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ABSTRACT

Earthquake motion indices play an important role in estimating damages due to
ground shaking, and they are expected to be highly correlated with actual
earthquake damages. However, there are some cases when building damages
cannot be explained only by earthquake motion indices as in recent earthquakes.
Therefore, this study evaluates the correlations between earthquake motion
indices and building damage ratios performing seismic response analyses using
numerical models of typical Japanese wooden houses. To obtain higher
correlations, the spectrum intensity (SI) is recalculated by changing the damping
ratio and the range of periods for an integration process. As a result, the period
range to calculate a SI value should be selected properly to obtain higher
correlation with wooden houses damage in Japan.

Introduction

An earthquake motion is expressed by various indices, e.g., seismic intensity, peak
ground acceleration (PGA), peak ground velocity (PGV) and spectrum intensity (SI). Earthquake
motion indices are used to estimate damages due to ground shaking (e.g. Molas and Yamazaki
1995, Karim and Yamazaki 2001). Therefore, it is expected that the correlations between
earthquake motion indices and seismically-induced damages are high. That is also important for
the sake of early damage estimation.

Building damage due to disaster incidents can affect human lives. During the 1995 Kobe
earthquake, about 240,000 buildings were completely or partially collapsed and many people
died because of the collapsed buildings (Architectural Institute of Japan 1996).

Recently, it has been pointed out that the correlation between seismic indices and damage
ratios of buildings is relatively low. In 1996, the Japan Meteorological Agency (JMA) defined its
seismic intensity to be obtained numerically (JMA 1996). Considering the change of various
kinds of circumstances during the decade, the JMA revised the explanation table on its seismic
intensity scale on March 31, 2009 (JMA 2009).

This study evaluates the correlations between earthquake motion indices and building
damage ratios by performing seismic response analyses using numerical models of typical
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Japanese wooden houses. The seismic indices employed in this study are the JMA seismic
intensity (Ima), PGA, PGV, and SI (Katayama et al. 1988). Many strong motion records
obtained from recent earthquake events are used as input ground motions. The relationships
between the seismic indices and the ductility factors of numerical models are evaluated. The SI
is recalculated by changing the damping ratio and the range of periods for an integration process
to be more correlated with the building damages.

Seismic Response Analysis of Typical Wooden Houses in Japan

In this study, 51 ground motion records from 14 earthquake events were selected as input
motions. These ground motions were recorded by Kyosin-Network (K-NET), the Japan
Meteorological Agency (JMA), and different municipalities in Japan. Single degree-of-freedom
(SDOF) system was employed to perform
series of seismic response analyses and the

ground accelerations to horizontal directions 107
were applied to the numerical model. > 08,
Typical Japanese wooden houses 2
were modeled by the SDOF system with the 3 056-
initial elastic period, 7. 7} was set to be 0.1- E '
1.0 s and the seismic coefficient, Y, was o 041
assigned as shown in Fig. 1 (Kanagawa £
Prefecture, Japan 1993). The damping ratio 3 02l
was set to be 5 % in the analyses.
As for the relationship between 0.0 ; : : : .
restoration force and displacement, a two- 0. 02 04 06 08 10
Period T,

stage bi-linear model was employed as
depicted in Fig. 2. The ductility factor, u,
was defined as the ratio between the
maximum displacement, Jy, and the yield
displacement, dy;.

Figure 1. Relationship between the initial elastic
period, 77 and the seismic coefficient, Y.

Normalized shear force
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Indices and Ductility Factors 0. 8K1

Figure 3 shows the analytical result
under the K-NET Anamizu record (EW
comp.) in the 2007 Noto-Peninsula
carthquake. PGA is 781.7 cm/s* and PGV =36 =68
95.0 cm/s. The actual damage ratio of
wooden houses was reported to be 18.8%

(Sakai 2008). According to the numerical
result, larger ductility factors are observed -
when the initial periods, 7}, are set to be
longer than 0.4 s. Figure 2. Two-stage bi-linear model presenting

Figure 4 shows the relationships the relationship between the restoration
between earthquake motion indices and the force and displacement.
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Figure 3. Relationship between the displacements of SDOF systems and the normalized
restoring forces under the K-NET Anamizu record (EW) in the 2007 Noto-Peninsula
earthquake.

ductility factors when the 7} was set to be 0.3 s. The correlation coefficients » between the
ductile factors and seismic indices are calculated by a linear regression analysis for all the results
obtained under different initial elastic periods as shown in Fig. 5. The correlation coefficients
with respect to PGA show higher values when the initial elastic periods of wooden houses were
set to be 0.1-0.3 s. The PGV and SI are highly correlated with the ductility factors of the wooden
houses with longer initial periods. The Ijva seems to be correlated with the ductility factors up to
some extent regardless of the initial elastic periods.

Generally, an initial period of wooden houses ranges from 0.1-0.5 s. Old houses are
associated with longer initial periods (Sakai and lizuka 2009), and old houses tend to be more
vulnerable to extensive damage than the new ones. Hence, this study focuses the SI as an index
to be highly correlated with the damages to wooden houses by changing the process of
calculation.

Relationship between SI and Ductility Factors

The Spectrum Intensity is calculated through integration of velocity response spectrum
(Sy) with the 20 % damping ratio for the structural periods between 0.1 and 2.5 s as shown in Eq.
1 (Katayama et al. 1988). The SI is employed in seismic safety control of urban gas supply
systems (Shimizu et al. 2006) and traffic control of trains after earthquakes in Japan (East Japan
Railway Co. 2005).
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Figure 4. Relationship between the four earthquake motion indices and the ductility factors
when the initial elastic period is set to be 0.3 s.
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To obtain higher correlation with
the ductility factors of wooden houses, the
SI is calculated by changing the damping
ratio, 4, and the range of periods for
integration, 7, - Ty, defined by Eq. 2. The
damping ratios were set to be three cases:
0.05, 0.1, and 0.2. The ranges of periods
are set to be five cases: 0.1-1.0 s, 0.1-1.5 s,
0.5-1.55s,0.5-2.0s,1.0-2.0s, 1.0-2.5 s, and
0.1-2.5 s. Then a total of twenty one (21)
SI values can be obtained by changing the
damping ratio and the period range for
integration.
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Figure 5. Relationship between the correlation
coefficients and initial elastic periods of
numerical models.
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Figure 6. Relationship between correlation
coefficients and the SIs with
different damping ratios. The
range of the periods for the SIs is
setto be 0.1-2.5 s.

The relationships between the correlation
coefficients with respect to the SIs are
shown in Figs. 6 and 7. Change in the
damping ratio has not significant effect on
the correlation coefficients as seen in Fig. 6.
Hence, the period range for integration
should be taken into account to show a
higher correlation coefficient with wooden
houses damage, instead of changing the
damping ratio for the SI.

Relationship between Earthquake
Motion Indices and Building Damage
Ratios based on Numerical Simulation

Building damage ratios were
numerically  obtained assuming the
distribution of initial elastic periods of
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Figure 7. Relationship between
correlation coefficients and the SIs
with different ranges of periods for
integration. The damping ratio is set
to be 0.2.
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8. Probability density functions for the
initial elastic periods of wooden houses
with respect to the construction periods.

wooden houses with respect to the construction periods. The mean and standard deviation of
initial periods of wooden houses were assigned with respect to the construction periods (Sakai
and lizuka 2009), assuming to follow a normal distribution (Fig. 8). The numbers of wooden
houses with respect to the construction periods were set to be proportional to those in Chiba
Prefecture, Japan (2009). The wooden houses were assumed to be seriously damaged if the
ductility factor becomes larger than 2.0 in the seismic response analysis.

Damage ratios were estimated using numerical models with various initial elastic periods,
T as shown previously. The damage ratio was assumed to follow a log-normal distribution with
respect to each seismic index as shown in Fig. 9. The correlation coefficients were obtained



Table 1. Correlation coefficients between the damage ratio of wooden houses and various
earthquake motion indices.

Correlation Range of Period for Integration Process 7a~ 7H(s) Present Earthquake
Coefficient r 0.1-25 | 0.1-1.0 | 0.1-15 | 05-15 | 05-2.0 | 1.0-2.0 | 1.0-2.5 Motion Indices
_ 0.2 0.607 0.653 0.761 0.697 0.616 0.501 0.470 Iima 0.774
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Figure 9. Relationships between the four seismic motion indices and damage ratios obtained by
numerical simulation.

through the least-squares method on the log-normal probability paper (Yamaguchi and Yamazaki
2000). Table 1 shows the correlation coefficients with different period ranges for integration and

damping ratios to obtain SI values. When the period for integration is set to be 0.1-1.0 s, the
correlation coefficients show lager values.




Conclusions

This study evaluates the relationships between the earthquake motion indices and the
building damage ratio by performing seismic response analyses using numerical models of
typical Japanese wooden houses. According to the correlation coefficients between ductility
factors and seismic motion indices, the SI and PGV gave better results considering the range of
the initial elastic periods of fragile wooden houses in Japan.

The SI values were recalculated by changing the damping ratio and the period range for
the integration process, to seek a higher correlation coefficient with the ductility factor. Through
this numerical simulation, the period range for integration should be taken into account to show a
higher correlation coefficient with wooden houses damage, instead of changing the damping
ratio for the SI. Hence, the period range to calculate a SI value should be selected properly to
obtain higher correlation with wooden houses damage in Japan.
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