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ABSTRACT: Authors have conducted seismic risk evaluation for individual facilities and
for portfolios of facilities for years. Through the evaluations, it was pointed out that there is a
gap between estimated loss and actual loss in case of real earthquake disasters. The gap is
given by some causes, such as an error in ground motion prediction, one in vulnerability of
facilities and one in damage ratio, and so on. Among the causes, authors focus on the after-
shocks since there was a large gap between losses in case of 2016 Kumamoto earthquake,
when series of large earthquakes hit the site and caused large disaster. In order to conduct
realistic risk evaluation, authors have developed the procedure based on multi event model for
risk evaluation considering aftershocks by adding following two features; (1) generating the
conditional aftershock events, and (2) reducing the capacity of buildings reflecting damage
status by main shock event.

1 INTRODUCTION

1.1 Motivation of research

Authors have conducted seismic risk evaluation for individual facilities and one for portfolios
of facilities for years. Through the evaluations, it was pointed out that there is a gap between
estimated loss and actual loss in case of real earthquake disasters. The gap is given by some
causes, such as an error in ground motion prediction, one in vulnerability of facilities and one
in damage ratio, and so on. Among the causes, authors focus on the aftershocks since there
was a large gap between losses in case of 2016 Kumamoto earthquake, when series of large
earthquakes hit the site and caused large disaster. It is noted that effects of aftershocks
appears not only in seismic hazard but also in seismic vulnerability, so that the effects cannot
be ignored in risk evaluation which requires seismic hazard as well as seismic vulnerability.
In order to conduct realistic risk evaluation, authors have developed the procedure for risk

evaluation considering aftershocks.

1.2 Features of procedures

So far, authors have employed multi event method for the seismic risk evaluation, in which
numerous events are generated with their location, shape, magnitude and occurrence frequency
so that the risk of not only a single facility, but portfolios of facilities can be evaluated. Though
the method is time consuming, the adaptability in various situation is high. Therefore authors
decided to employ the method for risk evaluation considering aftershocks by adding following
two features; (1) increasing ground motion intensity due to the conditional aftershock events,
and (2) reducing the capacity of buildings reflecting damage status by main shock event.
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2 RISK EVALUATION METHOD

2.1 Expression of risk

It is important to grasp risk from the two aspects; intensity of risk and its occurrence fre-
quency/probability, so that this paper express the risk by risk curve whose horizontal axis cor-
responds to the intensity of risk and vertical axis to the annual exceedance probability.

2.2 Multi event model

In case of evaluating portfolio of facilities, it is not adequate to employ a seismic hazard ana-
lysis that is often used for risk evaluation of single facilities, since seismic hazard curve cannot
express the ground motions in different sites simultaneously. So authors used multi event
model as explained by Fukushima & Yashiro (2002).
The feature of multi event model is to discretize seismic zones into finite but numerous

element earthquakes (hereinafter called events). So it becomes possible to conduct precise

Figure 1. Flowchart of risk evaluation method based on multi event model.
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calculation for each event. Figure 1 shows the outline of the proposed risk evaluation method
by multi event model.
It is noted that the flowchart in the dashed line is the one newly introduced for including

the effects of aftershock.
The procedure of risk analysis is as follows.

a. At first, each individual event is generated from the seismic source zone model so that the
event has its location, shape, magnitude and annual occurrence probability.

b. Then ground motion at site is evaluated by ground motion prediction equation for the
event. It is noted that the uncertainty of ground motion is reflected into Monte-Carlo simu-
lation (hereinafter called MCS).

c. For the ground motion intensity, damage ratio of the target building is estimated using
damage function (hereinafter called DF) that is the relationship between ground motion
intensity and damage ratio. It is noted that the uncertainty in DF is also considered
in MCS.

d. If the event has a potential of causing aftershocks, above damage ratio is modified using
DF modification factor. If not, damage ratio remains as it is. It is noted that the damage
ratio by aftershocks may differ due to the damage by main shock. The detailed explanation
is given in the following clause.

e. Probability distribution function (hereinafter called PDF) of damage ratio is obtained by
arranging the result of MCS. Theoretical distribution function may be used if it is
adequate, so that the number of Monte Carlo trial will be decreased.

f. From the PDF, a value is estimated as a risk. In this paper, the damage rate corresponding
to 90% non-exceedance probability is employed as a risk.

g. Event risk curve is established by arranging the risks and their annual probability of
occurrence.

2.3 Characterization of aftershocks

Aftershocks are modeled as background earthquakes. Condition setting is based on Choi
et al. (2013), by which the area of aftershocks is given by Eq. (1) using the magnitude of main
shock Mm as a parameter.

Aa ¼ 100:778Mm�1:60 ð1Þ

The maximum magnitude of aftershocks is given by Eq. (2) with the magnitude of main
shock Mm.

Ma ¼ Mm � 1:0 ð2Þ

Let Mm and T1 be the magnitude of main shock and elapsed time in day, respectively. The
cumulative number of aftershocks is given by Eq. (3). Parameters p and c are constants in
modified Omori formula. This paper employs 1.05 for p and 0.1 for c. A b-value in G-R’s for-
mula is set 0.83.

N T1;Mmð Þ ¼ 100:88Mm�4:51 ðT1 þ cÞ1�p � c1�p

ð90þ cÞ1�p � c1�p
ð3Þ

2.4 Modification of damage function

In this paper, capacity of facilities is given by the damage function, which is the relationship
between ground motion intensity and damage ratio that is the ratio of repair cost to construc-
tion cost.
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Let x and Rm(x) be the peak ground velocity (hereinafter referred as PGV) and damage ratio
for main shock, respectively. Two ways to modify damage function can be considered; one is to
adjust PGV, and the other is to adjust damage ratio. This paper employs the former way because
of the following reasons; the damage ratio possesses the upper and lower limits so that multiply-
ing a constant may bring the inadequate damage ratio, and, change of damage function is caused
by the reduction in median capacity velocities of fragility curves by damage due to maim shock.
Let Ra(x) be damage function for aftershocks. This paper assumes that Ra(x) can be calcu-

lated by Eq. (4). kD(r) is the factor to adjust PGV according to the damage ratio r by main
shock. It is noted that kD(r) equal to or greater than unity.

Ra xð Þ ¼ RmðkDðrÞ � xÞ ð4Þ

Fukushima et al. (2018) propose Eq. (5) for kD(r) based on numerical simulation employing
typical building models.

kDðrÞ ¼ max
1

0:6007� 0:114 ln rð Þ
; 1:0

� �

ð5Þ

2.5 Calculation of event risk curve

Event risk curve are obtained from the risk value given by each event and annual occurrence
probability of each event. This paper defines the risk value by the 90th percentile of loss distri-
bution which is obtained by the numerical simulation that is Monte Carlo simulation.
Let and be risk value and annual occurrence probability of each event, respectively. Then,

cumulative annual occurrence probability is given by Eq. (6)

Pi ¼ 1� ∏
n

j¼1

1� pj
� �

ð6Þ

where,
pj: occurrence probability of event whose risk value is xi or greater
n : number of events whose risk value is xi or greater

3 APPLICATION

3.1 Model portfolio

As an application, employed is a portfolio consisting of three facilities in Kanto region where
large scale earthquakes with aftershocks hit. The location of facilities is shown in Figure 2.
Table 1 summarizes the coordinates of facilities and ground motion amplification factors for
PGV prepared by NIED (National Institute of Earth Science and Disaster Resilience. It is
noted that facility 1 is constructed on the softer soil so that its ground motion amplification is
higher than others.
The seismic capacity of each facility is assumed identical, whose characteristics is also given

by NIED, and damage function shown in Figure 3. This damage function is the one used in
Fukushima et al. 2018. The construction cost of each facility is set as 100.

3.2 Seismic source zone

Seismic source zone models were constructed based on the database prepared by National
Research Institute for Earth Science and Disaster Resilience to assure the accountability. The
database provides the location, shape, magnitude, activity and other parameters for each seis-
mic zone. Poison’s process was assumed to estimate seismic activity. Aftershocks were mod-
eled in accordance with the policy described before.
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3.3 Ground motion prediction

Since multi event model requires calculation of ground motion for the numerous combin-
ations of events and sites, simple prediction methods are used. Often used is a ground motion
prediction by ground motion prediction equation.

Figure 2. Locations of facilities.

Table 1. Coordinates and ground motion amplification factor of

each facility

Facility Longitude Latitude Amp. Factor

1 140°07′24″ 35°36′17″ 2.44

2 139°41′30″ 35°41′22″ 1.49

3 139°38′33″ 35°26′52″ 1.55

Figure 3. Damage function for each facility.
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This paper employs the ground motion prediction equation used in the “Technical Note of
the National Research Institute for Earth Science and Disaster Resilience, No. 336”. This
equation is givenby Eq. (7).
It is noted that the ground motion intensity by Eq. (7) corresponds to the one at bed rock

where shear wave velocity is around 300 cm/s. The estimated values are converted into ground
motion intensity at surface soil by multiplying the amplification factor shown in Table 1.

logPGV ¼
a1Mw þ b1X � log X þ d110

0:5Mw
� �

� c1
a2Mw þ b2X � log Xð Þ � c2

�

ð7Þ

where,
PGV : peak ground velocity
Mw : moment magnitude
X : shortest distance
D : focal depth
a1, b1, c1, d1 : coefficients (D ≤ 30)
a2, b2, c2 : coefficients (D > 30)

3.4 Random variables and simulation cases

In probabilistic risk analysis, it is needed to introduce random variables. Random variables
are categorized into two uncertainties; one is aleatory uncertainty and the other is epistemic
uncertainty. This paper introduces the uncertainty in estimating ground motion prediction
that in categorized into aleatory uncertainty, since the uncertainty is dominant for the result.
Concretely, the value of 0.2 is used as common logarithmic standard deviation.
Three simulation cases are employed; (1) Case-1 in which no aftershocks occur, (2) Case-2

in which aftershocks occur and capacity of facilities are reduced, and (3) Case-3 in which after-
shocks occur but capacity of facilities are reduced. Though Case-3 is not the realistic, it is
employed to examine the effect of reduction of capacity of each facility.

3.5 Evaluation of event risk curves

Based on the conditions described above, the event risk curves were obtained as shown in
Figure 4, where damage functions of portfolio and of each facility are given simultaneously.
From the figures, it can be seen that contribution of facility 3 to the portfolio risk is high

due to large ground motion amplification factor. It is also apparent that the effect of after-
shocks on event risk curve appears in the range of low exceedance probability, since after-
shocks are dependent event of large earthquakes whose occurrence probabilities are small.
Figure 5 compares the event risk curves of portfolio by analysis cases. As described above,

the effect of aftershocks appears in the range that annual exceedance probability is 0.01 or
smaller. The deference between Case-1 and Case-3 is given by the reduction in capacity of
facilities, and the deference between Case-2 and Case-3 is by the increment of seismic hazard.
Therefore, it can be seen two effects of aftershocks on event risk curve are more or less equal
within the limit of simulation.
Table 2 summarizes the losses and loss ratios of portfolio at given annual exceedance prob-

abilities. From the loss ratios in the table it can also be concluded that the effects of after-
shocks on the event risk curves appear in the low probability range as explained above.

3.6 Discussions

In 1995 Hyogo-ken Nambu earthquake (Kobe earthquake) it was pointed out that buildings
designed and constructed after1981 could withstand the ground motion intensity of 7 in JMA
scale corresponding 10 to 12 in MMI scale. However, some of such buildings could not with-
stand the series of the ground motion intensity of 7 as shown in 2016 Kumamoto earthquake.
One of the reasons is that buildings damaged by the mainshock could not withstand the
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second large ground motion. So, it can be said that the tendency observed in the application
study is compatible to the damage situations in past earthquakes.
Fukushima et al. 2018 suggests that the effect of aftershocks on seismic hazard curves

appears only in the range of low probability range as shown in Figure 6, in which the reference
site is the facility 3 in Figure 2. This tendency is also observed in the event risk curve since the
basic concept of evaluation, which is employing numerous events, is identical.

4 CONCLUSIONS

Authors focus on the aftershocks since there was a large gap between losses in case of 2016
Kumamoto earthquake, when series of large earthquakes hit the site and caused large disaster.
In order to conduct realistic risk evaluation, authors have developed the procedure based on
multi event model for risk evaluation considering aftershocks by adding following two

Figure 4. Evaluated event risk curves.

Table 2. Comparison of losses at given annual exceedance probabilities

Annual Exceedance Probability Loss Loss ratio (to Case-1)

Case-1 Case-2 Case-3 Case-1 Case-2 Case-3

1/50 23.4 23.3 23.3 1.00 1.00 1.00

1/100 32.1 33.1 33.1 1.00 1.03 1.03

1/200 38.7 40.8 40.1 1.00 1.05 1.04

1/500 45.3 49.7 47.9 1.00 1.10 1.06

1/1000 47.7 52.8 50.7 1.00 1.11 1.06
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features; (1) generating the conditional aftershock events, and (2) reducing the capacity of
buildings reflecting damage status by main shock event.
Through the simulations, this paper quantifies the effects of above two causes on seismic

risk, followed by the conclusion that the proposed methodology can duly reflect the effects on
seismic risk curves. It is noted that effects of two causes above on risk appear equally within
the scope of simulation.
This method will be applied to the large active fault as next step, since such large crustal

earthquakes also have potential to cause aftershocks.
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Figure 5. Comparison of event risk curves.

Figure 6. Seimic hazard curve considering aftershocks.
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