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Abstract. On 27 February 2010, a megathrust earthquakel Introduction

of M =8.8 generated a destructive tsunami in Chile. It

struck not only Chilean coast but propagated all the way

to Japan. After the event occurred, the post-tsunami surve)The largest earthquake in history was the 1960 Chile earth-
team was assembled, funded by the Japan Science and Tecii#ake and tsunami. Following the north edge of this rup-
nology Agency (JST), to survey the area severely affected byure area, on 27 February 2010 a megathrust earthquake of
the tsunami. The tsunami damaged and destroyed numerodd = 8.8 occurred. The earthquake generated a destructive
houses, especially in the town of Dichato. In order to estimatdsunamiin Chile and the whole Pacific. It was the third largest
the structural fragility against tsunami hazard in this area,arthquake in the 21st century and eighth in the recorded his-
tsunami fragility curves were developed. Surveyed data off0rY; it is also known as the Maule Earthquake. The ruptured
inundation depth and visual inspection of satellite images ofaréa was of nearly 450km, extending from southern San-
Dichato were used to classify the damage to housing. A praCtiago in the north to the Arauco Peninsula in the southern
tical method suitable when there are limitations on availablearea of the city of Concepmn. This earthquake was an inter-
data for numerical simulation or damage evaluation from sur-Plate mega-subduction event with a pure reverse mechanism
veys is presented here. This study is the first application ofPulido et al, 2010. The earthquake triggered a tsunami,
tsunami fragility curves on the South American Pacific coastand around thirty minutes after the first shock, several waves
and it might be of practical use for communities with simi- hit the coast. After the event occurred, the post-tsunami sur-
lar characteristics along the west Pacific coast. The propose¥ey team was assembled, funded by the Japan Science and
curve suggests that structures in Dichato will be severelyféchnology Agency (JST), to survey the area severely af-

damaged — with a 68 % probability — already at 2 m tsunamifécted by the tsunami. The tsunami damaged and destroyed
inundation depth. numerous houses, especially in the town of Dichato. As in

previous events, in order to estimate the structural fragility
against tsunami hazard in the area, tsunami fragility curves
were developed. Tsunami fragility is a new measure for the
estimation of structural damage and fatalities due to tsunami
by integrating satellite remote sensing, field survey, numer-
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2 E. Mas et al.: Tsunami fragility curves — Chile

Fig. 1. Dichato is located in the Coliumo Bay of thédBio region ~ Fig. 2. Location of the ten-story apartment buildings and
in Chile, around 80 km south of the epicenter. surrounding houses.

ical modeling, and historical data analysis with the geo_The numbers of fatalities and missing persons were reported
graphic information system (GISKoshimura et a.2009.  as 66 persons. According to the Dichato-emergency of-
The term “tsunami fragility” was introduced Hgoshimura ~ fice, 405families were living in camps still after one month
et al. (20098, and so was its determination by numerical from the earthquake. A total of 1223 families were affected
method Koshimura and Yanagisaw2007 Koshimuraetal.  ©n their propertiesKoshimura et al.201]). The tsunami
20093. A fragility curve is developed here for the area of Penetrated as far as 800m, and in some areas of Coliumo
Dichato in Chile. This town was reported to be affected onBay, measures were of approximately 2.2 km inundation and
more than 80 % of its built-up areXgmazaki et al.2010.  an estimated maximum water depth of 6 m in the to8ray

A brief report of the post-tsunami survey and damages toand Frost2010. According to witnesses, the first wave ar-
Dichato is presented. This paper describes several methodived within an hour after the earthquake, followed by a sec-
ologies for developing tsunami fragility curves, including the ond and third set of waves in the next five hours. The most
method applied in the case of Dichato. Damage interpretadestructive wave was the second or third wave, depending
tion using remote Sensing and satellite images is exp|ained_)n the location in the bay The characteristics of houses in
Then, the main calculation and the proposed frag|||ty CurveDiChatO were mixed, some made of masonry in the first floor
are shown. Finally, we make a comparison and discussion ond wooden in the second floor, others of lightweight mate-

previous tsunami fragility curves developed in other areas. fial such as wood and corrugated metal. Only two ten-story
buildings on the west side of the town and no more than

150 m from the shoreline are reinforced concrete and engi-

2 Post-tsunami field survey neered apartment buildings (see Flg.There were no struc-
tural damages despite that the first floor and the basement
2.1 Dichato were inundated and submerged under waves of around 3 m

height. Also behind these buildings several houses starting
Dichato is one of the |argeSt towns in Coliumo Ba.y, located ata short S|ope to the hill were apparenﬂy protected from the
the south end of the bay (see Flg. It belongs to the munic-  ave force by these two buildings and the slope.
ipality of Tomé and holds approximately 3000 inhabitants.
Dichato was a very popular beach area, and in the past also a
camping area suitable for water sports and recreation. It wa8 Developing tsunami fragility curves
reported that more than 80% of the built-up area suffered

from the tsunami. According toKoshimura et al(20093, “tsunami fragility”
was introduced as a new measure for the estimation of
2.1.1 Damages tsunami damage to buildings. The probability of structural

damage is estimated from the hydrodynamic features of
The tsunami arrived in this area around one hour after thesunami Velocity, hydrodynamic force, inundation flow
earthquake. Most of the resident population was alreadyand inundation depth are some of the parameters used by
evacuated to nearby highland areas, however tourists angrevious research studies to express the tsunami fragility
some elders overestimated the sea because of their lack @i fatality ratio. Tsunami fragility curves have been devel-
knowledge or previous experience of 1960 Chile tsunami.oped so far in response to the Indian Ocean tsunami of 2004
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(Koshimura and Yanagisaw007 Suppasri et al.2011,
Murao and Nakazatd2010, the Samoan tsunami of 2009
(Gokon et al. 2011, the historic tsunami caused by the
1993 Hokkaido Nansei-oki earthquake in Okushiri, Japan
(Koshimura and Kayab&01Q Suppasri et al.20123, and
recently after the 2011 Great East Japan Earthquake-(
pasri et al.2012h. However, architecture and engineering of
these countries are of different characteristics from the ones
applied in the southwestern Pacific coast. From the field sur-
vey of the great event of 2010 in Chile and the damage recog-
nition through satellite images, a first proposal of a tsunami
fragility curve for a high risk area such as the Peruvian and
Chilean coasts is presented here. Three methods are origi
nally described byoshimura et al. (20093 and Suppasri
et al.(2011). In this study we briefly describe the three orig- o ) .
inal methods plus a fourth approach resulting from the prac_Fl_g. 3. Sat_elllte image taken before the tsunami event in
tical combination of the last two methods. Dichato (Chile) — 10 February 2010.

3.1 Tsunami fragility from historical data o ) i
case. Classification according to the damage observed in

Koshimura et al(20093 developed tsunami fragility curves structural members of the building is possible, instead of an
based on the historical data and records of building damagéVverall interpretation of the damage. For instarféeytong

in Japan. Japan is one of the nations with a long history 0f(2007) and Ruangrassamee et 2006 also evaluated the
event records, especially in the case of tsunamis. The dat@ffects of tsunamis on buildings categorized according to the
used byKoshimura et al(20093 included post-tsunami sur- number of stories. Their findings showed a strong relation-
veys, documents and reports of tsunami height and inundaship between fragility curves and the capacity of buildings
tion depths for the 1896 Meiji-Sanriku, 1933 Showa-Sanriku, related to the number of stories.

and 1960 Chile tsunamis. There are several approaches for ) - i )

damage classification according to the quality of data avail-3-4 Tsunami fragility determined from satellite remote
able. The structural damage classification used for this case ~ S€nsing and field surveys

in the Okushiri Island was: washed away, completely de-

stroyed, moderately damaged, and only flooded. As a combination of the last two methods described above,

this approach can be conducted when:

3.2 Tsunami fragility determined from satellite remote

: i . — the field survey data do not include building damage in-
sensing and numerical modeling

spection, or

High-resolution satellite imagery is used for damage detec-
tion through visual interpretation and classification. Then,
the numerical simulation of the tsunami, using high-
resolution bathymetry and topography data, is used as theor this case, the data of several points of inundation depth
method to obtain the hydrodynamic features of the tsunamimeasured during the field survey are interpolated using geo-
The combination of these two steps defines the relationshigyraphic information system (GIS) tools. The building dam-
between damage probability and characteristics of tsunamage classification is considered in two levels, the washed
inundation. Due to difficulties in the accurate interpretation away or collapsed level and the survived or non-damaged
of damage during the visual inspection of roof condition, a condition. The resulting interpolated surface is combined
limitation on the damage classification is observed in thiswith the damage interpretation to define the relationship be-
method. Thus, the classification of structural damage is limtween inundation depth and damage probability.

ited to two levels, the washed away or collapsed level and the

no damage or survived condition.

— the available data for numerical modeling are not of
high-resolution accuracy.

4 Developing Tsunami fragility curves for Dichato
3.3 Tsunami fragility determined from damage
inspection during field surveys 4.1 Collecting data and damage interpretation

A survey databaseFpytong 2007 Ruangrassamee et al. Remote sensing is used for the classification of tsunami
2006 is used to construct fragility curves. The levels for damage by taking advantage of satellite images. The ad-
structural damage classification can be more specific in thiwantage of using satellite images for damage interpretation
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Table 1. Comparison of interpolation methods.

Method Min. Value Max. Value R?
Kriging 0.000 4,762 0.848
Natural Neighbor 0.000 5.410 0.911
Spline —10.704 28.592 0.809

lated (see Figh5d). Among the popular and available meth-
ods of interpolation, we explored three common methods:
Kriging, Natural Neighbor and Spline. Next, we selected the
one with the highest correlation to the surveyed data as the
most suitable for the fragility curve estimation. A total of
81 points, 56 within the inundation area and 21 in the inun-
Fig. 4. Satellite image taken after the tsunami event in gation limit, were interpolated using the three methods men-
Dichato (Chile) — 10 March 2010. tioned above (see Fif).
Results of the correlation of interpolated values at the loca-
tion of the survey data versus the measured inundation depth
is the capability of understanding structural damage visu-are shown in Fig7 and Tablel. Also minimum values and
ally. Satellite images taken before — QuickBird — and aftermaximum values in the interpolation method were used as
— WorldView-2 — the tsunami event were used for the vi- an indicator to reject the applicability of the method. In gen-
sual damage inspection. The pre-event image (see3fig. eral, the appearance of non-real values — negative inundation
was acquired on 10 February 2010, while the post-event imdepth or very large depth values compared to the surveyed
age (see Fig4) corresponds to 10 March 2010. The spa- maximum depth —is considered as the criterion for rejection.
tial resolutions of the pre-event image and post-event imagd herefore, from Tablé, the Spline method is rejected due to
are 0.6x 0.6 ? and 2.0x 2.0 n¥, respectively. Higher res- the negative and extremely large value estimations, despite
olution for a post-event image allows a finer interpretation.the good correlation in the location of survey points. On the
For instanceGokon et al.(2011) used four damage levels, other hand, Kriging and Natural Neighbor methods seem to
“not collapsed”, “major damage”, “collapsed” and “washed be appropriate for the further estimation of fragility curves.
away” and a post-image of®x 0.6 n? to construct fragility =~ However, it is important to consider that the maximum value
curves. In our case, the resolution of the available image obf the interpolation should be close to the maximum inunda-
Dichato is not as fine as the images usedGnkon et al.  tion depth found during the survey. In Dichato, we found that
(201)) in such a visual interpretation. Then we followed the the maximum height of tsunamis was estimated at six meters.
approach taken b$uppasri et al(2011), who analyzed an  Thus, Natural Neighbor gives a higher maximum value close
IKONOS satellite image of .D x 1.0 ¥ resolution into two  to the maximum inundation depth of the survey and also the
levels of classification. Thus, in this study the damage clasbest correlation with survey data points. It is worth notic-
sification was limited to the structural destruction or failure ing that not always this method will give the best correlation
by the interpretation of roof condition or drifted structures and values; it is important to compare different interpolation
without considering the impact of debris. Classification la- methods in order to use the best of them. This is because
bels are “washed away” and “survived”. Due to the limi- future surveys in other locations will show different spatial
tations of the visual inspection from satellite images, somedistributions of depths from the one explored here.
“survived” structures may have some level of damage that Finally, in this study the Natural Neighbor method of in-
was not possible to identify through the remote sensing techterpolation was selected as the suitable technique for the es-
nique. timation of the fragility curve. The limitation of this method
As a first step of the method to develop fragility curves, is bound by the available survey data points and its spatial
polygons of structures are created over the pre-event imdistribution with respect to the inundation limit. That is, if
age. Also inundation depth and the run-up limit line obtainedno points were surveyed around a damaged area, the interpo-
from field survey are drawn to confine the interpretation tolation might give an underestimation of inundation depth in
the affected area (see Fifa, b). Next, a visual interpreta- the area. For example, it is observed in Figthat the survey
tion of damage is conducted using the post-event image; eactiata around the southeast area of Dichato are not as fine as
polygon is classified either as “washed away” (red) or “sur-near to the shoreline. Then, although in the damage inspec-
vived” (blue) by simple comparison of pre- and post-eventtion we found certain “survived” and “washed away” classifi-
images (see Fidc). Finally, inundation depth point data and cations (see Fighc), the interpolation method does not allow
points of inundated area boundaries are merged and interpde observe significant inundation depths near the run-up zone
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Damage inspection

e SUrvived
mm Washed away

Fig. 5. (a) The line shows the maximum limit of tsunami inundation in Dichdk). The points show the locations and inundation depth
values estimated during the field survég) The polygons show the result of the damage visual inspection based on the comparison of pre-
and post-event images. Damage classification is either "survived” or “washed gajpyhe surface shows the result of the interpolation of

the survey data within the inundated area.

due to the lack of survey points (see Fagl). Therefore, the relationship of damage probability and inundation depth is
analysis of the fragility curve is constructed for structures explored through a linear regression analysis.

subject to more than 0.10 m of inundation depth, avoiding The cumulative probability P of occurrence of damage is
structures near the high uncertainty area. given by Eq. 0):

|nx—pf:|

P(r) = @[ : 1)
o

4.2 Fragility curves
In this equation,® represents the standardized lognormal
From the visual inspection of 915 buildings based on thedistribution function,x stands for the tsunami inundation
damage classification described, a histogram of tsunami indepth, ang.’ ando’ are the mean and standard deviations of
undation depth and the number of washed-away buildingdnx, respectively. The two statistical parameters of a fragility
was plotted (see Fig8). The inundation depth in the his- curve,u’ ands’, are obtained by plotting Inx against the in-
togram plot is determined by taking the median value within verse of® on lognormal probability papers, and performing
a range that includes approximately 50 structures. Then, théeast-squares fitting of this plot. Finally, two parameters are

www.nat-hazards-earth-syst-sci.net/12/1/2012/ Nat. Hazards Earth Syst. Sci., 12912012
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Fig. 6. Three interpolation methods for the point survey data were (agKriging method;(b) Natural Neighbor method¢) Spline method.
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60 5 Discussion

mWashed away

Previous tsunami damage interpretations and fragility curves
developed for Japan, Indonesia, Thailand and the American
Samoa are summarized and compared to the recently de-
veloped fragility curve for Chile (Tabl@). In the case of
the damage probability estimation for Japan, Thailand and
Indonesia, fragility curves were developed using numerical
simulations of the tsunamis. Through this mean, several fea-
Fig. 8. Histogram of the numbers of washed-away and survivedtyres of a tsunami can be used in the statistical approach ex-
§tructur_es in terms of i_nundati_on depth range_within th_e tsunamip|ained before. Then, it is possible to obtain damage proba-
|nun_dat|0n zone. Ea_ch inundation de_pth range is determined by exbility functions related not only to the inundation depth but
ploring a range that includes approximately 50 structures. also the velocity and hydrodynamic force of the tsunami.
In this paper, due to the nature of the available data from
the field survey, only inundation depth has been used. Thus,
for the comparative analysis of fragility curves, we will use
the ones related to the inundation depth. A two-meter (2 m)
inundation depth is taken as a reference level for compari-
2) son among the existing and the proposed tsunami fragility
curves. In the case of Chile — Dichato (see Eij, the 2m
Parameters are determined throughout the regression analirundation depth estimates around 68 % probability of dam-
sis to obtain the best fit of a fragility curve for the inspected ages in buildings of the area. A similar estimation is ob-
structures with respect to the inundation depth (see Table served for Okushiri — Aonae (see Figa). It is worth to
and Fig.9f). mention that a large number of structures in these samples

obtained by taking the intercept(u’) and the angular coef-
ficient (=0’) in Eq. @):

Inx=c'® 1+
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Table 2. Summary of statistical parameters for developed fragility curves (modified$ugppasri et al20123. The parameterg ando are
the mean and standard deviations of the normal distribution, whied o’ are similar parameters in a standardized lognormal distribution.

No. of No. of Fragility curve
Event (Year) Location Country  Structure type structures structures in -~ o w o’ R2 ?Fi Y 9)
inspected range 9-
Nansei Hokkaido (1993)  Okushiri Is. — Aonae  Japan Wood 523 50 - - 0.216 0.736 0.82 a.
Indian Ocean (2004) Banda Aceh Indonesiawooc:.\’,gmber' 48910 1.000 2985 1117 - - 0.99 b.
Indian Ocean (2004)  Phang Nga Thailand cEr?éT;?;C(eF?C) 3.007 100 - - 0.689 0903 0.80 c.
Indian Ocean (2004) Phuket Thailand RC 1.589 50 - - 0.917 0.642 0.62 d.
Samoa (2009) American Samoa USA RC 344 20 - - 1.170 0.691 0.89 e.
Wood
Chile (2010) Dichato Chile Masonry, 915 50 - - 0.092 1.272 0.86 f.
mixed
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Fig. 9. Tsunami fragility curves for structural destruction probability previously developed for other locations on the(g)obegpan;
(b) Indonesiafc), (d) Thailand;(e) American Samoa — USA() Chile.

were of wooden material. On the other hand, reinforced conings against tsunami characteristics. Fragility curves devel-
crete (RC) structures around Indonesia, Thailand and th@ped so far by several authors have been estimated using the
American Samoa (see Figb, c, d, e) show lower damage same statistical approach. However, due to the nature of the
probabilities of 20 % to 40 % of the estimation. There is a available data, different methods were applied. In this study,
rapid increase of damage probability in the first two meterswe presented a practical method to overcome limitations ob-
of depth (0-2m) in Dichato and Okushiri. This is due to served in areas without damage evaluation data from field
the structure type of wooden and lightweight materials in-surveys or topographic and bathymetric data for numerical
spected, which have a short time resistance to the tsunansimulation.

hydrodynamic flow. Not so steep and more skewed curves

like the ones from Indonesia and the American Samoa show

a comparatively higher strength of reinforced concrete build-
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