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Some observations and considerations on the damage to structures and
coasts induced by the tsunami of the 2004 Sumatra earthquake
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Abstract

The Sumatra earthquake of December 26, 2004 with a moment magnitude of 9.0 induced the most disastrous
tsunami known in the history of mankind. The authors as the members of the reconnaissance team dispatched by
Japan Society of Civil Engineers to Aceh Province of Indonesia visited the tsunami affected area and had the chance
to observe the damage induced by the tsunami on various structures and the western and north-east coasts of Sumatra
Island through land and aerial surveys. The tsunami wave height was 20m on the western coast and 10m in Banda
Aceh City, which is the capital of the Aceh province. More than 220000 people were Kkilled in countries neighboring
Indian Ocean. The number of people killed in Aceh province was 160000 alone and some of towns and villages on the
western coast were completely wiped away from the surface of the earth. The structures surveyed by the authors
involve harbors, industrial facilities, airports, bridges, roadways, natural or cut-slopes, rivers and their embankments,
buildings, coasts. Following the brief description of the characteristics of the 2004 Sumatra earthquake and induced
tsunami, the damage on various structures, buildings and coasts is presented and their engineering implications are
discussed on the basis of sub-classifications of structures. The sole purpose of this report is illustrate the actual
situation of damage caused by the tsunami of this mega-thrust earthquake, which may be of useful for the design of

the tsunami-resistant structures and minimizing casualties in future.

1. INTRODUCTION

Indonesia is a huge archipelagic country extending
5,120 kilometers from east to west and 1,760 kilometers
from north to south. It encompasses 13,667 islands, only
6,000 of which are inhabited. There are five main islands
(Sumatra, Java, Kalimantan, Sulawesi, and Irian Jaya),
two major archipelagos (Nusa Tenggara and the Malu-
ku Islands), and sixty smaller archipelagos. The Prov-
ince of Aceh is located on the northwest part of Sumatra
Island and covers an area of 57,365,57 sq km. It is the
western most province of the Indonesia with the Indian
Ocean to the west, the Strait of Malacca to the east.
Bukit Barisan mountain ranges with Tangse, Gayo and
Alas upland is located in the central part of this prov-
ince.

The oldest rocks of Sumatra Island are gneiss,
schist and quartzite. They probably belong to several
geological periods, but all were folded and denuded

before the Carboniferous beds were deposited. They
form the backbone of the island, and crop out on the
surface at intervals along the mountain chain, which
runs parallel to the west coast. They are penetrated by
granitic plutons at several locations, which are also
Pre-Carboniferous. The next series of rocks consist of
slates below and limestones above. It lies unconforma-
bly upon the older rocks. Tertiary deposits are very
widely spread over the plains and low-lying regions.
They consist of breccias, conglomerates, sandstones,
marls, and limestones, with seams of coal and lignite.
Oil and gas deposits are found in Sumatra Island and its
continental shelf and they are located in the eastern side
of the island in Aceh province. Indonesia has some 400
volcanoes, of which approximately 100 are active.
Peuet-Sague and Bur Ni-Telong active volcanoes are
located in the province of Aceh.

Indonesia forms the southeastern extremity of the
Euro-Asian lithospheric plate. It is bounded by the

20054F 5 H16H =8

x 1 BB RSEERESSS WrEE KT 2B (Tokai University, Department of Marine Civil Engineering, Shizuoka, Japan)
%2 BERgHAFH T (Waseda University, Department of Civil Engineering, Tokyo, Japan)
*3 REEFR AV FNAYTEBEH, YvyALy, 4> RKx¥7 (Tobishima Corporation, Indonesia Office, Jakarta, Indonesia)

% 3&H 15 (2005)

79



Omer AYDAN, Masanori HAMADA and Tomoji SUZUKI

Q EURASIA

INDO-AUSTRALI
+10S  PLATE
100 E SUNDA TRENC

=)

120 E

Figure1 Plate tectonic model of Indonesia

northward-moving Indo-Australian and the westward-
moving Pacific plates and it is certainly one of the most
complex active tectonic zones on the earth (Figure 1).
The subduction zone around the Euro-Asian plate is
called the Sunda trench.

The earthquake occurred in the Sunda subduction
zone nearby Sumatra Island at a depth of 10km and the
ruptured fault was more than 1000km long and 100km
wide with a relative displacement greater than 10m.
Tsunami caused by this mega-thrust earthquake prob-
ably the most disastrous so far in the history of mankind
and killed more than 220000 people in a region from
Sumatra as far as to South Africa. Approximately
160000 people of Aceh province were Kkilled by this
tsunami. According to UN estimates, 655000 people are
homeless and sheltering in scattered refugee camps
across the province. Although the tsunami caused the
great damage and the great loss of lives in countries
neighboring Indian Ocean, the most severely hit region
was the west and northwest coasts of Aceh province.

The all forms of damage expected from a tsunami
were observed in this event. A wide band of the coastal
zone was inundated and eroded by sea-water, the impact
and drag forces of tsunami waves destroyed buildings,
towns, cities, forests, fish farms, agricultural areas,
infra-structures, industrial facilities, harbors and road-
ways, airports and killed both humans and animals.

The authors as the members of the reconnaissance
team dispatched by Japan Society of Civil Engineers to
Aceh Province of Indonesia visited the tsunami affected
area in Aceh province of Indonesia and they made some
observations on the tsunami damage induced on various
structures and the western and north-east coasts of
Sumatra Island through land and aerial surveys. The
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observations and findings of this land and aerial surveys
on the tsunami-affected area are presented and their
implications are discussed in this article.

2. THE CHARACTERISTICS OF THE
2004 SUMATRA EARTHQUAKE

Sumatra Island as a part of Indonesia experienced
very large earthquakes in the past and this high seismic
activity has been still continuing. Seismic events with a
magnitude greater than 8 took place in the Sumatran
section of the Sunda subduction zone before the 26
December 2004 earthquake. For example, the seismic
events with a magnitude of 8.5 and 9.0 in 1861 and 1833,
respectively, resulted in the uplifts of corals ranging
between 70cm to 230cm. However, the tsunamis caused
by these earthquakes were limited to the south of the
location of the 26 December 2004 event. Furthermore
inland earthquakes also took place along the Sumatran
fault system as shown in Figure 2. The pre-post seis-
micity of a region bounded between Latitudes 2°N to 6°
N and Longitudes 95°E and 98°E is shown in Figure 3(a).
The earthquake catalog of NEIC is used for this purpose
and the magnitude of the earthquakes is set to be
greater than 3. Figure 3(b) shows the seismicity project-
ed onto a cross-section along the direction A-A shown in
Figure 3(a), which is perpendicular to the strike of the
subduction zone in the region of the earthquake. The
pre-shocks occurred over a wide area. However, the
distributions clearly indicate the existence of a subduct-
ing plate. Aftershocks are shallow and distributed along
a gently inclined plane.

The magnitude, location and fault plane parameters
of the earthquake are listed in Table 1. Some of fault
plane solutions computed by various institutes listed in
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Figure 2 Seismo-tectonics of Sumatra Island (from Natawidjaja, 2005)

Table 1 and some of them are illustrated in Figure 4.
The earthquake magnitude was estimated to be ranging
between 8.2 and 9, and the fundamental faulting mode
was thrust-type with a dextral sense. However, the
solution obtained by the USGS indicated that strike-slip
component of the faulting was sinistral, which is
contrary to those of the solutions reported by other
institutes. The causative fault was gently inclined.
Furthermore, the depth of the earthquake was shallow
and it seems that it took place along the upper surface
of the Indo-Australian plate in contact with Euro-Asian
plate. The faulting mechanism of this earthquake has
the characteristics of a subducting plate-boundary
earthquake as illustrated in Figure 5.

The rupture and slip characteristics estimated by
several researchers are given in Table 2. Assuming that

% 3&H 15 (2005)

the inclination of the fault plane is about 10°, the vertical
component of the relative displacement should range
between 1.5 and 3.5m. The measurements of the coastal
line in Simeulue Island nearby the earthquake epicenter
by Sieh confirmed these estimations. Several
researchers estimated the rupture propagation of the
causative fault, and the results obtained by ERI are
shown in Figure 6. It seems that the causative fault was
segmented. Depending upon the solutions, the segment
number ranges from 2 to 5. The longest segment was
very close the Banda Aceh and the distance between
highest energy release point and Banda Aceh is about 80
-100km.
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Figure 3 Pre-post seismicity of the region of the 26 December 2004 earthquake
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Table 1 Main characteristics of the earthquake inferred by various Institutes

Institut M LAT | LON | DEPTH NP1 NP2
nstitute W (N) | (E) (km) strike/dip/rake | strike/dip/rake
USGS 8.2 | 3.32 | 95.85 30 274/13/55 130/79/98
HARVARD 9.0 | 3.09 | 94.26 29 329/8/110 129/83/87
ITU (Turkey) 9.0 — — 25 320/15/95 135/75/89

Figure 4 Fault plane solutions

EARTHQAKE MECHANIEM ALONG SUBDUCTION ZONE

Figure 5 The mechanism of the 2004 Sumatra Eq.

Table 2 Rupture and slip characteristics of the earthquake fault

Reference Magnitude Length (km) Slip (m) Area (km?)
Yamanaka (ERI) 9.0 850 8.9 850200
Borges et al. 9.0 1000 9.0 1000 X150
Dasgupta (India) 9.0 1000 15.0 1000100
Aydan 8.6 (Ms) 975 9.75 975X 45
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Figure 6 Inferred fault mechanism and slip distributions by Yamanaka (ERI)

3. THE CHARACTERISTICS OF
THE TSUNAMI

The tsunami caused the great damage and the great
loss of lives in countries neighboring Indian Ocean and
the most severely hit region was the west and north
coast of Aceh province. Out of 10000 original population
of Leupung town, the estimated number of survivors
was only several hundreds. According to official esti-
mates, 8000 of the 18000 population of town Teunom
were dead. 40000 people of Meulaboh city with a popula-
tion of 120000 were killed by the tsunami. Surprisingly
only 7 people out of 70000 people of Simeulue Island
nearby the epicenter of the earthquake were Kkilled,
thanks to the saying of their ancestors “if there is an
earthquake run for your life”.

Following the earthquake, many researchers at
different institutes tried to simulate the arrival time,
inundation distance and run-up height and also to mea-
sure the distribution of areas affected by the tsunami
using satellite images, aerial photography and land
surveying (Figure 7). The first tsunami waves arrived
on the land within 20 minutes following the ground
shaking, which lasted more than 400s.

The first computational estimations (Figure 8) for
propagation and wave height of tsunami induced by this
earthquake were done by K. Satake of (National Insti-
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tute of Advanced Industrial Sciences and Technology
(AIST, Japan)). Because of the fault geometry, the
waves propagating to the East begin with a receding
wave before flooding the coast. On the opposite, to the
West a large wave suddenly hit the coast without
warning. 10 hours later, the tsunami reached the African
coast. Following the estimations by Satake, several
researchers and institutes did similar type of simulations
with better seabed topography and longer computation
times.

The tsunami run-up height and inundation distance
measured by several local and international groups in
the tsunami-affected regions neighboring Indian Ocean.
The maximum run-up height was measured as 34.5m in
Lhonga in Aceh province by the group led by Tsuji of
ERI of Tokyo University and the maximum inundation
distance was about 7km according to UN reports
(Figure 9).

No tsunami warning was issued in any country
neighboring Indian Ocean although the scale and possi-
bility of the tsunami was estimated by US Pacific
Tsunami Warning Center, Japan and Australia. The
officials at US Pacific Tsunami Warning Center seem
that they tried to get in touch with authorities in the
countries to be the affected by the possible tsunami.
However, they could not find anybody to inform.
Although there could be no or very limited time for such
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Figure 7 Inundated areas (red zone) in Aceh Province (from UNOSAT, 2005)
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a warning for Aceh province, it is unbelievable that
some warnings could not have been issued to other
countries in-spite of the availability of advanced commu-
nication options of this century.

4. TSUNAMI DAMAGE ON STRUCTURES
AND COASTS

4.1 Tsunami Damage to Industrial Facilities

Aceh province is one of the major oil and natural
gas producing regions in Indonesia. These facilities are
on the east coast of province. None of these facilities
were damaged either by ground shaking or induced
tsunami. However, the cement plant at Lhonga was
heavily damaged by tsunami waves. A French company
originally built the plant and an Indonesian company
now operates it. The steel structure sections, kiln and
fuel storage tanks were heavily damaged by tsunami
while RC silos remained intact (Figure 10(a)). It seems
that tsunami waves reached a height of 15-20m in some
sections and the steel beams and columns were either
bended or buckled by the impact of tsunami waves and
dragged objects. There were two cylindrical fuel tanks
in the plant. One of them was completely destroyed
while the other one was buckled and it was offset from
its original location. Storage tanks from an oil tank
farm in the eastern part of Banda Aceh city were
displaced by the tsunami waves for a considerable
distance from their original position as seen in Figure
10(b). The tanks were not fixed to the ground and some
damage to piping did occur. An oil tank along the
seashore in Meulaboh was hit by tsunami waves and
that side of the tank was buckled. Furthermore, the
settlement of the base of the tank occurred probably due
to the liquefaction of foundation ground.

4.2 Tsunami Damage to Ports and Coastal Facilities

Tsunami induced heavy damage to ports and
coastal facilities along the west and north coast of
Sumatra Island. Figure 11 shows satellite views of
Banda Aceh harbor before and after the earthquake. As
noticed from the comparison of two satellite views, a
huge area was damaged by the tsunami as a result of
settlement and erosion due to probably ground liquefac-
tion induced by ground shaking as well as due to the
tsunami. The ground consists of sandy soil in this area.
It is also of great interest that some parts of the dykes
of the harbor disappeared. Besides the effects of lique-
faction, the flow direction of tsunami waves might have
some damaging effects on the missing section of the
dykes.

The RC building of the port facility collapsed at the
ground floor. However, the main cause of collapse was
ground shaking rather than the tsunami waves. Large
stone blocks were thrown by the tsunami waves over the
wharf of the port. Although the wharf of a barge with a
power generator was not damaged by the tsunami as
seen in Figure 12, the barge was displaced from the
wharf to a distance of 3km inland.

The port facility for the cement factory was also
damaged by the tsunami. The piles of the wharf of the
port was fractured by the impact forces of the capsized
ship moored to the wharf as seen in Figure 13(a).
Furthermore, the tetrapods of the wave-break were
displaced for a considerable distance due to whirling of
the tsunami waves (Figure 13(b)).

4.3 Tsunami Damage to Transportation Facilities
The damage of transportation facilities were main-

ly associated with roadways and bridges along the west

coast between Banda Aceh and Meulaboh cities in Aceh

(a) Damaged cement factory

(b) Damaged oil tank farm and displaced tanks

Figure 10 Damage by the tsunami on industrial facilities
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Figure 11 Satellite views of Banda Aceh port before and after the earthquake
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Figure 12 Displaced barge with a power generator and its wharf (JSCE, 2005)
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Figure 13 Damaged wharf and displaced tetrapods of wave-break at Lhonga port

¢ -

™ -
e o ey

(a) Collapsed truss bridge (b) Collapsed concrete bridge

Figure 14 Some examples of collapsed truss and concrete bridges
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Figure 15 Roadway damage due to erosion and failures of embankments

province and caused by tsunami waves. The road

between Banda Aceh and Meulaboh cities for a length of

384km was disrupted at 123 locations according to UN
records. The only airport in the earthquake-affected
region is Iskandar Muda airport.

Bridges are either of truss or reinforced concrete
type. 21 truss type steel bridges were mainly uprooted
from their bearings and 47 concrete bridges were collap-
sed or heavily damaged. The causes of the damage were
the impact, drag and uplift forces of the tsunami as well
as the impact of dragged objects by the tsunami waves.
Figure 14 shows some examples of bridge failures. The
following statements can be made on the damage of
bridges:

* When bridges have no shear keys, the girders are
easily displaced due to horizontal forces.

* When the bridges are sufficiently elevated for the
unobstructed passage of tsunami and dragged mate-
rials, they are not damaged

* When there are some obstructions such as small
hills next to the bridges against tsunami waves,
there is almost no damage or very limited damage
to bridges
Damage to roadways was mainly due to the erosion

resulting from tsunami waves, ground liquefaction or

embankment failure (Figure 15). The damage was quite
extensive in lowland area, nearby rivers and seashores
next to steep slopes.

The only airport in the region of the earthquake
was Iskandar Muda Airport to which commercial flights
are in operation. This airport was not damaged either by
ground shaking or by tsunami waves. However, the
airstrip nearby Meulaboh was damaged by tsunami
waves and by ground shaking.

90

4.4 Tsunami Damage to Buildings

The building stocks in the region of the earthquake
can be broadly classified as follows: a) Wooden houses,
b) Masonry (brick) houses, c¢) Reinforced Concrete
buildings, and d) Mosques and Minarets. The causes of
damage to buildings were ground shaking, tsunami or
both. While the story number of buildings in the populat-
ed cities such as Banda Aceh and Meulaboh could be
greater than 3, most of the buildings along the west
coast of Sumatra were mainly single story or two story
buildings.

Wooden houses are generally single story or two
story buildings. These buildings were almost non-
damaged in the regions, which were not affected by the
tsunami. Therefore the main cause of the damage was
tsunami. The tsunami may impose at least four types of
loading, namely, impact force, drag force, hydrostatic
water loading and buoyancy (uplift) force on wooden
buildings. While impact and drag forces directly related
to the velocity of tsunami, the hydrostatic and buoyancy
forces depend upon the tsunami height and relative
density differences between the building material and
tsunami waves. Figure 16 shows some examples of
damage to wooden houses.

Masonry (brick) houses are generally single story
buildings and some of them could be 2 story buildings.
Solid red clay bricks or hollow concrete blocks were
used for constructing the masonry (brick) houses.
Although concrete columns and slabs are utilized during
the construction, they are merely used for achieving
structural integrity. These buildings were not damaged
in non-tsunami affected area. However, they were com-
pletely destroyed when the tsunami waves hit these
structures. It seems that the impact force of the tsunami
waves were quite high from the state of debris and the
fallen tree trunks. The other force components of the

B YN WS e



Some observations and considerations on the damage to structures and coasts induced by the tsunami of the 2004 Sumatra earthquake

Figure 16 Damage to wooden houses

Figure 17 Damage to masonry (brick) buildings

tsunami waves could be drag forces and hydrostatic
water loads. When the masonry (brick) houses are still
standing, their walls were punched out. Figure 17 shows
some example of damage to masonry (brick) houses.
Most of RC buildings have 2 to 3 stories. Neverthe-
less, new buildings for governmental offices and shop-
ping malls have more than 3 stories. Commonly their
story number is 5. Almost all new buildings in non-
tsunami affected area were collapsed or heavily
damaged by ground shaking. In addition, the collapsed
or heavily damaged RC buildings were constructed
nearby rivers or swampy areas. The RC structures in

tsunami-affected areas have stories ranging between 2
and 3. Some of columns were broken and in-fill walls
were punched out by the impact forces of tsunami waves
and tsunami-dragged objects (Figure 18). Nevertheless,
they survived against the ground shaking and also the
forces resulting from tsunami waves. The columns were
generally ruptured or fractured at their mid-height,
which implies that they were subjected to high bending
forces. Furthermore, the broken columns and punched-
out walls were facing the flow direction of the in-coming
tsunami waves.

Mosques are generally built as single story RC

Figure 18 Damage to RC buildings in tsunami-affected area

% 3&H 15 (2005)
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Figure 19 Damage to mosques

structures without infill-walls. Mosques survived against
the ground shaking and tsunami waves even in the
severely hit areas (Figure 19). The possible reason for
such a good performance against tsunami may be as-
sociated with its columnar structure without in-fill
walls. The only mosque damaged in this earthquake is in
Ulee Lheue district and the central RC column of the
wall facing the sea was fractured by bending at mid-
height. Many mosques built as masjid having no mina-
rets. The grand mosques in Banda Aceh and Meulaboh
have only minarets. Their minarets were lightly
damaged, as they are slender structures.

CONCLUSIONS

The damage to civil engineering structures and
buildings caused by the tsunami have been presented and
the causes of damage were discussed. The outcomes of
this investigation may be summarized as follows:

* Impact, buoyancy, and dragging forces of the tsu-
nami waves were the primary factors for the dam-
age to bridges.

* The roads built on the soft or sandy soils seemed to
be completely washed away. Such sandy soils sec-
tions are generally located closed to the shore, or
the present or past river courses.

* Bridges with shear keys at bearing supports perfor-
med better against various forms of forces imposed
by the tsunami waves.

* Elevated bridges without obstructing the passage of
tsunami waves and dragged objects performed
well.

* The port facilities were heavily damaged by ground
liquefaction and erosion caused by shaking and
tsunami.

* Missing of the central part of small peninsula near-
by Banda Aceh harbor could be due to liquefaction
or landslide in addition to tsunami.
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The RC buildings having story number less than 3
were in tsunami affected areas were destructed by
impact force of tsunami waves and objects dragged
by tsunami.

Wooden houses were mainly damaged by the uplift
force of seawater and impact force of tsunami
waves and objects dragged by tsunami.

Masonry (brick) houses were mainly damaged by
the impact force of tsunami waves and objects
dragged by tsunami.

Mosques performed well during ground shaking and
tsunami and they can have a function as tsunami
evacuation buildings.

International collaborations and an information
sharing protocol on tsunami warning must be estab-
lished.
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