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The implementation of adequate urban develop-
ment and measures systems against tsunami impact
in coastal communities is improved by understand-
ing damage probability among building structures.
Within the framework of the project Enhancement of
Earthquake and Tsunami Disaster Mitigation Tech-
nology in Peru (JST-JICA SATREPS), the authors an-
alyze the damage probability of building structures
due to tsunami impact in the Callao region of Peru.
Two different tsunami hazard scenarios are assumed
in assessing building damage probability. The first
tsunami scenario represents the worse-case scenario
of tsunami inundation that calculates the envelop of
maximum inundation depth and flow velocity values
from 12 probabilistic megathrust earthquake scenar-
ios for central Peru. The second tsunami scenario cor-
responds to a historical tsunami event in this region.
We apply a methodology for evaluating different lev-
els of building damage by combining tsunami numer-
ical results and tsunami fragility functions. Damage
probability was analyzed in detail on a single building
scale in the La Punta district. For the rest of Callao
region, analysis was performed on a block-unit scale.
Our results suggest that approximately 30% of sub-
merged building may be washed away by tsunami in-
undation in the probabilistic hazard scenario and ap-
proximately 60 % in the historical hazard scenario.

Keywords: damage probability assessment, tsunami
fragility function, tsunami inundation scenarios in central
Peru.

1. Introduction
In Peru’s modern seismic history, the three largest,

most recent earthquakes of considerable magnitude oc-
curred in the central coastal region of Peru in 1966
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(M,8.1), 1970 (M,,7.9), and 1974 (M,,8.1). Based on
the literature [1, 2], these events significantly structurally
damaged coastal infrastructures and took human lives. An
even more gigantic event, however, considered one of the
most catastrophic earthquakes and tsunamis disaster in
Peru’s history, occurred in 1746 (M,,8.6-M,,8.8) off the
central coast [3,4]. The study presented in [5] reported
that ground shaking and subsequent tsunami inundation
completely destroyed Callao port. In short, it has been
over 250 years since the last megaearthquake and 40 years
since the last significant seismic activity in this area. It is
thus clear that there has been an absence of earthquakes
and tsunamis of large or considerable magnitude in the
surroundings of the central Peru coast. Given the seismic
history of Callao region in Central Peru, it thus important
to take into account the high possibility of the occurrence
of a catastrophic seismic event accompanied by an enor-
mous tsunami.

The evaluation of building damages from tsunami im-
pact is used as a starting point for an effective tsunami
risk-reduction program [7]. Understanding damage prob-
ability among structures in vulnerable coastal areas may
improve the implementation of measure against tsunamis
and tsunami hazard planning. The authors estimate the
damage probability levels to buildings in the Callao re-
gion of central Peru. We conduct our analysis based on
two hazard scenarios. The first represents the worse-
case scenario for tsunami inundation that calculates the
envelop of maximum inundation values from 12 proba-
bilistic megathrust earthquake scenarios [8—10]. The sec-
ond scenario corresponds to the estimated source of the
1746 historical tsunami event [3]. To evaluate different
building damage levels, we introduce a novel methodol-
ogy by combining tsunami numerical results and empiri-
cal tsunami fragility functions.
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Fig. 1. (a) View of the study area. The red solid-polygon shows part of the area corresponding to the runway of the
International Airport Jorge Chavez. The red dashed line shows the projected development of airport facilities [6]. Photos 1-
4 show major urban features in the study area. Approximate photo locations are shown in (a).

2. Description of the Study Area

This study covers the central Peruvian coast corre-
sponding to the Callao region (Fig. 1(a)). Based on land
use, the study area is classified into three main sectors.

The first is located in the southern part of the study area
below 12°02/30” and corresponds to built-up urban areas.
This area is thus the most densely populated area in Callao
region (Photos 1-2 in Fig. 1). The La Punta district, an
small peninsula, is also located in this sector (Fig. 1(a)).

The second land use sector is between 12°01’00” and
12°02'30” and is mainly covered by agricultural fields
(Photo 3 in Fig. 1). Part of the International Airport Jorge
Chavez runway is located inside this sector, as shown by
the red solid polygon in Fig. 1(a). Note that a large area
in this sector is reserved for future expansion of airport
facilities [6], as shown by the red dashed line in Fig. 1(a).
There are also several urban communities placed along
the coastline.

The third sector is in the northern part of the study area
and is mainly occupied by large factories and, to the north,
by urban communities (Photo 4 in Fig. 1).

2.1. Building Dataset

This study uses two building dataset. A building-unit
scale dataset used for the La Punta district contains con-
tains information on the construction material type and
number of stories. A block-unit scale dataset constructed
by the Peruvian Institute of Statistic and Informatics
(INED) [11] is used for the rest of the study area. Each
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block-unit has information on the total number of build-
ings classified by construction material. In this study, both
dataset are integrated to form a uniform data file. Based
on the construction material, the INEI classified building
into six groups for the material used in building walls (Ta-
ble 1). Photo 1 in Fig. 1 shows an example of three types
of buildings, i.e., quincha wood, masonry, and reinforced
concrete (RC). The distribution of building type through-
out the study area is shown in Fig. 2, where it is to be
noted that most residential houses in the study area are
constructed of brick masonry. Buildings are reclassified
into three main groups as follows:

o Masonry: This type of construction uses brick walls
confined by vertical RC tie columns. Brick masonry
buildings are typically one or two stories (Photo 4 in
Fig. 1). Adobe masonry structures made from sun-
dried bricks are included in this group.

o Wood: This construction uses wood. A similar ma-
terial, called Quincha, consist of wood put together
with cane as a frame covered in mud. These are
traditional and older structures in the area, most be-
ing part of the cultural heritage. An example of this
housing type is shown in Photo 1 in Fig. 1.

e RC: This group basically uses RC wall or a RC frame
(column bean) as main structural component.

e Others: This group includes structures built using
only steel frames or combined with RC. Large fac-
tories and warehouses in the north part of the study
area predominate in this group.
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Table 1. Classification of construction material based on the
INEI [11] and equivalent classification used in this study.

INET’s classification ~ Material (in this study)
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Fig. 2. Building classification in the study area based on
construction material. (a) Material distribution based on the
INEI [11]. (b) Equivalent classification used in this study.

3. Tsunami Hazard Scenarios

Hazard scenarios used to assess damage probability
in Callao region are defined below. In previous studies,
tsunami hazards were presented represented by a set of in-
undation maps mainly calculated through numerical cal-
culations assuming a historical seismic event in the region
of interest as an earthquake source [12—16]. In the case of
Peru, previous studies evaluating tsunami vulnerability in
the study area have used either empirical equations or nu-
merical calculations to estimate tsunami hazards in terms
of maximum tsunami height [17,18]. Most recently,
within the framework of the Japan-Peru JICA-SATREPS
project, a more realistic tsunami hazard has been intro-
duced for the central region of the Peru coast [19]. Adri-
ano et. al [19] estimated a set of detailed inundation maps,
and evaluated potential human casualties due to tsunami
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flooding [20,21]. To evaluate the probability of building
damage, we define two different tsunami hazard scenar-
ios in this study in terms of maximum tsunami inundation
depth and flow velocity. The first tsunami hazard (Case 1)
scenario represents the worse-case scenario of tsunami
impact that calculates the envelop of maximum tsunami
inundation depth and flow velocity from 12 probabilis-
tic megathrust earthquake sources in central Peru [8—10].
The second tsunami hazard (Case 2) scenario corresponds
to numerical results for a historical tsunami event consid-
ered to have been one of the most catastrophic seismic
events in Peru’s history [3]. The tsunami hazard scenarios
are shown in Fig. 3.

Figure 3 shows the significant difference between haz-
ard scenarios, which is clearly observed by comparing
the inundation area in both cases (Figs. 3(a)-(b)). In the
case of inundation depth, Case 1 has areas approximately
8 m inundation depth that are mostly concentrated in the
northern sector of the study area, and areas up to 6 m in-
undation depth in the southern sector where most urban
areas are largely located.

Conversely, Case 2 inundation depth values are almost
twice the height of those in Case 1. Case 2 has 16 m depth
in the northern sector and 12 m depth in the southern sec-
tor.

Regarding tsunami flow velocity, both case scenarios
reach values approximately over 9 m/s. It is also clear,
however, that Case 2 presents more areas where flow
velocity is higher than Case 1 presents (Figs. 3(c)-(d)).
These areas are mostly concentrated in the center of the
study area and are mainly covered by agricultural fields.
An important fact in both scenarios is that the tsunami
flood reaches part of the area destined for future expan-
sion of the International Airport Jorge Chavez [6]. The
flooded area in Case 2 also extents to part of the actual
runway zone of the international airport (Figs. 3(b) and

(d)).

4. Tsunami Vulnerability Assessment

The 2011 Tohoku tsunami disaster demonstrated the
destructive power of tsunami inundation features in
coastal infrastructures [22-25]. Recent studies have
demonstrated that damage to coastal structures follows
a dynamic component that depends on a number of pa-
rameters. The Papathoma Tsunami Vulnerability Assess-
ment (PTVA) model, for example, was developed to as-
sess building vulnerability to tsunami impact, and consid-
ers the coastal setting for identifying and ranking a se-
ries of attributes such as building use, construction mate-
rial, and spatial location, for estimating tsunami damage
to buildings [12,26,27]. In another approach, the work
presented in [28], which uses a large database of building
damage from the 2011 Japan tsunami, identifies a set of
variables, i.e., inundation depth, structural material, and
building function, that may be correlated with the level of
building damage.
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Fig. 3. Maximum tsunami inundation depth and flow velocity for the first ((a) and (c)) and the second ((b) and (d)) tsunami hazard
scenario. (a) and (b) Maximum tsunami inundation depth. (c) and (d) Maximum tsunami flow velocity.

Table 2. Classification levels of building damage used in this study, categorized by MLIT. The illustrations
were obtained and modified from [28].

Damage

Description

Condition

Illustration

Minor

Moderate

Major

Complete

Collapse

Whaled away

No significant structural or
non-structural damages

Slight damages to
structural components

non-

Significant damages to some
walls but no damages in
columns

Significant damages to several
walls (more that half of wall
density) and several columns

Destructive damage to walls
and some columns

Washed away, only foundation
remained, total overturned

Possible to be use immedi-
ately

Possible to be use after
moderate reparations

Possible to be use after
complete reparations and
retrofitting

Possible to be use after ma-
jor reparations

Lost of functionality. Non-
repairable or great cost of
retrofitting

Non-repairable, requires
total reconstruction
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Fig. 4. Tsunami fragility curves based on structural material and damage levels. (a) RC, (b) masonry, (c) wood and

(d) mixed-material buildings.

4.1. Application of Tsunami Fragility Functions

Tsunami fragility functions define the probability of
structural damage due to tsunami inundation features,
e.g., inundation depth and flow velocity, and are assumed
to be cumulative probability P of damage occurrence

(Eq. (1))

P(x)sz[lnx_“/} W

G/
where @ is lognormal distribution function, x is inunda-
tion depth, u’ and ¢’ are mean and standard deviation of
Inx. Statistic parameters of fragility function (¢’ and ¢”)
are obtained by plotting Inx and the inverse of ®~! in
lognormal probability papers, and least-square-fitting this
plot [29, 30].

Currently, several curves have been developed follow-
ing major tsunami disasters for different site conditions.
In the case of the Indian Ocean tsunami of 2004, for
instance, fragility functions were developed for Banda
Aceh, Indonesia [30], and Phang Nga, Thailand for RC
buildings [31]. Following the 2010 Chilean tsunami in
Dichato, Chile, for mixed material structures [32]. Af-
ter the 2011 Tohoku tsunami with much more detail sur-
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veyed data [33-35]. Considering the engineering features
of building and site conditions, tsunami fragility func-
tions are used to evaluate the damage probability of build-
ings using different tsunami hazard scenarios. Pioneering
applications of tsunami fragility functions, in combina-
tion with numerical models, were presented at [36,37].
These studies presented a preliminary straightforward-
application of tsunami fragility for evaluating the dam-
age probability of buildings within the inundated zone.
Furthermore, Adriano et. al [38] extended and presented
two different approaches for evaluating the probability of
building damage using tsunami fragility curves.

In order to estimate the probability of building damage,
we use tsunami fragility functions constructed by [34].
Suppasri et. al [34] used over 250,000 structures surveyed
from Chiba to Aomori by the Ministry of Land, Infras-
tructure, Transport and Tourism (MLIT) of Japan. Spe-
cific curves were constructed based on the damage level,
construction material, and number of stories. The six lev-
els of damage to buildings adopted in [34], defined by
the MLIT, are also used in this study. These levels and
their descriptions are presented in Table 2. The proba-
bility of building damage is based on the four construc-
tion materials shown in Table 1. Fig. 4 shows the set of

Journal of Disaster Research Vol.9 No.6, 2014
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Table 3. Parameters for construction of tsunami fragility functions used in this study, according to [34].

RC Masonry Wood Others
'u/ o’ 'u/ o’ 'u/ o’ 'u/ o’
Minor -1.9636  1.0966 -2.1130 1.3362 -2.1216 1.2261 -2.4562 1.4874
Moderate -0.9723  1.0600 -1.1573 1.0400 -0.9338 09144 -1.1373 1.1150
Major 0.1577  0.7090 0.1059 0.7693 -0.0400 0.7276 -0.0756  0.8277
Complete 09423  0.7522 09043 0.5746 0.6721 0.4985 0.5316  0.6235
Collapse 1.9381 1.0120 1.1918 0.6821 0.7825 0.5559 0.8336  0.6077
Washed away  2.8232  0.9635 1.6583 0.6913 12094 0.5247 12244 0.5723

fragility functions for different structural materials. These
functions give a maximum classification of damage prob-
ability based on tsunami inundation depth. Note that RC
structures have better performance than wood or masonry
buildings. The parameter to construct the fragility curves
are presented in Table 3.

4.2. Building Damage Estimation

We describe the methodology used to evaluate damage
probability for buildings based on the damage level de-
fined in Table 2. It is important to point out, however,
that construction quality and building standards in central
Peru are basically different from those in Japan, so the
same load conditions may generate differences in build-
ing performance. Curves used in this study also include
the contribution of ground shaking in the final damage
stage. Nevertheless, considering the large database using
in [34], recent fragility curves developed from the 2011
Tohoku event are the most appropriate to be applied in
our study.

In a quantitative macroscale estimation of damage, the
number of submerged buildings is first counted by using
an analysis interval of 0.5 m for the inundation depth.
Second, using a representative inundation value for each
interval (mean value), the damage probability is estimated
using respective fragility curves for individual construc-
tion material types. Third, the probable number of dam-
age buildings in each interval for different construction
materials is calculated by multiplying the number of sub-
merged buildings by the probability damage or ratio of
buildings damaged within the interval. Fourth, based on
threshold values for building damage presented in [39],
which are based on the material type and tsunami flow
velocity acting on each structure, a realistic number of af-
fected buildings is estimated for each damage level at each
interval of inundation depth. Fifth, the probable damage
level for each building structure and block-unit is assigned
to the higher level of estimated damage for each structure.

4.3. Tsunami Vulnerability Mapping

Table 4 lists the total number and the percentage of
probable affected buildings for the six modeled damage
levels in each case scenario. The total number of sub-
merged buildings are 1,753 and 2,114 for the Case 1 and
the Case 2, respectively. In the Case 1, the percentage of
washed away and survivor buildings are almost similar.
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Table 4. Total number and percentage of probable damaged
building for each damage level in the two hazard scenarios.

Case 1 Case 2

# Build. % # Build. %
Washed away 569 325 1315 62.2
Collapse 254 14.5 257 12.2
Complete 142 8.1 128 6.1
Major 124 7.1 63 3.0
Moderate 28 1.6 16 0.8
Minor 2 0.1 0 0.0
Survivor 634 36.2 335 15.8

In the Case 2 the percentage of washed away buildings
(> 60%) are significantly greater than the other damage
levels. Comparing both cases, the percentage of washed
away building is greater than the other damages levels.

Figure 5 shows the distribution of building damage for
each hazard scenario. The extent of the inundation area
is shown by the solid red line. Based on Fig. 5, build-
ings of the washed away level are largely concentrated in
the central and northern sectors of the study area. Fig. 6
shows the distribution of building damage in the La Punta
district for each hazard scenario. Case 1 shows that the
washed away state of damage probability is mostly con-
centrated in the surroundings of the district (Fig. 6(a)). In
Case 2, washed away buildings are found throughout the
whole district (Fig. 6(b)). An important point is regard-
ing the designed evacuation building in this district, there
are 19 buildings designed for vertical evacuation in case
of tsunami [40], as shown by the white circle in Fig. 6. In
Case 1, there are 3 buildings that present a washed away
state of damage probability and 2 that present a complete
or major state of damage probability. In Case 2, 6 build-
ings present a washed away state of damage probability
and 2 present a collapsed and complete state of damage
probability.

5. Conclusions

In this paper, we have presented an estimation of build-
ing damage for the Callao region of Peru based on tsunami
fragility curves and tsunami numerical simulation. The
damage level to buildings was estimated based on the con-
struction material type. This study presents the first time
that tsunami fragility curves were applied to the Callao
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Fig. 5. Building damage assessment maps. (a) and (b)

shows the probable damage level for the first and the sec-
ond scenario. The solid solid red line shows the inundation
limit of each scenario.

region for estimating the damage level to structures. We
used the six states of damage probability defined by the
MLIT. Two tsunami hazard scenarios were assumed in
assessing the damage probability of buildings. The first
tsunami scenario represents the worse-case scenario of
tsunami inundation that calculates the envelop of max-
imum inundation depth and flow velocity values from
12 probabilistic megathrust earthquake scenarios in cen-
tral Peru. The second tsunami scenario corresponds to
a historical tsunami event in this region. We provided a
methodology for applying fragility curves for estimating
building damage on a community scale.

Damage probability results show that in the case of the
probabilistic hazard scenario, approximately 30% of all
buildings in the inundation area may be washed away. In
the case of the historical hazard scenario, however, over
60% of submerged buildings had a washed away state of
damage probability.

Vulnerability maps are presented in this paper to sup-
port building damage assessment and land use planning in
the study area.
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