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SUMMARY:

Column rotation occurs at the base if longitudibats yield and pull out from footing and columndahis
contributes to develop additional lateral displaeatof the deck. This paper describes developmieatreew
column and footing interface element model which rzalistically represents pull out of longitudirer effect
taking the displacement integrity between a coluamd a footing, and shows evaluation of pull out of
longitudinal bar effect and verification of the @éped model based on the C1-5 column shake tapkrienent,
which is the E-Defense full-scale shake table arpamt on a typical RC column designed based or2G@2
code (C1-5 column). It is found from the result séismic response analysis for C1-5 column that
implementation of the proposed analytical model agigles the analytical correlation of the shake table
experiment of the RC column designed in accordaittethe current code.
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1. INTRODUCTION

A column rotates not only by flexure but also rimat
induced by longitudinal bar yielding and pullingtol
from inside footing and the column. This additidyal
contributes to develop a lateral displacement ef
deck and affects the dynamic response of a bridgt
shown in Fig. 1. This is defines hereinafter
pulling-out of longitudinal bars from a footing
(PLB/F) and a column (PLB/C). The PCB/F ar
PLB/C effects are often disregarded or indirec
considered in analysis by artificially increasir
column length at the base. For example, Priesl
proposed to consider the effect by defining colur
base below the actual column base (Priestly 19¢
However the PLB effect affects the seismic respol
of bridges, it is necessary to develop more rigsrc
model.

The column rotation due to yielding and pulling o
of longitudinal bars was first recognized by Popr
(1984). He conducted loading experiments of F Figurel. Column Rotation at the Column Base
beam-column joints and clarified that the effect .. due to Pulling out of LongitudinBars
rotation at the joint was significant.

Several analytical models were developed for ew@naf bond stress-slip displacement hysteresis.
For example, Shima et al. (1987) conducted pulogteriments of a 19 mm diameter deformed bar



bonded in a500 mm diameter concrete cylinder aadd#veloped an empirical model for evaluation
of bond stress-slip displacement hysteresis. Inaale(2005) developed an analytical model for
column rotation based on bond stress-slip displacermysteresis model by Shima et al. (1987) and
Morita (1969) resulting from cyclic loading for stéolts bonded in a footing.

In this paper, an analytical model for PLB effextproposed and its application to shown to a full
scale RC bridge column.

2. DEVELOPMENT OF AN ANALYTICAL MODEL FOR PLB EFECT
2.1. Interface Elements at Column Base

A column and footing interface element is definsdshown in Fig. 2 to represent the PLB effect
considering the force equilibrium and displacemennpatibility between a column base and its
footing. The flexural moment at the base around taozontal axesMp, and Mp, and the vertical
force Fp, may be evaluated as

N N
M py (6x, 0y, U,) = ZlFPSi (upi )x v; +ZiFPCi (upi )x y;
1= 1=
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where 6, and @, are rotation at the base about
andy horizontal axes,u, is vertical displacement
at the center of column sectiony and vy,
represent the location of tieh longitudinal bar inx
andy horizontal axes,u,; is a pullout displacemen
of thei-th longitudinal bar, Foq are pullout force
of thei-th longitudinal bar andF, is a resisting
force due to concrete.

In this study, the section at the column base 1
assumed to remain the plain after deformatic Figure 2. Column-Footing Interface Model for PLB
Therefore, pull out displacement, can be evaluated frond,, 6, and u, as,

Upi (ewey*uz) =60, _eyxi +Uu, (2)

2.2. Resisting For ce of Longitudinal Bars

A pull out force vs. pull out displacement of add@ndinal bar is assumed as shown in Fig. 3, irctvhi
pullout displacement due to PLB in thth longitudinal bar,ug, , is assumed to be evaluated as

Upi = Upg + Upg; ®3)
where upg and upy are pullout displacement due to PLB/C and PLB#Spectively. A pull out

displacement from a footingi,; may be evaluated based on the strain distribwifahe bar in the
footing, £(2), as

Upp = j?H er (2)dz (4)



Faorce
where H is the distance between the surface of 1 pr__ 1 r K
footing and the depth where strain of the bar bexsor : P
Zero. o
MDisplacement
The bar strains inside the footing, (z), are assumed
as (refer to Fig. 4)
£ (2 ={ ere(2) O<g<sy) (5) Figure 3. A Pull Out Force of Longitudinal Bar
cre(D+epp(2) (59> ¢y) vs. Displacement Hysteresis for PLB
(1+i}90 £[1+i}s (lpr <z<0)
tre(D =1 1op o )Y (6)
0 (z<—lpe)
(1+ 2 J(go—g ) (-Blee <2<0)
erp(2) = Alee g ()
0 (z<—flee)

where z is a coordinate in the vertical axig £ 0 at
the top of the footing),er.(2) and &¢,(2) are the
elastic and plastic strains inside footing, respebt,
g, Is the strain of a longitudinal bar at the colun
base, ¢, is the yield strain of longitudinal barsy:
is the bond-degrading length inside the footingiclwh
is the length of the region where the bond betwhen
longitudinal bars and concrete deteriorated, ghdis
plastic strain development ratio, which is theaadf
the length of the region where longitudinal barsldi e
in the footing to the bond-degrading length; . Figure 4. Assumed Strain Distribution in the
Footing due to PLB
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v
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In this study, I is assumed based on JSCE 2007 as,

(o2
T 8
e =Y 8
7, = 0280, 2"® 9)

where o, is the yield strength of the longitudinal bar aag, is the concrete strength.

y
On the other hand, pullout displacement due to BlLBiy., is difficult to evaluate because two

components of the strains of longitudinal barsha tolumn; 1) strains due to deformation of the
column and 2) strains due to PLB/C, cannot be ségdr Therefore, strain distribution due to PLB/C
is assumed to be similar with the distribution defl by Eq. 5 as,

Upc = jé”c ec(2)dz (10)
B &ce(2) O=<g=<ey)
gc(z)‘{e@(zwec,)(z) (0> 2y) (11)

cce(2) = (1+ Iijeo < [1+ Iijey (12)
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£ep(2) = (1+mj(eo —&y) (0<z</flpc) (13)
0 (2= Blec)

where I is the bond-degrading length inside the columnhis study, I, is assumed as
loc = Apr (14)

where y is the bond-degrading ratio. It should be notext thhen the distance between bottom of a
longitudinal bar in the footing and the top of fle®ting, H , is deep enoughH > I, ), the PLB/C
displacement,upc , can be simply written as,

Upc = Mpr (15)

Based on Egs. 1-12, the yield PLB displacemegt, the yield PLB forceF,, and the post yield
stiffness ratio of PLB model, is derived as (refer to Fig. 3)

lec
uPy = J._OH Er (Z)dZ |g=5y +,[0 SC(Z)dZ |E=€y

%gyapF tloe) (e <H) “T7gy|PF (lop <H) 16)
) %gY{H(z—&JHm} (- zH)_ %gyhx{&(z—&}y} (Ilpe =H)
Fry =0y A 17)
o lpg < H
rP:E::EPy/EPy: f Hﬂ H o (18)
py/ Upy ﬂa”){g[z—g}y} (Ipe 2 H)

where A is the cross section area of a longitudinal bar gnis the post yield stiffness ratio, which
is the ratio of the post yield stiffness of longiitnal bars to young’s modulus of longitudinal bars.

Resisting force of longitudinal bars should be teglao the stress-strain relation of longitudinafsh
Therefore, the unloading and reloading rules faal@ation of force-displacement relation of PLB
response of longitudinal bars is assumed to be saithethe rules developed for the stress-strain
relation of reinforcing bars by Menegotto-Pinto 739 and modified by Sakai et al. (2003) in this
study.

Force
2.3. Resisting For ce due to Concrete

Fig. 5 shows a resisting force due to concretepus. F.=0
out displacement hysteresis for idealizing the PL K
Because concrete generally spalled off and crashe
the column base and concrete in the footing do¢s
crash, concrete in the footing can be assumed tc

rigid in compression, while concrete does not tdagis o g
tension. Thus,Fpy is assumed as, Figure 5. A Resisting Force due to Concrete vs.

Displacement Hysteresis for PLB

Kc Upi (u i O)
Frci (Upi)={ %P (U; ;O) (19)

0 Displacement




Fry
Ko =1000—~ (20)
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3. EVALUATION OF PLB IN THE FULL-SCALE RC BRIDGE COLUMN USED FOR THE
E-DEFENSE SHAKE TABLE EXPERIMENT

Photo 1 shows the experimental setup of a fulles¢xC
column (C1-5) using E-Defense (Kawashima et al0920
C1-5 was a 7.5 m tall reinforced concrete columthvai
diameter of 2 m as shown in Fig. 6. C1-5 was design
accordance with the 2002 JRA Design Specificatiohs @& ;
Highway Bridges (JRA 2002). Sixty four deformed 36m ==
diameter longitudinal bars were provided in twoelesy [ -
Deformed 22 mm diameter circular ties were set5 ©
mm and 300 mm interval in the outer and inn |~
longitudinal ~ bars, respectively. The longitudin ~

reinforcement ratioR was 2.02 % and the

o
volumetric tie reinforcement ratiops was e B
0.92 %. The longitudinal and tie bars had
nominal strength of 345 MPa (SD345), and t
design concrete strength was 27 MPa. Based §| 8
the tensile tests, yield strength, tensile stren: T ¥ g8 g stnars
and Young's modulus of the longitudinal ba g| 8 ©lo
were 364 MPa, 562 MPa and 189 GF 9 © ‘

i aid D22@150
respectively. 15010 @150mr
Two simply supported decks were set on t S
column and on the two steel end suppor L =

Tributary mass to the column by two decl
including four weights was 307 t and 215 tin tl
longitudinal and transverse directions,
respectively.

7000 |
Figure 6. C1-5 Column

C1-5 was excited using a near-field ground motishich was recorded at the JR Takatori Station
during the 1995 Kobe earthquake. It was one ofntlost influential ground motions to structures.
However duration was short. Taking account of thié fructure interaction, a ground motion with
80% the original intensity of JR Takatori recordswimposed as a command to the table in the
experiment. This ground motion is called hereimatis the 100 % E-Takatori ground motion.
Excitation was repeated to clarify the seismic @anince of the columns when they were subjected
to near-field ground motions with longer duratiomdéor stronger intensity. C1-5 was excited five
times. In the first twice, 100% E-Takatori groundtion was used (C1-5(1)-1 and C1-5(1)-2). After
that, deck mass increased by 21 %, and C1-5 wakedxance using 100% E-Takatori ground motion
(C1-5(2)) and twice using 125 % E-Takatori grounation (C1-5(3)-1 and C1-5(3)-2).

Photo 2 shows the damage at the column base aftéx(XJ-1 and C1-5(2) excitations. During
C1-5(1)-1 excitation, only a few flexural crackghvihe maximum width of 1mm occurred around the
column at the plastic hinge. The damage progredaddg C1-5(2) excitation such that the covering
concrete spalled off at the 500 mm base zone frd@WWWo SSW.

Fig. 7 shows the response displacement at the eotamin C1-5(1)-1 and C1-5(2) excitations in the
principal response direction, which is the directishere the peak column displacement occurred.
Lateral displacement due to PLB described latatss shown in Fig. 7. The peak displacements were
84 mm (1.1 % drift) and 254 mm (3.2 % drift) duri@d-5(1)-1 and C1-5(2) excitations, respectively.
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It is noted that the ultimate displacement Figure7. Column Displacement and Lateral
accordance with JRA 2002 code was 235 mm Displacement at the Column Top due to PLB
C1-5 column, respectively. in the Principal Response Direction
i

Fig. 8 shows strain distributions of a N
longitudinal bar inside footing when the colurr
displacement reached its peak during C1-5(1
and C1-5(2) excitations. During C1-5(1)-
excitation, outer and inner longitudinal bars & t
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top of the footing and 150 mm below the top Strain (1000) Strain (1000)
the footing at SW and NE yielded at 6.1-6.6 st Figure 8. Strain of Longitudinal Bars in Footing when
Strains of these longitudinal bars except the ini Column Displacement Reached its Peak

longitudinal bars 150 mm below the top of the
footing at SW exceeded over 10,000 On the
other hand, the maximum strains of longitudin
bars 300 mm or below the top of the footing is le
than 2,000u. Therefore, longitudinal bars 300 mr

Displacement (mm)
NONDONONDMO®

L Up |
or below from the top of the footing did not yiel L :_—_—_—_jﬂpi ]
during C1-5(1)-1 excitation. During C1-5(1)-2 an Sl 4l PC
C1-5(2) excitations, longitudinal bars 300 m % E : 15 5 20

below the top of footing yielded while longitudine Time (sec)

bars 300 mm or below the top of footing did n Figure9. PLB Displacement of NE Longitudinal Bar
yield.

Fig. 9 shows PLB/F, PLB/C and PLB displacemenis;;, upg and up , which are evaluated from
the longitudinal bar strains and measured vertdsgllacement at the column base as

N-11

Upr; = [, £(2)dz = le(gj—l"'gj Yoy 2 -hy) (21)
J:

Upci = Uy —hiuz —Upri (22)

2

where ¢; is measured strain at point, h; is distance between point and the top of the footing,

N is number of measured straing, is measured vertical displacement between theofothe
footing and 80 mm (&) above the footing andi, is measured vertical displacement between 280
mm (=h,) and 80 mm above the footing. The peak PLB and/Pld#splacements were 4-6 mm and
2-4 mm during C1-5(1)-1 and C1-5(2) excitations atid not increase even though response
displacement increased because the moment adiesl @@lumn base did not increase.

Fig. 10 shows relations between column displaceraedt lateral displacement due to PLB in the
principal response direction. The displacementspeded using proposed model is also shown in Fig.
10 for comparison. Lateral displacement due to PLR,, and lateral displacement ratig,, is
evaluated as,
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Upy = '9yhc
Upy = —0xhe (23)
Upp = Upy COSO,, +Upy SING,
_ max|up(t)|
P max|u(t) | (24)

where h, is column height,d, is angle to the principal response direction apdand 6, are

N
column rotation to minimize summation of squaréhef error, e=Z{UpFi —(u, + %0, + yiey)}2 .
i=1

The peak lateral displacement due to PLB did noteiase even if the response displacement at the
column top increased, while lateral displacemetio rdecreased as the response displacement at the
column top increased. This is because the peak moatethe column base did not increase as
described above. Thus, lateral displacement ratio,is decreased as column displacement increases.

4. ANALYTICAL CORRELATION OF PROPOSED PLB MODEL

The column and experimental setup were ideali:
by a 3D discrete analytical model as shown in F sy
11. The column was idealized by fiber elements. . 4%
section was divided into 400 fibers. The stress "'
strain constitutive model of confined concrete a
unloading and reloading hysteresis of concr
were evaluated based on Hoshikuma et al. (19
model and Sakai and Kawashima (2006) moc
The stress vs. strain constitutive model
longitudinal bars was evaluated based
Menegotto-Pinto (1973) model modified by Sak
and Kawashima (2003). Proposed PLB interfe
element was set at the column base.

Interface
element

The plastic strain development ratig? is
assumed to be 1/4 because development ler _ Figure 11. Analytical Model

inside the footing defined as Eq. 8 is 1.12 m dmléngth of the region where the longitudinal bars
yielded is about 0.3 m as shown in Fig. 8. The bdegrading ratioy is assumed to be 0.2 based on

the result of C1-5 experiment.

Figs. 12 and 13 show response acceleration atlbeno top in the longitudinal direction and column
displacement in the principal response directionnguC1-5(1)-1 and C1-5(2) excitations. Response
acceleration and displacement at the column togobed with and without PLB model correlate well
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with experimental results during C1-5(1)- -20¢ ‘ ‘ _ C1-5(2)
excitation. However, during C1-5(2) excitatiot 0 5 10 15 20
the peak displacement computed with propos Time (sec)

PLB model is 207 mm, which is 18 % smalle Figure 16. Computed Lateral Displacement at the

. X Column Top due to PLB in the Principal
than measured displacement, while the pe L
. . . . ) Response Direction
displacement computed ignoring PLB is 1iyv
mm, which is only 47 % of measured displacemerdp&sed PLB model enhances the correlations of
analytical results to experimental results.

Fig. 14 shows moment at the base vs. column digplaant hysteresis in the principal direction during
C1-5(2) excitation, Fig. 15 shows computed PLB ldispment at NE longitudinal bars and Fig. 16
shows computed lateral displacement at the colupmtie to PLB in the principal response direction.
Computed moment at the base, the computed pullmpladement due to PLB and the lateral
displacement due to PLB also correlate well withezkmental results.

As shown in Fig. 10, the computed lateral displaseindue to PLB is 48-27 % smaller than measured
displacement and computed lateral displacementtduBLB increases as response displacement
increased until C1-5(3)-1 excitation and reachegimam value of about 30 mm during C1-5(3)-1
and C1-5(3)-2 excitations.



5. CONCLUSIONS

An analytical model for taking account of pullingitoof longitudinal bars in the footing and the
column (PLB) was developed and verified based dirstale RC bridge column used in E-Defense
shake table experiment. Based on the analyticdiegupresented herein, the following conclusions
may be deduced;

1) The strain of the longitudinal bars in the fagtioccurred between the top of the footing and 1350
mm below the top of the footing. The longitudinar®yielded between the top of the footing and 300
mm below the top of the footing yielded.

2) The maximum lateral displacement at the coluommdue to PLB was 28 mm, 28 mm and 33 mm
during C1-5(1)-1, C1-5(1)-2 and C1-5(2) excitatiorespectively. The maximum lateral displacement
at the column top due to PLB did not increase dhengh the response displacement at the column
top increased because the moment acted at the mdbase reached the moment capacity of the
column and did not increase. Therefore, the latdighlacement ratio defined as the ratio of the
maximum lateral displacement at the column top twePLB to the maximum total response
displacement at the column top was 0.33, 0.22 ahd @uring C1-5(1)-1, C1-5(1)-2 and C1-5(2)
excitations, respectively, and it decreased aorespdisplacement increased.

3) Response displacement at the column top asasethe pullout displacement due to PLB, which
were computed by fiber element analysis with theettgped PLB interface element model, correlates
well with results of C1-5 experiment. Implementatiof the PLB model enhances the analytical
correlation to the C1-5 experiment.
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