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A tsunami is a natural disaster that destroys structures and kills many lives in many countries in the world. A risk assessment of the
building under a tsunami loading is thus essential to evaluate the damage and minimize potential loss. A crucial tool in risk
assessment is the fragility curve. Most building fragility curves for tsunami force were developed using survey building damaged
data. Tis research proposed a method for developing fragility curves under tsunami loading based on the analytical building
model data. In the development, the generic building was a one-story reinforced-concrete building with masonry-inflled walls
constructed from the structural index, popularly built as residential buildings along the west coast of southern Tailand. Tree
damage levels were investigated: damage in masonry infll walls, damage in primary structures, and collapses. Te masonry infll
wall was modeled using multisprings to represent the load-bearing behavior due to tsunami with a hydrodynamic pattern. Te
fragility curves were developed using the maximum likelihood method and considering the uncertainty due to masonry infll wall
type, tsunami fow direction, and tsunami fow velocity. Te developed fragility curve agrees well with the empirical tsunami
fragility curve of a one-story reinforced-concrete building damage data in Tailand from the 2004 Tsunami. Te developed
fragility functions could be adopted for assessing tsunami risk assessment and disaster mitigation for similar structures against
diferent tsunami scenarios in the future.

1. Introduction

In the past, numerous natural disasters have killed in-
dividuals and severely damaged buildings. One natural di-
saster that signifcantly damages lives and property is the
tsunami. Tere have been tsunami incidents that have se-
riously harmed. Te Sumatra Tsunami on 26th December
2004 triggered a 9.1-magnitude earthquake in northern
Sumatra and a tsunami in the Indian Ocean, which damaged
more than 153,704 houses [1] along the coast of many

countries and killed 227,898 people [2]. Samoa Tsunami on
29th September 2009, an 8.0-magnitude earthquake struck
the Samoa Islands. It caused a tsunami to hit the Samoan
archipelago and northern Tonga, damaging 326 homes [3]
and killing 192 people [4]. On 11th March 2011, a 9.0-
magnitude earthquake struck of the coast of Tohoku. It
caused a tsunami and damaged more than 1,208,474
buildings; 15,899 people died, and 6,242 went missing [5],
making it the most enormous tsunami in Japanese history.
Risk assessment of buildings under a tsunami disaster is
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needed to mitigate and prevent future damage. Te key
elements in risk assessment are the tsunami hazard map,
building inventory, and tsunami fragility curve [6]. Te
tsunami hazard map is the data obtained from surveys or
numerical simulations of a tsunami.Te buildings inventory
is the information obtained from the survey of buildings and
structures in the risk area. Also, the tsunami fragility curve of
the building structure can be generated from survey data of
buildings and structures from each tsunami disaster and the
analytical data from the montecarlo simulation method.
Most fragility curves are represented as a function of tsu-
nami inundation depth and are commonly generated by the
least square and the maximum likelihood methods. In past
research, the fragility curves were developed from historical
events. Koshimura et al. [7] developed a fragility curve using
numerical modeling of tsunami inundation and geographic
data analysis (GIS) after the tsunami disaster at Sumatra
Andaman in 2004. Suppasri et al. [8] developed a fragility
curve of reinforced-concrete buildings and wooden build-
ings using data from satellite imagery to classify the damage
and a numerical model of the 2004 Indian Ocean tsunami
fooding in Tailand. Suppasri et al. [9] created a fragility
curve from the Great Tsunami in Japan in 2011 of
reinforced-concrete buildings, wooden buildings, and
lightweight structures by considering the importance of the
damage levels, the number of foors, and the location of the
building. Gokon et al. [3] developed a fragility curve of
wooden and reinforced-concrete structures of the 2009
Samoa earthquake and tsunami using a numerical model of
the occurrence and spread of a tsunami. Te building
damage was monitored by visually interpreting changes with
high-resolution satellite imagery before and after the tsu-
nami. Nanayakkara and Dias [10] compared the fragility
curves of researchers from diferent events to determine
their similarity by comparing fragility curves according to
the same building structure. Foytong and Ruangrassamee
[11] developed an empirical tsunami fragility curve for one-
story reinforced-concrete buildings and building taller than
one-story reinforced-concrete buildings using tsunami-
damaged data in the Indian Ocean in 2004 in Tailand.
Aránguiz et al. [12] created a fragility curve of the masonry-
wood composite structure using data from feld surveys from
the 2015 tsunami in Coquimbo, Chile.

Tis research studied the behavior and the fragility curve
of the reinforced-concrete building model under tsunami in
diferent fow directions. Te analyzed reinforced-concrete
building was a one-story building with masonry-inflled
walls, a popular residential building constructed along the
west coast of Tailand. Te tsunami load was considered as
a hydrodynamic force pattern distributed laterally
throughout the inundation depth. Building models were
analyzed by nonlinear pushover analysis using a plastic
hinge to assess resistance following ASCE41-13 [13]. Te
masonry inflled walls would be simulated using multispring
support, which was more suitable for analyzing under
tsunami loading.Te fragility curve was developed under the
function of tsunami inundation height by considering the
efect of turbulence from fow direction and velocity of the
tsunami and the type of masonry inflled wall. Tree damage

levels in masonry infll walls, primary structures, and col-
lapses were investigated. Te analytical tsunami fragility
curves were generated with the maximum likelihood
method, which was suitable for building structural damage
[14]. Finally, the fragility curve developed with the analytical
approach was compared with the fragility curve of the one-
story reinforced-concrete building generated from the 2004
tsunami damage survey data in Tailand [11].

2. Tsunami Damage

Te two great tsunamis, the 2004 Indian Ocean tsunami
and the 2011 Japan tsunami caused devastating damage
to residential and public buildings. Large numbers of
research on building damage characteristics due to
tsunamis have started since then. Indonesia [7], Tailand
[8], and Sri Lanka [15] were the main countries where
tsunami fragility functions were developed using dam-
aged building data from the 2004 tsunami. Previous
studies in the Indian Ocean region show that most
buildings were totally damaged when the tsunami fow
depth was larger than 2m. Suppasri et al. [16] assessed
the RC building column performance based on a full-
scale pushover experiment of the column and the whole
building frame. Although the fragility functions were
developed and showed some diferences among each
country, these empirical functions were developed using
limited samples. On the other hand, damaged building
data were perfectly collected in the case of the 2011 Japan
tsunami. About 250,000 damaged buildings around the
East Japan region were used to develop various kinds of
tsunami fragility functions [17]. Tey found that most
Japanese buildings were totally damaged when the fow
depth was higher than 3m [9] and the damage charac-
teristics also obviously depended on fow velocity as
a result of the coastal topography [18]. Figure 1(a) shows
an example of damage to a typical residential house in
Ishinomaki City. Te house was fooded by about 4 m
inundation depth, but the damage only occurred mainly
at nonstructural members, such as walls and less damage
to structural members, such as the small column. In
addition, an obvious issue on the overturned buildings
(Figure 1(b)) also attracted interest from the structural
design point of view as these buildings had no severe
structural damage but failed because of piles and
foundations due to liquefaction as a result of the
earthquake [19]. Similar to the case of the 2004 tsunami,
the fragility functions were developed using empirical
relationships from large numbers of data on the macro
scale. Nevertheless, such analytical and experimental
microscale studies are also necessary.

3. Generic Building

Te analyzed buildings used in this study was representative
reinforced-concrete building generated from the average
structural index of the residential construction drawings
along the west coast of Tailand [20]. Te building was
9meters wide, 10meters long, and 3meters high. Te
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ground plan and roof plan are shown in Figure 2.Tere were
nine columns with 20 cm× 20 cm cross-sections. Te lon-
gitudinal reinforcement was 4-DB12mm, and the stirrups
were RB6@150mm. Te roof beam section was
20 cm× 40 cm with the longitudinal reinforcement of 5-
DB16mm and stirrups RB6@150mm. Te section detail
of the column and beam section can be shown in Figure 3.
Te average tensile strengths of the reinforcement are listed
in Table 1. Te compressive strength of concrete was
23.5MPa. Tree types of masonry-inflled walls in the
building, WallA, WallB, and WallC, are shown in Figure 4.
WallA is located on the front and back of the building with
an opening area of 25.0 percent.Te opening area ofWallB is
7.5 percent, situated on both sides of the building. And,
WallC is on the front, back, and middle of the building with
an opening area of 28.5 percent.

4. Tsunami Force

According to previous research and standard codes, tsunami
forces on building structures can be considered in the form
of forces such as hydrostatic forces, buoyant forces, hy-
drodynamic forces, impulsive forces, debris impact forces,
debris damming forces, uplift forces, and additional gravity
loads from retained water on elevated foors. However,
hydrodynamic force is the most suitable force pattern in the
analysis of forces acting on buildings due to tsunamis
[21–25]. A hydrodynamic force pattern is a lateral force that
is uniformly distributed throughout the depth, which was
determined using the equation proposed by FEMA 55 [21] as
equation (1), where ρ is the water density, CD is the drag
coefcient, b is the width of the building, h is the fow depth,
and V is the fow velocity. It can be seen that the force acting
depends on the depth and fow velocity of the tsunami.
Terefore, in the analysis of building models, static pushover
analysis was performed by stabilizing the inundation depth
and increasing the force by increasing the fow velocity until
the building collapsed.Te inundation depth was considered
from 0.5m to 3m with increments of 0.25m.

Fd �
1
2
ρCDbhV

2
. (1)

5. Building Model

Te building model was analyzed using a 3-dimensional
nonlinear static pushover analysis method to study the
behavior of reinforced-concrete structures with masonry-
inflled walls under a tsunami loading. Te building model
consisted of the bare frame and masonry-inflled wall
models. Details are as follows.

5.1. Bare Frame Model. Te bare frame model consisted of
elastic elements and plastic hinges located at the end of
beams and columns to represent their nonlinear behavior, as
shown in Figure 5. Te plastic hinge lengths were calculated
using the equation proposed by Paulay and Priestley [26], as
shown in equation (2), where L was the distance from
a critical section to the point of contrafexure, db was the
diameter of longitudinal reinforcement, and fy was the yield
stress of longitudinal reinforcement. Te plastic hinge of the
columns, 4.5m beams, and 5.0m beams are 0.34m, 0.55m,
and 0.59m, respectively. Te behavior of plastic hinges was
defned by ASCE 41-13 [13]. Te beam and column joints
were connected with a rigid member. Te building model
used fxed support. In addition, the shear capacity of col-
umns and beams was analyzed using the equation proposed
by Sezen [27] by considering the axial force of each column
from the vertical load. Te axial force, shear strength, and
fexural strength of each column and beam can be shown in
Table 2.

Lp � 0.08L + 0.022dbfy. (2)

5.2. Masonry-Inflled Wall Model. Using a single spring
model diagonal from one top corner to one bottom corner,
as analyzed the model under seismic load, was not appro-
priate to assess the model behavior under tsunami load. Te
simulated tsunami force was uniformly in the hydrodynamic
forces pattern through the inundation depth. Terefore, the
masonry-inflled wall behavior is modeled with multisprings
distributed according to the bare frame height, as shown in
Figure 6. Te tsunami load was transferred from the im-
pacted side column to the column on the other side through

(a) (b)

Figure 1: Damage of building. (a) An example of damage to a typical residential house in Japan. (b) An example of overturned building in
Onagawa town. Te building had fewer openings and failure of the pile foundation was observed.
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axial springs and rigid links [28]. Te plastic hinges across
the column height at the top and bottom of each spring to
capture the nonlinear behavior of columns at concentrated
force joints. Te lateral load resistance for the wall with

openings decreased by the amount of opening area on the
wall panel.

Te building model was analyzed with three types of
masonry inflled walls and considered two types of masonry,

Table 1: Properties of reinforcement.

Diameter (mm) Yield strength (MPa) Yield strain Elastic modulus (GPa)
6 319 0.00365 224
12 451 0.00240 203
16 549 0.00330 209
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Figure 2: Construction drawing of the building. (a) Floor plan. (b) Roof plan.
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Figure 3: Te section detail of column and beam. (a) Column section. (b) Beam section.
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hollow brick (HB) and clay brick (CB), which were the most
commonly used in Tailand. Te compressive strength HB
and CB according to ASTM C1314-03b [29] were 3.81MPa
and 4.12MPa at the corresponding strain of 0.0049 and
0.0071, respectively, [30]. Te masonry inflled wall behavior
was modeled with the relationship between lateral load
resistance and displacement, consisting of 3 parts: yield
point (y), maximum resistance (m), and residual resistance
(p). Te controlled parameters, resistance, and deformation,
are shown in Table 3. Te clay brick wall (CW) could resist
lateral loads more than the hollow brick wall (HW) for the
same masonry-inflled wall type. Te lateral resistance of

walls depended on the opening percentage, which can be
arranged as WallB, WallC, and WallA, respectively.

Te out-of-plane resistance of the masonry inflled wall
under the lateral load is highly less than the in-plane re-
sistance. However, when subjected to out-of-plane force, the
masonry-inflled wall behavior was considered to determine
the damage level occurring in masonry-inflled walls in the
process of creating fragility curves.Temasonry-inflled wall
out-of-plane behavior was calculated in the equation pro-
posed by FEMA 306 [31]. Te masonry-inflled wall of the
building model had an out-of-plane force resistance for HW
and CW of 0.00022MPa and 0.00063MPa, respectively.

6. Analysis and Behavior of Buildings under
Tsunami Loading

6.1. Building Analysis. In the one-story reinforced-concrete
building with masonry inflled-wall analysis, the static
pushover analysis was applied to simulate the tsunami forces
acting on the building in the hydrodynamic force pattern,
a uniformly distributed lateral force throughout the in-
undation depth.Te tsunami load acting on the building was
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Figure 4: Confgurations and dimensions of the masonry-inflled walls. (a) WallA. (b) WallB. (c) WallC.

plastic hinge
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elastic element

plastic hinge

Figure 5: Bare frame model.

Table 2: Axial force, shear strength, and bending moment of columns and beams.

Location Axial force (kN) Shear capacity (kN) Bending moment capacity
(kN-m)

Cracking moment capacity
(kN-m)

CA1, CA3, CC1, CC3 7.99 41.70 19.24 4.05
CA2, CC2 8.26 41.72 19.26 4.05
CB1, CB3 15.99 42.45 19.91 4.05
CB2 16.51 42.50 19.95 4.05
RB1 — 60.31 127.79 —

plastic hinge
rigid member

elastic element
plastic hinge

axial springrigid link

Figure 6: Model of multispring masonry inflled wall.
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modeled by fxing the inundation depth to obtain a load
pattern and increasing the magnitude of the force by in-
creasing the tsunami fow velocity until the building model
collapsed. Te tsunami inundation depths were considered
from 0.5m to 3m with an incremental of 0.25m equally.
Four directions of water impact on the building were
considered: the fow direction of 0°, 30°, 60°, and 90°, as
shown in Figure 7. Te masonry-inflled walls encountered
water were disappeared due to less resistance of the out-of-
plane failure. Terefore, in the cases of the fow direction of
30° and 60°, there is no masonry-inflled wall in the analysis
model. Te applied tsunami forces acting on columns of all
fow direction cases are shown in Figure 8.

6.2. Building Behavior under Tsunami Force. Te lateral
resistance and roof deformation relationships of a generic
one-story reinforced-concrete building with two types of
masonry-inflled wall model under tsunami fow directions
of all fow direction cases are shown in Figures 9 and 10. Te
failure modes and failure members of all fow direction cases
are shown in Table 4. For all inundation depths, the
masonry-inflled walls were subjected to water encountered
due to rapid out-of-plane failure. Te buildings analyzed in
the 0° fow direction would have no masonry-inflled walls
built-in gridlines 1, 2, and 3. Te buildings analyzed in the
30° and 60° fow directions would have no masonry-inflled
walls built-in all gridlines. Tere are no masonry-inflled
walls built-in gridlines A and C for the buildings analyzed in
a 90° fow direction. Te damage to structural components
would be caused by the moment cracking of concrete in the
columns.Te damage would begin at an inundation depth of
0.75m in the fow direction of 0°, 30°, and 60°. At low in-
undation depths, buildings were prone to damage as low
inundation depths make columns challenging to bend,
resulting in high lateral resistance during damage. Fur-
thermore, as the inundation depths in the analysis increased,
the lateral resistance of the building during damage would
gradually decrease, as shown in Figures 9(a)–9(f). Te fow
direction of 90° difered from other fow directions because,
in this fow direction, there is a masonry-inflled wall to
support the load. In low inundation depths, most load-
bearing masonry-inflled walls will support sections at the
same level as the inundation depth. Te higher the in-
undation depth, the more support the masonry-inflled wall
will be able to bear more force so that at low inundation
depths, the building will be more prone to damage during
higher inundation depths, as shown in Figures 10(a) and
10(b).Te analysis also found that when the column reached

the yield point, it would result in the building model stifness
value being clearly reduced, and when the wall had the
strength in the plane to the yield point, it would result in
a decrease in the stifness of the building as well.

6.2.1. Buildings under Tsunami in the 0-Degree Flow
Direction. From the analysis of the buildings in the 0° di-
rection, as shown in Figures 9(a) and 9(b), it was found that
the CW buildings had slightly increased lateral resistances
from 220.81 kN to 225.42 kN over an inundation depth of
0.50m to 1.25m. Te model was controlled by the shear
failure in Column B2, a column that did not connect to the
masonry-inflled wall. For inundation depths of 1.50m to
2.50m, the building lateral resistance increased dramatically
from 230.91 kN to 269.87 kN. As the inundation depth in-
creased, the masonry-inflled wall could bear more strength
in the area exposed to the inundation depth and the shear
failure in Column B2 controlled the building. In the in-
undation depths of 2.75m to 3.00m, the building changed
failure mode from a shear failure in column B2 to a fexural
failure in column B2 with the lateral resistance of the
building decreasing from 357.76 kN to 330.79 kN. In the
analysis of HW buildings, it was found that the building
behavior of all inundation depths was the same as that of the
CW buildings but had less side resistance than the CW
buildings.

6.2.2. Buildings under Tsunami in the 30-Degree Flow
Direction. Flow direction analysis of the building in the 30°
direction revealed that the building had a slight decrease in
its lateral resistance from 433.23 kN to 428.78 kN over an
inundation depth of 0.50m to 2.00m. Te building model

Table 3: Lateral resistance and deformation of masonry-inflled walls.

Type of wall Type of brick Vy (kN) Vm (kN) Vp (kN) Uy (m) Um (m) Up (m)

WallA HB 30.29 40.39 12.12 0.00898 0.02395 0.02450
CB 111.87 149.16 44.75 0.01298 0.03461 0.03500

WallB HB 35.68 57.57 14.27 0.00808 0.02155 0.02200
CB 137.95 183.94 55.18 0.01168 0.03114 0.03150

WallC HB 31.35 41.80 12.54 0.00898 0.02395 0.02450
CB 119.74 159.65 47.90 0.01298 0.03461 0.03500

C
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Figure 7: Tsunami fow direction.

6 Advances in Civil Engineering



was controlled by the shear failure in Columns A2 and C2
because the building had no masonry-inflled walls and
water had acted on every column of the building simulta-
neously. Tere was a dividing force between the columns in
each bare frame, thus causing a collapse at the central
column of each bare frame. In the inundation depths of
2.25m to 2.50m, the building changed from a shear failure
in columns A2 and C2 to a fexural failure in columns A2
and C2, with the lateral resistance reduced from 412.15 kN to
366.03 kN. And, for inundation depths of 2.75m to 3.00m,
the high inundation depth up to the beam caused the col-
umns in gridline B to bear more load from the beams than
the other columns. As a result, the building was controlled
by fexural failure in column B2 with the building lateral
resistance reduced from 234.55 kN to 203.23 kN, as shown in
Figures 9(c) and 9(d).

6.2.3. Buildings under Tsunami in the 60-Degree Flow
Direction. For the analysis of buildings in the 60° direction,
as shown in Figures 9(e) and 9(f), it was found that the
failure behavior at all inundation depths was similar to the
30° fow direction. Te lateral resistance of the CW building
slightly decreased from 440.72 kN to 432.94 kN in the in-
undation depth range of 0.50m to 2.00m. Te shear failure
in Columns B1 and B3 controlled the building. In the in-
undation depth of 2.25m to 2.50m, the failure mode was
changed from a shear failure in columns B1 and B3 to
a fexural failure in columns B1 and B3, with the building
lateral resistance reducing from 411.57 kN to 365.13 kN.
And, for inundation depths of 2.75m to 3.00m, a fexural
failure occurred in column B2, with the building lateral
resistance reduced from 239.07 kN to 205.98 kN.

6.2.4. Buildings under Tsunami in the 90-Degree Flow
Direction. For the analysis of buildings in the direction of
90°, as shown in Figures 10(a) and 10(b), when the in-
undation depth was increased, the CW building had a sig-
nifcant increase in lateral resistance, resulting in more
loading at the masonry-inflled wall. Te lateral resistance
increased from 162.22 kN to 514.65 kN over an inundation
depth of 0.50m to 2.50m. Te building failure was con-
trolled by the shear failure in Columns A1, A2, and A3. For
inundation depths of 2.75m to 3.00m, which was the high
inundation depth up to the beams caused the columns in
Gridline 2 to bear more load from the beams than the others,
causing the building to have fexural failures in columns A2
and C2, with the lateral resistance reducing from 993.67 kN
to 889.45 kN.

7. Development of Fragility Curve

Tis research developed the analytical tsunami fragility
curves for a generic one-story reinforced-concrete building
with masonry-inflled walls. Te main components included
the determination of the degree of damage, variables with
uncertainty, and parameter estimation of the fragility curve
by the maximum likelihood method, with details as follows.

7.1. Damage Level. Analysis of the building model revealed
that the model was damaged in both the secondary and
primary members. Terefore, damage levels were divided
into three levels described as follows:

(1) Damage in secondary members (damage level 1,
DL1): the masonry-inflled wall broke of by an
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Figure 8: Applied tsunami forces acting on the building columns in each fow direction. (a) 0°. (b) 30°. (c) 60°. (d) 90°.
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out-of-plane force or reached the yield point of
the in-plane capacity

(2) Damage in primary members (damage level 2,
DL2): beams or columns were cracked, which is
the beams or columns reached their cracking

moment capacity, but the building model was still
sustained

(3) Collapse (damage level 3, DL3): the building model
was subjected to shear or fexural failure at columns,
and the building model was terminated
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Figure 9: Relationship of lateral resistance and roof deformation of hollow brick walls (HB) and clay brick walls (CB) for 0°, 30°, and 60° fow
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7.2.UncertaintyVariables. In order to construct the fragility
curves from the model analysis data, it is necessary to take
into account the potential uncertainties in two parts: the
resistance of the building model and forces afecting model
damage behavior under tsunami force. In this research, three
uncertainty variables were identifed: (1) the type of brick
used as a building masonry inflled wall, which was the
uncertainty variable in the resistivity of the model; (2)
tsunami fow velocity was an uncertain variable of tsunami
behavior; and (3) tsunami fow direction was uncertainty
variable in the direction action force.

7.2.1. Brick Type of Masonry Inflled Wall. Hallow brick and
clay brick are commonly used as walls in reinforced-concrete
residential buildings in Tailand. Two types of bricks have
diferent lateral load resistances that afect the behavior of
the building model under tsunami forces. Te uncertainty of
these two types of masonry will be taken into account in
equal ratios.

7.2.2. Tsunami Flow Velocity. Tsunami fow velocity is a very
high uncertainty value independent of inundation depth. In
addition, the tsunami fow velocity is an essential parameter in
estimating the force exerted by a tsunami on a building
structure. Many past studies have attempted to estimate the
velocity of tsunamis both theoretically and observed after
tsunami events [21, 32–34]. Nevertheless, it cannot clearly
determine the tsunami fow velocity. It can only be defned as
a function of the tsunami inundation depth that is in the range
of 0.7

���
gh


to 2.0

���
gh


. Terefore, in this research, the fow

velocity range was determined to be used to consider the data.
In the fragility curve development, the maximum likelihood
estimators are calculated based on the amount of damage data
incurred for each considered damage level by selecting only
damage data within the tsunami fow velocity range. Damage
data with fow velocities greater than the upper boundary range
will not be considered. Moreover, the damage data with fow
velocity below the lower boundary range is absolute damage;
therefore, it cannot be taken for probabilistic calculations.

7.2.3. Te Direction of the Tsunami Flow. Te tsunami fow
direction is one of the uncertainty variables that can occur,
which was taken into account in the amount of damage data
for the fow direction of 0°, 30°, 60°, 90°, 120°, 150°, and 180°.
Te data for the fow direction of 120°, 150°, and 180° were
used for the directions of 60°, 30°, and 0°, respectively. In this
study, the distribution of damage data in each fow direction
was determined according to the normal distribution
characteristics, as shown in Figure 11, in order to conform to
the actual building site location of the buildings, in which
most were facing the beach. Terefore, the direction at 90° in
front of the building had been determined to have the
greatest amount of data due to the high probability of
a tsunami hitting it. Te direction at 0° and 180°, the side
directions of the building, were determined to have the least
amount of data due to the low probability of a tsunami
hitting them.

Te relationships of tsunami fow velocity at each damage
level and inundation depth with the variety of the tsunami
fow direction within the tsunami fow velocity boundary are
shown in Figure 12.Te analysis revealed that at damage level
1, damage in masonry inflled wall, only CW buildings were
damaged during the tsunami fow velocity range at an in-
undation depth of 0.50m, as shown in Figure 12(b). For
damage level 2, damage in structural members, both brick
wall buildings were damaged in the tsunami fow velocity
range at inundation depths of 1.50m to 2.50m for a fow
direction of 0°, at inundation depths of 1.25m to 2.50m for
a fow direction of 30° and 60° and at an inundation depth of
2.75meters for 90° fow directions as shown in Figures 12(c)
and 12(d). Furthermore, for damage level 3, building collapse,
both brick-walled buildings would collapse in the tsunami
fow velocity range at 2.75meters to 3.00meters of inundation
depth for 0° fow direction, at 2.50meters to 2.75meters of
inundation depth for 30° and 60° fow direction. For the fow
direction of 90°, as shown in Figures 12(e) and 12(f), the CW
buildings would be collapsed in the boundary of the tsunami
fow velocity at an inundation depth of 3.00meters, and the
hallow brick wall buildings would be collapsed at inundation
depths of 2.75m to 3.00m.

Considering the damage data under the uncertainty
variables, brick wall types, the tsunami fow velocity, and the
tsunami fow directions, the number of damage data for
levels 1, 2, and 3 using the Montecarlo Simulation method
were 69, 446, and 238, respectively. Te number of damage
data for all three damage levels in each inundation depth
used to develop fragility curves is shown in Table 5.

8. Fragility Curves Using the Maximum
Likelihood Method

In this study, fragility curves for each damage level were
developed using data from the building analysis data of two
masonry-inflled wall building models with the uncertainty
variables as a function of the inundation depth for each
damage level.Te development of the fragility curve took the
form of a lognormal distribution function of two parameters,
which consists of the median and the lognormal standard
deviation. Te maximum likelihood method would be used
to estimate the two parameters, as shown in equation (3),
and the fragile curve can be written as a lognormal function,
as in equation (4).

M 

Nh

k�1
F aNh

  
PNh,k 1 − F aNh

  
1− PNh,k

, (3)

F(a) � Φ
ln (a/α)

β
 , (4)

where aNh
� the k-th inundation depth. PNh,k � the cumu-

lative probability of building damage of the k-th Inundation
Depth. Φ(.) � the standardized normal distribution func-
tion. Nh � the total number of considered inundation
depths. α, β�median and lognormal standard deviation of
inundation depth in a unit of meter.
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Figure 10: Relationship of lateral resistance and roof deformation of hollow brick walls (HB) and clay brick walls (CB) for 90° fow
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Table 4: Failure mode and failure members of all fow direction cases.

Inundation depth (m)
Failure mode and failure members

0° 30° 60° 90°

Failure mode Member Failure mode Member Failure mode Member Failure mode Member
0.50
0.75
1.00

1.25 Shear CA2
CC2 Shear CB1

CB3 Shear
CA1
CA2
CA3

1.50 Shear CB2
1.75
2.00

2.25

Flexure

CA2
CC2

Flexure

CB1
CB3

2.50
2.75 Flexure CB2 CB2 CB2 Flexure CA2

CC23.00
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Figure 12: Damage data at each inundation depth within the tsunami fow velocity boundary. (a) DL1 with HW. (b) DL1 with CW. (c) DL2
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Te parameters α and β are calculated to determine the
optimization to maximize ln(M) values by taking the de-
rivative of ln(M) relative to α and βwith values equal to zero
as shown in the following equation:

d ln(M)

dα
�

d ln(M)

dβ
� 0. (5)

To calculate the parameters α and β of the fragility curves,
the researcher began by substituting the cumulative proba-
bilities of the damage data (PNh,k) and the inundation depth
(aNh

) in equation (4) to obtain the most suitable parameters,
in which the fragility curve for each damage was plotted using
the inundation depth (aNh

) value and both parameters.

Damage data for all damage levels taken into account
uncertainty variables were brought to create the fragility
curves for each damage level. Te tsunami fragility curve
parameters are expressed in Table 6. Te fragility curves for
all damage levels are shown in Figure 13(a). It was found that
at an inundation depth of water of 2.9m, the fragility curve
of damage level 2 overlapped damage level 3 because the
amount of damage data of both levels were inversely pro-
portional to the dispersion in each fow direction. Te
standard deviations for both damage levels will be equalized
to avoid the intersection, according to the proposed by
Shinozuka et al. [35]. Te parameters of the limiting stan-
dard deviations for all damage levels as shown in Table 6.Te
fragility curves for all damage levels that are limited to
standard deviations are shown in Figure 13(b). Te damage
level 1 has a probability of damage equal to 1 at an in-
undation depth of 0.75m. At higher damage levels, the
probability of damage was lower at the same water level,
where the inundation depth of 3m of damage level 2 and
inundation depth of 4.5m of damage level 3 was the in-
undation depth with a probability of damage of 1.

Figure 14 shows the comparison of the developed ana-
lytical fragility curves with the empirical fragility curves col-
lected from one-story building damage data from past tsunami
events in southern Tailand [11] of all damage levels. It was
found that at damage level 1, the fragility curves were similar.
In the beginning, the probabilities of empirical fragility curves
were slightly higher than those of analytical fragility curves at
the same inundation depth and intersection at 0.5m in-
undation depth in which after the point of intersection, the
analytical fragility curve has a higher probability than the

Table 6: Parameters of fragility curves for each damage level.

Types of
parameters

DL1 DL2 DL3
α β α β α β

Not limited β 0.482 1.087 1.768 1.299 0.589 1.064
Limited β 0.482 1.087 1.788 1.219 2.620 1.219
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Figure 14: A comparison of the analytical fragility curve with the
empirical fragility curve proposed by Foytong and Ruangrassamee
[11].
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Figure 13: Analytical fragility curve of the building. (a) All damage levels without limiting the standard deviation. (b) All damage levels by
limiting the standard deviation.
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empirical fragility curve. For damage level 2, the empirical
fragility curve had a higher probability value than the ana-
lytical one at the same inundation depth. For damage level 3,
the analytical fragility curve was signifcantly higher than the
empirical fragility curve at the same inundation depth.

9. Conclusions

Tis research analyzed the behavior and developed the
fragility curve of the generic one-story reinforced-concrete
building model, which is the typical residential construction
along the west coast of Tailand. In this study, the static
pushover analysis was adopted in order tomodel the efect of
tsunami force on the selected structures. For uncertainties,
diferent variables have been considered, including diferent
brick types of masonry-inflled walls, tsunami fow velocities,
and diferent tsunami fow directions. Some signifcant
observations could be listed as follows:

(1) Te analysis shows that out-of-plane damage in the
masonry-inflled wall is the frst damage state for all
analysis cases since the inundation of 0.50m because of
less capacity. Te future mechanisms are cracking and
failure in columns. Te lateral resistance of in-plane
masonry-inflled walls is much higher than that of
columns; therefore, the behaviors of a building model
with clay brick walls were slightly higher than that with
hollow brick walls; however, they were prettymuch the
same. Te tsunami fow directions signifcantly af-
fected the building model behavior because the fow
direction is the specifed parameter for the out-of-
plane failure in the masonry-inflled wall. Considering
the boundary of tsunami fow velocity, the failure
modes of columns are a shear failure for low in-
undation depth and a fexural failure at the inundation
depth of 1.25m for 0°, 30°, and 60° tsunami fow di-
rections and at the inundation depth of 2.50m for 90°
tsunami fow direction. Te analyzed building model
collapsed at the inundation depth of 2.50m for 0°, 30°,
and 60° tsunami fow directions and at the inundation
depth of 3.00m for 90° tsunami fow direction

(2) Te three damage fragility curves were generated
using the maximum likelihood method as a function
of inundation depth using damage data from two
brick wall models analyzed with the uncertainty
variables of the brick wall, the distribution of the fow
direction, and the tsunami fow velocity in the range
of 0.7

���
gh


to 2.0

���
gh


. Te damage in the secondary

members was occurred when the tsunami in-
undation depth was higher than 0.75meters. At the
tsunami inundation depth of about 1.80meters, the
probability of exceeding damage in the primary
member was 50 percent. Te building model col-
lapsed with a percentage of 50 at the inundation
depth of 2.70meters and indeed collapsed at the
inundation depth of 4.20meters.

(3) Te comparisons between analytical and empirical
fragility curves have also been discussed. Both
models estimated the damage probability for

residential buildings at damage level 1 obviously
occurred at an inundation depth of 0.5m. For
damage level 2, the damage ratio for both models can
be seen at inundation depth greater than 1.5m,
which emphasizes the vulnerability of these low-rise
structures along the coastline. It is interesting to note
that the damage probabilities for damage level 3 from
the analytical model are higher than that of the
empirical function (Inundation depth� 2m), which
might be due to the number of uncertainty variables
and collapse criteria in the analysis model.
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