
1 INTRODUCTION  

The Higashi Honganji temple was granted the 
present site in 1602, but has suffered many fires and 
the present structures date from 1895.  The 
Founder’s Hall usually called the Goei-do in the 
Higashi Honganji temple is famous as one of the 
largest timber structure in the world.  The structure 
of the Goei-do to carry horizontal seismic loads is 
traditional timber frame with mud walls.  The 
seismic retrofit as well as repair work has started 
from 2005 in order to prepare against severe seismic 
ground motions predicted at the site.  It is very 
important to grasp the vibration characteristics and 
seismic performance of huge traditional timber 
structures to prepare for the seismic retrofit design.   

This paper presents the results for the seismic 
observation and periodic ambient vibration 
measurements, which have been performed from 
three years ago in order to monitor the change in the 
vibration characteristics.   

Firstly, the outline of the seismic observation 
system in the Higashi Honganji temple is explained.  
Then, the vibration characteristics of three 
representative timber structures, the Goei-do, the 
Amida Hall usually called the Amida-do and main 
gate called the Goei-do Mon, are investigated from 
the result of ambient vibration measurements and 
seismic observations.  Especially, we focus on the 
variation in their natural frequencies.  Finally, the 
variation in the natural frequency and torsional 

response are studied during the off Tokaido 
earthquake (2004/09/05), which recorded the highest 
peak ground velocity at the site.   

2 SEISMIC OBSERVATION SYSTEM AND 
OBSERVED RECORDS 

2.1 Seismic Observation System 
To understand the vibration characteristics of three 
traditional timber structures in the Higashi Honganji 
temple, periodic ambient vibration measurements 
and seismic observations are performed.  
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Figure 1. Locations of observed timber structures 
in Higashi Honganji temple 
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  Figure 1 shows the locations of observed timber 
structures in the Higashi Honganji temple, which are 
the Founder’s Hall called the Goei-do, Amida Hall 
called the Amida-do and main gate called the Goei-
do Mon.  The Goei-do is one of the largest timber 
structures in the world.  The present structures are 
reconstructed and date from 1895.   

The shear wave velocities of the surface soil are 
obtained by down-hole PS logging as shown in Fig. 
2.  Letter symbols on the right-hand-side in the 
figure denote soil property.  And the horizontal-to-
vertical spectral ratio (H/V spectrum) obtained from 
ambient vibration measurements is shown in Fig.3, 
the peak frequencies of H/V spectrum are about 0.4 
Hz and 8.0Hz.  For example, ‘D’ and ‘B’ denote 
diluvium and backfill, respectively, and ‘g’, ‘c’, ‘s’ 
denote gravel, cohesive soil, and sandy soil, 
respectively.  The former and latter peak 
frequencies correspond to the fundamental 
frequencies of the deep sedimentary layers down to 
the bedrock and surface soil layers, respectively.  
Therefore, it is found that the surface site condition 
is good judging from Figs. 2 and 3. 

 

 
Arrangement of accelerometers in the three 

structures is illustrated in Fig. 4.  Accelerometers 
are installed at 13 points (27 components) in the 
Goei-do, 4 points (12 components) in the Amida-do 
and Goei-do Mon, respectively.  Furthermore, there 
are two accelerometers at the soil surface and GL –
40 m constituting vertical array in the soil.  There 
are 57 channels in total.   

Observed data are temporarily stored in the 
recorder at the building and are retrieved from a 
workstation in Kyoto University through the 
Integrated Services Digital Network (ISDN) line 
once a day.   

2.2 Observed Seismic Records 
Twenty-seven earthquakes have been observed at 
the Higashi Honganji temple.   

Figure 5(a) shows the location of the epicenters 
and the size of circle corresponds to the magnitude 
of the earthquakes.  Figure 5(b) shows the peak 
ground velocities of observed records.   
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Figure 4. Observed timber structures
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Figure 2. Shear wave velocities at the subsurface layer
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Figure 3. H/V spectra at the Higashi Honganji temple
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  Most of the observed earthquakes occurred in the 
southern part of Kyoto prefecture and their PGVs 
are smaller than 5 mm/s.  The largest PGV is 
22mm/s and is recorded in the off Tokaido 
earthquake, which occurred on September 5, 2004.   

3 FUNDAMENTAL VIBRATION 
CHARACTERISTICS 

3.1 Natural Frequency and Vibration Mode 
Figure 6 shows Fourier spectral ratio of the top of 
each structure to the soil surface.  Fourier spectral 
ratios obtained from two observed earthquake 
records, whose peak ground velocities are 0.7 mm/s 
and 22 mm/s, respectively.   

The peak frequencies and peak amplitude of 
spectral ratio decrease in all timber structures as the 
peak ground velocity increase.  Vibration 
characteristics estimated from an earthquake with 
the PGV of 0.7 mm/s, which are nearly equal to that 
obtained from ambient vibration measurements, are 
described in the followings.   
  

 
As for the Goei-do, the spectral ratios in the 

longitudinal (NS) and transversal (EW) direction 
have clear peaks at 0.8 Hz.  As for the Amida-do, 
the peak frequency in the longitudinal direction is 
1.0 Hz and close to that in the transversal direction.  
However, the spectral ratios of the Goei-do and 
Amida-do in the longitudinal direction have another 
peaks at 1.0 Hz and 1.3 Hz, respectively.  These 
peaks correspond to torsional motion judging from 
their vibration modes.   

For the Goei-do Mon, the natural frequency is 1.0 
Hz in the longitudinal direction and 1.3 Hz in the 
transversal direction.  The spectral ratio in the 
longitudinal direction has larger peak than that in the 
transversal direction.  But the spectral ratio does 
not have any peak corresponding to torsional 
motion.   
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Figure 5. Observed earthquakes 

(a) Goei-do 
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Figure 6. Spectral ratio of the Higashi Honganji temple
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Figures 7 and 8 show vibration modes of the 

Goei-do at the peak frequency of 0.8 Hz.  The 
vibration mode is depicted using the peak amplitude 
of spectral ratio and phase lag to the soil surface.  
The vibration mode shapes are almost proportional 
to height both in the longitudinal and transversal 
directions as shown in Fig. 7.   

Figure 8 shows a planar vibration mode shape in 
the longitudinal (NS) direction at the Ushibiki level 
and Sanjyu level.  The peak amplitude at east side 
is much larger than that at west side due to the 
torsional motion of the Goei-do.   

3.2 Seasonal Variation in Natural Frequency  
Seasonal variation in the natural frequencies of the 
timber structures is investigated from the result of 
periodic ambient vibration measurements through a 
year.   

The natural frequencies are estimated as peak 
frequency of the Fourier spectral ratio for each 
measurement.  In this study, spectral ratio is 
calculated by performing ensemble average of the 
Fourier spectra smoothed by using Parzen window 
with a bandwidth of 0.05 Hz.   

Figure 9 shows the seasonal variation in the 
natural frequencies of the three structures.  A 
seasonal variation of their natural frequency is 5% or 
less of the average value.  Overall trend in the 
seasonal variation is very similar in three structures.  
In particular, the natural frequency decreases around 
April.   

 
Figure 10 shows seasonal variation of average 

temperature and relative humidity in Kyoto city 
(Japan Meteorological Agency).  The average 
temperature and humidity are smoothed by using the 
weighted curve fit method (Chambers et al. 1983).  
There is no correlation between the natural 
frequency and average temperature.  But there is 
clear correlation between the natural frequency and 
average humidity.  Therefore, the humidity may 
have influenced on the seasonal variation in the 
natural frequency of timer structures.   

Ushibiki level

Sanjyu level

Figure 8. Vibration mode in the longitudinal direction
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Figure 7. Vibration mode of Goei-do 
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Figure 9. Variation in natural frequency
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Figure 10. Variation in average temperature and humidity
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4 SEISMIC RESPONSE OF THE GOEI-DO 

4.1 Natural Frequency during Earthquakes 
Figure 11 shows the relation between the natural 
frequencies of the Goei-do and maximum relative 
deformation or PGVs for observed earthquakes.  
The natural frequency is evaluated as the peak 
frequency of the Fourier spectral ratio for an 
earthquake.  The maximum relative deformation is 
the relative displacement of the top to ground 
surface, which are calculated by integrating the 
accelerograms.   

The natural frequency decreases as the PGV and 
shear deformation angle increase.  For example, 
under the ground motions with the peak ground 
velocity of 22 mm/s or the maximum relative 
displacement of 26mm, the natural frequency 
decreases to 0.58 Hz, which is about 0.7 times as 
much as the original values at the time of ambient 
vibration measurements.   
 
 

 
4.2 Temporal Change in Vibration Characteristics 

during the 2004 Off Tokaido Earthquake 
Finally, to understand the instantaneous variation in 
the vibration characteristics of the Goei-do, 
seismographs in the 2004 off Tokaido earthquake 
are analyzed in detail.  

Figure 12 shows the time history of velocity in 
the NS (longitudinal) direction on the soil surface, 
where the PGV is about 22mm/s.  Figure 13 shows 
the time history of relative displacements in the 
longitudinal direction at the top of the Goei-do, 
where the maximum relative displacement is 26mm.   

The torsional motion is found in longitudinal 
direction, as shown in Figs. 6 and 8.  Therefore, the 
torsional vibration characteristics in the longitudinal 
direction are investigated, based on the record.   

 First, the translational and torsional 
displacement at Ushibiki level are calculated from 
the relative displacement in the longitudinal 
direction assuming the in-plane stiffness of the floor 
to be rigid, as shown in Fig. 14.  It is clearly found 
that the torsional component is not negligible 
compared with the translational component.   

Next, to investigate the temporal variation of 
natural frequencies during the earthquake, the 
translational component and torsional component of 
the relative displacements are divided into eight 
segments (a to h), whose duration time is 20.48 or 
40.96 seconds, as shown in Fig. 14.  For each 
segment, the peak frequency is estimated from the 
spectral ratio.   

Figure 15 shows the maximum relative 
displacements and peak frequencies for eight 
segments.  The peak frequency of the translational 
componet is almost equal to that of the torsional 
component.  The peak frequencies decrease as 
relative displacements increase.  Then, after the 
principal ground motion, the peak frequencies 
gradually recover to the original value as the relative 
displacements decreases.  

On the other hand, the ratio of torsional 
component to translational component increases 
with the amplitude of translational response as 
shown in Fig. 15(b).  The ratio reaches to about 
30% from 60s to 120s, while about 10% after 150s.  
When considering the seismic safety of the Goei-do 
under strong ground motions, torsional response 
should be considered.   

 
 
 

(a) Peak ground velocity (PGV) and natural 
frequency 

(b) Maximum relative displacement and natural 
frequency 

Figure 11. Variation of natural frequency at Goei-do
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5  CONCLUSIONS 

To monitor the seasonal variation and temporal 
change in vibration characteristics of traditional 
timber structures in the Higashi Honganji temple, 
periodic ambient vibration measurements and 
seismic observation are performed.  Based on our 
analysis, the following conclusions can be drawn.   

1) The natural frequencies of the representative 
three timber structures are identified to be ranging 
from 0.8 to 1.3 Hz from ambient vibration 
measurements.   

2) The seasonal variation in the natural frequency 
of timber structure is 5% or less of the average value 
due to the humidity  

3) Natural frequency decreases drastically as the 
deformation increases but recovers to the original 
value as the deformation decreases.   

4) When considering the seismic safety of the 
Goei-do, torsional response should be considered.  
Because torsional response will be dominant as the 
total response increases.   
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Figure 12. Time history of ground velocity in the NS direction
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Figure 13. Time history of relative displacement at the top 
of the Goei-do 

(a) Translational component 

(b) Torsional component 

Figure 14. Relative displacement at Ushibiki level 
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Figure 15. Comparison of translational and torsional components


