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ABSTRACT
When the seismic performance behavior of a wooden structure is investigated by a
numerical analysis, the wooden structure’s collapsing behavior needs for consideration
of the extremely non-linear properties of wooden members breaking or being dispersed,
and this kind of collapsing process simulation of a wooden structure during a strong
earthquake ground motion can be conducted by a collapsing process analysis based
on the Distinct Element Method. In order to investigate not only the seismic response
performance but also the effective seismic retrofit countermeasure of an old Japanese–
style one-story kindergarten wooden structure, 3-D seismic collapsing process analysis
of the wooden kindergarten structure before/after seismic retrofit against a strong
earthquake ground motion with the Japan Meteorological Agency seismic intensity of “6
upper” level was carried out in this paper.

1. INTRODUCTION
It is well known in Japan that there are so many Japanese-style wooden structures
and they have much lower seismic performance against a strong earthquake ground
motion with the Japan Meteorological Agency (JMA) seismic intensity of “6 upper” level.
It is very important for structural engineers to take account of a seismic response of the
Japanese-style wooden structure in the design process of seismic retrofit, because a
relationship between the seismic performance ratio and the seismic response of wooden structure can play a key role in making an effective countermeasure in the design
process of a seismic retrofit for wooden structure. When the seismic performance behavior of an old Japanese-style wooden structure built before 1981 is investigated by a
1)
2)

Professor
Technical Staff

numerical analysis, the wooden structure’s collapsing behavior needs for consideration
of the extremely non-linear properties of wooden members breaking or being dispersed,
and this kind of collapsing process simulation of a wooden structure during a strong
earthquake ground motion can be conducted by a collapsing process analysis. Seismic
collapsing analysis of wooden structure can be carried out by a structural analysis software “Wallstat” (Nakagawa et al. 2010, Nakagawa 2011) based on the Distinct Element
Method proposed by Cundall and Strack (1979). Takatani (2014a, 2014b), Takatani
and Nishikawa (2014a, 2014b) reported seismic collapsing analyses for various old
Japanese-style wooden structures with a low seismic performance in order to verify an
appropriateness of each seismic retrofitting countermeasure against a strong earthquake ground motion.
By the way, one of the authors has already developed a seismic retrofitting method
(ACM method, “BRACE-X”) of the old Japanese-style wooden structure with a low
seismic performance by means of an advanced composite material, which consists of
Carbon Fiber Reinforce Plastic material, other steel instruments and epoxy resin (Takatani, 2012). Seismic retrofitting method using “BRACE-X” was applied to two Japanese-style one-story kindergarten wooden structures of both a nursing building and an
administrative one in 2014. Vibration measurement using an oscillator measurement
system was conducted for two one-story kindergarten wooden structures before/after
seismic retrofit to evaluate the seismic performance of two Japanese-style one-story
kindergarten wooden structures before/after their seismic retrofits.
In order to investigate not only the seismic response performance but also the effective seismic retrofit countermeasure of two old Japanese–style one-story kindergarten
wooden structures, 3-D seismic collapsing process analysis of the wooden kindergarten
structure before/after seismic retrofit was carried out using a strong earthquake ground
motion with the JMA seismic intensity of “6 upper” level. Two strong earthquake ground
motion wave records with the JMA seismic intensity of “6 upper” level are employed in
3-D seismic collapsing process analysis for two old Japanese–style one-story kindergarten wooden structures. The JMA Kobe wave and the JR Takatori one were measured in the 1995 Hyogo-ken Nanbu Earthquake. The effect of the earthquake motion
spectrum on the difference of seismic response behavior of wooden structure can be
numerically investigated in this paper.

2. OUTLINE OF ONE-STORY KINDERGARTEN WOODEN STRUCTURES AND
THEIR SEISMIC RETROFITS
Figure 1 shows a layout plan of two Japanese-style kindergarten wooden structures.
There are a nursing building and an administrative one in this kindergarten, which were
built by a Japanese traditional wooden framework construction method in 1971. The
nursing building structure has an area of 549m2, 5.20m eaves height, 7.25m maximum
height, 51.7m width and 12.5m depth. Also, the administrative building structure has an
area of 211m2, 3.05m eaves height, 5.25m maximum height, 32.3m width and 6.65m
depth. There are two open spaces and two passages between the nursing building
and the administrative one in this kindergarten.

Table 1 shows seismic performance ratios of the nursing building structure for both
X (long-side) and Y (short-side) directions. This seismic performance ratio is defined by
a possession strength of the wooden structure to its necessary resistance strength. In
general, a wooden structure does not collapse if its seismic performance ratio is more
than 1.5, and it roughly does not collapse if its seismic performance ratio is 1.0 to 1.5.
Also it has a possibility to collapse if its seismic performance ratio is 0.7 to 1.0.
Judging from Table 1, the nursing building has a high possibility to collapse for X
(long-side) direction against a strong earthquake motion with the JMA seismic intensity
of “6 upper” level. Photo 1 shows elevation views of the nursing building structure retrofitted with “BRACE-X”. Seismic retrofit elevation plan of the nursing building structure is
indicated in Figure 2. 14sets of “BRACE-X” were employed in the seismic retrofit of this
nursing building structure.
On the other hand, Table 2 indicates seismic performance ratios of the administrative building structure for both directions. It is found that the administrative building
structure has a high possibility to collapse against a strong earthquake motion. Photo 2
shows elevation views of the administrative building structure retrofitted with “BRACEX”. Seismic retrofit elevation plan of the administrative building structure is indicated in
Figure 3. 11sets of “BRACE-X” were employed in the seismic retrofit of the administrative building structure.
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Figure 1. Layout of one-story kindergarten wooden structures (unit: mm)

Table 1. Seismic performance ratio of one-story kindergarten wooden structure
(Nursing Building)

First
floor

Direction

Necessary resistance
strength

Possession strength

Seismic performance
ratio

X (long-side)

353.82 (kN)

232.17 (kN)

0.65

Y (short-side)

366.46 (kN)

170.49 (kN)

0.46

North side

West side

East side

Photo 1. View of one-story kindergarten wooden structure retrofitted with “BRACE-X”
(Nursing building)
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Figure 2. Seismic retrofit elevation plan of one-story kindergarten wooden structure
(Nursing building, unit : mm)

Table 2. Seismic performance ratio of one-story kindergarten wooden structure
(Administrative Building)

First
floor

Direction

Necessary resistance
strength

Possession strength

Seismic performance
ratio

X (long-side)

138.65 (kN)

60.30 (kN)

0.43

Y (short-side)

121.32 (kN)

44.98 (kN)

0.37

South-west side

South-east side

North-west side

Photo 2. View of one-story kindergarten wooden structure retrofitted with “BRACE-X”
(Administrative building)
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Figure 3. Seismic retrofit elevation plan of one-story kindergarten wooden structure
(Administrative building, unit : mm)

3. VIBRATION EXPERIMENTAL RESULTS OF ONE-STORY KINDERGARTEN
WOODEN STRUCTURES
Vibration experiment using an oscillator-measurement system was conducted for
both the nursing building structure and the administrative one. Photo 3 shows measurement instruments including an oscillator, two preamplifiers, a data logger and servotype accelerometers, and Photo 4 indicates a sketch of vibration measurement in both
kindergarten wooden structures. Table 3 indicates the outline of instruments used in a

(a) Measurement system

(b) Oscillator

(c) Sensor

Photo 3. Vibration measurement system using an oscillator system

Photo 4. A sketch of vibration measurement system
Table 3. Outline of instruments in oscillator-measurement system
Instrument Name
Oscillator

Electric Power Amplifier
Real Time Vibration Analysis
Device (DSA-PHOTON)
Real Time Vibration Wave
Controlling System (DSARTPro)
Servo-type Accelerometer
(V405-BR)
Preamplifier (PA-9102)

Outline
Maximum Vibration Force: 490N
Maximum Acceleration : more than 9.8G
Maximum Velocity : more than 100cm/s
Maximum Displacement : more than 150mm
Driving Power Type : Eternal Magnetic Type
Frequency Range : 0.1Hz – 4,000Hz
Input Impedance : more than 80kΩ
Output Impedance : less than 5.0Ω
Frequency Range : Maximum 21,000Hz
A/D Transformation : 24-bit resolution
D/A Transformation : 24-bit resolution
Vibration Output Function, FFT Analysis Function, Long
Term Vibration Recording Function, Measurement Data
Editing Function
Measurement Range : +-30m/s2, Resolution 1x10-6 m/s2
Frequency Range : 0.3 – 45 Hz

Table 4. Natural frequency measurement results before and after seismic retrofit (Hz)

(Oscillation measurement)
Short-side direction
Before
After
Administrative building
8.44
8.44
Nursing building
5.94
6.72

Long-side direction
Before
After
11.88
12.81
8.28
8.91

Table 5. Natural frequency measurement results before and after seismic retrofit (Hz)
(Microtremor measurement)
Short-side direction
Long-side direction
Before
After
Before
After
Administrative building
8.44
8.59
11.99
13.12
Nursing building
5.94
6.62
8.16
9.34
vibration experiment of both kindergarten wooden structures.
Table 4 shows a natural frequency for each kindergarten structure before/after a
seismic retrofitting countermeasure by “BRACE-X”, and the first natural frequencies in
both short-side and long-side directions are indicated in Table 4, too. Microtremor
measurement was conducted at the same time to make a comparison between oscillator-measurement results and microtremor ones, and a natural frequency for each kindergarten structure before/after a seismic retrofitting countermeasure is shown in Table
5. It should be noted from these tables that natural frequency values obtained from oscillation measurement are almost the same as those obtained from microtremor measurement. On the other hand, a natural frequency of the surface ground layer on which
both kindergarten structures were built is about 1.05Hz, which was obtained from a microtremor measurement system. Actually, the surface ground layer is a soft clay layer
with a depth of about 40m, and also is easy to vibrate by earthquakes.
Consequently, because the natural frequencies of both one-story kindergarten
structures are different from the natural frequency of the surface ground layer, there
may not cause a resonance phenomenon between the kindergarten structures and the
surface ground layer.

4. SEISMIC COLLAPSING RESULTS OF ONE-STORY KINDERGARTEN WOODEN
STRUCTURES
In this paper, structural analysis software of “Wallstat” is employed in order to investigate seismic response behavior and collapsing process of wooden structure during a
strong earthquake ground motion. This software has an original analysis technique
(Nakagawa et al. 2010) using the basic theory of the Distinct Element Method (Cundull
and Strack, 1979), and can be taken into consideration the extremely non-linear properties of timber members breaking or being dispersed.
4.1 Input Earthquake Ground Motion in Seismic Collapsing Analysis
Seismic collapsing process analyses of two one-story kindergarten wooden strucTable 6. Earthquake ground motion wave records

Peak Ground
Peak Ground
fp (Hz)
2
Acceleration (cm/s )
Velocity (cm/s)
JMA Kobe
6.4
818
91
1.43
JR Takatori
6.4
657
126
0.81
fp : peak frequency of root mean square value of Fourier acceleration spectrum
Record Name

IJMA

Duration (s)
30
30

(a) JMA Kobe

(c) JR Takatori

Figure 4. Displacement waves and their Fourier acceleration spectra
tures, the nursing building and the administrative one, are carried out in this paper. Two
strong earthquake ground motion wave records with the JMA seismic intensity of “6 upper” level indicated in Table 6 are employed as an input earthquake ground motion data in the seismic collapsing analysis. These wave data were measured in the 1995 Hyogo-ken Nanbu Earthquake. The effect of the earthquake motion spectrum on the difference of seismic response can be investigated by using two earthquake wave records
with the same level intensity which has a different peak frequency in Fourier acceleration spectrum. Figure 4 illustrates two displacement waves employed as an input earthquake motion data in the seismic collapsing analysis, which are calculated from two
earthquake ground motion records indicated in Table 6.
On the other hand, there exists a boring data of the surface ground layer with a
depth of 39m near this kindergarten. Based on the “DYNEQ” program proposed by Yoshida et al. (1996), an assumed earthquake ground motion was calculated from this
ground boring data in this paper using the earthquake motion wave on the engineering
bed rock with a shear wave velocity of 400m/s, which is notified by the Ministry of Land,
Infrastructure, Transport and Tourism in Japan. The JMA intensity level, a peak acceleration, a peak velocity, a peak frequency and duration time of this assumed earth-

quake ground motion are indicated in Table 7, and a displacement wave calculated
from the acceleration data and its Fourier spectrum are indicated in Figure 5.
Table 7. Assumed earthquake ground motion wave
Name

IJMA

T-city wave

6.0

Peak Ground
2
Acceleration (cm/s )
622

Peak Ground Velocity
(cm/s)
87

fp (Hz)

Duration (s)

0.49

30

Figure 5. Displacement wave and its Fourier acceleration spectrum (T-city wave)

4.2 Seismic Collapsing Results
Figure 6 shows a timber framing model of the nursing building structure, which is
employed in 3-D seismic collapsing process analysis. Two framing models for the nursing building structure before/after seismic retrofit are indicated in this figure, and consist
of frames, walls and braces including timber diagonal bracing elements and “BRACE-X”.
Seismic response behaviors at three points of A to C shown in Figure 6(a) during an
earthquake motion are numerically investigated in this paper.
Figure 7 indicates a timber framing model of the administrative building structure,
which is employed in seismic collapsing analysis. Two framing models for the administrative building structure before/after seismic retrofit are illustrated in this figure, and
consist of frames, walls and braces including timber diagonal bracing elements and
“BRACE-X”. Seismic behaviors at three points of A to C shown in Figure 7(a) during an
earthquake motion are investigated in this paper.
Figure 8 illustrates seismic collapsing behavior of the nursing building structure before seismic retrofit during a strong earthquake ground motion of the JMA Kobe wave. It
is found that the left part of the nursing building structure starts to collapse after 5 seconds and completely collapses by 8 seconds, and also the roof of play room in the
center part of the nursing building structure collapses by 10 seconds. This may be because the displacement wave in shown in Figure 4(a) has a large amplitude in each
component between 2 seconds and 10 ones.
Seismic collapsing behavior of the nursing building structure before seismic retrofit
during a strong earthquake ground motion of the JR Takatori wave is indicated in Figure 9. The left and right parts of the nursing building structure start to collapse after 4.5
seconds and the walls in the both left and right parts of the nursing building structure
start to collapse after 6.5 seconds, and also the walls of play room in the center part of
the nursing building structure start to collapse after 8 seconds. It should be noted that

the seismic damage to the nursing building structure for the JR Takatori wave is much
larger than that for the JMA Kobe wave because the maximum peak velocity of JR Takatori wave is much larger than that of JMA Kobe wave. In general, seismic damage to
wooden house is larger with the increase of the maximum velocity of an earthquake
ground motion (Sakai et al., 2002). Although a peak frequency of the nursing building
structure is quite different from peak frequencies in both the JMA Kobe and the JR Takatori waves, the nursing building structure before seismic retrofit may easily collapse
against a strong earthquake ground motion with a maximum velocity of more than
80cm/s.
On the other hand, Figure 10 shows seismic collapsing behavior of the administrative building structure before seismic retrofit during a strong earthquake ground motion
of the JMA Kobe wave. Although the seismic performance ratio of the administrative
building structure is smaller than the nursing building structure, the area of the administrative building structure is much smaller than that of the nursing building structure.
Therefore, the roof part does not collapse completely and the seismic damage starts to
cause in the wall parts of the administrative building structure after 2 seconds. Seismic
damage to the roof and the wall occurs during a strong earthquake motion.
Seismic collapsing behavior of the administrative building structure before seismic
Point B Point C
Point A

Z

X

Y

(a) Before seismic retrofit
(b) After seismic retrofit
Figure 6. Framing plan of kindergarten wooden structure (Nursing building)
Point C
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Z

X

Y

(b) Before seismic retrofit
(b) After seismic retrofit
Figure 7. Framing plan of kindergarten wooden structure (Administrative building)

Figure 8. Collapsing behavior of one-story kindergarten wooden structure during a
strong earthquake motion (JMA Kobe wave, Nursing building)

Figure 9. Collapsing behavior of one-story kindergarten wooden structure during a
strong earthquake motion (JR Takatori wave, Nursing building)

Figure 10. Collapsing behavior of one-story kindergarten wooden structure during a
strong earthquake motion (JMA Kobe wave, Administrative building)

Figure 11. Collapsing behavior of one-story kindergarten wooden structure during a
strong earthquake motion (JR Takatori wave, Administrative building)

retrofit during a strong earthquake ground motion of the JR Takatori wave is indicated
in Figure 11. The right part of the administrative building structure starts to collapse after 4 seconds and completely collapse after 10 seconds because of a large damage to
the wall of the right part. After 10 seconds the left part of the administrative building
structure starts to collapse and also the staff room collapse after 11.5 seconds. The
administrative building structure before seismic retrofit may easily collapse against a
strong earthquake ground motion with a maximum velocity of more than 130cm/s.
Figure 12 illustrates the seismic collapsing results of both the nursing building structure
and the administrative one with seismic retrofit using “BRACE-X” after a strong earthquake ground motion. There may be almost no seismic damage to the nursing building
structure against two strong earthquake motions. Although seismic damage to the wall
and roof parts of the administrative building structure occurs after a strong earthquake
ground motion, the administrative building structure does not collapse completely
against the JR Takatori wave. It should be found that the seismic retrofit by “BRACE-X”
for both the nursing building and the administrative one may be more effective on the
seismic behavior against a strong earthquake ground motion with the JMA seismic intensity of “6 upper” level.

JMA Kobe wave
JR Takatori wave
(a) Nursing building structure with seismic retrofit

JMA Kobe wave
JR Takatori wave
(b) Administrative building structure with seismic retrofit
Figure 12. Seismic collapsing behavior of one-story kindergarten wooden structure with
seismic retrofit after a strong earthquake motion

Figure 13 indicates seismic response behaviors at points A, B and C in the nursing
building structure before/after seismic retrofit during the JMA Kobe wave, whose measuring points are shown in Figure 6(a). Seismic response behavior before seismic retrofit
at each point for Z direction has a large displacement after about 7 seconds because of
a collapse of the nursing building structure. On the other hand, seismic response behavior after seismic retrofit at each point is less than 0.3m for each direction.
Figure 14 illustrates seismic response behaviors at points A, B and C in the nursing

Before seismic retrofit

After seismic retrofit
(a) A point

Before seismic retrofit

After seismic retrofit
(b) B point

Before seismic retrofit

After seismic retrofit
(c) C point
Figure 13. Seismic response behavior of kindergarten wooden structure during a strong
earthquake ground motion (Nursing building, JMA Kobe)

building structure before/after seismic retrofit during the JR Takatori wave. Seismic response behavior before seismic retrofit at point A for Z direction has a large displacement after 6 seconds because of a collapse of the left part of the nursing building structure. There is a large displacement for Z direction and X (long-side) one in seismic response behaviors at points B and C, respectively. On the other hand, seismic response
behavior after seismic retrofit at each point is less than 0.4m for each direction, and especially seismic response behavior at each point for Z direction is much smaller than
other directions.

Before seismic retrofit

After seismic retrofit
(a) A point

Before seismic retrofit

After seismic retrofit
(b) B point

Before seismic retrofit

After seismic retrofit
(c) C point
Figure 14. Seismic response behavior of kindergarten wooden structure during a strong
earthquake ground motion (Nursing building, JR Takatori)

Figure 15 indicates seismic response behaviors at points A, B and C in the administrative building structure before/after seismic retrofit during the JMA Kobe wave. Seismic response behaviors before seismic retrofit for X (long-side) direction at points A
and C is much larger than other directions, and seismic response behavior before
seismic retrofit at point B for Y (short-side) direction is much larger than other directions.
This is because point B is located on the roof of an entrance hall of the administrative
building structure. On the other hand, seismic response behavior after seismic retrofit
at each point is almost the same as that before seismic retrofit and also is less than

Before seismic retrofit

After seismic retrofit
(a) A point

Before seismic retrofit

After seismic retrofit
(b) B point

Before seismic retrofit

After seismic retrofit
(c) C point
Figure 15. Seismic response behavior of kindergarten wooden structure during a strong
earthquake ground motion (Administrative building, JMA Kobe)

0.4m except a seismic response at point B for Z direction.
Figure 16 illustrates seismic response behaviors before/after seismic retrofit at
points A, B and C in the administrative building structure during the JR Takatori wave.
Seismic response behaviors before seismic retrofit at points B and C for Y (short-side)
and Z directions have a large displacement after 11 seconds because of a collapse of
the center and right parts of the administrative building structure. On the other hand,
seismic response behavior after seismic retrofit at each point is less than 0.8m for each
direction, and especially seismic response behavior at each point for Z direction is

Before seismic retrofit

After seismic retrofit
(a) A point

Before seismic retrofit

After seismic retrofit
(b) B point

Before seismic retrofit

After seismic retrofit
(c) C point
Figure 16. Seismic response behavior of kindergarten wooden structure during a strong
earthquake ground motion (Administrative building, JR Takatori)

much smaller than other directions.
Figure 17 shows the seismic collapsing results of the administrative structure before/after seismic retrofit using “BRACE-X” after a strong earthquake ground motion.
Seismic damage to the administrative structure after seismic retrofit is slightly smaller
than before seismic retrofit, because the maximum velocity of T-city wave is less than
that of the JMA Kobe wave. While the seismic collapsing result of the nursing structure
with seismic retrofit has no damage against T-city wave indicated in Figure 5, and then
its seismic result is not indicated in this paper. This is because a peak frequency in
Fourier acceleration spectrum of T-city wave shown in Figure 5(b) is smaller than those
in both the JMA Kobe and JR Takatori waves indicated in Table 6. Accordingly, seismic
retrofit for the administrative building may be more effective on the seismic response
behavior against a strong earthquake ground motion with the JMA seismic intensity of
“6 upper” level.

Before seismic retrofit
After seismic retrofit
Figure 17. Seismic collapsing behavior of one-story kindergarten wooden structure with
seismic retrofit after a strong earthquake motion (Administrative building, T-city wave)
Consequently, it should be found that 3-D seismic collapsing process analysis of
wooden structure will numerically investigate whether the wooden structure after seismic retrofit is much safer than before seismic retrofit or not. This implies that 3-D seismic collapsing process analysis for an old wooden structure may have a high potential
to judge an effective seismic retrofit for the wooden structure with a low seismic performance against a strong earthquake ground motion with the JMA seismic intensity of “6
upper” level.

5. CONCLUSIONS
In this paper, the seismic performance of Japanese-style kindergarten one-story
wooden structure built by a Japanese traditional wood framed-based construction
method was confirmed by not only 3-D seismic collapsing analysis but also a vibration
measurement. 3-D seismic collapsing process analysis for one-story wooden structure
before/after seismic retrofit was conducted using two earthquake ground motions with
the JMA seismic intensity of “6 upper” level, in order to investigate not only the seismic

response performance but the effective seismic retrofit countermeasure of an old Japanese–style one-story kindergarten wooden structure.
In summary, the following conclusions can be made based on the results presented
in this paper.
(1) Seismic performance of an old Japanese one–story kindergarten wooden structure
before/after seismic retrofit against a strong earthquake ground motion with the JMA
seismic intensity of “6 upper” level can be numerically simulated by 3-D seismic collapsing process analysis.
(2) An effective seismic retrofit countermeasure for an old Japanese–style one-story
kindergarten wooden structure with a low seismic performance against a strong
earthquake ground motion may be confirmed by 3-D seismic collapsing analysis.
This collapsing process analysis has a significant potential to find when and where
to break or collapse at first in an old wooden structure during a strong earthquake motion. There is a high possibility to propose an optimum seismic retrofit of old wooden
structure by 3-D seismic collapsing process analysis. In order to make some concrete
conclusions on the seismic performance of a Japanese traditional wooden structure,
further investigation of seismic collapsing process phenomenon of several wooden
structures may be needed.
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