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Abstract

There is widespread awareness in seismic-prone countries about the necessity to upgrade the seismic performance of
old buildings and houses for disaster mitigation; however, upgrading occurs at a very slow space. In order to support the
decision-making of the owners on upgrading, appropriate seismic risk information specific to their house should be
conveyed so that the effect of seismic upgrading on risk reduction can be compared in a continuous manner.

Risk information of a house can be estimated using seismic hazard information and a fragility curve. However, these
basic information generally is not quite specific to the house. For example, seismic hazard has been often estimated for
a mesh with a side length of 250 m or so, but site characteristics and accordingly seismic hazard would not be uniform
within the mesh. Fragility curves for houses classified according to the period of construction have been proposed based
on field survey following the past earthquakes. Such fragility curves are useful to estimate damage of houses as a whole
within a mesh for which seismic hazard is estimated. Yet, the seismic performance of houses should be different from
each other even if they are constructed during the same period.

Recently, a technique to estimate seismic hazard for each house taking site characteristics is being developed. In order
to effectively utilize such detailed estimation, some of the authors have developed probabilistic damage index of a wooden
house in Japan as a function of PGV, taking specific information related to the damage level of the house such as
characteristic of site conditions and seismic performance of the house based on the seismic diagnosis into account.
However, the dispersion of the function is relatively large because the structural characteristics other than its strength of
the houses are not considered.

The purpose of this research is to develop more reliable damage index function. Natural period-dependent spectrum
intensity is considered as the ground motions intensity in order to take the structural characteristics of houses into account.
Three existing two-story wooden houses with typical traditional seismic resistance element in the 1960th and the 1970th
are considered. These houses are upgraded or downgraded by adding or removing walls and/or braces to model houses
with various level of load-carrying capacity. Non-linear dynamic analyses are conducted using a number of ground
motions simulated considering soil conditions and types of earthquakes, and the models of the median and the dispersion
of damage index functions are developed on the basis of the statistics of the maximum inter-story drift ratio. The validity
of the proposed functions is investigated using a number of recorded ground motions.
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1. Introduction

There is widespread awareness in seismic-prone countries about the necessity to upgrade the seismic
performance of old buildings and houses for disaster mitigation [1, 2]. Strategies for managing seismic risk
have been studied extensively [3, 4, 5]; however, upgrading is occurring at a very slow space. To support
decision-making by the owners on upgrading, appropriate seismic risk information specific to their houses
should be conveyed, so that the effect of seismic upgrading on risk reduction can be assessed in a continuous
manner.

Risk information on a house can be estimated using seismic hazard information and fragility curves.
However, such basic information is normally not quite specific to the house. For example, seismic hazard has
been often estimated for a mesh with a side length of approximately 250 m etc., but site characteristics and
seismic hazard would not be uniform within the mesh. Fragility curves have been proposed for houses
classified according to the period of construction, based on field survey conducted on the past earthquakes [6,
7]. Such fragility curves are useful in estimating the damage of houses as a whole within a mesh for which
seismic hazard is estimated. Yet, the seismic performance of houses would vary even if they are constructed
during the same period.

Recently, a technique to estimate seismic hazard for each house, considering the site characteristics, has
been developed [8]. To effectively use such detailed information, some authors have developed the
probabilistic damage index for a wooden house in Japan as a function of PGV, taking specific information
related to the damage level of the house, such as characteristics of the site conditions and seismic performance
of the house, based on seismic diagnosis [9]. However, the dispersion of the function is relatively large, because
the structural characteristics other than the strength of the houses are not considered.

The purpose of this research is to develop a more reliable damage index function. Natural period-
dependent spectrum intensity [10] is considered as the intensity of ground motions so as to take the structural
characteristics of the houses into account. Nonlinear dynamic analyses (NDA) of two-degrees-of-freedom (2-
DOF) systems are conducted by modeling wooden houses using a number of ground motions simulated
considering the soil conditions and types of earthquakes. Then, the models of the median and dispersion
damage index functions are developed based on the statistics of the maximum inter-story drift ratio. The
validity of the proposed functions is investigated using a number of recorded ground motions.

2. Analytical Models and Ground Motions

In this study, the results of NDA conducted in reference [9] are also used. The analytical models and ground
motions used in the NDA are described in this section.

2.1 Structural performance of wooden houses

The structural performance of a wooden house is measured by a seismic grade, I,, given based on seismic
diagnosis. I, is estimated as the ratio of the sum of the load-carrying capacities of earthquake-resisting
elements, such as walls and braces, to the required load-carrying capacity prescribed in Japan's present-day
seismic design code. The load-carrying capacity of an element is evaluated by its equivalent potential energy
under a certain deformation. An I, value of 1.0 indicates that the house meets the present-day design
requirements.

2.2 Structural model

The basic models considered here are based on three existing two-story wooden houses with tiled roofs and
wooden braces (cross section: 90 mm x 30 mm), which were the typical seismic resistance elements used in
construction during the 1960s and 1970s [11]. By adding or removing walls and/or braces, these houses are
upgraded or downgraded to have Iy values of 0.3, 0.4, 0.7, 1.0, 1.3, and 2.0. To achieve an Igvalue of 2.0, the
roof tiles are replaced with lighter materials. These houses are modeled as 2-DOF systems with a damping
factor of 0.05.
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Table 1. Natural periods of 2-DOF systems [s]

Model lg
0.3 0.4 0.7 1.0 1.3 2.0
A 0.74 0.70 0.47 0.35 0.28 0.25
B 0.71 0.61 0.43 0.31 0.25 0.23
C 0.67 0.58 0.40 0.30 0.24 0.22
T, 0.70 0.60 0.40 0.30 0.25 0.20

Table 2. Load-bearing capacity of existing wooden houses

Seismic grade and index of

. . Takada et al., 2010 | Isoda et al., 2007
load-bearing capacity

I, 0.56 1.25
PP, 1.7 3.0
P,IP, 1.19 2.10

The force-displacement characteristics of the systems are modeled as a combination of bi-linear and slip
models, as shown in Fig. 1 [11]; this combined model is referred to hereafter as the BS model. The backbone
curve is obtained as the sum of the values in the bi-linear and slip models up to the point at which the slip
model loses its load-carrying capacity; the backbone curve slopes downward and maintains the same negative
slope beyond this point, as shown in Fig. 2.

In this study, an advanced normalized characteristic loop (NCL) model [12] is adopted for the hysteresis
loop instead of the BS model. The parameters of the NCL model are determined such that the shape of the
loop is similar to that of the BS model and the area of the loop is equal to that of the BS model. The first natural
periods of the 2-DOF systems are summarized in Table 1.

2.3 Adjustment of load-bearing capacity

Because of conservative estimation, the load-bearing capacity of the existing wooden houses estimated by a
pull-down experiment, P, tends to be higher than that estimated by seismic diagnosis, P;. Table 2 lists the
ratio of the load-bearing capacity estimated by the pull-down experiment P, 'to that estimated by the seismic
diagnosis Py [13, 14]. In rare cases, the ratio obtained experimentally could be large. Assuming that (a) the
non-exceedance probability of the ratio obtained by these experiments is 0.9, (b) the ratio of P, to P, is
normally distributed with a coefficient of variation equal to 0.33, and (c) P; = P, when I, < 0.30, the load-
carrying capacity of the structural model, P,, is determined as the mean of P, from the following equation.
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p (10 (I; <0.3)
P_a ={1.511;+0.13+ 0.13/I; (0.3 < I, < 1.25) (1)
¢ (210 (I; = 1.25)

2.4 Ground motion characteristics

To investigate the effect of different ground motion characteristics and the related uncertainty, six sets of 50
ground motions for different types of earthquakes (interplate and intraplate) and soil conditions (hard, medium,
and soft) are simulated [15].

In the spectral domain, the time history of a given ground motion can be characterized by its power
spectral density and phase spectrum. The authors assume that the power spectral density is lognormally
distributed, and the mean power spectral density, S(w; wg), is modeled using a modified Kanai-Tajimi model

2
2 W
1+ 4h2 (w—)

< w )
g J

212 2 2712 ZSO(wg)
[1 - (ﬂ) l + 4h2 (ﬂ) [1 - (ﬂ) l + 4h? (ﬂ)
Wy Wg Wr wr
where w is the circular frequency; Wy is the dominant circular frequency of the soil; and hg, wg, and hy are

the parameters that determine the spectral shape. Further, S, (w,) is the spectral intensity given by
1

(2)

S(w; wg) =

S =
o(@9) = T ag))?  Var (wy) ®)
where
Var*(w,) = f S (w; wg)/So(wg)dw 4)
and P(wy) is the peak factor given by [16]
P(wy) = \/2 In (2.8 2(wy) - tg/2m) 5)
where ¢, is the duration of the ground motion, and Q(w,) is given by
* w2 S(w; w,)dw
Q(w,) = f—‘:fg g (6)
IS (w; wg)dw

It is also assumed that the standard deviation of the lognormal distribution of the power spectral density
is constant with respect to w and is equal to 0.4, and that the autocorrelation function of the power spectral
density is modeled using the following equation [18]; the autocorrelation function of the response spectrum
can be described by the function reported by Baker and Jayaram [19].

1 (“’1) 7

n(g, (7)
The duration of the ground motions is assumed to be 40.96 s for intraplate earthquakes and 163.84 s for

interplate earthquakes. The sampling frequency of the simulated ground motions is set to 50 Hz. The phase

spectrum can be determined by the phase difference Ay. Ilwata & Kuwayama [20] reported that the phase
differences are normally distributed, and that their standard deviation o,,, depends on the distance from the

Pln s12(wy)In sY2(w,) = 1-04-
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Table 3. Damage level and maximum inter-story drift ratio
Description of Maximum inter-story drift ratio
damage 1/250 1/200 1/120 1/45 1/30 1/18 3/40
Condition of Collapse | Significant |Buckling of Buckling of
: . more than
braces deformation| bending | one brace
one brace
Damage index| 0.025 0.05 0.2 0.3 0.4 0.6 0.8

epicenter and is approximately equal to 0.025 x 2 and 0.075 x 2z for near-fault and near-to-medium-
distance earthquakes, respectively. It is assumed here that oy, equals 0.025 x 2r for half of the intraplate
earthquakes and 0.075 x 2r for the remainder, and that o,y equals 0.075 x 2r for all the interplate
earthquakes.

Six sets of 50 ground motions, simulated as described above, are then normalized such that the PGVs
are equal to 0.5, 1.0, 1.5, 2.0, and 2.5 m/s. For structural models on medium and soft soils having I, equal to
0.3, 0.4, or 0.7 and subjected to interplate earthquakes, ground motions with PGV equal to 0.25 m/s are also
considered.

2.5 Damage index and maximum inter-story drift ratio

Through nonlinear dynamic analysis (NDA), the response of a 2-DOF system, such as its maximum inter-story
drift ratio (yhax), Can be obtained, and then its damage level can be estimated. Here, damage is quantified
using damage index, w, as shown in Fig. 3 [21]; the relationship assumed between w and y,,,x IS shown in
Table 3 [22]. It is assumed that the damage index is equal to 0.8 when y,,,,, = 0.075, near which a structural
model would lose its load-bearing capacity (Fig. 3). Then, the damage index is estimated as a function of y,,.x
using Eq. (8) (Fig. 4).

\/ll’l (Ymax - 250)
W =

6 + (Ymax)l's - 25 (8)

3. Results of Nonlinear Dynamic Analysis and Ground Motion Intensity

NDA rarely yields a damage index greater than or equal to 0.8, a value at which a structural model loses it
load-bearing capacity; instead, it yields an error. Thus, the results of the analysis are classified into three
groups: no damage (w < 0.025), damaged (0.025 < w < 0.8), and total collapse (w > 0.8).

© The 17th World Conference on Earthquake Engineering - 8¢-0033 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

1 / 1 1
0 < e - 0
- 3 . ® [ntraplate, hard soil
%\ -1 ¢° * | ® [ntraplate, medium soll -1
\g’ o LA Intraplate, soft soil
\_é/ -2 : ® Interplate, hard soil -2
- £, ° ® Interplate, medium soil
-3 ... Interplate, soft soil -3
S
L — Regression line
-4 - -4
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
(@) B =15 InSly)  (b) B = 3.5 InSly) () B = 5.0 In(Sly,)

Fig. 5. Relationship between X = ln(SI,g) andY =In(—In(1-w)) (I;=0.7)

3.1 Natural period-dependent spectrum intensity

Housner [23] proposed spectrum intensity (SI) as an integral of the velocity response spectrum with a damping
of 20%, Sv(T; h = 0.2), ranging from 0.1 s to 2.5 s. It can be used to estimate the damage level of a group of
structures subjected to ground motions. However, it does not consider the characteristics of each structure.
Kitahara and Itoh [10] proposed natural period-dependent S, S1,, , using integration in the range of 0.97; to

1.2T, for a steel pier and 1.0T; to 2.8T,; for an RC pier, where T; is the natural period of the structure. The
upper and lower limits of the integration were determined based on NDA results using 15 piers and 72 ground
motions, so that the correlation coefficient between ST, , and the maximum response of the piers was the

highest (approximately 0.90-0.95). Based on this observation, natural period-dependent Sl, SI,g, defined by
the following equation, is used in this research to represent ground motion intensity.

jﬁ'TL
BT, —T, TL
where T, is the natural period of a wooden house roughly estimated as a function of its I, as shown in Table

1. The most appropriate upper limit of the integration, 8 - Ty, is chosen among the values of g (1.5, 2.0, 2.5,
3.0, 3.5, 4.0, and 5.0) such that the correlation between SI, and the damage level would be the highest.

S, Sv(T; h = 0.20) dT 9)

3.2 Ground motion intensity for damage index function of “damaged houses”

It is assumed that the damage index function can be expressed in the form of Weibull distribution function
similar to the one that uses PGV as the ground motion intensity [9]. Figures 5(a)—(c) show the relationship
between X = ln(Sl,g) andY =1In (—In (1 — w)) of the houses with I, = 0.7, setting § equal to 1.5, 3.5, and

5.0. The regression lines are also presented in the figures. It may be noted that regardless of the difference in
the types of earthquakes, the results approximately align along the same straight line as long as the soil
conditions are the same. On the contrary, the results of the group “soft soil conditions” shift from the left to
the right as 8 increases, while the results of the other groups remain relatively unchanged. For the soft soil
conditions, the response spectrum generally retains relatively large value in the domain of long period. This
observation suggests that there exists a value of § leading to “universal” damage index functions that could be
applied regardless of the soil conditions and the type of earthquake.

Figure 6 shows the correlation coefficient between X = In(S1;) andY=In(—In(1-w)) as a
function of I, for various values of §. The correlation coefficients between X = In(SI) and Y and those
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Fig. 7. Relationship between X and Y for each house model (intraplate)
between In(Sv(Ty; h = 0.2)) and Y are also presented in the figure. It can be seen in the figure that the
correlation coefficients depend on the value of 8 and would be the highest in most cases when § = 3.5.

Figures 7(a)—(c) show the relationship between X and Y of each house model for I, equal to 0.3, 0.7,
and 1.0, by setting f = 3.5. The results are aligned along the same line regardless of the type of the models.
Based on these observations, it is proposed to use SI; with the range of integration from T; t0 3.5 - T; as the

intensity measure to estimate the damage level of wooden houses in Japan.
3.3 Damage index functions for wooden houses with I, used in NDA

As shown in Fig. 5, the damage index function can be expressed by a Weibull distribution function as
k
w=1-—exp [— (SI,g/u) ] (10)

where k and u can be estimated based on the parameters of the regressed straight line as shown in the figure.
Figures 8(a)—(c) show the damage index functions (solid lines) for wooden houses with I, equal to 0.3, 0.7,
and 1.0, along with the results of NDA.

In Fig. 5(b), the dispersion of the results along the regressed line is nearly uniform regardless of the
values of X = ln(SI,g), but slightly skewed. As similar tendency is observed in most cases, it is assumed here

that the function Y = In ( — In (1 — w)) under the condition that X = ln(SI,g) can be described by a shifted
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Fig. 9. Probability of total collapse as a function of sIp, (intraplate)

lognormal distribution function with uniform standard deviation, gy, with a uniform shift equal to 4.0, and
median equal to the vale estimated by Eq. (10). Using this dispersion model, the damage indices as a function
SI, for non-exceedance values of 16% and 84% can be calculated using Eg. (10); the results are shown by

dashed lines in Fig. 8.
3.4 Probability of total collapse
It is assumed that the probability of total collapse can be modeled by a lognormal distribution as a function of

SI,g. The parameters of the distribution function are estimated by applying the maximum likelihood estimation
[24] using the pairs of SI, and binary variables, Z., defined as

0 (w<0.8)
Zc = {1 (w > 0.8) (11)
By conducting similar investigations, it was found that the probability of total collapse can also be well
explained by Sl,g with B = 3.5. Figures 9(a)—(c) show the probability of total collapse of the wooden houses
with I, equal to 0.3, 0.7, and 1.0. Unlike the damage functions, the probability function of total collapse
depends not only on SI,g, but also on soil conditions.

Whether a house would be damaged or not can be judged based on the elastic response spectrum. Once
it is judged that a house is in the damaged or total collapse condition, the probability of total collapse is
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Fig. 11. Damage index with a non- Fig. 12. Damage index with various non-
exceedance probability of 90% exceedance probabilities, assuming I, = 0.7

estimated as described in Sec. 3.4, and the level of damage is estimated under the condition of no total collapse
as described in Sec. 3.3. From Figs. 8 and 9, it may be noted that even if the median of the damage index is
relatively low, there is still a non-negligible probability of total collapse.

4. Modeling of Damage Index Functions

4.1 Damage index functions

The parameters of Eq. (10), k, u, standard deviation of Y (oy), and the lower limit of integration (T}), for each
group of wooden houses for different values of I, are presented in Fig. 10. To estimate the damage level of
wooden houses with seismic grades other than those used in NDA, it is proposed to model these parameters as
a simple function of /. These values are also shown in Fig. 10 by solid lines.

—0.5311,% + 3.5071, + 0.936

k= exp(1g0'65) (12)
u = 213(1 — exp(—0.751,%%)) + 67 (13)
oy = 0.41(1 — exp(—3.01y)) (14)

T, = 0.311,7%%% (15)

Figure 11 shows the damage index function with non-exceedance probability of 90% estimated using
Eq. (10) and Egs. (12)—(15) assuming that I, is in the range of 0.2-2.0. Figure 12 shows the damage index
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Fig. 13. Proposed damage index functions and NDA results using recorded ground motions

Table 4. Proportion of samples with non-exceedance values lying between 84% and 16%

Iy 03 | 04 | 07 1.0 1.3 2.0

Proportion of samples | 0.44 | 0.57 | 0.74 | 0.74 | 0.74 | 0.72

function with various values of non-exceedance probability with a 10% interval, assuming that I, = 0.7. It
should be noted that the range of integration for calculating SI,g, i.e. the horizontal axis in Figs. 11 and 12,
depends on I, as defined by Eq. (9). Accordingly, SI, for a certain I, cannot be directly compared with that
for another 1.

4.2 Verification of proposed damage index functions

Using 128 ground motions recorded mainly in Japan and the United States of America, and those motions with
intensities increased by a factor of two to obtain very large responses, the damage level of the three models
described in Section 2.2 are estimated by NDA. Figures 13(a)—(c) show the results of NDA and the Sl,g of

each ground motion for I,= 0.3, 0.7 and 1.0. The figures show the median of the proposed damage index
functions (solid line) and also damage index for the non-exceedance values of 16% and 84% (dashed lines).
Table 4 summarizes the proportion of the samples with non-exceedance values lying in the range of 16-84%.
Although this value is relatively low when I,= 0.3, the samples fall reasonably within the range in the other
cases.

4.3 Comparison with damage index model as a function of PGV

The dispersions of the damage index estimated by the proposed damage index function, which uses natural
period-dependent spectrum intensity as ground motion intensity, are investigated by comparing them with the
values reported in the paper by Mori et al., in which PGV is used as the ground motion intensity (referred to
hereafter as Mizutani model) [9]. Because the scale of ground motion intensity in these two models cannot be
compared directly, the dispersions are measured by the non-exceedance values lying in the range of 16-84%
for a certain median of the damage index. Figures 14(a)—(c) show the range of the non-exceedance values in
the proposed model with the median of damage index equal to 0.2, 0.4, and 0.6, along with those in Mizutani
model. The dispersions of the proposed damage index function are at the most half of those in Mizutani model,
and could be much smaller when I, is low, showing a significant improvement from Mizutani model.

10
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Fig. 14. Dispersion of damage index function for non-exceedance values lying in the range of 16-84%

5. Summary

In this paper, a probabilistic damage index function for the two-story wooden houses commonly constructed
in Japan is proposed based on the results of NDA, using a number of ground motions simulated considering
various soil conditions and types of earthquakes. Three existing two-story wooden houses with typical seismic
resistance elements, used in construction in the 1960s and the 1970s, are considered. These houses are
upgraded or downgraded by adding or removing walls and/or braces to the model houses with various levels
of load-carrying capacity. It is proposed to use the natural period-dependent spectrum intensity, SI,, with the

range of integration from the estimated natural period, T;, to 3.5 - T, as the ground motions intensity to take
the structural characteristics of houses into account. The previously developed damage index functions that
use PGV as the ground motion intensity require judgement of the soil condition and the type of earthquake.
On the contrary, the proposed damage index functions are universal, and are independent of the soil condition
and the type of earthquake. Further, the dispersion of the proposed damage index function is much smaller
than that of the previously developed one. However, the probability of total collapse depends not only on ST,

but also on soil conditions, and further research is required for appropriate modeling.
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