
 

 

  
Abstract—The present report describes the characteristics of 

damages and behavior of reinforced concrete buildings during the 
tsunami action. The discussion is based on the field damage survey in 
selected cities located on the coast of the zone affected by the Great 
East Japan Earthquake on March 11, 2011. This earthquake is the most 
powerful know earthquake that has hit Japan with a magnitude 9.0 and 
with epicenter located at 129 km of Sendai city (off the coast). The 
earthquake triggered a destructive tsunami with run up height of up to 
40 meters that mainly affect cities located on the Pacific Ocean coast of 
the Tohoku region (north-east region of Japan). Reinforced concrete 
buildings in general resist the tsunami without collapse however the 
non-structural elements like panels and ceilings were severely 
damaged. The analysis of damages has permitted to understand the 
behavior of RC buildings under tsunami attack, and has also permitted 
to establish recommendations for their use to take refuge from tsunami 
in places where natural topography makes impossible to reach hilltops 
or other safer places. 
 

Keywords—tsunami, RC buildings, East Japan Earthquake, 
seismic damage 

I. INTRODUCTION 

N earthquake with a magnitude of Mw 9.0 struck the 
north-east part of Japan (Tohoku region), on 11 March 

2011 at 14:46 local time. This earthquake is the most powerful 
know earthquake that has hit Japan with its epicenter located at 
129 km of Sendai city of east-north region of Japan. The 
earthquake triggered a destructive tsunami with run up height of 
up to 40 meters. The tsunami affects mainly cities located on the 
Pacific Ocean coast of Iwate, Miyagi and Fukushima 
prefectures in the Tohoku region, and also Ibaraki prefecture in 
Kanto region. 

Wooden structures were destroyed by the tsunami action 
when the water depth reaches or covers at least the first floor of 
the building. These wooden structures were the most vulnerable 
constructions that were washed up by the tsunami. 

 Steel frame structures and steel trusses that are used mainly 
for industrial constructions suffer heavy damages of walls, 
ceilings, finishing panels and non-structural elements. In some 
cases the failure of these non-structural components produces 
the failure of structural elements and even the collapse of the 
structure.  

In the case of reinforced concrete buildings in general resist 
the tsunami without collapse, however the non-structural 
elements like panels and ceilings were severely damaged. 
However, in some cases low rise RC buildings were tilted by the 
tsunami action.  
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In this report, the characteristics of the damages and behavior 

of RC buildings during the tsunami action is discussed based on 
the field survey of the damages in selected cities located on the 
coast of the affected zone.  

The analysis of the damages characteristics has permitted to 
understand the behavior of this kind of building and has also 
permitted to establish recommendations for their use to take 
refuge from tsunami in places where natural topography makes 
impossible to reach hilltops or other safer places.  

II. SELECTED AREA AND DAMAGES 

A. Damages due to tsunami 

The damages on building structures that were produced by 
the tsunami are described in this section and in special the 
damages that occurred on reinforced concrete structures. 
However it is necessary to mention that damages are not limited 
only to building structures. Tsunami affected also many 
infrastructures like ports, embankments, roads, railroads, oil 
tanks, and in its more dramatic damage affected the nuclear 
power plant of Fukushima. Environmental damages were also 
reported like the chlorination of agricultural soils, 
sedimentation of debris near ports, transportation of old 
industrial and mine residues from the sea bottom to the ground 
surface, etc.  

B. Selected area 

The sites that were selected for the present survey are shown 
in Fig. 1. Cities of Ofunato, Rikuzentakata, Kesennuma, 
Ishinomaki and Onagawa were visited to perform the 
corresponding survey. The Fig. 1 shows that the shape of the 
coast line is intricate with coast lines that converge forming 
shapes like river deltas that facilitate the run-up of the tsunami. 
In the case of Ishinomaki city that is located in the lower left 
corner of the figure the coast line is straight however the large 
portion of the city is located parallel to this coast line and 
therefore the inundation area was large in comparison with other 
cities. On the other hand high ground level in Ishinomaki city is 
located far away of the coast line. Fig. 2 is a detailed aerial 
photograph published by the Geospacial Information Authority 
of Japan (GSI) [4] where a portion of the Ishinomaki port after 
the tsunami can be appreciated. 

In Fig. 3 a portion of Ofunato city is shown. It is clear from 
the figure that only large building remains in the inundated zone 
while small building like wooden houses were washed up. 
These buildings were steel structures and reinforced concrete 
structures that resist the lateral forces originated by the 
inundation of the tsunami. In the left part of the Fig. 3, some 
intact constructions can be observed. These building are located 
on a high ground level that was not reached by the tsunami. 
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Fig. 1 Zone of survey (Google map) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Detail of Ishinomaki city port affected by the tsunami 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Aerial photograph of Ofunato city after the Tsunami 
 
 

In Fig. 4 a portion of the aerial photograph of Rikuzentaka 
city can be observed.  Near the coast line only few buildings 
remained after the tsunami attack. The behaviour of the 
buildings located in the left part that was a hotel and the 
buildings of the right lower side which correspond to apartment 
buildings is described in the next section. It can be observed that 
the tsunami destroyed first a sea wall and now the sea water 
reaches the road that can be observed as a straight line from the 
left to the right lower corner. On the right upper corner by 
observing the color of the vegetation the limit of the inundation 
area can be inferred. This place corresponds to a high ground 
level where a school building is located. These school facilities 
are now used as shelter zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 Aerial view of Rikuzentakata city after the tsunami 

 
Fig. 5 shows the condition of Onagawa town after the tsunami 

damage. In this aerial view it is possible to identify clearly the 
zones of high ground level by observing the condition of the 
vegetation. As can be observed in the figure, the area between 
the sea line and high ground level is narrow, and therefore the 
tsunami reached high inundation depths. This high level of 
water and poor soil condition originated the overturning of 
some RC buildings which is described in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Aerial view of Onagawa city after tsunami inundation 
 

Onagawa 

Ofunato 

Rikuzentakata 

Kesennuma 
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Table I shows the extension of the inundated area and the 
number of family units in selected cities of this survey. The 
number of affected families and the extension of the inundated 
area are larger for Ishinomaki city. The extension of inundation 
area was large due to the location of ports on lower ground 
along the coast line. On the other hand, Onagawa city is the zone 
with the smallest values however the number of victims (deaths 
and disappeared) was of the order of 1000 persons (1/4 of the 
number of affected families) and in the case of Ishinomaki 
victims reached 4000 persons (1/10 of the number of affected 
families). The high rate of victims of Onagawa city was due to 
the topographical condition of the location of the city with a 
very narrow area between the coast line and the surrounding 
hills. This condition originated that the tsunami reached high 
inundation depths and it is also supposed that the successive 
waves of the tsunami produced a violent flows of the sea water. 

 
TABLE I 

 INUNDATED AREA AND AFFECTED FAMILIES IN THE INVESTIGATED CITIES 

Prefecture City 
Inundated 

Area 

Number of 
affected 
families 

Iwate 
Ofunato 8 km2 6,957 

Rikuzentakata 13 km2 5,592 

Miyagi 
Kesennuma 18 km2 13,974 
Onagawa 3 km2 3,155 

Ishinomaki 73 km2 42,157 
 

III. DAMAGES ON BUILDINGS 

To compare the damages of reinforced concrete, also 
damages on wooden structures and steel structures as described 
as references. In general the wooden structures collapse when 
were attacked by the tsunami. The steel structures remain stand 
up however, the finishing walls, ceilings and other non- 
structural elements fails and in some cases these fails originate 
the fail of the main structure. The reinforced concrete structures 
presented better behavior and were the structures that in general 
remain in their original location without structural damages. 
This can be explained by the high lateral stiffness of the 
reinforced concrete buildings in comparison to steel structures 
and wooden structures. The wooden structures have the smaller 
lateral stiffness and in general were washed up when the tsunami 
reached or covered the first floor. The relation between the 
damages and the earthquake resistant characteristics of these 
three types of structures are summarized in Table II.    

 
TABLE II 

RELATION OF EARTHQUAKE RESISTANT AND DAMAGES DUE TO TSUNAMI 

Type of structure 
Earthquake 

resistant force 
for design 

Level of 
Tsunami 
damages 

Wooden structure Low High 
Steel structure Medium Medium 

Reinforced concrete High Low 

A. Damages on wooden houses 

From damage surveys reported by other authors, it is 

recognized that in general the wooden houses collapse or 
present damages due to the tsunami action when the inundation 
depth is larger than 2 meters. As is presented in Fig. 6, the 
damages on wooden houses are divided into three zones 
according to the inundation depth. Zone A correspond to a 
places where the inundation depth is smaller than 2 meters and 
structural damages are not observed, that is the wooden houses 
are safe in this case. Zone B correspond to a zone where the 
inundation zone ranges from 2 to 4 meters, and depending on 
the structural shape, condition of the structural elements, etc, the 
houses can suffer from light damages to severe damages. From 
the field observation it can be said that when the water level 
cover the first floor of the wooden house the structures collapse 
not only due to the lateral force of the water but also due to the 
water pressure on the ceiling of the first floor causing floating of 
the upper floors. Zone C correspond to a zone where the 
inundation depth is large that 4 meters and total collapse of the 
structure is expected to occur. 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Inundation depth and damages on wooden houses 
 

In Fig. 7 to Fig. 10 some typical damages on wooden houses 
that were produced by the tsunami are shown. In Fig. 7 it can be 
observed that wooden houses were completely destroyed by the 
tsunami action. It can be also observed that houses located on 
high sites are not affected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 General damages of wooden houses 
 

In Figures 10(b) and 10(c) the first floor was destroyed by the 
tsunami and the upper parts of the houses were transported and 
then left by the tsunami on a different place from their original 
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location. In the case of Figure 10(d) the tsunami destroyed the 
first floor and also produced the overturning of the remaining 
upper floor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Failure of the first floor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Transportation of the upper floors 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Over turning of upper floors 

B. Damages on steel structures  

Steel structures are used in general for industrial facilities and 
office buildings. Most of the buildings are framed structures and 

structural elements like beams and columns are slender 
elements. Floors and walls are made of light panels and the 
lateral stiffness is appropriately designed to resist the 
earthquake force. However during the tsunami attack the water 
pressure acting on panels or in general in elements of large area 
generated large lateral forces that destroyed that non-structural 
elements and in some cases the failure of these elements lead to 
the failure and even to the collapse of the main structure.  

Damages on Steel structures can be observed in Figures 11 to 
14. When the inundation depth reaches only the first floor the 
structure remains almost intact however the wall panels of the 
first floor suffer some damages as can be observed in Fig. 11. In 
Fig. 12 and Fig. 13 the inundation depth reached the second 
floor and wall panels and ceiling are destroyed. In this case the 
structures remain stand up however some local failure of the 
structural elements were observed. Fig. 14 shows a total 
collapse of steel structures. In this case the building was 
completely covered by the water.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Steel structure almost intact 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 Destruction of panels 
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Fig. 13 Destruction of wall panels 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14 Collapse of steel structure 
  
C. Damages on RC structures  

Many reinforced concrete structures resisted the tsunami 
action without collapse as can be observed in Figures 15 to 20. 
Fig. 15shows the building of a local bank located at Funato city. 
It can be observed from the damages of the windows and the 
damage of the advertisement panel of the left corner of the 
building that the tsunami reaches the third floor. 

 In Fig. 16 it is also inferred that the tsunami covered the 
second story of the building by observing that the windows 
glasses were destroyed and now are replaced by wood panels. 

 Fig. 17 shows an apartment building located at 
Rikusentakata city and from the damages of the balconies it is 
inferred that the tsunami reaches the fourth floor. Detailed of the 
damages of the balconies can be observed in Fig. 18, where the 
panels of the balconies of the fifth floor are intact while the 
panels of the lower floors are completely destroyed. 

 
 

 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 

Fig. 15 RC building (Ofunato city) 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16 Two story RC building 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17 Building at Rikuzentakata city 
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Fig. 18 Detail of damages on balconies 
 
Fig. 19 and Fig. 20 show the condition of a hotel building 

located very near the shoreline in Rikuzentakata city. The 
building resists the tsunami attack however the lower floors 
suffered the destruction of the non-structural elements and also, 
as it is observed in the Fig. 19, the building suffered the damage 
of a reinforced concrete wall due to the lateral water pressure. In 
this building it was also observed that the cover concrete of 
structural elements of columns was spall-out probably due to a 
combination of earthquake vibration action and posterior 
tsunami as can be observed in Fig. 20 

In general reinforced concrete buildings did not collapse 
however under certain conditions the tsunami action caused the 
overturning and even the translation of building from its original 
location. This was reported by a survey team of the Tohoku 
Branch of the Architectural Institute of Japan [5] and 
verification survey was carried out by the author. These 
damages occurred at Onagawa town and the affected buildings 
were buildings with weak foundation, and with shape like boxes 
that do not permit the transit of the water and facilitate the action 
of the floating force. In Figures 21 to 24 damages of these 
buildings are shown. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 19 RC building hotel 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

Fig. 20 Detail of RC columns 
 

Fig. 21 shows an overturned 3-story building with a shape of 
box and few openings. This building was competed covered by 
the tsunami water and as it is shown in Fig. 22 it has a sallow 
slab foundation that together with the shape of the building 
facilitates the action of the floating forces. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 21 Overturning of RC building 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 22 Detail of slab foundation of collapsed building 
 

Fig. 23 shows the overturning of a 2-story building with 
exposition of the pile foundation. The use of piles for lower rise 
buildings indicates the poor quality of the foundation ground. 
On the other hand in the Fig. 24 it can be observed that the 
building has suffered the impact of some body (probably a ship) 
that could originate the overturning of the building. 
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Fig. 23 Collapse of 2 story RC building 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 24 Detail of impact on the building 
 

IV. CONCLUSIONS 

Behavior of reinforced concrete building during the tsunami 
action originated by the Great East Japan Earthquake on March 
11, 2011 was discussed by comparing their damages with those 
of other type of constructions. Reinforced concrete buildings in 
general resist the tsunami without collapse however when 
constructions present shallow or weak foundation and building 
shapes induce the action of the floating force, overturning of the 
building was observed. In the case of not collapsed buildings 
severe damages on non-structural elements like panels and 
ceilings were observed. 

If reinforced concrete buildings are intended to be used as 
refuge, buildings of more than four floors or more than 15 
meters are recommend. It is also important to check the 
condition of the foundation of the structures that are designated 
as refuge since the failure of the foundation could originate the 
overturning of the building. Additionally, this selected building 
must be verified to resist some impact forces or in any case must 
be located in places where the impact of displaced ships or other 
building can be avoided.   

The survey has permitted to understand the behaviour of 
reinforced concrete buildings under tsunami attack and it can be 
state that these kind of buildings could be used to take refuge 
from tsunami in places where natural topography make 
impossible to reach hilltops or other safer places.  

 

REFERENCES   

[1] Meteorological Research Institute, Japan Meteorological Agency. Report 
on the analysis results of Tohoku Pacific Earthquake of March 11, 2011 
(in Japanese). 
http://www.mri-jma.go.jp/Topics/press/20110324/press20110324.html, 
2011.  

[2] Shimizu Corporation. Report on the Tohoku Area Pacific Offshore 
Earthquake. 
http://www.shimz.co.jp/english/theme/earthquake/outline.html, 2011.  

[3] Building Research Institute, Ministry of Construction of Japan, survey 
team. Quick Report on the Tohoku Area Pacific Offshore Earthquake (in 
Japanese), 2011. 

[4] Geospacial Information Authority of Japan (GSI). Aerial photographs of 
Tohoku region after the Great Earthquake of March 11, 2011 (in 
Japanese). 
http://saigai.gsi.go.jp/h23taiheiyo-ok/photo/photo_dj/index.html, 2011.  

[5] Tohoku Branch of the Architectural Institute of Japan. Quick report of 
Tsunami damage at Onagawa town. March 29, 2011 

[6] Yushiro Fujii, Kenji Satake, Shin-ichi Sakai, Masanao Shinohara and 
Toshihiko Kanazawa. Tsunami source of the 2011 off the Pacific coast of 
Tohoku, Japan earthquake Report of the International Institute of 
Seismology and Earthquake Engineering (IISEE),Building Research 
Institute (BRI). 2011.  

[7] Akenori Shibata. An Overview of the 2011 Tohoku Earthquake and 
Tsunami. Presented at ROSE School Seminar, University of Pavia, Italy, 
May 19 2011 

[8] K. Sugiyama, C. H. Cuadra and Y. Fujiwara. Characteristics of peak 
acceleration and attenuation during the 2008 Iwate-Miyagi earthquake. 
Proceedings of the 14th European Conference on Earthquake 
Engineering, August 30 ~ September 3, 2010, Ohrid, Macedonia.  

[9] Cuadra, C. and Tokeshi, J. Lessons learned from the 2007 Pisco 
earthquake (Peru) and recommendations for disaster mitigation. 
Proceedings of the The 14thWorld Conference on Earthquake 
Engineering, October 12-17, 2008, Beijing, China 

[10] A. Gupta and B.M. McDonald. Performance of building structures during 
the October 15, 2006 Hawaii earthquake. Proceedings of the The 
14thWorld Conference on Earthquake Engineering, October 12-17, 2008, 
Beijing, China 

[11] Kanai, J., Tokeshi, K., Cuadra, C., & Karkee. M.B. Vibration 
characteristics of buildings using microtremor measurements. First 
European Conference on Earthquake Engineering and Seismology (a 
joint event of the 13th ECEE & 30th General Assembly of the ESC), 
Geneva, Switzerland, 3-8 September 2006, Paper Number: 708. 

[12] Sunuwar, L., Karkee, M., Tokeshi, J., and Cuadra, C. Applications of GIS 
in Probabilistic Seismic Hazard Analysis of Urban Areas. Proc. Of the 
Fourth International Conference of Earthquake Engineering and 
Seismology, Tehran, Iran, 2003. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Carlos H. Cuadra was born in Lima, Peru, 1959. Bachelor degree (1982) 
and professional title (1983) from National University of Engineering, Lima, 
Peru. Master degree (1995) and Ph.D. (1998) from Tohoku University, Sendai, 
Japan. At present he is an associate professor at the Faculty of Systems Science 
and Technology of the Akita Prefectural University, Japan. 

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering

 Vol:6, No:5, 2012 

327International Scholarly and Scientific Research & Innovation 6(5) 2012 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
iv

il 
an

d 
E

nv
ir

on
m

en
ta

l E
ng

in
ee

ri
ng

 V
ol

:6
, N

o:
5,

 2
01

2 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
23

76
.p

df




