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ABSTRACT: It is well known that Japan has historically faced many significant catastrophic (CAT)
events, including floods, earthquakes, windstorms, among others. Evaluating the impact of CAT events
on buildings is important to estimate direct damage and plan for future events. Since there are no
publicly available functions to estimate the flood impacts on buildings at scale, in this study, a series of
Japan-specific flood vulnerability and fragility functions are developed for general buildings. A
component-based approach is employed to develop flood vulnerability and fragility functions. For this
approach, component damage curves and component value ratios are essential. They are developed
based on published literature by considering different building attributes, for example, the number of
stories, construction material, occupancy, etc. Then, flood fragility functions were developed from
Monte Carlo Simulation with consideration of different sources of uncertainty. This paper describes the
framework developed to generate the Japan-specific building flood fragility curves and shows illustrative

fragility curves for select building attributes.
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1. INTRODUCTION

From the flood events of the 2015 Kanto flood,
the 2018 West Japan heavy rain, and 2019 Typhoon
Hagibis, among others, it was realized that a se-
vere flood event has a significant impact on life
and the economy. A series of vulnerability func-
tions is one of the essential components in catastro-
phe risk modeling to evaluate the repair and recon-
struction cost and the probability of damage states.
FEMA (2022); Nofal and van de Lindt (2020) in-
troduces flood fragility functions for the U.S.; how-
ever, there are no publicly available flood vulnera-
bility models for general buildings in Japan. Cur-
rently, the functions used to estimate flood damage

to general buildings in Japan tend to be empirical
and/or do not allow to differentiate between the key
building features to be readily applicable at scale
(MLIT, 2005). Hence, it is necessary to develop
flood vulnerability and fragility functions by con-
sidering Japanese building structures and configu-
rations and regional construction practices, which
is the subject of this study.

A component-based approach is developed
where the building damage is calculated based on
simulation of damage to the different key building
components given flood inundation depth. In de-
veloping the framework, uncertainties in different
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Figure 1: Vulnerability functions in Manual of Flood
Impact Analysis by MLIT (2005)

estimations are duly considered to arrive at a prob-
abilistic estimation of building damage ratio (DR)
and compute building fragility curves. Here, the
damage ratio is defined as the monetary loss di-
vided by the reconstruction cost value of the build-
ing, and fragility curves are defined as the probabil-
ity of exceeding damage beyond a certain threshold.
The JP flood building vulnerability model is devel-
oped to make predictions considering the following
building features: 1) building occupancy 2) con-
struction material 3) number of stories 4) basement
5) ground elevation, and 6) flood defense. Due to
the space constraints, this paper primarily focuses
on model development considering building occu-
pancy, construction material, and the number of sto-
ries. Details of the model methodology and predic-
tion trends are provided in the rest of this paper.

2. VULNERABILITY MODEL DEVELOP-
MENT
This section highlights the key methodology de-
tails behind the developed vulnerability model.

2.1. Literature review

This section highlights the important studies
in the literature relevant to the development of
flood vulnerability model for JP buildings. Fig-
ure 1 shows the flood vulnerability functions based
on a study by River Bureau of the Ministry
of Land, Infrastructure, Transport, and Tourism
(MLIT) (MLIT, 2005). The maximum DR is rel-
atively high (at least 80%) and occurs at a water
depth of 3m, which is approximately the height of
the Ist-story roof. These functions were developed

Dublin, Ireland, July 9-13, 2023

i

290 T
um %Celhng P

2600 ms ] A\ ff’,f]‘ Electric_ equipment

L ERRAER)

Frame 1
-y Exterlor wall

Wooden flttlng
Plumblng equment
| te
Metallic fitting

: ~
\,_/,/ Foundatlon

Ventllation for
20,[)r'ﬂ}‘foundation

Figure 2. Vertical exposure distribution of a typical
Japanese 2-story wooden SFD (Tada et al., 2013)

based on the statistical analysis of damaged resi-
dential buildings due to flood events during 1993-
1996, but the underlying data/research report is not
publicly available.

Since 2011, the River Bureau of MLIT has con-
ducted research to further improve flood vulnera-
bility functions (MLIT, 2011). Some of the find-
ings and conclusions from this study were summa-
rized in Tada et al. (2013). This paper provides
the vertical exposure distribution of building com-
ponents and the inundation-depth-to-component-
replacement relationship of a typical Japanese 2-
story wood single-family dwelling (SFD), as shown
in Figure 2. Different components are damaged to
an extent when the flood water reaches the indicated
height thresholds, and this information is later used
in the model development described in this study.

2.2. Component-based approach

A component-based approach is developed
where the building damage is calculated based on
simulation of damage to the different key building
components given flood inundation depth. In con-
trast to the empirical functions typically available in
literature, such a component-based approach pro-
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Figure 3: Different steps in calculating building flood vulnerability

vides flexibility to explicitly account for the dam-
age to key building components when calculat-
ing the total building damage. This approach en-
ables accounting for the different building features
by changing the component characteristics, accord-
ingly. The damage to building components is mod-
eled using component-level vulnerability curves,
which estimates the component DR as a function of
inundation depth. Using the component value ratio
(VR)—defined as the value of each component in
proportion to the value of the building—the com-
ponent DRs are translated into the building DR.
Figure 3 presents an overview of the key steps
in the component-based approach to developing
the building flood vulnerability curves. The key
steps include: 1) calculating component vulnera-
bility curves, 2) estimating component VRs, and
3) quantifying the impact of unknowns like flood
duration, contaminants, and flood velocity on build-
ing flood vulnerability. The building vulnerability
function is obtained from the equation below:

Building Damage Ratio = Y DR; x CVR; (1)

where DR; is the DR of the i-th component and
CVR; is the component VR of the i-th component.

Each of the steps described above considers a
component of uncertainty that needs to be appro-
priately considered in the vulnerability simulation.
The following are the key considerations:

Component DR : Given limited information about
building-specific exposure, the damage to
building components can be best described in
a probabilistic manner because of the different
possible construction materials, layouts, etc.

Component VR : The contribution of each com-
ponent to the value of the total building can
also be uncertain due to unique layout of each

@ : Component ratio by Cabinet Office
@ : Component ratio by MLIT (Based on real estate tax and insurance claims data)
4 : Survey results by 2013 MLIT study (for 17 cases)
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Figure 4: Component VRs for 2 story wood SFDs

building. Figure 4 presents component VRs
for different components of a 2-story wood
SFD building as reported by multiple sources
(MLIT, 2011; Cabinet Office, 2013) and the
uncertainty in the component VRs is evident.

Duration, velocity and contamination : The dura-
tion of the flooding, water velocity, and con-
taminants in the flood water (e.g., oil or sed-
iment) have been shown to significantly af-
fect the building DRs (Thieken et al., 2005;
Biichele et al., 2006). Since the exact contri-
bution of these factors at the building location
remains unknown, the variance in the DR es-
timation due to these factors is considered by
applying modification factors to the building
DR computed based on Eq. 1. The modifica-
tion factors are assumed to have normal distri-
butions with a mean of one.

Story height : The component DRs are quanti-
fied based on the story height of the surveyed
buildings in literature. However, there is typi-
cally variability in story heights in the stock of
buildings in the exposure, which needs to be
accounted for in their damage assessment.
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Figure 5: Mean vulnerability functions of each building
component in 2-story wood SFDs

Every building and flood scenario is unique, and
many factors which can be difficult to predict at
the building level can influence the DR calcula-
tion. Hence the key consideration for the vulnera-
bility model developed here is to account for differ-
ent sources of uncertainty and produce probabilis-
tic predictions for the building DR by performing
Monte Carlo (MC) simulations.

2.3.  Development for 2-story wood SFDs
This section highlights the key details for vul-

nerability function developments for 2-story wood
SFDs. The component vulnerabilities are based
on findings from the MLIT study (Tada et al.,
2013) described in Section 2.1. Figure 5 shows
the mean component vulnerabilities considering the
vertical distribution of each component as shown in
Figure 2. Since “Frame”, “Foundation”, “Floor”,
“Ceiling”, and “Roof” are commonly understood
building components, examples of the remaining
building components are provided below:

* Interior Wall - Interior walls with gypsum
board are commonly used as the base material.

» Exterior Wall - Walls in the exterior of a build-
ing, typically made of mortar, wood, or plaster.

* Fitting (“Tategu” in Japanese) - A general term
for doors, sliding doors, windows, etc.

* Equipment - Electrical/water equipment, e.g.,
water heater, kitchen equipment, wiring,
plumbing, bathtub.

The floor heights are considered based on the rec-
ommendations in the MLIT study. In order to inter-
pret the component DR plots, consider the exam-
ple of the “Floor” component shown in Figure 5.
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Figure 6: Component VR distribution of each building
component in 2-story wood SFDs

As the water depth starts increasing, the first (i.e.,
ground) floor of the building is inundated, resulting
in losses to the flooring system at the bottom of the
first story. Damage to the “Floor” component does
not increase significantly until the inundation depth
reaches the second-floor level (i.e., the bottom of
the second story). At this point, the floor system of
the second story is also impacted, resulting in in-
creased damage.

The means and standard deviations of compo-
nent VRs were determined based on the informa-
tion from sources shown in Figure 4. Figure 6
shows the distribution of component VRs for the
different components in 2-story wood SFDs con-
sidered in the model development.

With the distributions of component DRs and
component VRs determined, MC simulation is per-
formed to determine the building DR for a given
inundation depth by repeating the following steps:

1. Generate a DR sample for each building com-
ponent (considering the beta distribution of
component DR as described above).

2. Generate a VR sample for each building com-
ponent (based on distributions shown in Fig-
ure 6), and normalize so that the sum of all
component VRs equals 1.

3. Calculate the building DR using Eq. 1.

4. Apply modification factors to account for ve-
locity, duration, and contamination effects.

5. Apply adjustment for variability in story
height.
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Figure 7: 2-story wood SFD building.

In order to generate robust estimates of the build-
ing DR distribution, 50,000 MC simulations are
performed to calculate DR for each inundation
depth. The results are shown in Figure 7a. These
DR samples are used to compute the following: 1)
mean DR, 2) standard deviation of DR, 3) empiri-
cal DR distribution and 4) probability of exceeding
different damage states (DSs) (see Figure 7b). The
fragility curves are calculated for DSs 1, 2, and 3
based on DR thresholds of 3%, 20%, and 50%, re-
spectively. For each of the DSs, the probability of
exceeding the DS is calculated at each inundation
depth as the proportion of samples exceeding the
corresponding DR threshold.

2.4. Extension to different number of stories for
wood SFD buildings
Wood SFD buildings in Japan typically have 1
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rarely encountered in the Japanese building stock.
Hence, a component-based approach similar to that
described in the previous section is used to develop
the building vulnerabilities for 1-story and 3-story
wood SFD buildings.

Inundation depths and replacement triggers of
building components for 1-story and 3-story wood
SFDs were developed based on those for 2-story
wood SFDs, and component vulnerability functions
were developed accordingly. For 2-story buildings,
steep increments of DRs for floors and ceilings oc-
cur at the first floor and second floor because once
the water depth reaches those limits, the percent-
age of the components associated with those floor
levels is damaged. But for 1-story buildings, once
floor/ceiling is inundated, component DRs sharply
increase to almost 100% because the total value of
the component is associated to that single level. For
3-story buildings, the DRs of floors and ceilings
were distributed to first, second, and third floors,
respectively. The DRs of most of the other compo-
nents are developed in a similar way.

Component VRs for 3-story buildings were de-
rived from the VRs of 2-story buildings consider-
ing the distribution of component values to each
floor. It can be expected that as the number of sto-
ries increases, the values of some components like
frame and floor will increase proportionally; how-
ever, the values of other components like founda-
tion and roof will not increase in the same propor-
tion. This logic was used to determine the compo-
nent VRs for 1-story and 3-story buildings.

For buildings with more than 3 stories, the build-
ing DR is calculated by scaling the DR of a 3-story
building by a factor proportional to the inverse of
number of stories to account for relatively low DR
with increase in stories. Although an approach sim-
ilar to that used for 3-story buildings could be used
for taller buildings, given the uncertainty in estima-
tion, and their relatively low representation in the
building exposure, this simplified approach is con-
sidered sufficient.

2.5. Development for different occupancies and
construction types
The goal of this section is to provide relevant de-

or 2 stories, and 3-story wood SFD buildings are tails for the development of functions for non-wood

5
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buildings and to extend the methodology for Multi-
Family Dwellings (MFDs), Commercial buildings
(COM) and Industrial buildings (IND).

2.5.1. Non-wood SFDs

The component vulnerability functions for the
non-wood SFDs are derived based on the recom-
mendations in Tada et al. (2013) after making ad-
justments for non-wood buildings instead of the
wood buildings considered in the study. DRs of
the exterior wall and frame components were ad-
justed because these components are assumed to
be non-wood (RC/Steel) and should therefore be
less vulnerable to flood damage. The DR of the
floor component was adjusted to reflect the differ-
ent structural materials supporting the floor system
even though the floor coverings (e.g., tile/carpet)
can be the same in wood and non-wood build-
ings. The vulnerability of other components did
not change significantly with the exception of roof
and foundation, where the vulnerability functions
were adjusted to account for non-wood materials.
The mean component VRs are determined based on
MLIT recommendations in Cabinet Office (2013).

2.5.2.  Multi-family dwellings

The component-based approach described for
SFDs is used to develop the flood functions for
MFDs with 1-4 stories, and building height factors
are used to scale the functions for a greater number
of stories. Since 1-story MFDs are structurally very
similar to 1-story SFDs, the same functions are used
to estimate their flood vulnerability and fragility. A
key distinction between SFD and MFD is the distri-
bution of equipment over the height of the building.
In the MFD development, the equipment compo-
nent is subdivided into central equipment and dis-
tributed equipment. The central equipment is as-
sumed to be present on the first floor in the absence
of the basement and is otherwise assumed to be
present in the basement, and its vulnerability func-
tion is adjusted accordingly. The distributed equip-
ment is assumed to be uniformly distributed over
the building height. Hence, as the number of sto-
ries increases, the vulnerability of the central equip-
ment does not change, but the vulnerability of the
distributed equipment reduces. Minor updates have
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been made to the roof vulnerability to reflect typi-
cal roof layouts in MFDs in contrast to SFDs, e.g.,
MFDs typically have all roof elements at the top
story, whereas SFDs may have roof elements dis-
tributed across multiple stories.

The mean component VRs for the MFDs are de-
veloped based on the cost breakdown of the mid-
rise MFDs studied in JFCC (2016) and by maintain-
ing relativity with SFDs. It was found the equip-
ment has a much higher component VR in MFDs
compared to SFDs and drives differences in the rel-
ativity of these occupancies.

2.5.3. Commercial and industrial buildings

A similar approach as described for MFD build-
ings is followed for COM and IND buildings. A
key difference in the development of COM build-
ing component vulnerability functions in contrast
to MFDs is accounting for the difference in typical
story heights of COM versus MFD buildings. The
component vulnerability functions are adjusted for
COM buildings assuming that the story height in
COM buildings is typically 1m greater than in MFD
buildings. The component VRs of the COM build-
ings are assumed to be the same as the component
VRs of MFD buildings.

IND buildings are a complex system, and the
content/industry-specific equipment damage can
impact their vulnerability and fragility functions.
Instead of generating industry-specific functions,
a simplified procedure is used to derive the dam-
age functions of general IND buildings. For non-
wood IND buildings, a component-based approach
is used to derive functions for 1-, 2- and 3-story
buildings. The component vulnerability is assumed
to be the same as the component vulnerability of
non-wood COM buildings. The component VR of
2-story non-wood IND buildings is derived based
on 2-story non-wood COM buildings by making
adjustments for equipment and assuming negligi-
ble component VRs for interior walls and fittings in
IND buildings. For 1- and 3-story non-wood IND
buildings, the component VRs are determined to
maintain relativity with the 2-story buildings.
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Figure 8: Comparison of vulnerability predictions for
1-story wood SFD buildings with the MLIT function

3. MODEL TREND VALIDATION AND
TESTING

The previous section described the methodology
for developing the flood vulnerability and fragility
functions for different occupancies, numbers of sto-
ries and construction types. This section presents
the impact of different building features on the
fragility functions and compares the model predic-
tions with functions found in the literature.

3.1. Comparison with published functions

Figure 8 compares the developed vulnerability
function for 1-story wood SFD buildings with the
function in MLIT (2005) described in Section 2.1.
For MLIT functions, the interval of the DR is
shown considering the different slope conditions
described in Figure 1. From Figure 8 a good agree-
ment can be seen for low inundation depths. How-
ever, the MLIT function saturates at 3m and has a
higher DR than the model predictions for interme-
diate inundation depths. Since the MLIT functions
are developed based on observations of buildings
damaged by flooding from 1993-1996, it is possible
that the number of data points for high inundations
is relatively low. Also, since the MLIT functions
are used to evaluate the effectiveness of river im-
provement projects, MLIT likely wanted to be con-
servative in estimating the building DR where data
was unavailable, resulting in relatively high DRs.

3.2.  Model trend validation
Figures 9 through 11 compare the building flood
fragility functions for different construction types,
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numbers of stories, and occupancies in order to
study the sensitivity of the model with changes
in building features. Figure 9 shows that wood
buildings are typically more fragile than non-wood
buildings. This follows from the discussion in Sec-
tion 2.5.1 where components like “Frame”, “Exte-
rior wall” and “Floor” in non-wood buildings are
considered less vulnerable than those components
in wood buildings.

Figure 10 shows the impact of the number of
stories on fragility functions for non-wood COM
buildings. It can be seen that as the number of
stories increases, the building flood fragility re-
duces. This follows from the discussion in Sec-
tion 2.4 where, given constant inundation depth, as
the number of stories increases, a smaller percent-
age of the building value is impacted.

Finally, Figure 11 shows the impact of building
occupancy for 3-story non-wood buildings. These
trends result from the relativity of component vul-
nerabilities and VRs as discussed in the previous
sections. For example, COM buildings are consid-
ered to have higher story heights than MFDs, which
contributes to the lower fragility of COM compared
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Figure 11: Fragility comparison by occupancy for 3-
story non-wood buildings

to MFD. Also, IND buildings are less fragile than
COM buildings because of the negligible contri-
bution of relatively high-vulnerability components,
like interior walls and fittings, to the value of IND
buildings in comparison to COM buildings.

4. SUMMARY AND CONCLUSIONS
This study is focused on developing models

for estimating the flood damage of buildings in
Japan. A simulation-based framework is devel-
oped for estimating the building flood vulnerability
and fragility considering different building features,
e.g., occupancy, number of stories, construction
type, etc. The proposed model explicitly consid-
ers the value of key building components and mod-
els their vulnerability based on Japan-specific pub-
lished literature in order to estimate total flood dam-
age to the building. The impacts of different build-
ing features on the building-level fragility functions
are evaluated, and predictions of building-level vul-
nerability are compared to the vulnerability func-
tions from MLIT (2005).

The outputs of the damage model are the building
flood vulnerability and fragility functions, given in-
undation depth. Building damage prediction due to
flooding can be highly uncertain due to various fac-
tors related to unique building features and hazard
characteristics. The different sources of uncertainty
are explicitly considered and integrated by perform-
ing a MC simulation. Hence, instead of producing
point estimates of building damage, which can be
highly variable and unrealistic, the model produces
a distribution of building DRs, which could be very
helpful in understanding the range of damage ex-
pected under flood inundation.

Some of the key limitations of the current model
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version are described next: 1. Model testing is pri-
marily performed by explaining trends in the rela-
tivity of building-level fragility functions for differ-
ent building features and by comparing the model
vulnerability predictions with the MLIT vulnerabil-
ity function. The model calibration and validation
with respect to ground truth could not be performed
due to the unavailability of any historical ground
truth data to support such analyses; however, such
a calibration will be considered in the future once
the supporting data sets are available, 2. The current
model includes the key structural and non-structural
building components and does not account for con-
tent damage, and 3. A simplified general model is
developed for industrial buildings, and it is noted
that there could be specialized equipment and/or
flood-prevention measures in industrial buildings
that could impact their vulnerability, which is one
of our ongoing research.
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