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ABSTRACT

In this study, the structural fragility of a bridge structure due to a tsunami wave load is evaluated, quantitatively
analyzing the damage data of bridge structures due to the 2004 Tsunami in Sri Lanka and in Indonesia, which are
on basis of 58 data on Sri Lanka and 17 data on Sumatra. By the formulation of a fragility curve of a bridge struc-
ture from statistical analysis of the data, the structural fragility of a bridge structure due to a tsunami wave load,
which describes the relation between the tsunami damage classification of a bridge structure and a tsunami wave
load such as inundation depth and inundation height, is revealed.

1. INTRODUCTION

A giant earthquake of M 9.1, whose hypocenter was located
far off the northern part of Sumatra island in Indonesia, occurred
on December 26th, 2004 (UTC 00:58:53) (USGS, 2007). The
tsunami induced by the earthquake caused catastrophic damage in
countries surrounding the Indian Ocean such as Indonesia, Sri
Lanka, Thai, India, Malaysia, and Myanmar. The main reason for
the damage is that as well as masonry and wooden houses neces-
sary for the dairy life of inhabitants being severely affected by
tsunami wave loads, infrastructure such as transportation facilities,
electricity power supply systems, and water treatments were also
affected structurally and functionally. For instance, along the east,
south, and southwest coastline of Sri Lanka of a total about 1,000
km, and along the northwest coastline of Sumatra of more than 250
km, road infrastructure was affected by the tsunami, and various
damage patterns, which are classified into washout and movement
of a superstructure, minor damage, and scouring and erosion of soil
embankments around abutments, were observed dependent on the
tsunami wave height.

Such infrastructure systems play a crucial role for the stake-
holders involved in a tsunami disaster in responding at the stage of
crisis management even after an event as well as in reconstruction
and rehabilitation management; it is important to use road infra-
structure for the evacuation of inhabitants and first-aid for wound-
ed persons, for transportation of emergency materials to affected
areas, and for dispatch of associated expertise at the above stages.
In consideration of the high risk associated with a tsunami disaster
in Japan that is feared with the anticipated Tokai, Tohnankai, and
Nankai Earthquake, the development of a framework of tsunami
risk assessment for infrastructure is significantly required.

Many valuable studies on the fragility evaluation of a structure
due to a tsunami have been conducted mainly in the field of seis-
mology as well as and coastal and hydraulic engineering. Among

these, Hatori (1984) clarified the relation between the damage per-
centage of a wooden house with an inundation height on the basis
of previous tsunami damage data such as the 1933 Sunriku and the
1960 Chile Tsunamis, and Shuto (1993) first introduced the tsuna-
mi fragility curve of a wooden house based on analysis of the
results by Hatori (1984). Matsutomi and Shuto (1994) analyzed
the relation between the damage level of a reinforced concrete
(RC) house, a concrete bloc house, and a wooden house with an
inundation height from assessment of tsunami damage data of the
1993 Hokkaido-Nanseioki Earthquake. From the viewpoint of
evaluation of tsunami wave velocity, which is the other important
index of a tsunami wave load, Matsutomi and lizuka (1998) theo-
retically formulated equations to evaluate tsunami wave velocity
on basis of the results of their hydraulic experiments. In addition,
from the viewpoint of evaluation of tsunami wave force on a struc-
ture, Matsutomi and Oomukai (1999) evaluated the drag force act-
ing on a house on the basis of a series of hydraulic experiments.
Mizutani and Imamura (2000) showed a framework of evaluation
of tsunami wave pressure on an inclined structure such as a shore
protection structure, and Asakura et al. (2000) proposed a model to
describe tsunami wave pressure on a structure when a tsunami runs
up across a shore protection structure. Furthermore, experimental
and numerical studies were conducted to clarify the hydrodynamic
force acting on a house in groups of houses due to flood- or tsuna-
mi- induced flow (Fukuoka et al., 1997, lizuka and Matsutomi,
2000). However, these researchers dealt with tsunami wave loads
affecting houses and costal infrastructure such as a shore protection
structure, whereas there is insufficient research dealing with tsuna-
mi damage to road infrastructure, although results on the basis of a
field survey of road structures in Indonesia and in Sri Lanka were
promptly reported even after the 2004 Tsunami in the Indian Ocean
(e.g., lemura et al., 2005, Unjho et al., 2005, Shoji and Mori, 2006,
Kosa et al., 2006).

For the reason above, in this study, the structural fragility of a
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bridge structure due to a tsunami wave load is evaluated, quantita-
tively analyzing the damage data of bridge structures due to the
2004 Tsunami in Sri Lanka and in Indonesia, on the basis of 58
data on Sri Lanka and 17 data on Sumatra. From the statistical
analysis, the relation between the probability of tsunami damage to
a bridge structure to a tsunami wave load such as the inundation
depth and the inundation height is revealed.

2. FRAGILITY CURVE

Failure probability P, of a bridge structure due to a tsunami is
derived as probability P (C <R) so that the response of a bridge due
to a tsunami R (bridge response) becomes equal to and larger than
the resistance of a bridge against a tsunami C (bridge resistance) as
follows:

Pf=P(CSR)=P(X=%Sl‘O) (1)

where R is the function R (r,, ¢,) of median r,, and coefficient of
variation 0, of the bridge response, and C is the function of C (¢,
0 o) of median ¢, and coefficient of variation o . of the bridge resis-
tance. X is the random variable to present the ratio of bridge resis-
tance C to bridge response R, and then X is assumed to be logarith-
mic normal distribution. Hence, probability density function f,
associated with X is derived as follows:
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where ¢ is the logarithmic standard deviation:

E=\In(1+8)(1+87)

From Eq. (1) and Eq. (2), failure probability P, of a bridge
structure due to a tsunami is derived as probability distribution
function F, of f; as follows:
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Now, the variable transformation associated with X is per-
formed as the following Eq. (4), and random variable Z is newly
defined as a parameter in order to calibrate the dimension of X by
multiplying X by median r,, of bridge response R and to make Z the
same dimension as C:

C
Z=X-r =—- 4
TR @

Substituting Eq. (4) for Eq. (3), failure probability P, of a bridge
structure due to a tsunami is derived as the function of C:

2
P =F,(1,)= f;m@;.&exp{—%[%) }dz 5)

By the modification of Eq. (5), the damage probability of a
bridge structure in relation to a tsunami wave load will be modeled
mathematically as a fragility curve as shown in the following chap-
ter.

3. TSUNAMI FRAGILITY ASSESSMENT OF A
BRIDGE STRUCTURE

3.1 SUBJECT DATA
(1) DAMAGE DATA OF BRIDGE STRUCTURES IN SRI
LANKA

Subject data used for fragility analysis are the damage data of
bridge structures collected in Sri Lanka by Shoji and Mori (2006).
These bridges are located along the southwest and south coast of
Sri Lanka as shown in Fig. 1. Shoji and Mori (2006) collected and
archived 60 data that contain the information shown in Table 1: the
structural failure mode of subject bridges due to a tsunami, struc-
tural type, bearing type, span, length of deck, height of deck, total
width of deck, thickness of deck, distance from the coastline to a
subject bridge, the height from the still water surface level under
the bridge to the deck, and the inundation depth around a subject
bridge due to a tsunami. Based on the data, we classified the dam-
age pattern of affected bridges from washout and fall-down of a
deck (rank A), movement of a deck or damage to an abutment due
to scouring and erosion (rank B), minor damage to a deck attach-
ment such as bridge railings (rank C), to no damage (rank D) as
shown in Table 2.

Fig. 2 shows the structural type, span, and bearing type of sub-
ject bridges and Fig. 3 shows a schematic view of two affected
bridges, Akurala Bridge in Paraliya and Magalle Bridge in Galle
City, to introduce rank A and rank B damage to one of the bridges
in Sri Lanka. A quantitative index to present a tsunami wave load
on a bridge structure in mechanics is the inundation depth around a
subject bridge as previously mentioned. The value of an inunda-
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Fig. 1 Subject road infrastructure in Sri Lanka
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Table 1 Structural characteristics and failure mode of subject bridges, and data on inundation depth around subject bridges in Sri Lanka

Distance
[Number [Name of bridge District Latitide  [Longitude  [Structural type  [Type of bearing f;:zl‘:i?;;" ﬁ’z:ﬁ;‘ﬁ“ ﬁsu‘:zcﬁ':' i‘::fl:h(;g ::‘c‘:(":n‘:f ;1:5:'(:) ;““:L‘h"‘;:;“ 1::;::‘1“ 2 :l""se
deck (m)
1|Bolgoda Bridge | Moratuwa [N6°4337.3" |E79°54'12.6" |10span PC [Rubber pad type 1000 190.93 1.43] 19.09 15.54] 1.50| 1.43|Hearing. B
2| ratpitiya Bridge Panadura N6wa1029" [E799s5122" [2span P [Rubber pad type 500 13.13) 3.58 21.56 12.15 194 122|Hearing D
3[Kalutara Briage [Katutara [ooss25.7 [Er9es73a17 Jospan pe [Rubber pad type 19475 1.29] 32.46] 16.96 100 1.20[Hearing D
4[Dumala Modara Bridge [Maggona [N6°30"38.5" [E79°58'55.3" [3span RC | Without bearing 105 23.88] 0.85] 7.96 12.80 1.00| 6.39|Hearing D
5|Maggona Bridge [Maggona [NG°29'55.6" |E79°58'51.0" |1span PC | Without bearing 97 22.00} 1.31] 22.00 13.31 1.40| 7.91|Hearing D
6|Be-1 [ Beruwala [NG6°27'53.9" |E79°59'13.6" |1span RC | Without bearing - 5.10 0.55] 5.10 9.49 0.40| D
7[Morogolla Custom Bridge  [Beruwala [6>2820.17 [E79°5848.0" [1span RO [Without bearing 120] 16.79) 1.00 1679 828 110 439|Measured c
8[Kaluwa Modera Bridge [orth of Bentota |N6°2632.5" [E79°5933.0" [3span RC without bearing 106] 48.04] 158 16.01 15.25 1.00 1.58|Hearing D
o[Bentota Bridge Bentota 6253577 [E79°59'54.6" [ospan steel truss — [pin 214) 91.00) 3.30) 45.50) 710[ - 3.43Hearing D
Bridge N62535.8" [E79959'54.6" |4span RC without bearing 86| 52.97] 3.20 13.24 11.87 093] 5.44|Hearing D
11|Doowa Modera Bridge nduruva N622037.0" [E80%0132.1" [15pan RC [without bearing 201] 16.19] 1.12] 16.19 14.44 110 4.19|Hearing D
12]induruwa Bridge Induruwa N622029.1" [E800135.6" [15pan RC without bearing 168 9.52} 133 9.82] 13.94 0.75 2.94|Measured D
13|Balpitiya Main Bridge | Balapitiya IN6°16'23.1" |E80°02°21.4" |3span RC | Without bearing 177| 5451 1.91] 18.17] 16.15| 1.16| 3.59|Hearing B
14|Uruwatte Bridge | Ambalangoda [N6°13'43.6" |E80°03'15.6" [2spans RC | Without bearing 58 32.50| 3.89 16.25] 16.15| 1.10| 6.04|Hearing D
15|Akurala Bridge | Paraliya [N6°11'50.1" [E80°03'48.3" |2span RC | Without bearing 20| 23.91 2.31 11.95] 10.65 0.92] 8.06|Hearing. A
16| Totagamuwa Bridge |Hikkaduwa [N6°08'51.5" [3span RC | Without bearing 97| 29.38 1.61 9.79] 16.17] 0.75] 6.97 |Hearing D
17[miz Hikkawwa  [N60819.7" 1span RC [without bearing 23] 7.0} 1.59) 7.02] 11.08 0.20) 637|Hearing B
18[Hi-1 [N607'59.2" [E80°0602.4" |1span RC [without bearing 37} 5.50] 1.91] 5.50) 11.09) 037] 7.11|Hearing B
19|Do-2 [ Donduwa [N6°04'48.2" [E80°09'02.4" |1span culvert | Without bearing 20| 2.28 0.90 2.28] 12.33] 0.33] 3.02|Measured B
20|Do-1 [ Donduwa [N6°04'59.9" |E80°08'53.7" |1span RC | Without bearing 83} 2.40 1.50| 2.40| 9.80 0.40| 1.31|Measured D
21|Dodanduwa Bridge [ Dodanduwa [N6°06'16.9" |E80°07'32.0" |5span RC | Without bearing 126] 52.98 2.29] 10.60 17.81 0.77] 3.54|Measured B
2[Bo2 Boosa [6o0440.0" [Eaoc0907.8" ispan R areh  Jwithout bearing 87] 230} 0.76 2.30) 9.20) 030) 4.98|Hearing B
23[Bo-1 Boosa [60436.0" [E80°0915.9" [15pan brick Without bearing 33 173 0.80 1.73 9.20) 0.90) 4.14|Hearing B
24]Gintota Main Bridge intota 6034857 [E80°1029.7" [5span PC Without bearing, concrete bearing base 16 12224 2.24] 24.46] 15.64) 176 2.37|Hearing D
25|Gintota Small Bridge dintota [620339.6" [E80°1036.6" [15pan RO [Rubber pad type 143 12.58] 191, 12.88 15.44 0.85 4.04]Measured B
26]Maha Modara Bridge Galle N620225.7" [E80°1150.1" [3span RC [without bearing 179| 60.74) 3.23 23.25 15.79 125 6.62|Hearing c
27]Ga-1 Galle [oo01s8.2" [Es0e1253.0" [2span R areh  |without bearing 115 16.26) 2.60 5.13 17.08 0.70) 6.71|Hearing c
28|Magalle Bridge Galle IN6°02'07.1" |E80°13'55.0" |lspan RC [ Without bearing 188 19.12] 1.93] 19.12] 15.82] 1.10| 6.01|Hearing B
29|Wakgal Modara Bridge Galle IN6°0138.4" |E80°14'37.6" |3span RC | Without bearing 148 37.20| 1.83 12.40] 11.45] 0.95] 5.15|Hearing c
30[Mih-3 | Mihiripanna [N6°00'02.2" |E80°15'48.9" |lspan RC | Without bearing 66 5.02f 1.05] 5.02] 5.40| 0.80 3.79|Hearing A
31|Mih-2 | Mihiripanna [N6°00'01.7" |E80°15'49.5" |lspan RC | Without bearing 43 2.5 0.17| 2.58 9.40 1.18| 3.79|Hearing D
32|Mih-1 [ Mihiripanna [N5°59'58.1" |E80°1623.2" |1span RC | Without bearing 73 3.44| 1.05| 3.44] 11.26 122 3.74|Hearing D
33|Thimbiri Culvert [Koggala [N5°59739.7" |E80°17'53.3" [3span RC arch | Without bearing 72 20.53] 1.78] - 14.30| 1.35] 1.74|Hearing. D
34|Kog-1 [Koggala [N5°59'03.3" |E80°19'53.4" |1span RC | Without bearing 51 2.00| 0.75] 2.00 9.87] 0.64] 4.44[Hearing D
35|Kataluwa Main Bridge | Kataluwa [N5°58'58.4" |E80°2009.6" [3span RC | Without bearing 119 49.32 1.93| 16.44] 9.48| 1.80 5.46|Hearing B
36|Ka-1 | Kataluwa [N5°58'50.6" |E80°20'30.2" |1span RC arch | Without bearing 22 4.18| 0.75 4.18] 16.60) 1.28| 4.17|Hearing D
37]ni-1 [Midigama [vsose31.07 [Ea021189" [ipan R areh  [without bearing 29] 460} 0.79] 4.60) 1035 0.84] 4.00|Hearing D
38[Ahangama Small Bridge | Ahangama [vsess10.87 [E80°22077 [rspan RO [without bearing 15| 8.4 2.03] 8.46 7.00) 073 6.54Hearing A
39]Goviyapana Bridge Midigama [vso5756.17 [Es022'57.57 aspan RO [Without bearing 9] 49.05] 1.64 1635 12.13) 1.00 3.89|Hearing B
40|Midigama Bridge Weligama [vso5750.77 [E80°2330.6" [1span RO without bearing 43 11.03) 195, 11.03 8.40) 0.75] 9.38|Hearing D
atfwe-1 Weligama [vsoss16.07 [E80°25343" [Lspan cutvert [without bearing 3] 837 2.22 8.37 17.52 0.73] 6.29|Hearing B
Modera Bridge Nsos7s7.7 [Es02271857 [11span RC without bearing 162] 99.19| 2.04] 9.01 8.0 051 2.87|Hearing D
43[Pollathn Modara Small Bridge|Mirissa IN5°57'51.1" |E80°27°21.9" |lspan RC [ Without bearing 202 7.29 1.15] 7.29] 10.65| 0.65] 4.20|Hearing D
44|Udupila Bridge | Mirissa IN5°56'40.9" |E80°27°37.8" |lspan RC | Without bearing 33 15.80} 0.97] 15.80] 10.22 1.05] 4.03|Hearing B
a5|Ma-1 | Matara [N5°56'19.8" [E80°29'01.4" |lspan RC [Rubber pad type 107| 7.88 1.72] 7.88] 10.64| 0.57] 3.85|Hearing A
46|New Bridge | Matara [N5°56'48.5" |E80°3223.8" |lspan RC | Without bearing 57| 12.12] 1.41] 12.12 7.56 0.37] 3.27|Hearing D
47[patara Bridge Matara [sese337 [Esoeazssst [sspan pC [Rubber pad type 15| 11249 3.19 2248 16.24 0.52] 6.26|Hearing D
48[wellaweda Bridge Devinuwara  [Nsessis3.17 [esoosas7.om ospanre [without bearing 23] 19.79] 1so] - 7.94] 0.54] 5.68[Hearing B
49|Th-1 | Thalalla [N5°56'50.5" IE_XDWJTZVJ” 1span RC | Without bearing 41 2. Z_DI 0.74] 2. Z_DI 9.55] 0.47] 4.26|Hearing D
sofkot-1 Kottegoda [soses8.07 [Esoeasn25" [ispan RC [without bearing 1146} 1.65 11.46 12.20) 045 2.71|Hearing D
s1[Bathigawa Bridge Bathigawa [vso5740.37 [Esoea0ura” ispan RO [Without bearing 70} 15.90} 3.97] 15.90) 9.73] 0.99) 2.00[Hearing D
s2|pi1 Dikwella 50573797 [E80040'533" [1span RC [without bearing 2 222} 0.51 2.22] 11.05 034 3.33|Hearing D
53[Dilowella Bridge Dikwella [5°5751.37 [E80°41329" [3span RO [Rubber pad type 66 55.9] 2.12] 18.65 15.70) 098] 5.85Hearing c
54|Ta-1 | Tangalla IN6°00'59.7" |E80°47'14.4" |[1span RC | Without bearing 37| 3.81 2.58| 3.81 9.69 0.511 3.09|Hearing D
55|Kirambo Bridge | Tangalla [N6°01'43.2" |E80°47'41.9" |lspan steel truss | Without bearing 114 25.47| 5.51 25.47 9.46 . 7.54|Hearing B
56|Ha-1 [ Hambantota [N6°07'13.9" |E81°03'59.0" |lspan RC | Without bearing 102 4.05] 2.314 4.05| 9.82] 0.59] D
5 liya Bridge [N6°07'53.0" |E81°07'34.7" |lspan RC | Without bearing 158 17.16} 2.93| 17.18 10.05| 1.04] 12.37|Hearing B
58|H1 [ Hambantota - - 1span RC | Without bearing 11.80 3.00 11.80 2.30 0.50 8.00 [Hearing A
59|T1 | Trincomalee - - 21span PC [ Unknown 147.00 3.50 7.00 7.00 0.80 6.00 [Hearing B
60|T2 | Trincomalee - - 6span PC [ Unknown 48.00 3.20 8.00 8.00 0.80 8.00 [Hearing B

Table 2 Damage pattern of a bridge structure due to a tsunami

Rank Damage mode
A |Washout and fall-down of a deck
Movement of a deck
B [Damage to an abutment
Scouring and erosion of a soil embankment around an abutment
C |Damage to a deck attachment such as bridge railings

D [No damage

tion depth is defined as that of the height from the still water sur-
face level under a subject bridge to the inundation line marked on a
house located around a subject bridge where the inundation line
could be identified and measured during the survey. However,
when it could not be, the value of the inundation depth is defined
as that of the height from the still water surface level under a sub-
ject bridge to the inundation depth level over the bridge surface on
the basis of the associated information by hearings from inhabitants
living in houses around a subject bridge.

No. of bridges
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Fig. 2 Structural type, span, and bearing type of subject bridges in
Sri Lanka
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Because the values of the inundation depth are those depen-
dent on the tide level at the site of a subject bridge at the time of
day of the field survey, the values of the inundation depth were
adjusted to those on December 26th, 2004, using the method of
Tsuji et al. (2005), as follows (Fig. 4):

H=a+b—c (6)
where H is the inundation depth adjusted as the value on December
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Fig. 3 Schematic view of affected bridges
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Fig. 4 Definition of inundation depth of a subject bridge in Sri Lanka

26th, 2004, a is the height from the still water surface level under a
subject bridge to the inundation depth level over the subject bridge
at the time of day of the field survey, b is the difference in height
between the still water surface level at the time of day of the field
survey and the minimum still water surface level, and c is the dif-
ference in height between the still water surface level on December
26th, 2004 and the minimum still water surface level. a is obtained
directly from the survey data, and b and c are the values of astro-
nomical tide levels in Colombo and Galle numerically computed
by Tsuji et al. (2005). In Sri Lanka, these values are obtained at
only two sites, Colombo and Galle, and then, to adjust the value of
the inundation depth at subject bridges located near Colombo
(bridge nos. 1 to 23 in Table 1), the values of b and c are used as
those of astronomical tide levels in Colombo, whereas to adjust the
value at subject bridges located near Galle (bridge nos. 24 to 58 in
Table 1), the values of b and ¢ are used as those of astronomical
tide levels in Galle. However, two data of bridge nos. 59 and 60 in
Trincomalee associated with inundation depth are not adjusted by
Eq. (6) because the two sites of bridge nos. 59 and 60 are far from
either Colombo or Galle. From the adjustment, Fig. 5 shows the
inundation depth at the sites of the subject bridges, accompanying
related data collected by Tomita et al. (2005).

(2) DAMAGE DATA OF BRIDGE STRUCTURES IN

SUMATRA

Damage data of bridge structures in the northwest of Sumatra
Island in Indonesia, collected by the field survey team organized
jointly by members from the Japan Society of Civil Engineers
(JSCE) and the Japan Association of Earthquake Engineering
(JAEE) in the summer of 2006 (JSCE and JAEE field survey
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Fig.5  Analyzed data associated with inundation depth at the sites

of subject bridges in Sri Lanka
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Fig. 6 Structural type and span of subject bridges in Sumatra
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team), as well as data of Sri Lanka, are used for structural fragility
analysis. Table 3, like Table 1, shows the data associated with
structural characteristics and damage to 27 subject bridges in
Sumatra due to the tsunami. The context of the data regarding the
bridges in Sumatra in Table 3 (Sumatra data) is almost same as
that regarding the bridges in Sri Lanka in Table 1 (Sri Lanka data).
However, the data associated with bearing type, distance from the
coastline to a subject bridge, and height from the still water surface
level under the bridge to the deck are not collected in the Sumatra
data. Fig. 6 shows the structural type and span of subject bridges
in the Sumatra data. In assessing the Sumatra data, not the inunda-
tion depth but the inundation height around a subject bridge is used
as the quantitative index to present a tsunami wave load on a
bridge structure in mechanics. These data are measured by Tsuji et
al. (2005) and Fujima et al. (2006). Fig. 7 shows the location of
subject bridges and information on inundation height and tsunami
runup height in the northwest of Sumatra.

3.2 FRAGILITY ANALYSIS

(1) DEVELOPMENT OF FRAGILITY CURVES

Now, fragility curves both in the Sri Lanka data and the
Sumatra data are developed by the modification of Eq. (5) as previ-
ously described in the Chapter 2. Fifty-eight data among 60 in the
Sri Lanka data, in which 2 data of unaffected bridges are included,
and 17 data among 27 in the Sumatra data, with the information on
inundation height around subject bridges, are used for fragility
analysis.

Cumulative damage probability P, (i=rank A ~ rank D) of a
bridge structure due to a tsunami wave load, by which the damage
to affected bridges is classified as rank A to rank D as shown in
Table 2, is assumed to be the same as failure probability P, of a

71

bridge structure due to a tsunami, and random variable Z, which

describes the relationship between bridge resistance C with bridge
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Fig.7  Location of subject bridges and analyzed data associated

with inundation height and tsunami runup height in the
northwest of Sumatra

Table 3 Structural characteristics and failure mode of subject bridges, and data of inundation height and runup height around subject bridges in Sumatra

e [Nane ofridee biwia Jratinde  roeine ope o 8 |, [T f [Whor tghof ) Jrmten Jouna g
to deck (m) height
1QUlee Lheue Bridge [Banda Ache [N5933'27.2" |E95°17'02.7" |3span PC 68.55] 2.80] 22.85] 7.90, 1.27 I 12.20 B Tsuji, et al.
2| [Banda Ache [N5°36'07.1" [E95°20'51.5" |[2span RC 47.80) 315 23.90] 2.60) 1.40) I 712 C Tsuji, et al.
3|Cut River Bridge Banda Ache [N5°36'07.5" |E95°20'49.9" |10span RC 304.52) 30.68 I 712 A ‘Tsuji, et al.
4|Kr.Raba Bridge Lho-Nga [N5°28'12.2" |E95°14'35.9" | 2span steel truss 69.36) 131 34.68] 7.00] I 18.38 A Tsuji, et al.
5[Kr.Ritting Bridge Leupung N5°25'27.8" [E95°14'35.9" |2span RC 26.20} 1.40) 13.10 7.73 0.72 1 20.50 C Tsuji, et al
6 Leupung [N5°25'17.8" |E95°14"40.0"[1span RC 10.04 10.04 7.50) 0.20] 1 2861 B ‘Tsuji, et al.
7| Leupung [N5°25'25.6" |E95°14'47.3" [1span RC 3.00] 1.00] 3.00] 7.50] R 21.57 D Tsuji, et al.
8| Leupung (N5°24'54 4" |E95°14'55.2" [1span RC 3.00] 1.00| 3.00] 7.50) 1 17.04 D Tsuji, et al
9 Leupung [N5°24'08.3" |E95°15'16.7" [1span RC 3.00] 1.00| 3.00] 7.50) 1 14.83 D ‘Tsuji, et al.
10| Gantang Pirak Bridge Leupung [N5°23'13.1" |E95°15'19.3" | 1span steel truss 25.00 2.00f 25.00] 8.83 1 2245 A ‘Tsuji, et al.
Steel truss 62.00 9.73
11|Kr.Ihok Kaca Bridge Leupung [N5922'29.0" |E95°15'18.8" 81.00 3. I 13.08 A Tsuji, et al.
RC 19.00 9.73 0.80]
12[Kr.Peulot Bridge Leupung [N5°21'53.9" |E95°14'57.1" [1span steel truss 40.00) 2.00f 40.00 7.00) R 20.54 A Fujima, et al
13| Alue Tingacuen Bridge  |Leupung N5°18'55.9" [E95°14'37.8" [3span culvert c
14{Lam Ilie Bridge Leupung [N5°17'10.5" |E95°14'37.2" [1span steel truss 35.00 2.00] 6.00) 1 845 A Fujima, et al
15|Kr.Lhong I Bridge Gleeburk [N5°1701.1" |E95°14'49.2" |2span steel truss 80.00) 7.00] 40.00| 7.00) 1 845 D Fujima, et al.
16{Kr.Mop Bridge Gleeburk [N5°15'50 4" |E95°15'00.8" [3span culvert 12.00} 1 9.52 C Fujima, et al
17|Lueng Ie Bridge Gleeburk N5°15'02.3" [E95°15'10.4" [1span RC 19.10} 2.40] 19.10 10.20} 1.00| 1 9.52 B Fujima, et al
18|Lam Ara Bridge Gleeburk (N5°14'11.4" [E95°15'29.2" [1span RC 19.13 4.00] 18.00 7.00) 1.10| 1 9.52 B Fujima, et al.
19|Kr.Cuntuem Bridge Gleeburk [N5°12'30.4" |E95°16'18.1" [1span steel girder 20.80) 20.80] 9.00) 0.80] I 13.55 B Fujima, et al
20|Kr.Peudeng Bridge Gleeburk [N5°11'56.1" |E95°17'02.1" [2span steel truss 83.00 5.00] 41.50 7.00) I 13.55 A Fujima, et al
21{Kr.Lhong Kareubg Bridge |Ujung Muloh [N5°10'06.7" |E95°18'33.2" |1span steel truss 30.35] 3035 7.00) 1.10| R 17.53 A Fujima, et al
22|Kr.Sapek Ujung Muloh  [N5°07'45.6" |E95°2026.3" | Lspan steel truss 35.00 5.00] 35.00] 8.62) D
23|Kr.Lam Beusou Bridge Lho kruet N5°03'04.0" |E95°20'20.4" |6span PC 192.00) 32.00 7.20] 1.68 R 1847 A Fujima, et al.
24|Kuala Unga Bridge Lho kruet (N5°00'44.0" |E95°21'56.5" |3span PC 95.90 6.00] 32.00 6.00) R 1588 A Fujima, et al
25|Alue Genentutuet Bridge ~ [Lho kruet N4°56'55.3" [E95°22'16.4" |1span RC 6.50] 2.00f 6.50) 6.80) R 18.54 A Fujima, et al.
26|Kr.No Bridge Lho kruet [N4°55'17.4" |E95°23"14.1"|1span steel truss 61.00 3.00f 61.00] 6.00) R 19.08 A Fujima, et al.
27|Kr.Krak Mong Bridge Lho kruet (N4°52'54.7" |E95°24'12.8" [1span steel truss 45.00 2.00f 45.00 6.00) R 1247 A Fujima, et al
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response R, is assumed to be the variable to present a tsunami wave
load,

2
A 1 1{Inz—u

Pl=| ————exps——| —L| Wz (7)
e =1 Cr— 2[ o ]

where yy and oy are mean and standard deviation of random vari-
able Y, which is defined as the logarithm of random variable Z:
Y=In Z. z means the value of Z. In assessing the Sri Lanka data, an
inundation depth H (Fig. 4) is idealized as tsunami wave load Z,
whereas in assessing the Sumatra data, an inundation height H is
idealized as tsunami wave load Z, as shown in Fig. 8. In addition,
we have the relationship between sy and the median of Z, m,, and
that between oy and the coefficient of variation of Z, V., as follows:

Hy =Inm,

ol =In(1+V}) ®

Tables 4 and 5 show the frequency of damage rank 7 (i =rank
A ~ rank D) of subject bridges d’, its cumulative frequency d., and
cumulative damage probability P’ with the function of tsunami
wave load Z in the Sri Lanka data and the Sumatra data, respective-
ly. The value of the section in which the range of inundation depth
is divided is 1 m in the Sri Lanka data, whereas it is 4 m in the
Sumatra data, considering the coefficient of determination to obtain
the linear regression lines between @' (P.) (® means the standard

normal distribution function) and In z as described below.

The values of P, are transformed into those of @' (P.) by the
inversion of standard normal distribution function ®, and those are
defined as observed data @, (P/). Then, linear regression lines
@, (P.) to idealize the relation between observed data @, (P.)
(vertical direction: y-axis ) and Inz (horizontal direction: x-axis) are
derived by the method of least squares, as shown in Figs. 9 and 10,
as follows:

lnz;'UY:—lnz—ﬂ

Y O-Y O-Y

@, (P)= )

Tables 6 and 7 show the values of the y-intercept (-/ o y) and
x y-inclination (1/¢y) derived from Figs. 9 and 10, the coefficient

Mark of inundation or runup

House around a subject bridge

Inumdation depth

Inundation height Hf

Water surface level
on December 26th, 2

Waler nmllomtl.lmm river [Around elevation

Water surface level at the time
of the day of the field survey

Distance from shoreline

Fig. 8 Definition of a tsunami wave load on a subject bridge

Table 4 Frequency of damage rank i of subject bridges d', its cumulative frequency d., and cumulative damage probability P. based

on the Sri Lanka data

Frequency (No. of bridges) Cumulative frequency (No. of bridges) Cumulative damage probability P’
Inundation B c D A A+B A+B+C  [A+BC+D|A A+B A4B+C  |A+B+C+D
depth(m) Z

0~1 0 0 0 0 0 0 0 0 - - - -
1~2 0 0 0 0 0 0 0 0 - - - -

2~3 0 1 0 6 0 1 1 7 0.000 0.143 0.143 1.000

3~4] 0 0 0 4 0 0 0 4 0.000 0.000 0.000 1.000

4~5 2 4 0 7 2 [ 6 13 0.154 0.462 0.462 1.000

5~6 1 3 1 5 1 4 5 10 0.100 0.400 0.500 1.000

6~7 0 3 2 1 0 3 5 6 0.000 0.500 0.833 1.000

T~8 2 2 2 4 2 4 6 10 0.200 0.400 0.600 1.000

8~9 2 2 0 1 2 4 4 5 0.400 0.800 0.800 1.000

9~10 1 0 0 0 1 1 1 1 1.000 1.000 1.000 1.000

10~11 0 0 0 1 0 0 0 1 0.000 0.000 0.000 1.000
11~12 0 0 0 0 0 0 0 0 - - - -
12~13 0 0 0 0 0 0 0 0 - - - -

13~14 1 0 0 0 1 1 1 1 1.000 1.000 1.000 1.000
Summation 9 15 5 29 9 24 29 58 - - - -

Table 5 Frequency of damage rank i of subject bridges d', its cumulative frequency d., and cumulative damage probability P. based

on the Sumatra data

Frequency (No. of bridges) Cumulative frequency (No. of bridges) Cumulative damage probability P’
fnundation B c D A A+B A+B+C  |a+B+c+D|A AB  |A+BiC  |A+BICID
height(m) Z

~3 0 0 0 0 0 0 0 0 - - - -

3~7 0 0 0 0 0 0 0 0 - - - -
T~11 2 2 2 1 2 4 6 7 0.286 0.571 0.857 1.000
11~15 2 2 0 1 2 4 4 5 0.400 0.800 0.800 1.000
15~19 1 0 0 1 1 1 1 2 0.500 0.500 0.500 1.000
19~23 1 0 1 0 1 1 2 2 0.500 0.500 1.000 1.000

23~27 0 0 0 0 0 0 0 0 - - - -
27~ 0 1 0 0 0 1 1 1 0.000 1.000 1.000 1.000

Summation 6 5 3 3 6 11 14 17 - - - -
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Table 6 Mean s, standard deviation ¢ y, and median f;lz of inunda-

tion depth Z based on the Sri Lanka data

Damage rank A A+B A+B+C

Inclination 0.88 0.97 1.15
Intercept -2.46 -1.73 -1.74
Coefficient of determination 0.79 0.83 0.80
Mean py 2.80 1.78 1.51
Standard deviation o 1.14 1.03 0.87
Median 7 16.39 5.93 4.52

Table 7 Mean py, standard deviation oy, and median n@z of inun-

dation height Z based on the Sumatra data

2.00

Damage rank A
Incliation 0.7169
Intercept -2.112
Coefficient of determination} 0.94
Mean u 2.95
Standard deviation oy 1.39
Median 7, 19.03
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Fig. 10 Relation between the data of ®,,," (P,) and Inz based on the

Inz

Sumatra data and regression line @4 (P.)

of determination when adopting the method of least squares. Mean
v and standard deviation oy derived from the y-intercept and x y-
inclination adopting Eq. (9) and median m, of tsunami wave load
Z derived from Eq. (8) are also shown in Tables 6 and 7. Hence,
all parameters to model cumulative damage probability P.’ shown
in Eq. (7) are determined, and the fragility curves associated with
cumulative damage probability P’ of a bridge structure against
tsunami wave load Z can be developed as shown in Figs. 11 and 12.

In Fig. 12, only the fragility curve of rank A is derived
because based on the Sumatra data, the number of data related to
damage of rank B and rank C is not sufficiently obtained for the
linear regression analysis. Figs. 11 and 12 shows the structural
fragility of the total subject bridges based on 58 data in the Sri
Lanka data and 17 data in the Sumatra data; the curves indicate the
general fragility trends of a bridge structure and contain informa-
tion associated with various types of structures. Therefore, in the
following, the fragility curve that presents the specific fragility
trends of a single-spanned reinforced concrete bridge without bear-
ings, based on the Sri Lanka data, referring to Fig. 2, is derived as
shown in Fig. 13.

(2) TRENDS OF TSUNAMI FRAGILITY OF A BRIDGE

STRUCTURE

1.0
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= 04 A AOC
o
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'-—E 0.2 o /
S ool
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Fig. 11 Fragility curve of a bridge structure due to a tsunami based
on the Sri Lanka data
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Fig. 12 Fragility curve of a bridge structure due to a tsunami based
on the Sumatra data
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From Fig. 11, damage probability P* (=P.*) of rank A, which
means washout and fall-down of a deck, becomes nearly 0.1 when
the inundation depth is 4 m, whereas the value of P* increases from
0.2 to 0.25 when the inundation depth increases from 6 m to 8 m.
Damage probability P* (=P -P.) of rank B, which means move-
ment of a deck or damage to an abutment due to scouring and ero-
sion, becomes nearly 0.3 when the inundation depth is 4 m, where-
as the value of P” increases from 0.3 to 0.35 when the inundation
depth increases from 6 m to 8 m.

Compared with the trend of P* in Fig. 11, derived by the use
of all the data among the Sri Lanka data (all bridge data), the trend
of P*in Fig. 13, derived by the use of only the data associated with
a single-spanned reinforced concrete bridge without bearings (sin-
gle-spanned bridge data), becomes different; the value of P* based
on the single-spanned bridge data becomes larger than that based
on all bridge data when the inundation depth approaches a value
from 6 m to 8 m, although the values of P* based on both the sin-
gle-spanned bridge data and on all bridge data are almost same
when the inundation depth is 4 m. This indicates that a single-
spanned reinforced concrete bridge without bearings subjected to a
tsunami wave load is more fragile compared to other types of
bridge structure. One explanation for this may be that drag force
O/ against a tsunami wave induced in a deck of a single-
spanned bridge becomes smaller than the Q" induced in decks
of a multi-spanned bridge, supposing that tsunami wave velocity v
is almost same when inundation depth Z is the same in this analysis
based on the Sri Lanka data. Now, drag force Q, is derived as fol-
lows:

)

1.0 © Dataof rank A (1span)
z 09T ——Fragility curve of rank A (1span)
:. ost ® Dataof rank A
=5 = ragility curve of rank A
< 07T
£
= 06
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=z 03r
L
z 021
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(]-(] i L 'l 'l L L L
0 3 o 9 1215 18 21

Inundationdepth(m) Z

Fig. 13 Fragility curve of a bridge structure due to a tsunami based
on the data associated with a single-spanned reinforced con-
crete bridge without bearings among the Sri Lanka data
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T Wave force O,
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Friction force AW ' Weight of a dyck I
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(a) Mechanism I

| 2 (10)
Q,= EprdAv

where p, is the mass of sea water in a unit volume, C, is the drag
coefficient, and A is the section area of a deck subjected to a tsuna-
mi wave. The drag coefficient of a deck of a single-spanned
bridge, C/ """, and that of a deck of a multi-spanned bridge, C;*' ",
could be assumed to be almost the same, and the section area of a
deck of a single-spanned bridge subjected to a tsunami wave, A'",
becomes smaller than that of a deck of a multi-spanned bridge sub-
jected to a tsunami wave, A" **"; hence, from Eq. (10), Q,/ "

becomes smaller than Q"

, supposing that tsunami wave veloci-
ty v is almost same.

On the other hand, in Fig. 12, which is the case based on the
Sumatra data, damage probability P* of rank A when the inunda-
tion height becomes more than 9 m is clarified because not inunda-
tion depth but inundation height is used as the index of a tsunami
wave load. From Fig. 12, damage probability P* of rank A
becomes nearly 0.4 when the inundation height is 12 m, whereas P*
increases to nearly 0.5 when the inundation height increases to 20
m; this inundation height level corresponds to an extreme tsunami
wave load, and it has high possibility of causing catastrophic dam-
age to a bridge structure.

(3) FAILURE MECHANISM OF A BRIDGE STRUCTURE

BY A TSUNAMI WAVE LOAD

Now, we will hypothesize that the mechanism of the tsunami
wave load on a bridge structure is qualitatively divided into two
mechanisms; the mechanism due to the flow induced by a tsunami
wave (mechanism I) and that due to the impulsive pressure induced
by a tsunami wave (mechanism II), as shown in Fig. 14. It might
be considered that not mechanism I but mechanism II occurs when
a tsunami wave load becomes extremely large compared to the
capacity of resistance of a bridge structure, for instance, when the
inundation depth or inundation height becomes extremely large.

Such a hypothesis makes it possible for the fragility curves
from Fig. 11 and Fig. 13 based on the Sri Lanka data to result from
mechanism I, whereas the fragility curve from Fig. 12 based on the
Sumatra data results from mechanism II. Examining it in detail, a
tsunami wave load within the range 5-m to 10-m inundation depth
corresponds to that on a bridge structure associated with mecha-
nism I, whereas a tsunami wave load beyond the range of 10-m
inundation height and approaching a 20-m inundation height corre-
sponds to that associated with mechanism II. The tsunami wave
load on mechanism I causes the movement of a deck following the
washout and fall-down of a deck, which results in ‘major’ damage
to a bridge structure of either rank B or rank A at its worst, whereas
that on mechanism II causes the direct and catastrophic washout

Weight of a deck W

(b) Mechanism II

Fig. 14 Mechanism of the tsunami wave load on a bridge structure
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and fall-down of a deck and columns, which results in 'severe'
damage of rank A. However, because there is no direct and inde-
pendent evidence to decide the above matter, further numerical and
experimental studies will be performed to prove our hypothesis.

4. CONCLUSIONS

In this study, the structural fragility of a bridge structure due
to a tsunami wave load was evaluated, quantitatively analyzing the
damage data of bridge structures in Sri Lanka and in Indonesia due
to the 2004 Giant Tsunami in the Indian Ocean, which are on basis
of 58 data on Sri Lanka (Sri Lanka data) and 17 data on Sumatra
(Sumatra data). Assessing the data and classifying the tsunami
damage to a bridge structure into washout and fall-down of a deck
(rank A), movement of a deck or damage to an abutment due to
scouring and erosion (rank B), minor damage to a deck attachment
such as bridge railings (rank C), to no damage (rank D), the rela-
tion between the probability of tsunami damage to a bridge struc-
ture with a tsunami wave load such as inundation depth and inun-
dation height is clarified with the development of fragility curves.
From the analysis, the following conclusions are deduced.

1) From the fragility curves derived based on the Sri Lanka
data dealing with a 'major' tsunami wave load on a bridge
structure, which means an inundation depth level within 10
m, damage probability P* or P® of rank A or rank B
becomes nearly 0.2 to 0.3 when the inundation depth comes
within 5 m, whereas the value of P* or P” increases from
0.35 to 0.4 when the inundation depth approaches a value
close to the 10-m order; it might cause the failure mode of a
bridge structure due to the flow induced by a tsunami wave.

2) From the fragility curves derived based on the Sumatra data
dealing with a ‘severe’ tsunami wave load on a bridge
structure, which means an inundation height level ranging
from 10 m to 20 m, damage probability P* of rank A
becomes nearly 0.4 when the inundation height reaches the
value beyond 10 m, whereas P* increases to nearly or more
than 0.5 when the inundation height approaches a value of
20 m; it might cause the failure mode of a bridge structure
due to the impulsive pressure induced by a tsunami wave.

ACKNOWLEDGEMENTS

This research was sponsored by the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) under a grant
provided as Special Coordination Funds for Promoting Science and
Technology, associated with the 2004 Giant Tsunami in the Indian
Ocean 'Restoration Program from Giant Earthquakes and
Tsunamis' (leader, Professor T. Kato at University of Tokyo,
Professor H. Iemura at Kyoto University, and Professor O. Murao
at University of Tsukuba). The authors deeply appreciate research
information and valuable assistance associated with the field sur-
vey in Sri Lanka, provided by Mr. G. N. Paranavithana at Natural
Resources Management Services (Pvt.), Ltd. in Sri Lanka, Mr. N.
Rupasighe at the Central Engineering Consultancy Bureau in Sri
Lanka, Dr. S. Herath at the United Nations University, and
Professor K. Meguro at the University of Tokyo. The authors are
also deeply grateful for research information and valuable assis-

tance associated with the field survey on Sumatra in Indonesia,
provided by the members of the field survey team organized by the
Japan Society of Civil Engineers (JSCE) and the Japan Association
of Earthquake Engineering (JAEE) (leader, Professor M. Miyajima
at Kanazawa University, Professor K. Fujima at National Defense
Academy of Japan, Professor K. Kosa at the Kyushu Institute of
Technology, and Professor H. Matsutomi at Akita University).

REFERENCES

Asakura, R., Iwase, K., Ikeya, T., Takao, M., Kaneto, T., Fujii, N. and
Omori, M., 2000. An Experimental Study on Wave Force Acting on
On-Shore Structures due to Overflowing Tsunamis, Proceedings of
Coastal Engineering, JSCE, 47, 911-915 (in Japanease).

Fujima, K. et al., 2006. Tsunami Measurement Data Compiled by IUGG
Tsunami Commission, http://www.nda.ac.jp/ fujima/TMD/.

Fukuoka, S., Kawashima, M, Yokoyama, H. and Mizuguchi, M., 1997.
Experimental Study of Hydrodynamic Forces Acting on a Group of
Buildings, Journal of Hydroscience and Hydraulic Engineering, JSCE
41, 693-698 (in Japanease).

Hatori, T., 1984. On the Damage to Houses due to Tsunamis, Bulletin of
the Earthquake Research Institute, University of Tokyo, 59, 433-439
(in Japanease).

Iemura, H., Pradono, M. H., and Takahashi, Y., 2005. Report on the
Tsunami Damage of Bridges in Banda Aceh and Some Possible
Countermeasures, Proceedings of 28th Earthquake Engineering
Symposium (CD-ROM), JSCE.

lizuka, H. and Matsutomi, H., 2000. Damage due to the Flooding Flow of
Tsunami, Proceedings of Coastal Engineering, JSCE, 47, 381-385 (in
Japanease).

Kosa, K., Uno, H., Miyajima, M., Ono, Y. and Hashimoto, T., 2006. Survey
of Bridge Damage in the Sumatra Earthquake, Proceedings of the
Symposium on Recent Damaging Earthquakes around the World,
Earthquake Damage Investigation Subcommittee, Earthquake
Engineering Committee, JSCE, 86-91 (in Japanease).

Matsutomi, H. and Shuto, N., 1994. Inundation Depth due to a Tsunami and
Damage of Houses, Proceedings of Coastal Engineering, JSCE, 41,
246-250 (in Japanease).

Matsutomi, H. and lizuka, H., 1998. Tsunami Current Velocity on Land and
Its Simple Estimation Method, Proceedings of Coastal Engineering,
JSCE, 45, 361-365 (in Japanease).

Matsutomi, H. and Ohmukai, T., 1999. Laboratory Experiments on Fluid
Force of Tsunami Flooded Flows, Proceedings of Coastal
Engineering, JSCE, 46, 336-340 (in Japanease).

Mizutani, S. and Imamura, F., 2000. Hydraulic Experimental Study on
Wave Force of a Bore Acting on a Structure, Proceedings of Coastal
Engineering, JSCE, 47, 946-950 (in Japanease).

Shoji, G. and Mori, Y., 2006. Damage of Road Structures in Sri Lanka due
to the 2004 Giant Tsunami in the Indian Ocean, Proceedings of the 9th
Symposium on Ductility Design Method for Bridges, JSCE 221-224
(in Japanease).

Shuto, N., 1993. Tsunami Intensity and Disasters, Tsunamis in the World,
197-216.

Tomita, T., Arikawa, T., Yasuda, T., Imamura, F. and Kawata, Y., 2005.
Field Survey around South West Coast of Sri Lanka of the December
26, 2004 Earthquake Tsunami Disaster of Indian Ocean, Proceedings
of Coastal Engineering, JSCE, 52, 1406-1410 (in Japanease).

Tsuji, Y., Namegaya, Y., and Ito, J., 2005. Astronomical Tide Levels along
the Coasts of the Indian Ocean, http://www.eri.u-
tokyo.ac.jp/namegaya/sumatera/tide/index.htm.

Tsuji, Y., Matsutomi, H., Tanioka, Y., Nishimura, Y., Sakakiyama, T.,
Kamataki, T., Murakami, Y., Moore, A. and Gelfenbanm, G., 2005.
The Distribution of the Tsunami Heights in Banda Aceh,
http://www.eri.u-tokyo.ac.jp/namegaya/sumatera/surveylog/
eindex.htm.

Unjoh, S., 2005. Damage to Transportation Facilities, The Damage induced
by Sumatra Earthquake and Associated Tsunami of December 26,
2004, http://www.jsce.or.jp/committee/2004sumatra/report.htm,
JSCE, 66-76.

USGS Earthquake Center, 2007. http://earthquake.usgs.gov/eqcenter/
eqinthenews/2004/usslav/.



