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Ultimate Behavior of Concrete Piles and Pile Caps

Seismic design for buildings
In Japan

» 1st level design (Intermediate EQ)
— Allowable stress design for Cb=0.2

(Ch:Base shear coefficient)

* 2nd level design (Severe EQ)

— Lateral load carrying capacity check for
Cb:O.SO(I\/gF) ~0.55 (Wall)

Japanese Building Standard Law
« Superstructure: ['1st + 2nd] is required
« Foundation: Only l'1st] is required.

Sam Kono at Tokyo Tech



Ultimate Behavior of Concrete Piles and Pile Caps 3

Lessons from 1995 Kobe EQ

« Severe damage occurred to soft stories
— Soft story needs strength/stiffness

(==
 Damage occurred due to torsion

— Some members need large drift capacity y

Twisting
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Lessons from 1995 Kobe Earthquake
Classification of damaged buildings from 1995 Kobe EQ

Hdings before 1981 had severe
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Lessons from 2011 Tohoku EQ

Large scale EQ Typical Damages
+Tsunam|

ER

The 2011 Tohoku Earthquake Tsunami
Joint Survey Group

. Courtesy Dr T I\/Iukal (BRI)
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Lessons from 2011 Tohoku EQ

Resiliency can be severely
hampered even from a single factor.
« RC non-structural walls
« Roof support at gymnasiums
(schools for refugee camp)

« Concrete piles
Courtesv: Dr T Mukai (BRI
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Lessons from 2016 Kumamoto EQ

« Safety is still the most critical issue.

« The society wants to wuse its buildings
continuously after EQ’'s without losing any
building functions.

— Intermediate or severe damage to structural
and non-structural elements cannot be
accepted anymore.
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Damage due to severe earthquakes
Resiliency of foundations

Pile related code/events

Damage to piles (2016 Kumamoto EQ)

Buildings foIIpwmg the currgnt standard 1981 Building code
were demolished due to pile damage. Superstructure:
allowable +load carrying
capacity
Piles:

No regulations

1984 ASD(recommended)

1995 Kobe EQ. (safety
check for severe EQ
recommended)

2001 ASD (mandatory)
2017 Mn for some piles

T Gl

5-story apartment (1984) 3-story municipal office (1980 +Retrofit 2012)

Minor damage to superstructure Intermediate damage to the superstructure
Demolished after evacuation Demolished after a few months of use

—myﬂ/ﬁm— Photo: Dr. T. Mukai (BRI) H
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Timber piles
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. | Timber piles of Sagami river bridge
~ | was built in 1198. @+ihREe)ER)

N and found in 1924 after 1923 Kanto EQ.
Sam Kono at Tokyo Tech https:/ljapep.or.jp/history0l/
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Timber piles

Pine piles had supported an 8-story

r/c building for 80 years.
RRERATHADMWE JL(8 story) 1923 - 2002

https://japep.or.jp/history01/

Sam Kono at Tokyo Tech
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Steel piles

The first steel piles had a solid circular
section used for a bridge in Osaka (1908).
A S RoR S, 3 The section changed to H(wide flange)
o B8 Ta BN * T, t § and hollow circular section.
1908 KRR BB D HEAHARA) T DH, HBMHH SEEHA~
Sam Kono at Tokyo Tech https://japep.or.jp/history01/
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Typical concrete piles

ncr
Steel o O crete

* Precast concrete piles
— PHC/PRC/CFST

fc=105MPa, Hollow section,
D/ts=60~100, D=300~1200mm . .
PT tendons (single wire), fy=1275MPa PHC /PRC plle CFST plle
Mild long. rebars, fy=345MPa

Steel tube, fy=235MPa or 325MPa

» Cast-in-place concrete piles-
_ RC/CFST

fc=30—50MPa, Solid section,
D/ts=100~200 , D=700~2500mm
Mild long. rebars, fy = 345MPa
Steel tube, fy=235MPa or 325MPa

rebar

.- I."cohcr_ét&' '.'_

CFST pile RC / RCFST pile

Different piles have different pile caps. I

71.7/7[7 '/EEH—
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Precast concrete pile

Concrete piles
1910: On-site precast piles with ~—

square section s, -

1934: Centrifugal r/c concrete piles |

1967: Centrifugal prestressed |

concrete piles

(Tokyo metro. expressway)

1970: Centrifugal prestressed .

high-strength concrete piles H

(PHC pile) '

1980s:Precast CFST piles

—

\\ - —

https://japep.or.jp/history01/

Sam Kono at Tokyo Tech
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PRC CFST

Precast concrete piles

fc=105MPa, Hollow section, D/ts=60~100, D=300~1200mm
PT tendons (single wire), fy=1275MPa
Mild rebars, fy=345MPa
Steel tube, fy=235MPa or 325MPa

PHC piles (prestressed)
PRC piles (PHC + mild rebars)
Precast CFST piles (no rebars/tendons)

T IJI7’I.7 '/EEH—
PursuingExcellence
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Flexural behavior of precast piles

7D17ﬂ '/EE o
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Test variables
Type and N/No
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Bending behavior under tensile or high compressive force was examined.
—rogahen— M-@ was simulated with fiber analysis.
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PHC (D=400mm)

A : cracking @ PT wire®
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PHC (D=400mm)

PHC_N3
(N/Ng=—0.26)

rth

)
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_PHC (D=400mm)

Y N/N0=0.42

4:35

Sam Kono at Tokyo Tech
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PRC (D=400mm)

A : Cracking

@ : PT wire yielding M : . of
@ : Peak ¥ : Ultim

Crushing of
concrete

f
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PRC (D=400mm)

N/N,=—0.25

MlPRC N3 [
(N/Ng=—0.25)|

7DI(]PU '/EE o
ursuing Excellence
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_PRC (D=400mm) gf

Y N/No=0.41

1:48

Sam Kono at Tokyo Tech
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CFST piles e

Hollow section
D/ts=40~100
D=300~1200mm

!
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CFST piles f "

N/N0=0.18

Axial load carrying
capacity was patrtially lost.

Sam Kono at Tokyo Tech
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M_ /M., for PHC/PRC

M., is based on the section analysis. Concrete model is nearly linear till £,,=0.0026 .

20 O 20
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IM_,, for precast CFST piles

M., is based on the section analysis. Concrete model is bilinear till £,,=0.004.
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4

Cast-in-place CFST piles

fc=30-40MPa, Solid section, D/ts=100~200, D=700~2700mm
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Specimen

st

Internal ribs of steel | PR e L
tube (®=1200mm) Placing reinforcement cage
Sam Kono at Tokyo Tech In a steel tube
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Cast-in-place CFST piles

x=-500 mm x=-250 mm x=0 mm (Midspan) x=-500 mm X=-250 mm x=0 mm (Midspan)

e 1 2% o ‘
. _ottom side
N

- 'r:* L) \

(b) Rupture of t ube

f
(a) Local buckling of tube

T =eErm

Rupture took
vl place along the
ribbed ridge

after buckling.

T TOk D'/EEH— . . .
‘7 Fabrication of stee Internal view of tube
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Cast-in-place CFST piles

M., —R relation is based on a section analysis. Concrete model is basic one without

108 confining effect.
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33

M ./M., for Cast-in-place CFST

(1200mm=D=300mm)
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RC piles

(P800, pt=1.1%, pw=0.2%,

Qal load

® N (kN) 8000 -

1. Behavior is sensitive to N/No.
2. There should be penalties
for larger N/No and axial =~
load-carrying capacity loss.
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Summary on Flexural behavior

— PHC/PRC piles

« The failure mode is extremely brittle and no inelastic deformation is
expected.

« They did NOT sustain axial load at the ultimate state.
— Precast/cast-in-place CFST piles
 Failure is governed by buckling/fracture of steel tube.

 Precast CFST piles did NOT sustain axial load at the ultimate state
when N/No=0.3.

» Cast-in-place CEST piles DID sustain axial load at the ultimate state.
— RC piles
 Failure is governed by the crushing of concrete.

« RC piles did NOT sustain axial load at the ultimate state when
N/NO=0.4.

/
Ly
!
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Shear behavior of precast piles

7 D17ﬂ '/EE FH—
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Fallure
PRC27 .

T=-5.6MPa(Tensile) M/Qd=1.4

Diagonal |
cracks b/ TR

Axial load carrying capacity

/ was somehow maintained.
—’"’*7”’-’5”—
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Fallure mode

B IFE—ATF
M [kN-m]

PHC20 ez

G,=34MPa(Comp.) M/Qd=1.4 2% PRQ@’?

Axial splitting cracks

Axial load carrying
capacity was
completely lost,

7DI(%U '/EE o
ursuing Excellence
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Summary on shear behavior

Axial splitting cracking
° F) H C/P R C should be taken care of.

— The failure mode is brittle. Axial load carrying
capacity was partially/completely lost.

* Precast/cast-in-place CFST

— Sheatr failure takes place only for small M/Qd
and large axial force.

f/
/
k=
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Shear/Flexure at connection

Column-beam-pile connection (tested in sideways)

(large scale)

We need to take
care of various
failure modes.

Column-beam-pile connection

(smaller scale)

7ﬂl%ﬂ '/EE o
ursuing Excellence
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Flexure at pile cap

71.7/7[7 '/EE o
PursuingExcelfence

Each pile has its own
anchorage type. The
pile cap has different
resisting mechanism.

- E

-—t

Concrete block

Pile and pile cap (inverted specimen)
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Conclusions

Series of tests have been conducted to study flexure and shear behavior.
— for pile caps
— for piles
precast spun concrete piles PHC/PRC/CFST
cast—-in—place reinforced concrete piles
cast-in—place CFST piles
Design procedures for flexure and shear have been assessed/revised and some
of them are reflected in 2022 AlJ guidelines for foundation members.

Pile type Design issue 2017 AlJ guidelines

RC
(cast-in—
place)

— -0.1~0.6
— Ru for axial load
carrying limit

*N/No -0.05~1/3
*Ru = 1/100

Mmax and Vmax
Ru

_I'ﬂl7;ﬂ '/EEH—
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Chap. 9: Pile cap for cast-in-place rc piles 0.300,30
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Chap. 9: Pile cap for precast concrete piles p.327,330
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Chap. 11: Foundation beams

11.1 Scope ERD
Rebar ratio, curtailment, anchorage

BER2PER) (> D1/2 BREZRER/ (>
’5’1~ﬁﬁf\ T—— - ] LoD 10D
N - |
2ERBERID Y bAT

TR, BUEHET D

Fig 11.2 Curtailment of long. rebars of foundation beams
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Thank you.
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