ground surface and in the seismic bedrock.
R and D denote the epicentral distance and the focal depth, respectively. Black and red lines correspond to the ground surface and
the seismic bedrock, respectively.
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(c) R = 100 km, D = 100 km, Radial

(d) R = 100 km, D = 100 km, Transverse

Fig. 4. Continued.
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(e) R = 50 km, D = 10 km, Radial

(f) R = 50 km, D = 10 km, Transverse

Fig. 4. Continued.
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Fig. 5. Fourier spectral ratios between the ground surface and in the seismic bedrock. R and D denote the epicentral distance and
the focal depth, respectively. Red color corresponds to the seismic source in the north, while blue color corresponds to that in the
south. Black lines denote the Fourier spectral ratios for the layered soil structure.

group appear in Figs. 5(a), (b), (e) and (f) (focal depth of
10 km) in both the radial and transverse components but
do not exist in Figs. 5(c) and (d) (focal depth of 100 km).
Conversely, the peaks in the latter group are prominent in
Figs. 5(c) and (d) but not in Figs. 5(a), (b), (c), and (d). In
general, surface waves are dominant for shallow seismic
sources, and body waves are dominant for deep seismic
sources. Therefore, it is suggested that the peaks with
periods of approximately 5 s corresponds to the ampli-
fication of the surface waves, while those with periods of
approximately 6–7 s corresponds to the vertically incident
body waves. It sould be noted that the predicted peaks of
the Fourier spectral ratios for the used soil model (colored
lines) are less than those for the horizontally layered soil
(black lines).

In conclusion of this section, it was revealed that the
property of the seismic ground motion varies with respect
to the source direction and the focal depth. Such an effect
cannot be explained under the assumption of the parallel
layered soil structure, but the trend of the ground motion
variation can be estimated using the method described in
this section.

3. Response Characteristics of Tall Buildings

The response characteristics of a building are expressed
by the natural period and the modal damping factor of
the building. It is generally believed that the funda-
mental natural period linearly increases with the build-
ing height, while the modal damping factor is inversely

proportional to the height [9–10]. Fig. 6 shows the sum-
mary of the dependence of fundamental natural period
and damping factor on the building height. Fig. 6 includes
the data from nine buildings shown in Table 1 [9, 16–
19]. For each building, continuous vibration observa-
tions were performed during construction and demolition,
and thus, different characteristics for varying heights were
measured for a building with the same soil and foundation
conditions. This leads getting clear tendency of vibration
characteristics for different height of buildings comparing
to the most of previous researches.

As in Table 1, the upper parts of the high-rise buildings
Nos.1–5 are steel structures. The middle-rise buildings
Nos.6–9 include S, RC, and PC structures. No.6 is a base-
isolated building, but its characteristics appeared similar
to others in terms of low-level vibration. This is due to the
non-linearity of the seismic isolator.

Figure 6(a) shows a proportional trend of the funda-
mental natural period with respect to height. A building
shows continuous change in its construction or demoli-
tion, while there is a variation in the slope arising from the
difference of structural system and materials of the build-
ing. Steel framed structures show a tendency of longer
natural periods, however, reinforced concrete buildings
(Nos.6, 8, and 9) and a steel structure with rigid ellipti-
cal core (No.3) have shorter natural periods. Such char-
acteristics are examined for various conditions of build-
ings [10], T = 0.03H with natural period T and build-
ing height H is used for steel buildings and T = 0.02H
is for reinforced concrete buildings. Comparing to these
equations, tendency of natural period in Fig. 6(a) is rela-
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(a) Natural period (b) Damping factor
Fig. 6. Natural period and damping for different height buildings including under construction and demolition stages.

Table 1. Outline of observed buildings.

Bldg.
No.

Height
(m)

Superstr
ucture
floors

Base
ment
floors

Typical floor size (m)
and shape Structure With or without base-isolation and

vibration control devices
Built
year

Designed horizontal natural
period (s)

Observation
year

1 247 47 6 51 × 51
Steel,
SRC for basement

Damper, Tuned Mass
Damper(TMD), Active Tuned
Mass Driver(ATMD), building

connection damper

2006 EW: 5.75, NS: 5.92 2005–06

2 180 42 3 54 × 52
Steel,
SRC for basement

Damper 2006 EW: 4.21, NS: 3.86 2005–06

3 170 36 3 30 × 21
oval shaped core

Steel,
SRC for basement

Damper, TMD, AMD 2008 Short: 2.95, long: 2.23 2007–

4 90 25 3 55×30
Steel,
SRC for basement

1973 EW: 2.47, NS: 2.44 2009–10

5 85 17 2 80 × 61
irregular plan

Steel,
SRC for basement

Viscous devices 2003 2001–03

6 68 21 0 33.5 × 23.3 RC Base-isolation 2013 6.3
(Base-isolated period)

2012–13

7 47 10 1 60 × 15
Steel,
SRC for basement

2001 1.2 2000–

8 42 10 1 55 × 28
L-shaped plan

SRC 1995 1995–

9 33 7 1 40 × 14
Precast Concrete,
SRC for basement

2003 2003–

tively short. Fig. 6(b) shows a variation in the damping
factor, but there is a general tendency of the factor to de-
crease with increasing height. Most high-rise steel struc-
tures show damping factors of 1% or lower. This indicates

that the remarkable response amplification will be caused
by resonance with long-period and long-duration seismic
input motions.

Dynamic characteristics shown in Fig. 6 are examined
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by replacing lumped mass system with a one-dimensional
shear, continuum model considering a uniform structure
with each floor mass m, stiffness k, story height l, and
number of floors n. Generally, the relationship between
the building’s natural period T and its height H is lin-
ear, i.e., T = θH. Conversely, the fundamental natural
period of a contentious body of height H that is fixed at
the bottom and free at the top can be expressed by using
the shear wave velocity Vb and height H, as T = 4H/Vb.
Therefore, the equivalent shear wave velocity of a con-
tinuum is Vb = 4/θ . In a case of the steel structure, θ is
approximately 0.03 s/m and then Vb = 133 m/s.

If the weight of a building per unit floor area is w, then
the mass density of the continuum ρb can be expressed
as ρb = w/gl, where g is the gravitational acceleration.
By setting the floor height as 4 m and the floor load as
0.8 tf/m2, the weight per unit volume is γb = 0.2 tf/m3.
This corresponded to a continuum with a weight per unit
volume that is 1/10 of the soil and with a shear wave ve-
locity equivalent to that of the soft soil.

Furthermore, dynamic soil spring of a circular rigid
foundation with radius r is given by stiffness K and damp-
ing coefficient C as follows:

K =
8rGg

2−ν
C = πr2ρgVg . . . . . . . . (1)

Here Gg, ν , ρg, and Vg are shear modulus, Poisson’s ratio,
mass density, and S wave velocity of soil, respectively.
We assumed complex damping for the building’s internal
damping ratio h, which is sufficiently small (h � 1). The
above conditions give the displacement of the structure u
as the ratio to the surface ground motion ug as follows:

u
ug

=
αb

(
1− i

β
a0

)
coskbz

αb

(
1− i

β
a0

)
cosab + isinab

. . . . (2)

Here

αb =
ρgVg

ρbVb
, β =

8
π (2−ν)

, kg =
ω
Vg

,

a0 =
ωr
Vg

= kgr, ab =
ωH
Vb

= kbH
(3)

In resonance (ab = π/2), Eq. (2) is:

u|ab= π
2

ug
≈

αb

(
1− i

β
χ

)
[

1+
π
2

hαb

(
1− i

β
χ

)]
i

. . . . (4)

χ is the interaction coefficient and shows large value for
stiff buildings with low and wide elevation. In the cases

with the interaction coefficient χ is infinite and zero:

lim
χ→∞

u|ab= π
2

ug
=

αb(
1+

π
2

hαb

)
i

lim
χ→0

u|ab= π
2

ug
=

2
πhi

. . . (5)

In case of small structural damping h, the resonant am-
plification becomes the wave impedance ratio of soil and
structure, αb, for a flat and low-rise building (large χ), and
the resonant amplification ratio is 2/πh for a thin, high-
rise building (small χ). Therefore, the response of a rigid
and heavy building is not significantly amplified, while
that of a flexible and light building is amplified. More-
over, in a high-rise building, the damping effect of the
vibration damper is large.

An example of a building with high interaction coef-
ficient (rigid and flat) with a small impedance ratio αb
(rigid and heavy) is a nuclear reactor building. A high-
rise building on an alluvial plain is an example of building
with opposite characters. For a steel structure on a sedi-
mentary soil, αb is around 10, while for a nuclear reactor
building on a rock site, αb is around 1. As the damping
factor of a tall building is about 1–2%, the resonant am-
plification can be estimated. Such characteristics match
the results shown in Fig. 6.

4. Environment for Experience of Long-Period
Building Response

To enhance the seismic countermeasures for structures
and indoor areas against long-period seismic ground mo-
tions, it is necessary to build a full-scale shaking facility
for structural experiments and shaking experiences. The
Disaster Mitigation Research Building was built in the
campus of Nagoya University in 2014 as a key-facility for
advanced research, educational activity and emergency
response against natural disasters. Fig. 7 shows outline
of the building and its experimental setup for long-period
motion.

The building is four-story reinforced concrete struc-
ture of distinguished triangular shape with approximately
3,000 m2 floor area and 5,600 t weight. The base-isolation
system is equipped at basement floor, which consists of 5
natural rubber bearings, 9 cross linear bearings and 8 oil
dampers, showing elastic properties. Fundamental natural
period of the building is designed as 5.2 s, which is much
higher than the site predominant period of 2.6 s. The
clearance of base-isolated layer is 90 cm, which is larger
than that of averaged base-isolated buildings. A newly de-
veloped pull jacks are installed at basement floor to per-
form free vibration experiments with initial displacement
of 150 mm.

The basement floor is also used as a gallery for learn-
ing the history of aseismic structures, base-isolation and
vibration control systems. The 1st floor has a disaster mit-
igation gallery for learning through experiences and the
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Virtual reality system in rooftop laboratory

Simulation of indoor damage caused by shaking

Fig. 7. Vibration experiment environment of the doubly-isolated structure and virtual reality system.

2nd floor has a library. The 3rd and 4th floors are spaces
for research projects.

A laboratory room with 410 t weight on the rooftop is
also isolated by cross linear bearings and rubber bearings
with the same isolation period of 5.2 s. Thus the building
is a double base-isolated structure. The rooftop laboratory
is able to shake by actuators and the amplitude can be
amplified by up to 70 cm when vibrated in resonance by
an actuator.

The interior of the laboratory is equipped with visual
and audio systems that are synchronized with the vibra-
tions, thereby making up a virtual reality system that can
reproduce conditions during earthquakes. The automatic
generation of audio is done by a method that uses Causal
FFT to reproduce sounds from waveforms [20]. For re-
producing the overturning and moving response of fur-
niture, simulation software often used in video games is
used [21]. The above facilities make up an environment
that allows experiments in psychology during earthquakes
and disaster response trainings. For example, a video ed-
ucational material for the long-period earthquake ground
motion is prepared in this facility in collaboration with the
Japan Meteorological Agency [22]. Fig. 8 shows the situ-
ation in the laboratory subjected to moderate level of long-
period shaking and simulated situation for higher level in-
put.

It is possible to produce an inertial force of 40 t by us-
ing the vibration of the roof-top laboratory as the vibra-
tion force. This vibrated the main building of 5,600 t by
the displacement amplitude of approximately 5 cm. The
underground base isolation layer was also equipped with
newly developed pull jacks, which enabled free vibration
experiments with forced displacements of approximately
15 cm. As shown in Fig. 7, the roof-top resonance ex-
citation experiments and the underground free vibration
experiments enabled an environment in which we could

vibrate a building at will.
The natural periods of the main building and the roof-

top laboratory were both 5.2 s. By viewing them as the
soil and the building, it was possible to reproduce a reso-
nant response of a tall building. This response was used
in the research and development of a vibration control
method for avoiding resonance.

Figure 9 shows the displacement response of the roof-
top laboratory and the main building during a roof-top
laboratory excitation experiment. The figure also demon-
strates the displacement response of the main building
with and without damper during a free vibration exper-
iment with a forced initial displacement by jacks. The
facility is capable of vibrating a building with a mass of
5,600 t. Fig. 10 illustrates the displacement response of
the roof-top laboratory and the main building during free
vibration experiment without the underground oil damper.
The figure shows the realization of the resonant response
experiment for the main building and the base-isolated
roof-top laboratory.

In the future, we plan to install an oil damper (which
can be switched on and off) on the roof and investigate
the effectiveness of TMD for high wind in the presence of
the damper. The actuator in the roof-top laboratory also
contains a feedback control function. This, in turn, can be
used for the development of absolute isolation with AMD.

The building is equipped with a lot of seismometers,
earth pressure gauges, and displacement gauges. They
can be used for understanding the vibrational behavior
of the building, changes in the building and the isolation
system over time, and the distribution characteristics of
earth pressure during earthquakes. We have placed var-
ious simple seismometers and are currently investigating
their effectiveness for establishing a cost-effective vibra-
tion monitoring method. We plan to develop new vibra-
tion monitoring techniques by using these seismometers.
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Fig. 8. Photo of the shaking experience laboratory subjected to long-period shaking (top), and simulated situation for higher level
shaking (bottom).
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Fig. 9. Response of the building under forced vibration and free vibration tests.
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Fig. 10. Relative displacement response of the building and
top mass without underground oil damper during free vibra-
tion test.

5. Conclusions

This paper elucidated the characteristics of long-period
ground motions on a large-scale sedimentary basin and
response characteristics of tall buildings through observa-
tion records and theoretical calculations. We also realized
the Disaster Mitigation Research Building, which could
host long-period vibration experiments and allow the ex-
perience of long-period motion. We also developed guid-
ing measures for tall buildings against long-period ground
motions. The findings can be summarized as follows:

1) The analysis of ground motion records and the the-
oretical analysis based on the 3D finite difference
method and the reciprocal theorem show that the
ground motion recorded in the Osaka bay area dur-
ing the Tohoku earthquake was affected by the sed-
imentary basin structure of the Osaka plain. The
topographic subsurface irregularity of the sedimen-
tary basin caused variation of the predominant pe-
riod of the ground motion due to the source direction
as well as in the response amplification. Therefore,
the design of long-period structures must incorpo-
rate such variations of the predominant period of the
long-period ground motion.

2) Introducing a new observation procedure for a build-
ing through whole stages of construction or demo-
lition, we analyzed the dependence of the dynamic
characteristics of the buildings on the number of
floors. We confirmed that the natural period is pro-
portional to the number of floors and that the damp-
ing factor is inversely proportional to the number of
floors. We also modeled a structure as a continuum
and used the wave propagation theory to investigate
the effect of the dynamic soil-structure interaction on
the dynamic response characteristics. As a result, we
found that resonant response amplification is deter-
mined by the wave impedance ratio of the soil to the
structure for flat structures and by internal damping
for thin and tall structures.

3) We also established that it was possible to use the
double base-isolated building to carry out resonance

experiments. For example, a resonant vibration ex-
periment could be conducted by resonantly vibrating
the roof-top laboratory by an actuator. A free vibra-
tion experiment could be conducted in the basement
isolation layer by forced displacements produced by
jacks. We also realized a virtual reality system that
vibrates synchronously with image and sound to ex-
perience the response to long-period ground mo-
tions. Taken together, the above facilities provided
an environment in which advancements can be made
in countermeasures for buildings against long-period
ground motions.
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