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Learning from Earthquakes

The Tohoku, Japan, Tsunami of March 11, 2011: Effects on Structures

The American Society of Civil En- 

gineers (ASCE) has sponsored 

several reconnaissance teams to 

survey effects of the great East 

Japan earthquake and Tohoku 

tsunami. The irst of these was the 
tsunami team, which traveled to 
Japan from April 15 to May 1, 2011,  

and focused on tsunami effects on 

coastal buildings, bridges, port fa- 

cilities and coastal protective struc-

tures. All seven members of the 

team are on the ASCE 7 Subcom-

mittee on Tsunami Loads & Effects, 

formed in January 2011 to draft a 

chapter for potential inclusion in the 

2016 edition of ASCE 7, Minimum 

Design Loads for Buildings and 

Other Structures. The multidiscip- 

linary structural/coastal/ hydraulics/ 

geotechnical engineering team was 

made up of the following: Gary 
Chock, Martin & Chock Inc. (team 

leader and chair of the ASCE 7 Sub- 

committee on Tsunami Loads & 

Effects); Ian Robertson, University 

of Hawaii; David Kriebel, U.S. Naval 
Academy; Ioan Nistor, University  
of Ottawa; Mathew Francis, URS 
Corp.; and Daniel Cox and Solo-

mon Yim, Oregon State University.

The team was accompanied by 
Japanese researchers and practi- 

tioners, including Tomoya Shiba- 

yama, Waseda University (chair of 

the Ocean Engineering Committee 

of the Japan Society of Civil Engi- 

neers); other team members came 

from the Japan International Coop-

eration Agency, Yokohama National 
University, Saitama University, Take- 

naka Corporation, and the Disaster 

Prevention Research Institute at Kyoto 

University. Members of the team were 
able to visit over 45 towns and cities 
from Hachinohe in the north to Kat-
suura in the south—the entire Tohoku 

coastline except for the 80-km exclu-

sion zone around the Fukushima 
Daiichi Nuclear Plant.

The team’s detailed report on their 

observations and indings will be pub-

lished as a monograph by the ASCE-

Structural Engineering Institute (www.
asce.org). 

Introduction

Japan has a long history of great 
earthquakes and the highest frequen- 
cy of tsunamis in the world (Table 1). 
On March 11, 2011, at 2:46 p.m., 
the Mw 9.0 subduction 
earthquake generated a 
tsunami of unprecedented 
height and spatial extent 
along the coast of the main 
island of Honshu. Japan 
is located near the meet-
ing point of the Eurasian 
Plate, the Philippines Sea 
Plate, the North American 
Plate, and the Paciic Plate 
(Figure 1). Off the Tohoku 
(literally, northeast) coast, 
the Japan Trench forms 

where the Paciic Plate subducts 
beneath the North American Plate. 
The earthquake epicenter was 
about 100 km offshore, causing 
ground shaking to Modiied Mercalli 
Intensities of VII or less in most of 
Honshu Island. The earthquake 
successively ruptured over an area 
of approximately 400+ km by 200 
km. At the megathrust fault, vertical 
movement of the ocean loor is esti-
mated by the Japan Meteorological 
Agency to be at least 3 m upward  
and 24 m laterally (Sato et al., 2011). 
Researchers at Tohoku University  
reported an uplift of 5m based on 
ocean bottom pressure gauges 
nearer the trench, and horizontal 
displacement of more than 60 m of 
the frontal wedge based on local 
benchmark displacements  (Ito et 
al., 2011). Displacements in certain 
areas on land were found to exceed 
5m horizontally and 1m vertically. 

Figure 1. Tectonic setting of Japan with epicen-

ters of the great East Japan earthquake and its 

aftershocks off the Tohoku region of Honshu 

Island (source: USGS).

Table 1. List of major historical damaging tsunamis affecting Japan
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The earthquake has been compared 
by researchers at Tohoku University 
(located in Sendai) to the July 13, 
869, Ms 8.6 Jogan Sanriku earth-
quake that struck in a similar off-
shore area near the northeast coast 
of Honshu (Minoura et al., 2001). 
In other words, the 2011 event has 
been said to represent a 1,200-year 
return period megathrust subduct- 
ion earthquake. However, it sur-
passed the size of the Jogan earth- 
quake by a wide margin as the larg-
est earthquake known to have ever 
hit Japan. 

It has been estimated from aerial 
and satellite photography that al- 
most 535 km² (207 mi²) of land 
were inundated (MLIT, 2011). The 
Tohoku Earthquake Tsunami Joint 
Survey Group published consider-
able online data of the peak inunda-
tion and runup heights, compiled 
from the work of over 100 Japanese 
researchers who were in the ield 
for at least three weeks in late March 
and early April (clearinghouse at 
http://www.coastal.jp/ttjt). Figure 2 
shows runup heights in the Tohoku 
region, ranging from about 10 m to 
over 40 m, while inundation heights 
varied from 10 m to 38 m. (See Fig- 
ure 3 for tsunami terminology.)

The Tohoku coastline can be geo- 
graphically subdivided into two 
areas: the Sanriku coast (with the 

prefectures of 
Miyagi, Iwate, 
and Aomori), 
which is more 
mountainous with 
numerous estuar-
ies and coastal 

valleys; and the middle coastline from 
the city of Sendai in southern Miyagi 
southward to Fukushima, Ibaraki, and 
Chiba prefectures, where the coast- 
line has broader low-lying plains. Along 
the Sanriku coast, in most instances, 
the tsunami was a long-period high-
amplitude surge. Along the coastal 
plain south of Sendai, the offshore 
bathymetry caused the tsunami to 
break into a series of bores, seen on 
worldwide television networks as live 
videos.

The purpose of the ASCE tsunami re- 
connaissance trip was to investigate 
and document the performance of 
buildings and other structures in Ja- 
pan, with the speciic intent to apply 
the observations to ongoing work to 
develop tsunami structural design 
provisions for the ASCE 7 standard, 
Minimum Design Loads for Buildings 

and Other Structures. Data from this 
reconnaissance will help resolve some 
key questions in the tsunami design 
provisions regarding low velocities 
and momentum of tsunami surges 
over land, luid hydrodynamic forces 
on structural elements, debris low, 
debris strike effects, and foundation 
erosion and scouring.

As of August 21, 2011, the Japanese 
government estimated that 264,468 
buildings (mostly residences) either 
collapsed or partially collapsed, es- 
sentially from the tsunami inunda- 

tion (National Police Agency of Ja- 
pan, 2011). The cost of the damage 
and economic losses has been esti- 
mated by the government of Japan 
at ¥16.9 trillion (over $217 billion), 
which would make it the most ex- 
pensive natural disaster in history. 

Tsunami Warning and 

Response

The population in the tsunami-
affected coastal areas in Honshu 
was over 250,000. There were 
20,000 fatalities or missing persons, 
per police records. From the level 
of damage observed in the tsunami- 
inundated areas, even a 5% survival 
rate would have been impossible 
had the population not evacuated. 
It is therefore apparent that the tsu-
nami warning system and evacu-
ation training saved thousands of 
lives.

Every community has tsunami road 
signs indicating entrance to and 
exit from potential tsunami inunda-
tion areas. These signs appear to 
have been conservatively located 
such that the destructive part of the 
tsunami stayed mostly within the 
delineated zone, even when most 
seawalls and breakwaters were 
severely overtopped or destroyed. 
Warnings for the most severe cate- 
gory of tsunami were issued begin-
ning approximately three minutes 
after the earthquake. Communities 
utilized evacuation to high ground 
as well as vertical evacuation into 
designated buildings. Access to high 
ground was typically provided by 
stairways, and ramps were avail-
able in a few locations. Temples, 

Figure 3.  Tsunami terminology illustration (source: Port 
and Airport Research Institute, Japan).

Figure 2. Inundation and runup heights reported by the 

Tohoku Earthquake Tsunami Joint Survey Group.
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shrines, and cemeteries located on 
hillsides above the towns often pro-
vided suitable high-ground refuge 
with easy and familiar access 
routes.

In the northern Sanriku coastal 
areas, in communities where the 
tallest buildings were not higher 
than four or ive stories, there were 
several cases of four-story buildings 
being overtopped. For example, 
some tsunami evacuation buildings, 
a hospital, and local emergency 
management centers were over-
topped, resulting in loss of life 
amongst those with expectations of 
safety in those buildings. News re- 
ports indicate that over 100 evacu-
ation buildings or evacuation sites 
were inundated, some of which, 
such as those in Minamisanriku and 
Onagawa, were seismically robust 
low-rise structures like ire stations. 
They were being staffed by oficials 
issuing the tsunami warnings and 
broadcasting real-time accounts of 
the tsunami, and they perished 
while fulilling that mission. In most 
of these cases, the structures sur-
vived but most of the occupants did 
not. In Rikuzentakata a three-story 
tsunami evacuation center was 
abandoned before the building was 
inundated, thereby saving several 
dozens of primary school children. 
We visited several mid-rise rein- 
forced concrete buildings that served 
as tsunami evacuation sites and 
found that those that were high 
enough were successful.

There are limits to what society can 
do to prevent damage in regions 
subject to large tsunamis. However, 
tsunami warning and evacuation 
systems with conservative tsunami 
evacuation zones can signiicantly 
improve public safety, and the warn- 
ing system experience in Japan 
should be considered somewhat 
effective given the unprecedented 
height of the tsunami. However, re- 
cent surveys of survivors by the 
Yomiuri Shimbun (August 18, 2011) 
reveal that more than 40% of the 
survivors delayed evacuation. Rath- 
er than moving immediately to high 

ground, many went home or looked 
elsewhere for family members, and 
some felt unconcerned, perhaps be- 
cause they were not informed about 
the severity of the tsunami. Residents 
may also have relied on the seawalls 
and other tsunami defenses. More 
than half evacuated by car, and of 
these, about a third got caught in 
heavy trafic jams. Aerial videos show 
evidence of evacuees in vehicles be- 
ing unable to escape the advancing 
inundation.  

There is great interest in studying the 
effects of the Tohoku tsunami due to 
the analogous threat posed by the 
Cascadia subduction zone to the 
Paciic Northwest of North America. 
There is evidence that in 1700, this 
subduction zone was the site of a tsu-
namigenic earthquake estimated at 
magnitude 9 (Atwater and Hemphill- 
Haley, 1997; Geist, 2005). The north-
ern California, Oregon, Washington  
and British Columbia coastlines would 
be inundated within 30 minutes of 
such an earthquake.

Tsunami Flow Velocity

To estimate the hydrodynamic forces 
applied to structures during a tsunami, 
it is necessary to estimate the low 
depth and velocity that caused the 
observed damage. It is not generally 
suficient to have estimates of the 
maximum inundation depth and maxi- 
mum low velocity, since these two 
are seldom simultaneous. Since it is 
very dificult and generally impractical 
to perform ield investigations of tsu- 
nami low characteristics after the 
fact, most tsunami surveys have fo- 
cused on determining the maximum 

inundation depth and runup height 
in order to validate tsunami inunda- 
tion models; low velocities are then  
typically estimated using these mod- 
els. However, the Tohoku tsunami 
provided an unprecedented oppor-
tunity to analyze tsunami low condi- 
tions using video and ield evidence. 
Much of this analysis has been per-
formed remotely using only the cap-
tured videos and satellite imagery 
tools such as Google Earth. Field 
veriication of dimensions and low 
depth conirmed the assumptions 
made during video analysis. 

Because this tsunami took place in 
daylight, it was captured on video 
by numerous sources. After the 
earthquake, a number of news 
media helicopters and light planes 
were in the air to survey earthquake 
damage and ires initiated by the 
shaking. Because they were still in  
the air when the tsunami came on- 
shore, they captured numerous vid- 
eos of the incoming low and its de- 
structive path. In addition, numerous 
citizens videoed the raging waters 
as they were caught up in them. 
Many of these videos are now avail- 
able online for analysis of the low 
characteristics. One aerial video 
captured a bore traveling up the 
Natori River south of Sendai. Prior 
to our survey we used this video to 
estimate the bore velocity at 6.58 
m/s. During our ield survey, we 
visited the site to measure more 
accurately the concrete panels that 
formed the river bank (Figure 4). Six 
concrete panels, each approximately 
20 m long, were clearly visible in the 
aerial video. Using these panels, 

Figure 4. Field measurement of river bank concrete panels visible in video of 
river bore (photos: Robertson/ASCE).
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a more accurate average bore 
velocity of 6.69 m/s was determined 
(Figure 5). We also measured the 
depth of water and height of the 
river bank. These measurements 
were adjusted for the 0.15 m differ-
ence in sea level based on the tides 
at the time of the tsunami inunda-
tion (15:51 on March 11) and the 
higher tide at the time of our survey 
(12:00 noon on April 24). This 
resulted in a still water depth of 
1.21m and a hydraulic jump height 
of 1.27m, noting from the video that 
the bore just reached the top of the 
river bank. Using hydraulic jump 
theory, the bore velocity can be 
estimated as:

where:  vj is the jump velocity (m/s)
 g is the acceleration due to 
 gravity (m/s2)
 ds is the still water depth in 
 front of the jump (m)
    and hb = hj + ds is the height of  
 the bore, where hj is the  
 height of the hydraulic jump  
 (m)

During a subsequent ield survey, 
the low velocity due to the incom-

ing tide at the time of the tsunami was 
estimated at 0.75 m/s. When added 
to the theoretical bore velocity based 
on still water, the bore veocity could 
be estimated at 6.89 m/s. The estimate 
based on hydraulics is only 0.20 m/s, 
or 3% faster, than the video-measured 
bore velocity.

A similar analysis of aerial video ta- 
ken over farmland in the Sendai 
plains yielded velocity estimates for 
the leading edge of the surge at 6-7 
m/s (Figure 6), depending on the 
distance traveled overland.

If video evidence is not available at 
a location of interest, it is possible 
to estimate the low characteristics 
by reverse analysis of a “low surro- 
gate.” Figure 7 shows a low surro- 
gate adjacent to a critical structural 
test case of a large-scale wall blow- 
out in the Takada Matsubara build-
ing in Rikuzentakata. Two large light 
standards stood on either side of 
the building. The maximum inunda-
tion depth measured by debris on 
the building was less than the ele-
vation of the light ixture on top of 
the pole. Based on structural analy-
sis, we estimated the pushover 
dynamics of the light standards 
during the 10-m deep inlow. Under 
lexural bending, an initial buckling 
of the thin pipe walls above the 
base plate stiffeners resulted in 
rotation of the pipe until the initially 
dry light ixture frame at the top of 
the pole was lowered into the low 
and captured debris. This debris 
load at the top of the pole greatly 

Figure 5. Post-survey analysis of river bore velocity using concrete panels on 

river bank (source: Robertson/ASCE).

Figure 6. Aerial video analysis to determine average surge velocity over 

Sendai plains (source: Robertson/Google/ASCE).
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increased the moment at the base 
and initiated much more rotation 
until it generated tensile rupture of 
the anchor bolts. A depth-averaged 
low velocity of at least 7.25 m/s 
was determined. A sample of the 
broken bolts was also recovered 
for laboratory testing to verify the 
tensile stress-strain relationship; 
however, the bolt anchorage group 
had higher moment capacity than 
the lexural local buckling strength 
of the pole.

Utilizing both video and “low surro- 
gate” analysis, we ascertained low 
velocities at numerous sites of inter- 
est: the characteristic low velocities 
that damaged engineered structures 
typically ranged from 5-8 m/s; how- 
ever, there is evidence that low vel- 
ocities reached 10 m/s in areas of 
concentrated or accelerated low.

Tsunami Loads and Effects 

on Structures

Tsunamis can damage coastal build- 
ings and infrastructure through a 
combination of forces:

ł Hydrostatic—Buoyant forces, 
additional loads on elevated 
loors, unbalanced lateral forces 
ł Hydrodynamic—Lateral and up- 

lift pressures of tsunami bore and 

surge low
ł Debris damming and debris im- 

pact—External and internal debris 
accumulation and striking
ł Scour effects—Shear of cyclic in- 

low and outlow, and transient lique- 
faction due to depressurization dur- 
ing outlow

Alone or in combination, these effects 
caused structural failures in low and 
mid-rise building components of any 
structural material. Building perfor-
mance was not guaranteed simply by 
generic choice of structural material 
and structural system. Lateral strength 
and element resistance to impact 

were critical to avoid local damage, 
while resistance to progressive 
collapse prevented local member 
failures from precipitating dispropor-
tionate structural failures.

Performance of Coastal Defensive 

Structures. Beginning with the 1933 
Showa Sanriku Tsunami, and ac- 
celerating after the 1960 Chile and  
1993 Hokkaido-Nansei-Oki tsuna- 
mis, many tsunami-resistant mea- 
sures were taken in Japan, includ-
ing breakwaters, seawalls, tsunami-
resistant development plans, and 
evacuation procedures. Tsunami 
protective structures along the San- 
riku coast constituted critical infra- 
structure that was vital to the pro-
tection of life, property, and eco-
nomic assets against both tsunami 
inundation and hurricane storm 
surge and wave action. However, 
the Tohoku tsunami was unprece- 
dented in inundation height and spa- 
tial extent, easily overtopping all de- 
fensive breakwaters and seawalls.

The lessons from these observa- 
tions may have even greater impor- 
tance for the U.S., where the vulner- 
ability of critical infrastructure along 
the west coast is just beginning to 
be recognized outside the scientiic 
community. Table 2 provides simul- 
taneously examples of various struc- 
tural countermeasures taken in 
Japan and as yet not fully imple-
mented in tsunami-vulnerable areas 
of the United States. 

Figure 7. Light standard adjacent to coastal Takada Matsubara building in Riku- 

zentakata with large-scale internal wall blowout (photos: Robertson/ASCE).

Table 2. Tsunami countermeasures observed along the Tohoku coast
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It appears that tsunami 
height design criteria in 
Japan have evolved over 
the years, but recently 
either utilized the largest 
past tsunami that yielded 
credible evidence on run- 
up, or modeled inundation 
depths for the possible 
tsunamis caused by the 
largest credible earth-
quake. The Mw 9.0 event 
far exceeded the maximum 
credible earthquake antici- 
pated, and the resulting 
tsunami far exceeded his- 
torical inundation depths 
and distances. This raises 
the question of whether 
tsunami design criteria 
should have a “determin-
istic maximum limit” based 
on judgment of the capac-
ity of the seismic source, as 
is currently done on the 
west coast of the U.S. and 
Canada, or whether the 
tsunami design level should 
be entirely probabilistic. A 
probabilistic approach for 
tsunami risk management 
may be preferable because 
the consequences of un- 
der estimating tsunami 
height are quite severe.

Irrespective of population, 
the majority of coastal 
communities north of 
Sendai had seawalls to 

mitigate tsunami effects. The sea- 
walls were constructed at different 
times and in different ways. The 
height of the recent tsunami was 
greatly affected by the coastal 
bathymetry and local topography 
and, in all cases surveyed, it ex- 
ceeded the design height of the tsu-
nami defensive walls and gates by 
a signiicant margin—sometimes up 
to twice their height. The overtop-
ping frequently created a breaching 
failure, resulting in nearly complete 
destruction of most low-rise build-
ings in low-lying communities. How-
ever, it appeared that there could 
have been even greater spatial 
damage had there been no seawall 
protection at all.

A common tsunami protection wall 
consisted of a compacted earth dike 
protected by concrete slabs on both 
the offshore and onshore slopes. 
During overtopping, the concrete 
panels were often stripped from the 
earthen dike, which then eroded 
rapidly to allow free passage of the 
inbound and outbound tsunami low 
(Figure 8). The concrete panels were 
often carried inland by the low, lead- 
ing to impact damage to the build-
ings they were meant to protect.

Another common seawall construc-
tion consisted of massive gravity 
walls constructed of monolithic con-
crete blocks (Figure 9). There were 
no signs of continuity between ad- 
jacent blocks, so the design relied 

Figure 9.  Massive concrete seawall blocks 
in Otsuchi toppled by tsunami low ﾔ(source: 
Kriebel/ASCE).

Figure 8. Concrete panels stripped from earthen 

dyke leading to complete failure of the seawall in 
Tarou (photo: Robertson/ASCE).

Figure 10.  

Displacement of 

seawall blocks  
in Otsuchi  

(source: Chock/
Japan GSI/ 

ASCE).
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on each block acting as a separate 
gravity wall segment. Many of 
these walls failed due to massive 
scour of the onshore toe of the 
foundation caused by overtopping 
(Figure 10). In some cases the con- 
crete gravity seawalls were over-
turned by return low rather than by 
the incoming tsunami. Most sea-
walls had openings to allow vehicu-
lar trafic to pass through the wall, 
with heavy steel gates to close the 
openings when a tsunami warning 
was announced. It appeared that 
such gates had been successfully 
closed prior to the tsunami inunda- 
tion, and that the majority of the 
gates resisted well the incoming 
low, but often failed during the 
outward return low, for which they 
had not been designed.

Notable exceptions to the above 
failures were seawalls using rein- 
forced concrete construction with 
sound foundations. Although these 
walls had a moderate amount of  
overtopping, they did not fail struc-
turally, so were able to provide a 
pronounced mitigating effect on tsu- 
nami damage behind them. Even 
though the 15.5 m-high tsunami de- 
fensive wall for the town of Fudai 
was overtopped by 18.1 m tsunami 
water depth (Figure 11), the extent 
of damage on the lee of the wall 
was minimal. In the city of Miyako, 
we examined areas of the town 

inside and outside the seawall (Figure 
12) and found a remarkable difference: 
the unprotected area was more than 
90% destroyed while the portion be- 
hind the seawall had mostly localized 
damage—in spite of various sections 
of the protective wall having been 
overtopped by about 2 m. 

Most offshore breakwaters failed in  
the tsunami, as we have seen either 
with remote sensing or on-site obser-
vation. Tsunami mitigation forests 
planted along the coastlines of Natori 
and Minamisanriku appeared to be 
ineffectual given the depth and veloc-
ity of the tsunami inundation. Tree 
trunks were snapped off or uprooted, 
and became large wooden debris mis- 
siles brought inland by the tsunami.

Performance of Port Infrastructure. 

In many areas, relatively slender port- 
side quay walls and wharves were in 
surprisingly good condition, consider-
ing the damage to massive breakwa-
ters in the same ports. Some possible 
explanations for this can be synthe-
sized as follows:

ł While offshore breakwaters took the 
brunt of the unbroken or breaking 
tsunami waves, piers and quays 
were hit much less violently by 
rising tidal surge or broken tsunami 
bores, which had lost part of their 
energy to the breakwaters.

ł Unlike sea walls and breakwaters, 
piers, quays, and wharves pro-

truded less above the mean sea 
level and may therefore have sus-
tained somewhat lower hydrody-
namic loading. Blow-out panels at 
the back of most quays provided 
a relief valve to limit the uplift 
pressure on the ixed structural 
elements.

ł The amount of debris entrained by 
the tsunami bore at the waterfront 
location, in front of piers, wharves, 
and quays, was signiicantly lower 
than the amount of debris carried 
further inland. Hence, the debris 
loading on these elements was 
less severe.

ł The limited vertical exposure of 
the piers and quays, combined 
with relatively high levels of inun-
dation, made them less vulnera-
ble to large debris such as boats, 
which often loated over them and 
came to rest on land.

Earthquake-induced subsidence of  
the waterfront resulted in submerged 
quay and wharf structures in places 
such as Kamaishi, Miyako, Mina-
misanriku, and Tarou (Figure 13). 
In some areas, the entire waterfront 
subsided and most harbor-side 
structures were submerged or had 
been lost. 

In other locations, subsidence was 
evident in the unconsolidated sedi-
ments used as ill under the back-
shore landward of a pile-supported 

Figure 12. Surviving seawall in Miyako helped limit tsu-
nami damage even though it was overtopped (photo: 
Kriebel/ASCE).

Figure 11. Seawall gate protected Fudai in Iwate Prefec-

ture despite being overtopped (photo: Chock/ASCE).
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quay and wharf structure. This re- 
sulted in the quay remaining at a 
higher elevation while areas behind 
dropped (Figure 14).

Another common damage pattern 
was scour behind sheet pile-sup-
ported quay wall structures (Figure 
15). In some cases, the tie backs 
and anchoring systems were signii-
cantly exposed by massive erosion 
behind the structure (Figure 16).

Among the more successful design 
features of pile-supported concrete 
quays in many ports were blow-out 
panels between the pile-supported 
structure and the landside back-
wall. In general, ield observations 
conirmed that the use of blow-out 
panels was successful in relieving 
pressures as the incoming tsunami 

propagated under the pile-supported 
quay deck. Figure 17 shows an ex- 
ample from Tarou with metal grating 
used as the blow-out section, while 
Figure 18 shows the successful use 
of concrete blow-out panels in Kes-
senuma. The only remaining panels 
were those restrained by the ware-
house columns built above them on 
the quay deck.

Similar blow-out panels were observed 
at Ofunato, Onagawa, and Yuriage 
harbors, proving in all cases to be 
effective in preventing more severe 
damage to the pile-supported quay. 
In order to overcome the self-weight 
of the concrete blow-out panels, 
uplift pressures must have been in 
the range of 8-12 kPa (167-250 psf), 
based on the sofit area exposed to 
hydrodynamic pressure. Once the 

blow-out panels were displaced, 
the uplift pressure on the rest of the 
pier would reduce, likely preventing 
more extensive structural damage.

Performance of Buildings. In gen- 
eral, we observed complete col-
lapses of nearly all residential light- 
frame construction in areas subject- 
ed to about a story height or more 
of inundation. Along the Tohoku 
coast, tsunami water height was in 
the range of 5-30 m or sometimes 
more. In commercial and industrial 
areas, 75%-95% of low-rise build-
ings collapsed. In these coastal in- 
undation areas, we found no high- 
rise buildings; the tall buildings were 
between four and eight stories. De- 
spite this devastation, a number of 
the multistory buildings survived the 
tsunami without loss of structural 

Figure 13. Kamaishi Port seawall and subsided quay deck (photos: Robertson/Kriebel/ASCE).

Figure 14. Backill subsidence at Otsu Fishing Port, 
Ibaraki Prefecture (photo: Kriebel/ASCE). 

Figure 15. Scour around the quay support sheet pile 

system, Otsu Fishing Port (photo: Kriebel /ASCE). 



9

EERI Special Earthquake Report  —  September 2011   

integrity in their vertical load-carry-
ing system or foundation. In fact, a 
signiicant proportion of the surviv- 
ing buildings did not appear to have 
signiicant structural damage from 

either the earthquake or tsunami. This 
provides some encouragement regard- 
ing the potential resilience of larger 
modern buildings with robust seismic 
designs and scour/uplift-resistant 

foundations. 

Figure 19 shows 
several low to 
mid-rise rein-
forced concrete 
buildings in Min- 
amisanriku that 
were inundated 
up to 16 m. One 
of the Minami- 
sanriku vertical 
evacuation build- 
ings was a four- 
story shoreline 
apartment build-
ing with a roof 
height 15.25 m 
above sea level 
(Figure 20). The 
roof had been de- 
signed for easy 
access by both 
exterior stair and 
elevator, with a 
secure 2 m-high 
perimeter fence. 
When the tsuna- 

mi topped out at 15.8m above sea 
level, it overtopped the roof by over 
half a meter; however, those on the 
roof remained safe. This building  
was oriented perpendicular to the  
low, which scoured almost a com- 
plete moat around the structure. Be- 
cause of its pile foundation system, 
it was not structurally damaged de- 
spite having no “breakaway” walls.

We visited several other tall mid-rise 
reinforced concrete buildings that 
had served as tsunami evacuation  
sites. They had performed well, and  
the evacuees furnished a number of 
spectacular videos of tsunami low 
destroying neighboring buildings 
around them. The Kesennuma Port 
Authority Building, which served as 
a vertical evacuation building from 
the 3rd loor upward, was inundated 
to 8.25 m above local grade (Figure 
21). Most low-rise industrial build-
ings in the port area were swept 
away.

Figure 16. Scour around the 

quay wall support sheet pile 
system in Kesennuma Port (photos: Robertson/ASCE).

Figure 17. Undamaged pile-sup-

ported quay deck with blown out 
metal grating, Tarou Port (photo: 
Nistor/ASCE).

Figure 18. Intact quay wall section and blown out rect-
angular concrete panels, Kesennuma (photo: Robertson/
ASCE).

Figure 20. Minamisanriku designated vertical evacuation 

apartment building (photos: Kriebel/Robertson/ASCE).
Figure 19. Minamisanriku post-tsunami aerial photograph 

(photo: Asia Air Survey Co. Ltd.).
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entering through the door opening 
visible on the far side.

As they hit land, tsunamis quickly 
become laden with debris from failed 
building components, street infra-
structure, and natural material strip- 
ping. This debris load increases with 
each cycle of inlow and outlow. 
Even relatively open buildings, or 
those with breakaway cladding, can  
be reloaded with debris that wraps 
around structural framing and re- 
creates solid projected areas. Fig- 
ure 25 shows a three-story steel 
moment-resisting frame building in 
Otsuchi with a 5 m-tall debris pile 
bent around its corner. The building 
frame was essentially undamaged, 
despite a 9-m inundation depth, be- 
cause of a robust structural 
design that did not rely on 
breakaway cladding.

In the three-story steel mo- 
ment-resisting frame building 
shown in Figure 26, the frame 
collapsed due to yielding of 
the top and bottom of all irst-
story columns, and then it was 
transported by the incoming 
low and compacted sideways 
against the three-story rein-
forced concrete building in the 
background. The steel building 
frame, itself laden by debris, 
became a large debris load on 
the building behind it. Building 
contents also act as internal 

debris loading when tsunami low 
enters the structure; this transmits 
hydrodynamic load to the structure 
even when the exterior “breakaway” 
walls have opened to allow water to 
low through. 

In addition to building components 
and even whole buildings, tsunami 
debris lows include discrete masses 
such as loating vehicles, logs, trees, 
rolling boulders, large and small con- 
crete fragments, boats, ships, ship-
ping containers, and fuel and oil stor-
age containers. These projectiles can 
damage exterior walls and structural 
columns that lack enhanced local pro-
tection or redundant alternative load 
paths, and cause partial or complete 
progressive collapse of the building 

(Figure 27).

As observed in prior tsunamis, build- 
ing foundations may be undermined 
by erosion, typically at their corners, 
especially (but not exclusively) 
those with larger plan dimensions 
and solid or unbreached wall enclo-
sures (Figure 28). Flow accelerating 
around, between, or over any bluff 
body obstruction generates a scour-
ing of the surface soil. We found 
cases of up to 3 m-deep scour 

Figure 25. Three-story steel moment-resisting frame with 
5 m tall enwrapping debris (photo: Chock/ASCE).

Figure 26. Collapsed three-story steel moment-resisting 

frame with debris load (photo: Chock/ASCE).

Figure 28. Gary Chock measures 
the depth of scour below a building 
corner (photo: Robertson/ASCE). 

Figure 27. Ian Robertson examines the dam- 

age from a tsunami-borne car to a structural 

precast bearing wall apartment building in 
Yuriage, Natori (photo: Chock/ASCE).
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pockets at the corners of large 
buildings.

Bridge Performance. Outages to 
highway and rail bridges and over-
passes were numerous. Whereas 
roadway bridges can be replaced 
by temporary or bypass structures, 
the failure of a railway bridge gen- 
erally results in much longer disrup-
tion to operations. Railway bridge 
failures resulted from large sus-
tained lateral forces on the bridge 
spans, suficient to fail seismic an- 
chorages or pull down the overpass 
piers themselves. In many highway 
bridge cases, seismic lateral block- 
ing and ductile anchorage of girders 
were ineffective in resisting uplift. 
Figure 29 shows a multispan rail- 
way bridge in Otsuchi that was de- 
stroyed by the tsunami. The large 

exposed area of the deep long-span 
plate girders allowed large lateral 
loads, which either failed the connec-
tion to the top of the bridge piers or 
failed the bridge pier in bending near 
the base. At least four of the concrete 
piers had failed due to rupture of the 
reinforcing steel bars as a lexural 
hinge formed at or near the base of 
the pier.

In Rikuzentakata, a relatively new high- 
way overpass consisting of three skew 
spans had collapsed (Figure 30). The 
three reinforced concrete piers and 
two abutments were still intact and 
showed no signs of damage, though 
there was signiicant scour behind the 
abutments. The three deck sections 
had been dislocated from atop the 
piers to a location approximately 40 
m inland. Because two of the deck 

sections now lay atop the original 
roadway below the overpass, they 
were quickly demolished and the 
roadway reconstructed. By the time 
of our survey, a temporary roadway 
bypassing the overpass was in 
place, and the roadway below the 
original overpass had been rein-
stated, complete with new asphalt 
pavement. 

Because of the large volume of air 
that could be trapped between the 
girders and the end bulkheads as 
the inundation increased, the deck 
section is very close to buoyant 
when fully submerged. Field mea-
surements of the remaining deck 
section indicated that the residual 
weight is only 11% of its original 
weight when fully submerged. This 
implies that relatively little additional 
uplift would be required to dislodge 
the deck sections. Large concrete 
shear keys located between the 
girders and large-diameter smooth 
steel dowels that it vertically into 
the end bulkhead of each deck sec-
tion were intended to prevent side- 
ways movement during an earth-
quake, but there did not appear to 
be any mechanism to resist uplift of 
the girders and deck panels. Intact 
and undamaged shear keys and 
dowels suggested that the deck 
moved upwards due to combined 
buoyancy and hydrodynamic uplift 
to separate from the supporting 
piers and abutments.

Figure 29. Multiple span and pier failures of a railway overpass and river 
bridge in Otsuchi (photos: Robertson/ASCE).

Figure 30. Rikuzentakata roadway bridge deck panels lifted from piers and deposited nearby (photos: Robertson/ASCE).
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A two-lane road bridge in Rikuzen-
takata consisted of four structural 
steel trusses supported on two 
abutments and three piers. All four 
trusses were washed off the piers 
by the incoming tsunami low and 
deposited up to 800 m inland (Fig- 
ure 31).

A number of roadway bridges sur-
vived the tsunami inundation with 
only minor nonstructural damage, 
even though they were completely 

submerged. In many cases, it was not 
possible to inspect below the bridge 
to determine what attachment had 
been provided between the bridge 
deck and the supporting piers and 
abutments, but Figure 32 shows a 
bridge deck in Minamisanriku that 
survived the inundation, although 
the safety barrier was destroyed. 
Brackets connecting the bridge deck 
girders to the supporting piers, pre-
sumably for earthquake resistance, 

probably helped to prevent failure 
during the tsunami.

At a number of locations, temporary 
bridges had been installed to re- 
place damaged roadway bridge 
decks. Figure 33 shows temporary 
bridges over a single failed span in 
Minamisanriku (left), and a similar 
temporary bridge in Rikuzentakata 
(right).

Design for Tsunami Effects 

and Seismic Effects

During the tsunami, sustained hydro- 
dynamic forces exceeded the mini-
mum seismic design code forces 
for most structures. The Japanese 
seismic design code generally re- 
sults in greater lateral forces and 
stiffer systems for reinforced con-
crete and steel buildings than does 
the U.S. code, so additional analyti- 
cal comparisons are necessary. 
The reconnaissance team traveled 
throughout the damaged prefec- 
tures, within and outside the inun-
dated areas, and noted that the 
surviving structures did not show 
evidence of signiicant earthquake 

Figure 31. Steel truss bridge swept inland from its original location in Rikuzen- 
takata (photo: Robertson/ASCE).

Figure 32. Brackets connecting surviving bridge deck to pier (photos: Robertson/ASCE)

Figure 33. Temporary bridges (photos: Robertson/ASCE).
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damage preceding the tsunami. 
Structures of all material types can 
be subject to general and progres-
sive collapse during tsunami, but 
larger and taller, more massive 
buildings seem to be inherently less 
susceptible.

Conclusions and Recom-

mendations

The following factors should be con- 
sidered in design for tsunami risk 
mitigation:

ł Probabilistic tsunami hazard an- 
alysis for design should include 
longer return period tsunamigenic 
subduction earthquakes commen- 
surate with the maximum consid-
ered risk level utilized in seismic 
codes. The severity of a tsunami 
correlates to the amount of verti-
cal displacement in the sea loor 
rather than ground acceleration; 
unlike the case with earthquake 
shaking intensity, tsunami heights 
do not asymptotically reach a 
saturation limit with magnitude. 

ł It is quite possible to design build-
ings and other structures to with-
stand tsunami events, especially 
taller buildings that may serve as 
refuges, taller buildings that may 
not be easily evacuated, buildings 
that pose a substantial risk to hu- 
man life if they fail, essential facil-
ities, and critical infrastructure. 

ł Mid-to-high-rise reinforced con- 
crete buildings with robust col- 
umns and/or shear walls can  
survive structurally and could be- 
come evacuation structures if tall 
enough. Steel buildings robustly 
proportioned at their lower stories 
could have similar capability.

ł Light-frame construction will not 
survive a tsunami inundation depth 
of more than a few meters, or 
high low velocities. However, to  
guard against more frequent lower- 
amplitude events, the superstruc-
ture should be elevated above 
the base 100-year loods from all 
sources, including tsunami.

ł Depending on the tsunami hazard 
level, seismic design may not 

assure suficient tsunami resistance, 
particularly for low-rise buildings.

ł In order to resist the effects of a 
near-ield tsunami, structures must 
irst perform adequately with limited 
structural damage during the earth-
quake preceding the tsunami. 

ł Flow acceleration around large 
buildings can signiicantly increase 
the low velocity on downstream 
buildings.

ł Buoyancy should be considered in 
design; there should be suficient 
openness in buildings to alleviate 
buoyancy. Breakaway cladding has 
greater value in preventing buoy-
ancy than in reducing hydrodynamic 
forces because of the likely debris 
loading from internal and external 
sources in repeated tsunami low 
cycles.

ł Debris in tsunami inlow starts to  
accumulate once structures and 
vegetation are encountered. Struc-
tures should be designed with an 
eye toward the loading possible 
from debris damming or blockage 
and debris strikes. Enhanced local 
element resistance to debris strikes 
should be included in design.

ł Foundation systems should resist 
scour effects, particularly at corners 
of buildings, to minimize undermin-
ing.

ł Harbor quays and wharves should 
be provided with blow-out panels 
to relieve uplift pressure and avoid 
damage to the structural elements.

ł Soil stabilization is required to pro- 
tect against liquefaction and erosion 
of ill materials behind port wharves.
ł Seawalls should be designed with 

the assumption of overtopping. 
Scour protection is required on both 
seaward and landward faces of the 
walls to prevent foundation under-
mining. Walls should also be con-
tinuously reinforced.
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