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Damage to Buildings Caused by
Ground Shaking and Tsunami

Summary of damage reconnaissance by the Steel
Structures Committee of AlJ

1) Summary of ground motions and tsunami
2) Damage caused by ground motions (Miyagi, Fukushima)
 Damage to structural and nonstructural components

3) Damage caused by tsunami (Sendai, Shiogama,
Ishinomaki, Onagawa, Minamisanriku, Kesennuma,
Rikuzentakada, Ohfunato, Kamaishi, Otsuchi, Miyako, Kuji)

« Port facilities, Fish processing facilities, Refrigeration facilities, Freight
facilities, Factories, Commercial facilities

4) Other damage caused by ground deformation and fire
5) Summary



The 2011 Tohoku Earthguake

MarCh 11’ 2011’ 14:46 USGS ShakeMap : NEAR THE EAST COAST OF HONSHU, JAPAN

Epicenter: east longitude 142.9 C—im——r—usmr =0
north latitude 38.1 <

Depth: 24 km
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The 2011 Tohoku Earthguake
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 Death toll: 15,835 |

e Missing: 3,669

« Damaged houses
Full collapse 120,142
Half collapse 188,570
Partial damage 594,508 | ¢
Flooded over floor 10,965 s | ¢ o T
Flooded under floor 13,677 | v st /i o7/

IWTHOSA

pul R TIWTH134

(2011.11.7 The number includes the ﬁ:TQH
damage caused by aftershocks.) 3 A
« Evacuee: 470,000 ) AEEE””O”'E e |
« Amount of damage: e Tl o o g
140 142 144

¥16.9 trillion (US$200 billion) Slip distribution on the fault

Meteorological Research Institute, JIMA
http://www.mri-jma.go.jp/Dep/sv/2011tohokutaiheiyo/source-process2.pdf/



The 2011 Tohok

March 11, 2011, 14:46 M, 9.0
Many aftershocks

JMA seismic intensity

VII: 1 station

VI+: 40 stations

10.00 m/s? or larger: 18 stations
Less 1.00 m/s except for 1 statio

! Earthquake

n

A

Fukushima
Reactors




The 2011 Tohoku Earthguake

* JMA seismic intensity
VII: 1 station
Tsukidate, Kurihara (MYGO004)
27.00 m/s?2 NS
12.69 m/s? EW
18.80 m/s?2 UD
PGV=1.094 m/s resultant

Kurihéré, Store
Steel, 3F;'Minor damage




The 2011 Tohoku Earthquake
Nigatake, VW@EGIFO, Sendai
« JMA seismic intensity T statidn (MYG013)
VII: 1 station e
VI+: 40 staions
Nigatake, Miyagino, Sendai
(MYGO013)
15.15 m/s? NS
9.77 m/s? EW
2.90 m/s? UD
PGV=0.816 m/s resultant
e 10.00 m/s2 or larger: 18 stations
* Less 1.00 m/s except for 1 statior

Leaned by liguefaction



Strong Motion Records
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Psuedo Velocity Response Spectra

500
Tsukldate MYGOO4 P ;;:0_@5
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0.0 0.5 1.0 1.5 2.0 2.5 Period(s)
Psuedo Velocity Spectra

K-NET MYGO004, MYG012, MYGO013
NILIM, MLIT and BRI: Quick Report of the Field Survey and Research on “The 2011 off the Pacific coast of
Tohoku Earthquake” (the Great East Japan Earthquake), Technical Note No. 636, NILIM/Building Research

Data, No.132, 2011.5

Notes: 1)Psuedo velocity is calculated based on response displacement composed of two horizontal components. 2 Black broken
and dotted lines represent response spectra corresponding to soil-type Il and Il of the seismic provisions of BSLJ. 3 Grey dotted
and broken lines correspond psuedo acceleration of 5, 10, 15 m/s? and spectral displacement of 0.25, 0.50, 0.75 m, respectively.



Acceleration Response Spectra
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Acceleration Response Spectra



Tsunami Height Map

 The coast was close (100 km) to the faults

Inundation height along the coast
Kuji-Oshika Peninsula: 10-15m ),
Sendai Bay-Sohma: about 10m - - . . f &
Ibaraki-Chiba Pref.: 3-5m 2 ,. 1 Hokkaldo_

- Reactors

) II'LII"L " ‘]ll LI

Ishinomaki Onagawa _

The 2011 Tohoku Earthquake Tsunami Jomt §urvey Group COOSlL
http://www.coastal.jp/tsunami2011/ B o i KE 31031 km
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Fishing Ports along the Sanriku Coast
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Damage Caused by
Earthqguake Ground Motions



Damage Caused by Earthguake Ground Motions

 Eastern half of Honshu Island was affected.

v’ Damage to residential timber houses, reinforced concrete
and steel buildings

v Extensive liguefaction in reclaimed land/soft ground
around Tokyo bay area/reaches of Tone River

v'Resonance of high-rise buildings far away

« Very many aftershocks and derivatives (hundreds M, 5+)

 The same fault (Fault 1) has produced many earthquakes
1793, 1835, 1861, 1897, 1936, 1978, 2011

e There were two main events in Sendai

March 11, 14:46:18 M, 9.0 (JMASI 6-major)
April 7, 23:32:43 M, 7.2 (JMASI 6-major)



Damage in and around Sendal
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Sunny Helghts Takasago (SRC 14F 189 units)-1

Fukamuro, Miyagirdo, Sency

Apartment;SRC; 14F 5 = 3

Completed in' 1976 m=

Damaged byd9/8 Earthquak

Two piles<{(24m) repaired Uplift around north foundation




Sunny Heights Takasago (.EBC’ 14F)-2

nonstructural wa

Angle of inclination 1/56
(Top drift 70 cm to south)
Increased to 1/45 by aftershock o




Sunny Heights Takasago (SRC, 14F)-3

Shear failure of
1F nonstrucrtural wall




Tohoku Univ. (SRC, 9F)-1 civil Engrg. & Architecture

Aoba, Sendai
School, SRC, 9F, Completed in 19
Damaged by 1978 EQ

Strengthened with RC shear walls|sislglellgleR =1 [FI{Ro) Nel (=I@elel[S[aplals
after 1978 EQ of side-walls at setback level (3F

Strengthened with steel braces  [FgleEICR e eliAlgls oI RICHe I

t
in 2000 eesteel. members



Tohoku Univ. (SRC, 9F)-2 civil Engrg. & Architecture

This figure is masked This figure is masked
due to copyright . due to copyright .

Failure progress by aftershock on 4/7

All four corner columns crushed|in bending

This figure is masked This figure is masked This figure is masked
due to copyright . due to copyright . due to copyright .




Tohoku Univ. (SRC 9F)-3 Civil Engrg. & Architecture
Dlledl VVolIIb IdIIUIB IUIIUVV \
by bending crush of corner™s
columns of side walls

Tentative -
strengthenlng of
crushed column
(upper view)

Tentative

B strengthening
of crushed

® column
(lower view)

B8 braces installed in 2000



TOhOku UnIV (SRC 8F) -1 Electrical Engrg. & Applied Physics
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School, SRC; 8F b

Completed in 1966

Shear failure of boundary beams
between side walls




Tohoku Univ. (SRC, 8F)-2 Electrical Engrg. & Applied Physics

Shearand bond fallure of

boundary:beams
between side walls

N
4

Wi

/

J == ! oy

V._\,\\\\\\\M\\\\\\Q/ NN DR
)

) %/////%/////i &

Damage from main shock on 3/1

Damage progress from
aftershock on 4/7




Tohoku Univ. (RC, 2F) Electrical Engrg. & Applied Physics

Aoba, Sendal
School, RC, 2F
Completed in 1966

Shear failure of
first story columns




Tohoku Univ. (RC GF) Chemlcal and Biomolecular Engrg.

Aoba, Sendal
School, RC, 6F

Seismic upgrade completed
Minor damage




Damage Survey in and around Oroshimachi,
~ Wakabaya.shl Sendal B
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From |nvest|gat|Q w-------------u-..wm
- Collapsed RCbuilding (1) ..o . 07~ =™ % » =
* Severely damaged RC, bundmgs (4+) k T
 Damadeo large condominium (1) = 7+ e

» Cladding damage to steel buildings (many)
* Poorly designed steel parking garage (1)



evere Damage to RC Buildings
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Severe damage to RC Building (3F) 1-1
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_Sey_ere__ damage to RC Building (3F) 1-2
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Severe Damage to RC Building (3F) 21

Higashimiyagino, Miyagino, Se
Office, RC, 3F _
Shear failure of first story colunmins:



_

Severe Damage to RC Building (3F) 2-2

Longitudinal bars & tie:
round bars




Collapsed RC Building (2F) 3-1

Oroshimachi, Wakabayashi, Sendai
Offlce RC, 2F, Completed In 1969

» :JL |I |LIH, w”u“\ !Il
| B o u,l'”'

b J

First story collapsed
office worker evacuated safely.






27 Chile Maule EQ, Concepcio

Alto Rio,Condominium
RC. 15F"I32I€ J
Completed In 2009
_' 132-Units, 8 Death




Damaged SRC Bundlng (11F)

Nonstructure

Hagingmachi iMiyagino, Send

Concdonigiiin SRCE 1“11-‘.5 -
Completed in 1975 ot

Pounding at EX.



Damage to Steel Structures 1

This figure is masked
due to copyright .

Yielding of an older
built-up column

This figure is masked
due to copyright .

This figure is masked
due to copyright .

This figure is masked
due to copyright .

This figure is masked
due to copyright .

Spalling of base concrete

This figure is masked
due to copyright .

Collapse of sky bridges



A and: mortar claddmg
tS|des i

ldeforimation
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No falling of claddingion
south and east sides




Severe Damage to Steel Building (4F) 2-2




Severe Damae to Steel Bundlng
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Minor D_amage to Parkm Gar

Oroshlmachl Wakaba ashl
Parking Garage, Steel, 2F

|— .

dlng of gusse
by bending g




Minor Damage to Parking Garage (2F) 3-2
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Fracture of Shear Tab in Beam Connection 4

This figure is masked
due to copyright .

This figure is masked
due to copyright .

A child was killed by
a fallen ceiling.

N

This figure is masked
due to copyright .

Fracture of shear tab In
beam end connection
In a parking ramp




Severe Damage to Parking Garage (2F) 5-1

V4.4

I

|
v
ny

FI.
..r._
¥
re
< AN
/ .‘..




Severe Damage to Parklng Garage (2F) 5-2




Severe Damage to Parklng Garage (2F) 5-3
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Severe Damag_e to Parking Garage (2F) 5-4

Cracklng of sphalt pavmg
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No Structural Damage to Steel Buildings
In and around Oroshimachi, Wakabayashi, Sendai

Light-gauge residential Parking garage




Damage to Nonstructural Elements of
Steel structures 1

This figure is masked This figure is masked This figure is masked
due to copyright . due to copyright . due to copyright .
Celiling Metal lath-and-mortar ALC-panel
This figure is masked This figure is masked This figure is masked

due to copyright . due to copyright . due to copyright .



Damage to Exterior Flnlshes 2-1: Large Steel Structures

?
ALC- panels

-I- e r Y




Damage to Exterior Finishes 2-2: Mid-size Structures

Warehouse




Damage to Exterior Finishes 2-3 Smaller Structures




Nonstructural Damage to Steel Building 3-1: Sendal Medlatheque




Nonstructural Damage to Steel Building 3-2: Sendai Mediatheque
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Nonstructural Damage to Steel Building 3-3: Sendai Mediatheque

~ Break oflock pins -
~-at bottom of large front door|




Nonstructural Damage to Steel Bund}ng 4

I\Al\lnnlnn Sendai-- . ,
Hyagii y
Exhlbltlon % Steel, 2B

.', . ‘
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Seismic Damage to Steel Structures: Tsunami Area 1

This figure is masked
due to copyright .

This figure is masked
due to copyright .




Seismic Damage to Steel Structures: Tsunami Area 2
Minamisannriku (Inundation height 13-15 m)

This figure is masked This figure is masked
due to copyright . due to copyright .
This figure is masked This figure is masked

due to copyright . due to copyright .



Seismic Damage to Steel Structures: Tsunami Area 3
Minamisannriku (Inundation height 13-15 m)

This figure is masked
due to copyright . This figure is masked

due to copyright .

This figure is masked
due to copyright .

This figure is masked
due to copyright .



Seismic Damage to Nonstructural Elements of Steel Structures:
Tsunami Area; Ishinomaki (Inundation height 5 m)

Office, Steel, 3F

High-seheol gymnasium



Damae to Tlmber Construction

Fukumuro Miyagino, Sendai
llapse of old tlmber const.




Damage Caused by Tsunami



Damage Caused by Tsunami

e Tsunami hit a coast with many ports and harbors.

* The coast has been hit by tsunami many times:
1611, 1677, 1763, 1793, 1856, 1896, 1933, 1960,
2011

o Majority of timber residential buildings were
completely destroyed.

 Many reinforced concrete (RC) and steel buildings
survived In the devastating tsunami areas.

* The probable reason of survival of RC and steel
buildings is that column bases are firmly connected
to a foundation.



Tsunami Area: Ishinomaki & Onagawa
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Tsunami Area: Onagawa 1
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Tsunami Area: Onagawa 2 2011.5.25
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Geospatial Information Authority of Japan




Tsunami Area: Onagawa 3 2011.5.25
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Some buildings N i
seem to have survived =~ 2




Tsunami Area: Ishinomaki 1 2011.5.25

- TR v =

I b e

o ERIIEPR

Geospatial Information Authority of Japan







~ Tsunami Damaged Area Slope Region
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Tsunaml Damaged Area: Flat Region 1
5 J_i Shimonogo, lwanuma
| (lgaadation heightd2 m)

Yuriage, Natori
(Inundation height 9 m)




Tsunami Damaged Area: Flat Reqgion 2

Y |r|::ga Natori Yuriage memorial hill piling up rubble of

y \IMLUI _ .
(Inundation height 9 m) the 1933 Sanriku tsunami

After rubble cleanup

View from Yuriage memorial hill

Monumémt of the 1933 Sanriku tsufimi
Camed'awa BV -this tsunami




Another Tsunami Damage: 2010.2.27 Chile Maule EQ.

Constitucion. Maule Pelluhue, Maule

Summecggtiage regiq

Constituciori, Maule
Tourist resort




Tokyo just after 1923.9.1 Kanto EQ.

This figure is masked

due to copyright .




Ishinomaki (Inundation

o Minor structural damage
This figure is masked

due to copyright .
This figure is masked

due to copyright . This figure is masked

due to copyright .

This figure is
masked

dueto copyright. | Structural damage caused

by debris impact

This figure is masked
due to copyright .

Toppling Scour



Tsunami Damage to Bundmg%_Z -1 Topplmg

Onagawa =
(Inundation helg;f___.

BE 87



Tsunami Damage to Buildings 2-2: Toppling (Steel)_

Onhagawe
(Inundation heigh
Offlce Steel, 3F (partly.4=)~"




Tsunaml Damage to Buildings 2-3: Toppling (Steel)

Roof VIBVV




Tsunami Damage to Buildings 2-4: Toppling (Steel)
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“2@ Pulled out pile__ &
(5 m)
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Fracture ofpile top



Tsunami Damage to Buildings 2-5: Toppling (RC)
Onagawa (Inundation height 15 m)
RC, 3F, Mat foundation
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Tsunami Damage to Buildings 2-6: Toppling (RC)




Tsunami Damage to Bundlngs 2 7 Toppllng (RC)




Tsunami Damage to Buildings 3-1: S
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Tsunami Damage to Buildings 4-1: Debris Impact
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Tﬁ_unaml Damage to BUIIdlngS 4-2: Debrls Impact
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A fish market building was carried away
and crashed with a refrigeration facility




Tsunami Damage to RC Buildings 5-1
Onagawa (Inundation height 15 m)

Severe damage to RC
~maring products_faclility

rnundated' up tQ:'
first story =



Tsunami Damage to RC Buildings 5-2
~ Aral

Inside view of first floor
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Tsunami Damage to Steel Structures 6-1
Onagawa (Inundation height 15 m)

Left standing just beside quay

This figure is masked
due to copyright .

This figure is masked This figure is masked
due to copyright . due to copyright .
This figure is masked This figure is masked This figure is masked

due to copyright . due to copyright . due to copyright .



Tsunami Damage to Steel Structures 6-2
Minamisanriku (Inundation height 13-15 m)
Elementary school gymnasium

This figure is masked

due to copyright . This figure is masked
due to copyright .

This figure is masked
due to copyright .



Tsunami Damage to Steel Structures 6-3
Kesennuma (Inundation height 4-10 m)

Warehouse

This figure is masked
due to copyright .

Deformed beams/columns

This figure is masked
due to copyright .

Partially severe damage
cause

by debris

This figure is masked
due to copyright .

Fractured beam-to-column
connections

This figure is masked
due to copyright .

Factory: Majority of
cladding washed away

This figure is masked
due to copyright .

This figure is masked
due to copyright .

Yielding of column panel zone



Tsunami Damage to Steel Structures 6-4
Rikuzentakada (Inundation height 12-16 m)

Office Factory
This figure is masked
This figure is masked This figure is masked due to copyright .
due to copyright . due to copyright .

Deformed column panel zong Distance shifted by 20 m

This figure is masked

L _ o _ due to copyright .
This figure is masked This figure is masked

due to copyright . due to copyright .



Tsunami Damage to Steel Structures 6-5

This figure is masked
due to copyright .

Kamaishi (Inundation height 17-18 m)
Office

This figure is masked
due to copyright .

Claddings and roof washed away

This figure is masked
due to copyright .

nchor bolts fractured
uilding leaning on next buildin

J

This figure is masked
due to copyright .

Foundation exposed after scouring







Tsunami Damage to Steel Structures 6 7
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Tsunami Damage to Steel Structures 6-8

ation height 5 m)

Refrigeration
faC|I|t a




Tsunami Damage to Steel Structures 6-9
Severely Damaged; Mostl; aller Residentigl..
Ishinomaki (Inundgion he N A
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Tsunami Damage to Steel Structures 7-1
Minimal Structural Damage

Otsuchi Kuji Miyako
(Inund. height 10-15m)  (Inund. height 8-9 m) (Inund. height 13 m)

Warehouse Factory Hotel
This figure is masked This figure is masked This figure is masked
due to copyright . due to copyright . due to copyright .

Cladding washed away

This figure is masked This figure is masked
due to copyright . due to copyright .

Almost no residual story drift



Tsunami Damage to Steel Structures 7-2
Minimal Structural Damage

Shiogama Sendai Port
(Inundation height 4 m) (Inundation height 8 m
Warehouse Office Office
This figure is masked This figure is masked This figure is masked
due to copyright . due to copyright . due to copyright .
This figure is masked This figure is masked This figure is masked

due to copyright . due to copyright . due to copyright .



Tsunami Damage to Steel Structures 7-3
tural Damage
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Tsunami Damage to Steel Structures 7-4
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Tsunami Damage to Steel Structures 7-5

- Inimal Struc 1)
“ r‘?\ﬁ "\i ation helght5 m)







Tsunami Damage to Steel Structures 7-7

Fallen celling




Tsunami Damage to Timber Construction 8-1
Ishinomaki (Inundation height 5 m),




Tsunami Damage to Timber Construction 8-2
Shichigahama (Inundationsheightsl2 m-)--;!

a—

depending on a height‘am‘
the sea level :




Tsunami Damage to Timber Construction 8-3

ﬂnngn\l\m Vllrmg? I\Infnrl
(Inundation heigh '

Mber houses were wasted away
leaving sills.apd foundation.

Arahama, Wakabayashl Sendal
(Inundation height9 m)

Foundatlon after
scouring




Tsunami Damage to Timber Construction 8-4

Pilo-tirty‘p_:ejimber house

survived tsphami. "~

e F
- - i e Y

Timber house survived. No damage to-RC pilgti-story

¥




Damage Caused by Ground
Deformation and Fire



Damage Caused by Ground Deformatlon 1

Oroshima
Wakabayg
Office
RC, 4F
1983

_Daffage to piles (26 m)
'Inclined 1/30 (2 <to south)




rmation 2
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Subsidence arod
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Damage Caused by Ground Deformation 3
Tsunami Area

-

lwanuma (2km from the shore)
Office, Steel, 2F Diffe

EVICENce Of liguegartion and tsunami




Damage Caused by Fire 1: Tsunami Area
Sendal Port (inundati ight 8

Freight facilitym“
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Factory

ﬁ’ddlng Wéshed ewa
damage by fire after >

Sendal AII’pOI’t (Inundation height 12 m
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This figure is masked
due to copyright .




Summary-1

(1) Damage Caused by Earthquake Ground Motions

1) The ground motion caused limited structural damage to
buildings despite the large seismic intensity because the
shorter period components were predominant in the strong
motion records.

2) Buildings constructed by current code after 1981.:

- No building constructed according to the current code
suffered severe damage nor over.

3) Buildings constructed by previous code before 1981.:

- Damage to buildings constructed according to the previous
code was extensive.



Summary-2

(1) Damage Caused by Earthquake Ground Motions (cont’'d)
4) Damage to nonstructural elements:

- Nonstructural damage to internal and external finishes
and ceilings was extensive regardless of construction age.

5) Damage caused by ground deformation:

- Damage to buildings at a site of soft ground, such as
reclaimed land/land developed for housing subdivision,
particularly raised land and filled valley, was extensive.

- Landslide in land developed housing subdivision and
liguefaction in reclaimed land were seen.

6) Damage aspects mentioned above are the same modes
of damage observed from past earthquakes.



Summary-3

(1) Damage Caused by Earthquake Ground Motions (cont’'d)
7) Reinforced concrete (RC) structures:

- Severe and collapse damage was seen in buildings
constructed according to the previous code, particularly
serious damage in buildings constructed before 1971.

- The majority of buildings constructed according to the
current code and seismically upgraded remained within
slight or minor damage.

- Subsidence and tilt of a foundation caused by failure of
piles and ground were seen.

- Shear and axial failure of a column were seen.

- Failure and spalling of concrete were seen in a
connection with steel or timber members.



Summary-4

(1) Damage Caused by Earthquake Ground Motions (cont’d)
8) Steel structures:

- The ground motion caused limited structural damage to
buildings constructed after major update in the Building
Standard Law was implemented in 1981.

- Older building constructed prior to 1981 saw notable
damage caused by ground motion.

- Severe ground motion caused damage to beam-to-
column connections, buckling of diagonal braces, cracking
of concrete overlaying the column base, yielding and
fracture of anchor bolts.

- Nonstructural damage to internal and external finishes
and ceilings was extensive regardless of construction age.



Summary-5

(1) Damage Caused by Earthquake Ground Motions (cont’d)
9) Timber construction:

- Residential timber houses suffered severe and collapse
damage in a superstructure widely in eastern half of
Honshu Island.

- Residential timber houses with less seismic elements
and longer natural period saw severe and collapse
damage in the area of soft ground such as a river basin.

- Falling of ridge/roof tiles and exterior finishes was seen
In a widespread area.



Summary-6

(2) Damage Caused by Tsunami
1) The majority of timber construction were washed away in
areas attacked by violent tsunami.

2) Many reinforced concrete (RC) and steel buildings
survived in the devastating tsunami areas.

3) The probable reason of survival of RC and steel
buildings is that column bases are firmly connected to a
foundation.



Summary-/

(2) Damage Caused by Tsunami (cont’'d)
4) Steel structures:

- A large proportion of industrial and commercial facilities
In the tsunami affected area were constructed in steel.
Widespread damage was seen in these steel buildings.

- In areas attacked by violent tsunami, some buildings
saw limited structural damage because their internal and
external finishes were immediately washed away. Many
buildings were damaged by debris impact.

- In areas attacked by less violent tsunami, steel
buildings saw varying degrees of nonstructural damage
depending on the tsunami height. However, the majority
of buildings saw limited structural damage.



Summary-8

(2) Damage Caused by Tsunami (cont’'d)
5) RC structures:

- Many RC buildings survived in areas attacked by
violent tsunami.

- Toppling of small RC buildings completely submerged
was seen in areas attacked by violent tsunami.

6) Timber construction:

- The majority of timber construction were washed away
In areas attacked by violent tsunami.
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