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A B S T R A C T

A methodology to create synthetic earthquake-induced building damage states for urban areas in Japan under
specific earthquake events is presented in this paper. The methodology is based on empirical fragility curves for
Japanese buildings, the building database of the study area and the strong motion magnitude spatial distribu-
tion. A stochastic approach was then used to allocate damage states to buildings. The synthetic building damage
scenario is intended to be used as a platform for performing computational simulations of evacuation and relief
distribution under multiple damage scenarios. The methodology is applied to an area within Mashiki town,
Kumamoto Prefecture, which was affected by the Mw 7.0 2016 Kumamoto earthquake. The comparison of the
synthetic buildings damage scenario with the surveyed data inventory shows good agreement in terms of the
aggregate statistics.

1. Introduction

The assessment of multiple consequences in the aftermath of a large-
scale earthquake constitutes a key step for decision-making and effec-
tive emergency response. It is important to point out that direct
earthquake damage to buildings constitutes a small fraction of the total
economic loss, which includes human casualties, loss of revenue and
market, disruption of transportation and communication, etc. The
methods to estimate building damage are classified in two groups [1]:
(1) using empirical observations, based on ground motion parameters
such as the Modified Mercalli intensity (MMI), peak ground accelera-
tion (PGA), and peak ground velocity (PGV); and (2) using nonlinear
models of structural response, based on spectral acceleration. Empirical
methods rely on observations of the relationship between damage and
ground motion. In the early stage, when strong-motion instrumentation
was not available, the MMI was used [2,3]. With the advent of the
strong-motion instrumentation, parameters like PGA or PGV were em-
ployed [4,5]. Whitman et al. [3] collected data on the damage caused
by the 1971 San Fernando earthquake and presented statistical damage
information. Yamazaki and Murao [4] and Horie et al. [6] proposed
fragility functions for Japanese buildings based on building inventory,
damage data, and the spatial distribution of strong motion during the
1995 Kobe, Japan, earthquake. Regarding the estimation of building
damage from analytical methods, the building is modeled and a non-
linear analysis is performed using a family of strong motions. Then, the

relation between the nonlinear structural response and a measure of the
strong-motion is defined. The building can be modeled with different
level of complexity, from a single degree of freedom (SDOF) to a mul-
tiple degrees of freedom (MDOF). Several methods for building damage
models using nonlinear analysis have been proposed, such as capacity
spectrum method [7] and displacement coefficient method [8].
Building damage functions is ubiquitous in all the frameworks of
seismic risk analysis, such as Hazus [9–11] and Performance-based
earthquake engineering (PBEE) [12–15]. Actually, the assessment of
seismic risk requires the building damage models to be defined as a
distribution of damage ratio given the strong-motion parameter. A
lognormal distribution is the most common distribution used for
building damage functions [4,16–18].

This paper focuses on the development of synthetic earthquake-in-
duced building damage scenarios, hereafter referred as EBDS, based on
empirical building damage functions. The synthetic damage state for
each building does not necessary corresponds to the true damage state.
However, the synthetic dataset will be statistically consistent with the
aggregate values. A first question is as follows: What is the purpose of
generating synthetic EBDS? In recent years, studies have been exploring
the complex space-time social dynamics involved during a disaster
event by mean of modeling and simulation. For instance, Mas et al. [19]
identified bottlenecks and congested streets during the 2011 Great East
Japan Earthquake based on an evacuation simulation using agent-based
modeling (ABM). However, the effect of the damaged buildings was not
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Fig. 1. Geocoded building database of Sendai city, Japan.

Fig. 2. Fragility curve flowchart (CP: construction period; DS: damage state).

Fig. 3. Empirical fragility curves for Japanese wooden buildings proposed by Yamazaki and Murao (2000).
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considered. Agent-based modeling (ABM) is a bottom-up approach in
which each agent is an individual part of a system. Under particular
rules, according to their role in the system, an agent is modeled as an
autonomous decision-making entity [20]. Das and Hanaoka [21] used
ABM for resource allocation in various zones after a large-scale disaster,
where the Great East Japan Earthquake and Tsunami was used as a case
study. Thus, the damage scenario was a fixed input. Nejat and Damn-
janovic [22] evaluated the reconstruction process of an affected area by
modeling the dynamic behavior of homeowners. In the aforementioned
study, the damage pattern to each property was assumed to be pro-
portional to its distance from a focal point; that is, a deterministic ap-
proach. The studies mentioned previously evidence a lack of a versatile
procedure that can provide a consistent building damage scenario. The
method presented here is intended to help experts on modeling and
simulation to create building damage scenarios using a stochastic ap-
proach. This manuscript is not a substitute for understanding the fun-
damental concepts behind damage models. We estimated building da-
mage scenarios in Mashiki town using the spatial distribution of PGV
during the 2016 Kumamoto earthquake and contrast the result with
surveyed building damage inventory.

2. Methodology

The EBDS is estimated by retrieving the ground motion parameters
at the location of the geocoded building database and allocating a da-
mage state based on fragility curves. For the implementation of this
methodology, a higher-level programming language was preferred.
Python provides an object-oriented dynamic programming environ-
ment and can be easily adjusted to specific needs. Additionally, Python
comes with extensive and freely available scientific libraries. For our
purposes, the Geospatial Data Abstraction Library (GDAL) is used to
read and manipulate the geocoded building inventory dataset and to
retrieve the ground motion in a raster data format. With the aid of
GDAL, our framework directly interacts with the geocoded dataset and
creates the synthetic EBDS in a geographic information system (GIS).
Moreover, the Numpy library is used to manipulate arrays in the nu-
merical work. Further details for the implementation of the synthetic
EBDS are presented in the following section.

2.1. Building inventory

This section describes the geodatabase model designed to store the
building inventory. The building inventory was provided by the local
government and is stored in the shapefile (.shp) spatial data format [23]
in which each building comprises building footprint geometry and at-
tributes. The building footprint is stored as a shape comprising a set of
vector coordinates. The attributes of each building include the con-
struction year, number of floors, building construction type, number of
households, and number of people. Fig. 1 shows the building distribu-
tion of Sendai city, Japan.

2.2. Earthquake scenario

The National Research Institute for Earth Science and Disaster
Prevention (NIED) operates the two biggest strong motion networks in
Japan: the Kyoshin Network (K-NET) and the Kiban-Kyoshin Network
(KiK-net) [24]. K-NET consists of more than 1000 stations installed on
the ground surface and distributed uniformly over the Japan's territory.
KiK-net consist of approximately 700 stations, each of which is
equipped with two accelerometers, one installed in a borehole and
another on the ground surface.

The projection of ground motion in a map view for an earthquake
event is provided by QuiQuake [25]. QuiQuake generates two types of
strong motion maps: QuickMap and QuakeMap. For our framework, the
QuakeMap output is used. QuakeMap uses the strong motion records
from K-NET and KiK-net to calculate the ground motion parameters,
PGA, PGV and IJMA, at the surface of the stations. Then, using ampli-
fication factors, the ground motion parameters at the rock level are
calculated. A Simple Kriging interpolation method with a trend com-
ponent is then applied to estimate the spatial distribution of the ground
motion parameters at the base-rock level. Finally, the ground motion
parameters at the surface are calculated using the amplification factors.
Further information regarding the QuiQuake framework can be found
in [25]. For the generation of synthetic EBDS, a program that uses
QuakeMap to find the ground motion parameters at sites of interest was
implemented. The program is employed to extract the PGV at building
locations. The program verifies whether both the building database and
the QuakeMap have the same spatial coordinate system and changes the
coordinate system if necessary.

Fig. 4. Surveyed building damage. L1: Low/no damage; L2: Moderate damage; L3: Leaning buildings; L4: Collapsed buildings.
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2.3. Fragility curves

This module stores the fragility functions used for the synthetic
EBDS. A fragility function provides the likelihood that an element will
reach or exceed a certain level of damage (DM) under a given en-
gineering demand parameter (EDP) [17]. In general, for seismic risk
analysis, fragility curves are expressed as a logarithmic cumulative
distribution function:

= ≥ =F edp P DM dm EDP edp( ) [ | ]dm (1)

⎜ ⎟= ⎛
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where Φ refers to the normal cumulative distribution function, xm de-
notes the median value of the distribution, β is the logarithmic standard
deviation, edp denotes a particular value of EDP, and dm is a particular

Fig. 5. Aerial photos of the study area taken at different periods. The blue polygon shows the area where the building damage survey were performed.
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value of DM . When a set of fragility curves for different damage states
are available, the probability that a building is in damage state dm
given =EDP edp is:
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= − ≤ <
= =

+

P DM dm EDP edp F edp dm
F edp F edp dm N
F edp dm N

[ | ] 1 ( ), 0
( ) ( ), 1
( ),

dm d

dm

1

1

(3)

where N denotes the number of possible damage states in addition to
the non-damage state ( =d 0). The empirical fragility functions pro-
posed by Yamazaki and Murao [4] were employed for the synthetic
EBDS model. The reason behind this decision is that these functions are

often used in earthquake damage assessment in Japan by the Bureau of
Urban Development of the Tokyo Metropolitan Government [26]. “No/
slight”, “Moderate”, and “Heavy” damage states were adopted. Here,
the PGV is used as the EDP. Yamazaki and Murao [4] used the building
damage inventory collected after the 1995 Hyogoken-Nanbu (Kobe)
earthquake and proposed a set of empirical fragility functions for four
structural types, namely, wood-frame, reinforced concrete, steel, and
light-gauge steel, as well as for 5 different construction periods, namely,
before 1951, 1951–1961, 1961–1971, 1971–1981, and 1981–1994. For
buildings constructed after the Kobe earthquake, a modification of the
empirical fragility curves based on the building damage inventory
collected after the 2007 Niigata-Ken Chuetsu-Oki Earthquake is em-
ployed [27].

Within the synthetic EBDS model, the framework uses the correct
set of fragility curves according to each building typology (i.e., building
construction type and construction year) stored in the building in-
ventory. First, the PGV is extracted from the QuakeMap at the building
location. Then, the empirical fragility curves are used to estimate the
probability of each damage state from Eq. (3). Fig. 2 shows the ar-
rangement of the module that stores the fragility curves parameters.

2.4. Generation of synthetic EBDS

The proposed method allocates a damage state to each building
using the empirical fragility functions published in previous studies.
The use of fragility functions to simulate damage states have been ap-
plied before [28]. The main constraint is to minimize the error in the
percent of damaged buildings. With that purpose, a random number
generator technique with a given distribution was chosen; that is, each
building damage state is associated to a discrete range of numbers:

= =DM non slight moderate heavy[0, 1, 2] [“ / ”, “ ”, “ ”] (4)

Then, these discrete numbers are generated randomly using a consistent
distribution. Here, the distribution of the discrete numbers is calculated
from Eq. (3):
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Therefore, the random selection is performed using a distribution
that represents the probabilities for each damage state. For a better
comprehension of the use of fragility curves, Fig. 3 depicts the fragility
curves proposed by [4] for wood buildings. A vertical line is drawn at a

= cm sPGV 100 / , in which the length of the solid, dashed, and dotted
segments depict the probability of no/slight, moderate, and heavy da-
mage states, respectively. These values are used to generate the random
numbers. The effect of the construction period on the probability of
damage states can be seen. For instance, for the group of wood build-
ings with the same PGV, the number of old buildings with heavy

Fig. 6. Construction period of the buildings according to the aerial photos.

Fig. 7. Spatial distribution of the PGV provided by QuakeMap. The black
polygon shows the location of the study area. The triangle and circle marks
denotes the accelerometers from K-NET and KiK-net, respectively.

Fig. 8. Left: An instance of a synthetic EBDS. Right: The actual EBDS from field survey.
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damage will be larger than that for newer buildings. Furthermore, for a
group of buildings within the same construction period, when the de-
mand (PGV) increases, the probability of experiencing heavy damage
increases, while the probability of slight/no damage decreases.

3. Experimental results and analysis

In order to test the application and evaluate its performance, the
2016 Mw 7.0 Kumamoto earthquake is selected as a case study. On 14
April 2016, a Mw 6.2 earthquake struck Kumamoto Prefecture, Japan,
at 21:26 JST. The epicenter was located at the end of the Hinagu fault at
a shallow depth. After approximately 28 h (at 01:25 JST on 16 April
2016), another earthquake of Mw 7.0 struck the same area. The epi-
center occurred at the Futagawa fault near the Hinagu fault. The
Futagawa and Hinagu faults are well-known active faults on Kyushu
island, Japan. The first and second events were designated as the
foreshock and mainshock, respectively. With 340 aftershocks larger
than Mw 3.5 up to April 2017, the Kumamoto earthquake is the inland
event that has produced the largest number of aftershock in Japan [29].
The city of Mashiki, with a population of approximately 33,000, was
the most affected. Buildings, bridges and lifelines were severely af-
fected. According to the Cabinet Office of Japan, a total of 8697 houses
collapsed and 228 casualties occurred as of April 13, 2017 [30].

Several research teams surveyed the affected area. Fig. 4 shows the
surveyed building damage states performed by Yamada et al. [31,32].
The survey was performed within one of the most affected areas in
Mashiki town. Four levels of damage were selected in the survey: no/
low damage (L1), moderate damage (L2), inclined building (L3), and
collapsed building (L4). The building material was also recorded during
the survey as well. Additionally, Yamada et al. [31] extracted the

buildings that had collapsed due to the foreshock using aerial photos.
For our purposes, the buildings affected by the foreshock were filtered,
and the inclined and collapsed buildings were merged to represent the
heavily damaged buildings.

Unfortunately, there was no information regarding to the con-
struction period of the buildings in the affected area, and this in-
formation is necessary for the use of empirical fragility curves. Here, we
set up construction periods based on a set of aerial photos taken in the
years of 1956, 1964, 1975, 1982, 1992, 2003, and 2016 (Fig. 5). The
aerial photos were provided by the Geospatial Information Authority of
Japan (GSI) [33] and were chosen as the best possible matches for the
construction periods from which the empirical fragility curves were
constructed. Before extracting the construction period of each build-
ings, a corregistration of the aerial images was necessary. For that
purpose, the 2016 aerial photo, which was georeferenced, was used as a
reference image to align the other aerial photos. Common features, such
as the Akitsu river and main roads, were used for the alignment. Fig. 6
shows the construction period according to the aerial photos.

Fig. 7 shows the spatial distribution of the PGV provided by Qua-
keMap. In this study, we analyze wooden buildings only because the
number of reinforced concrete and steel buildings within the study
areas was almost negligible. A total of 972 wooden buildings were used.
The empirical fragility curves of Yamazaki and Murao [4] were applied
for buildings with construction year earlier than 1994; otherwise, the
modification of Nagao and Yamazaki [27] was employed. As mentioned
above, a construction period based on aerial photos was associated to
each building (Fig. 6). However, there was not a perfect match between
the construction periods and the fragility curves (Fig. 3). Therefore, two
sets of fragility functions corresponding to two consecutive construction
periods were associated to some buildings.

After gathering all the required inputs, two sets of simulations were
performed. In the first case (case I), the latest associated construction
period of the buildings was used. The oldest construction period asso-
ciated to each building was used in the second case (case II). For each
set, 1000 simulations were carried out. Fig. 8a illustrates a simulation
from case I. As mentioned above, the synthetic damage states differ
from the real damage (Fig. 8b). Recall that the synthetic data were built
from the empirical fragility curves, which represent only aggregate
values. Regarding to the aggregate values, Figs. 9 shows the damage

Fig. 9. Comparison of damage ratio between synthetic building damage (Case I) and actual damage ratio.

Fig. 10. Comparison of damage ratio between synthetic building damage (Case II) and actual damage ratio.

Table 1
Actual damage state ratios of the study area and the average and standard
deviation of the damage state ratios of the synthetic data.

Damage state Actual ratio Case I Case II

Low 0.380 ±0.274 0.014 ±0.217 0.012
Moderate 0.235 ±0.362 0.015 ±0.329 0.014
Heavy 0.385 ±0.364 0.014 ±0.454 0.014
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ratio of the study area calculated from each simulation (solid green
line) of the first set and the actual damage ratio (dashed blue line).
Similar results from case II are shown in Fig. 10. It is observed that the
synthetic damage ratios oscillate around a constant value. This pattern
demonstrates that the creation of random damage states using a defined
distribution keeps the aggregate values nearly constant. The average
and standard deviation of the synthetic damage states ratios are de-
picted in Table 1. The largest standard deviation observed is 1.5%,
which is fairly low. Another issue is the observed difference between
the actual and the synthetic damage states ratios. Remember that the
synthetic damage states are created based on aggregate values of pre-
vious events. The best agreement is in the heavy damage ratios, with
differences of 2% and 7% for case I and case II, respectively. If the
building construction year were available, the difference between the
real and the synthetic damage states would be somewhere in the middle
of these two cases. The synthetic moderate damage ratio is over-
estimated by 13% and 7% for case I and case II, respectively. Thus, the
estimation of buildings with a moderate damage state is conservative
for the Kumamoto earthquake. The largest discrepancies are observed
in the low/non damage ratio, with differences of 11% and 16% for case
I and case II, respectively, with underestimations in both cases. Overall,
the results are conservatively desirable, with slight overestimations for
moderate and heavy damage states and underestimation for slow/non
damage state. The opposite results would be undesirable.

In order to evaluate the spatial distribution of the synthetic EBDS,
the density of buildings for each damage state was calculated.
Following the same procedure, the density of buildings of the truth data
was calculated as well. Fig. 11 shows the density of buildings for three
synthetic scenarios and the truth data. It was observed that the syn-
thetic EBDS produced some sparsity in the spatial distribution. How-
ever, the areas where they are clustering show a similar trend as the
truth data. For instance, buildings with no/slight damage are clustering
in the southwest and the center of the area of the study area. On the
other hand, buildings with heavy damage are clustering in part of the
center and the northwest.

4. Discussion and conclusions

In this paper, the implementation of a framework to create synthetic
damage scenarios using empirical fragility functions and GIS is briefly
described. The required inputs for the model are presented in detail.
The procedure is based on stochastic simulations to create several dif-
ferent damage scenarios while guaranteeing fairly accurate aggregate
values of the damage states, that is, the damage states ratios. Then, the
framework was tested for the 2016 Mw 7.0 Kumamoto earthquake. The
damage state ratios were evaluated by comparing them with the actual
damage ratio of a surveyed area, and a good agreement was observed.
From the comparison, the number of buildings with heavy and

Field survey: 
no/slight damage

Field survey: 
moderate damage

Field survey: 
heavy damage

Simulation A: 
no/slight damage

Simulation A: 
moderate damage

Simulation A: 
heavy damage

Simulation B: 
no/slight damage

Simulation B: 
moderate damage

Simulation B: 
heavy damage

Simulation C: 
no/slight damage

Simulation C: 
moderate damage

Simulation C: 
heavy damage

Fig. 11. Comparison of density of buildings between field data survey and three synthetic damage scenarios for each damage state. The black areas depicts the
highest density of buildings.
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moderate damage states generated in the synthetic scenarios were
slightly larger than the actual amount; meanwhile, the number of
buildings with slight damage/non-damaged states was lower in the
synthetic scenarios. Thus, the synthetic scenarios are conservative,
which is desirable when a microscale building damage scenario esti-
mation is required.

Several factors might contribute to the difference between the
synthetic and the actual damage state ratios. For instance, the re-
presentation of the demand is simplified to one parameter (PGV).
However, other factors, such as the predominant period of the strong
motion, are sometimes important. Another issue is the structural
system; although wooden buildings in Japan are constructed using the
same earthquake building code, some differences in their configuration
are observed in different regions. For example, buildings in the north
are built with heavier and stiffer roof systems to withstand snow.
Therefore, buildings from different regions may have different perfor-
mances.

In the proposed method, the peak ground motion was obtained from
dense networks. However, the peak ground motion can be estimated
using ground-motion prediction equations (GMPE), which can be used
in the absence of ground-motion networks or when the effects of future
earthquakes is desired to be evaluated. There is an extensive literature
that deals with GMPE as well as the number of the proposed models. It
is thus important to have a criterion in the selection of appropriate
GMPE. A modern treatment with a number of suggestions to select a
GMPE can be found in [34]

It is important to point out that the representation of an earthquake
event by the peak ground motion has limitations in representing the
complexities of an event. In fact, in the case of the 2016 Kumamoto
earthquake, a significant foreshock occurred approximately 28 h before
the mainshock. The uncertainties product of that foreshock has the
same nature of the following issues: (1) During the strong-motion, a
building might experience several oscillations larger than the yielding
point and this number is not often controlled nor modeled when
building damage models are implemented. (2) After the main event, it
is common to expect several aftershocks, whose effects are often ne-
glected in analytical models. Furthermore, in the case of empirical
building damage models, the empirical observations include both the
effects of the mainshock and the aftershocks occurred before the date of
the field survey. Recall that building damage inventory is often per-
formed after several days or even weeks. Despite these limitations, the
fragility functions play an important role in seismic risk analysis.

The synthetic EBDS model developed in this paper is presented to
support decision makers in taking appropriate preventive measures.
This model is used to develop scenarios for performing further analysis,
such as the evacuation of survivors and relief distribution for urban
areas in Japan.
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