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Introduction

 Damage of Pile-foundation building with the effect of irregular pile-
supporting stratum by the 2011 Tohoku Earthquake 1s focused.

* One of the important characteristics of this building 1s that the pile lengths
are different on each foundation. The authors conducted microtremor
measurements and aftershock observations.

* In this paper, a numerical analysis using a 2D FEM model is carried out to
study the dynamic behavior of the damaged building during the main shock
of the 2011 Tohoku Earthquake, and compared with the extent of the
damage. In particular, the response of the pile head 1s examined considering
the effect of the irregular pile length.

Corridor Building A

Tower N]
Pile length: 6 to 8m

Pile length:8 to17m

Fill



Site of the damaged building

O
Building B,C

1) Man-made reclaimed area, approximately 5 km north-east of the center of Sendai.

2) Damaged building exits around the edge of the fill area.
3) The blue-colored area indicates the fill area reclaimed by the development of the

residential site.



Outline of the damaged building

Str. Tower

Building A

—

.

Pile length:8 to17m
| Cut

Fill

N

—

Pile length: 6 to 8m

v

v

1) Building A: Five-storey RC frame structure and constructed in 1971, also

suffered from the 1978 Miyagi Earthquake.

2) Plan :103m in longitudinal and 9m in transverse direction.

3) Piles in north frames are longer than south frames.

—> Difference of pile length between north and south is about 10m at most
After the main shock, the staircase tower has an inclination over an angle of 1/30.



Damage after the 2011 Tohoku Earthquake

Pile Length of North Frames: 8m~17m

15t Stai X T 2nd StaircaseXTower
aircase Tower |
] ’_‘ — V\% Staircase Tower
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Microtremor Measurements: Superstructure

The 1 natural frequency of the A L B B B i i i iy
superstructure is estimated 3.5Hz in TR o5 !3,5HZ» C~O:5F/1F]
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5F/1F (Hz) 5F/FF (Hz) f{ﬁ: a= N — RS &
TR(NS) [LN(EW) ||TR(NS) [LN(EW) s, /N 02—
C(16m) 369 | 300/| 327 2091 3,
G(10m) 3.56 3.08 3.25 2.91 E
1 (8m) 3.44 3.05 3.22 2.91 1 RS =
K(10m) 3.27 3.00 3.22 2.88 IR AR
0(12m) 3.86 3.05 3.56 2.91 4 5 6 7 8 9 10
3rd tower (18m) 2.78 3.91 2.64 3.69 SSI Frequency (Hz)




Amplitude Ratio

Local Site Effect

TR(NS)
Corridor Building A N
Tower
Seismometer “a” —
' Pile length: 6 to 8m
* Pile length:8 to17m

Seismometer “b” .,
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Estimated Vs of the Site

1D wave propagation characteristics of

reclaimed soft soil layer
Str. Tower Building A

_5 " N
f=15 (H2) m ]

f: Estimated Predominant Frequency =2.5Hz

H: Depth of reclaimed soft layer [ | Pile length: 6 to 8m
Pile length:8 to17m
Estimated Vs : / / Cut
(Case 1) H=15m - 180m/s ! v
(Case 2) H=20m -> 240m/s Fill Vg?

Vs of damaged man-made reclaimed
residential area of hill side of Sendai is
approximately estimated 180m/s (Sendai
city, 2012).

The results above meet good agreements
with the damage survey of man-made
reclaimed residential area.

Vs of reclaimed soft soil layer
estimated



2D FEM Model

2D FEM model is organized as one structural frame including the 3™ staircase

tower 1n the transverse direction (NS).

3rd gtajrcase tower

"""

"""

GL-(m) N Vs(m/s) | ¢(°) \
0-6 | 10 [96-155] 29 | 0.3
6-12 | 15 [172-196] 32 | 0.3
12-18 | 25 222 35 | 03
18-25 | 40 300 40 | 0.3
1) Nonlinearity
Modified RO model |18m
2) Boundary cond.
Tm

Viscous boundaries
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Non linear characteristics

Superstructure (MDOF)

The nonlinear characteristics of the superstructure
and piles are assumed to be bi-linear.

Curvature (1/m)

350 fFT T | T T | T TT | T T | T T
= 300
X .
g 250 No.l Wiy [Kig/m) | Figy | Lhe story shear coefficient
S 200 5 70 | o1sx10°| ¢ | of the yield strength is
2 150 4| 120 |o3a0'| 137 | assumed to be Cy = 0.5 on
n
2 100 31 120 lodaor| 19 | the first floor.
& 2 120 s12 .
@ 50 — e 221D 23 z The coefficients for other

11 I 11 I 11 I L1 1 I 11 0.65X10 A
Yo 2 4 68 e floors are determined based
Relv. Story Disp. (m) on the A1 distribution.

Pile (Beam element)

1207 | I T T
T 100k . Am) | Im%) |BI(N/m’)|E2(kN/m’)| M1(kNm)
E wb gRm 3 | Pile of Buiding | 6.53x10? | 7.15x10* | 1.82x10" | —0 117.0
s 1 | Pile of Str. Tower | 6.70x10? | 7.33x10* | 1.82x107 | —0 | 120.0
3 60 I AN R S —
Pl _ ]
g rrrrrrrrrrrrrrrrrrrrrr PC pile of 350¢ v _: A(mz) I(m4) El(kN/mz) EZ(kN/mz) MI(kNm)
m 200 —— Model of this study|

o 3.0 | 3.75x<10" | 2.40x107 |  —0 1093.5




Input motion (main shock)

Acc. (m/sz)

Acc. (m/sz)

0 10 20 30 40
Time (s)

Input motion 1s a record of the NS direction of the site of the Sumitomo
Seimei Building (SU), governed by the IRIDeS of Tohoku University.

The site of SU 1s located in the central area of Sendai and approximately
5km north west from the investigated site. It can be considered the bedrock
site based on the soil conditions and previously observed data.

Time incrementis At = 0.001(s)



Maximum bending moment

distribution in depth

At the pile head of the right pile 1s larger compared to
the left pile for the the building.
In case of the staircase tower, the bending moment at
the pile head reaches to the yield bending moment.
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Bending moment and curvature o« N

relations at pile heads

The ductility factors “u" representing the extent of
the structural damage

Bnd. Mmt. (kNm

K ||||||||||I||||I 7 |||||||||
100 — """"" """"" """ """" —
ol /M
o~~~/ -
50 ) /- 3 3 —

. | Left Pile
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Right Pile
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Cut
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The ductility factors “u"

Curvature (1/m)

pu =1.8 for the left pile
pu = 2.8 for the right pile

in the staircase tower.

pu = 2.6 for the right pile
in the building.

The relation of the left
pile of the building does
not show the nonlinearity.
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Figure 1 Bird's-eye view

Port service area

Passenger
terminal

Keelung N
station Monorail line
air corridor

Ocean square

Figure 2 Layout
drawing

O

construction

Passenger Terminal

Tourists can go directly the station
by passenger ship.

New Keelung Station

The first floor piloti is bus
terminal . It is easy that
people access station and
city .

Figure 3 New Keelung Station

Intersection  remname: s
concept

Intersection ... it leads to various interaction between people, things and so on. Main objective
of our proposal is to activate lively interaction of people of the city of KIRYU by effective use
of crossing on the street, especially in the vertical direction.

Symbolic structure is installed in the Ocean Square as the station. Design of the Ocean Square
station is based on the emblem of the city of KIRYU.

Eco-friendly monorail train without emitting exhaust fumes and pedestrian overpass organize
the network to connect important facilities around the bay area. The symbolic structure of
Ocean Square station plays an important role of networking people, traffic and things. People
visiting the downtown KIRYU can enjoy the beautiful scenery from pedestrian overpass of
which height is about 10m above the sea level. Shopping zone placing along the pedestrian
overpass will encourage people having fun time on this site.

It is important to consider the countermeasures against Tsunami for the bay area of the city of
KIRYU. The structure of the Ocean Square station is high enough to resist the tsunami
occurring infrequently such as the period of 1,000 years. This building is also available to
function as the temporary evacuation center in the emergency. The bridges containing the
monorail train pass and pedestrian overpass are also tough enough against earthquake and
tsunami. People can move safely between structures via the bridges when disaster happens in
this area. Those structures including the symbolic station and connecting bridges serves
fortress to protect people from the disaster. Shopping street and beautiful scenery from the
pedestrian overpass give people a lot of fun on the daily basis.

I Tsunami protection measures

Ocean Sq uare Station The first floor of every building is piloti . Height
m of first floor plans 6mater , second floor plans 4
The three floor is home and mater and third floor plans 5 mater .The roof is
restaurant .People can victual while seeing evacuation place. Those exert emergency ability
scenery of KIRYU and sea there . for small scale ~ middle scale tsunami which
A square in front of Ocean Square Station caused an earthquake of High probability .

makes garden of crape myrtle assigned
official city flower of KIRYU .

The Station will become one of tourist
resort. ] evacuation place

Figure 4 Ocean square Figure 5 Conceptual
diagram
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