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SUMMARY

This paper presents a simplified relationship between a fixed end
moment and an additional rotation due to the pull-out of beam reinforcing
bars from the beam-column joint, based upon the experiments which placed
emphasis on direct measurement of the pull-out. This relationship includes
cyclic reversed loading and covers the stage at which the bar have yielded.
Nonlinear analysis using this relationship was carried out into the one-bay
two-story reinforced concrete frame, and a good agreement between analytical
and experimental results was obtained.

INTRODUCTION

Many investigators have indicated and backed up with their experiments
that the additional rotations caused by the pull-out of the reinforcing bars
from th beam-column joints take a great part in total inelastic deformations
of reinforced concrete multistory building frames subjected to strong
earthquake motions (Ref. 1,2 ). Furthermore, a few of papers have been
presented, in which analytical approaches on the load-displacement relation-
ship of reinforced concrete beam-column subassemblages or frames are deve-
loped considering these additional rotations(Ref. 3,4,5 ).

In contrast with these detailed and rather phenomenalistic studies,
authors present in this paper a simpler moment-additional rotation relation-
ship, which is characterized bi-linear under monotonic loading and hard
spring type under cyclic reversed loading, and is taken care to be easily
applied to the nonlinear frame analysis. Various constants used in this
formulation are of course determined based upon the beam—column subassemb-
lages tests or pull-out tests of reinforced concrete prisms (Ref. 6,7 ).

FORMULATION OF ADDITIONAL ROTATION

Monotonic Loading

Neglecting the concrete strain along the bar in the joint, the slippage
As at the beam-column interface is given as follows.
Ls
As = [ E€st(x) dx [6H)
0
Ls represents the distance from the beam-column interface to the point at
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which the bar begins to slip as shown in Fig.1l(a). Before bar yielding
(€Est<€sy), it is assumed that the bond stress T in the joint is distributed
uniformly and that its magnitude is proportional to the temnsile strain E€st
at the beam-column interface; namely,

T=Tav =Q* Est where a = 27.3 xlOSkgf/cm2 (2)

The costant value o was determined from the authors' test results as shown in
Fig.2. From the equilibrium of the bar axial force,

Ls = (gsteAst)/(Z¢-Tav) = (Es*D)/ (4~ Q) (3)
and then, As = (Ls» €Est)/2 (4)

After bar yielding ( €st>€sy), assuming that the bar stress-strain
curve possesses no plastic flow and the strain-hardening immediately happens,
the stess and strain distribution inthe joint may be thought as bi-linear as
shown in Fig.1l(b). Ly in Fig.1(b) represents the yield development length
and was determined from the strain measurements of the bar in the joint by
W.S.G. in T-form beam-column subassemblages tests (Ref.l), as shown in Fig.2,

for 1< B <1.05 Ly = 200 B - 200 (cm)
- (5)

for g >1.05 Ly = 50 B - 42.5 (cm)

where, B=0st/ Osy
therefore, the value of bar pull-out from the joint can be calculated as
follows.

As

[ Lss€st + Ly-( €sy + €st)]/2

[(Ls + Ly)/Es + ( B- 1)-Ly/Esh] Oy/2 (6)

Now, let's provide a certain limit for Ls and Ly so that these values
do not happen to be thoughtlessly large. The upper limit length of slip
region Lecs and that of the yield development region Lecy are defined as shown
in Fig.4. For interior joint Ley is the column depth and Les is column depth
added a half of beam depth, and for exterior joint Lcy is the straight lead
embedment length and Lcs is the straight lead embedment length added the
circumference of bent up portion. And then, if Ls + Ly > Lecs or Ly > Ley,
Les or Ley must be substituted for Ls or Ly in the equations (4) and (6).

The beam end moment M and the additional concentrated rotation ©s due
to bar pull-out are defined as follows;

M = Ost-Ast.g 7

Bs = As/g (8)
where, g represents the distance between top and bottom bars in the beam.
Although the slip stiffness Ks = M/@s is a constant value before bar yield-

ing, Ks after bar yielding is not constant but a function of B = Ost/Osy
clearly from equation (6). However, in order to simplify the troublesome

478



calculation, the slip stiffness Ks after bar yielding is assumed to be the
slope of the straight line which connect the point (Bgy, My) and the point

( @s1, M1), where the point (Bsi, M1) was determined by Ly = Lecy in equation
(5). Therefore,

Ksl = My / @sy (0Ost < Osy) ‘ 9

Ksz = (B1-1) My /(Bs - Bsy) (Ost> gsy) (10)
where, 1=0st1/0sy = M1/My

Putting Esh/Es to Y and rearrangeing the above discussion, the following
formulation are reduced.

for Ls < Les
Ks1= 2:0 L¢g” (1D

Ks2 = 2-(B1-1) -Ast -Es -g2/[Les-Ley + Ley(B1-0.98)]

(Ley + Ls > Les) (12)
Ks2 = 2+(B1-1) Ast *Es -g%/[ YLey+(B1 - 0.98)]
(Ley + Ls < Les) (13)
for Ls > Lcs
Ks1 = 2-Ast-Es-g?/ Lcs (1s)
Ks2 = 2+(R1-1) *Ast *Es-g?/[ -Ley + Ley(B1-0.98)1] (15)

Cyclic Reversed Loading

Fig.5 shows the outline of the reinforced concrete beam-column subassem-—
blages test including the interior joint which have been carried out at
Toyohashi University of Technology (Ref.8). The slippage at the beam-column
interface was measured by the slip gage as shown in Fig.5. The obtained
relationship of fixed-end moment and additional rotations are shown with dot
dash lines in Fig.6. For full development length such as IJ40 [Fig.6(a)],
the bond deterioration zoneis limited to the neighborhood of column face
and the pull-out due to inelastic strain accumulation is dominant. Only top
and bottom bars resist against the external moment without any coorperation
of concrete. These phenomena is characterized as a stable spindle type in
the load-deflection curve. For short development length such as IJ20 [Fig.6
(b)], on the contrary, a large amount of slippages are noticed and the com-
plete bar sliding throughout the joint occurred at low load stage after a
number of high load cycles. These phenomena is characterized as a pinching
type in load-deflection curve.

Considering the above test results, authors present a M - Os hysteretic

model as shown in Fig.7, where " Ps" represents the degree of bond deteriora-
tion caused by cyclic load reversals. The Ps value may be thought to depend
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upon not only the development length of the beam bars in the joint but the
degree of shear reinforcement in the joint, the existence of transversed
beam, and number of loading cycles. Here, the following definition is
adopted to the interior joint.

for Ls < C Ps =0 (16)
for C< Ls < Les Pps = 0.5 (Ls-C)/(Les-C) 17)
for Ls > Lecs ps = 0.5 (18)

where, C represents the column depth. The calculated M - 6s hysteretic
loop based upon this model are shown as solid lines in Fig.6.

ANALYTTICAL CASE STUDY AND CONSIDERATION

Nonlinear frame analysis considering the slippage of the beam bar from
the joint were performed on a one-bay two-story reinforced concrete frame
of which horizontal loading tests were carried out by Ogura and Tanaka
(Ref.9). 1Inelastic beam model proposed by Takizawa (Ref.10), which is
characterized as ''pseudo antisymmetric rotations" deduced not from the
material constitutive equation but from the experimental résults of beam or
column members, was used to the beams and columns in this frame. Incremen-
tal moment-rotation relationship including additional rotation due to the
slippage of the beam reinforcement at any member AB in the frame is as
follows.

dfa fi11+ 1/ Ksa , f12 ) (aM a
(19
dOs f21 5 f22 + 1/ KssJ [dMs

The dimension and reinforcing details of the specimens, and the analyti-
cal results are shown in Fig.8. Fig.8 (b) shows the horizontal load-deflect-
ion curve under monotonic loading. Analytical curves are decomposed to each
component: (1) due to elasto-plastic flexural deformation of member in clear
span (2) due to shear deformation of member in clear span (3) due to shear
deformation in the joint (4) due to additiomal rotation caused by the
slippage of the bars in the joint. It is clear from Fig.8(b) that the ana-
lytical curve remarkably steps up to experimental one only when the addition-
al rotations are considered. Fig.8 (c) shows the load-deflection curve under
cyclic reversed loading after yielding, in which Ps is assumed to be zero
for lack of sufficient test data about exterior joints. Nevertheless, a
good agreement between analytical and experimental results was obtained.

CONCLUSION

Assuming that the bar strain in the joint is linearly distributed and
using the yield development length which was obtained from experiments,
M - Os relationship was formulated as bi-linear type under monotonic loading.
And defining "bond deterioration facter" Ps, M - 8s hysteretic loop was
formulated as hard spring type under reversed loading. Nonlinear frame
analysis was performed into the two-story reinforced concrete frame and
a good agreement between analytical and experimental results was obtained.
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