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SUI'II'IARY

A sel of earthquake resistant design crileria are proposed for reinforced
concrele interior beam-column joints taklng into account the acceptable
deforrnation limits of a frame struct.ure. Some bond deterioration along the beam
reinforcement within a joint is permit.ted, the criteria of which were determined
on the basis of nonlinear earthquake response ana l ysls of bu i l tli ngs exhi bit i ng
good and poor hysteresis energy dissipation. The joinl shear slress is assumed to
be Lransferred by concrete diagonal compression sLrut mechanism, and its level is
restricted in proportion to concrete compressive strength, The role of lhe
lateral reinforcement is considered to confine the join! rather than to resist
shear.

TNTRODIICT]ON

A reinforced concrete (R/C) building in Japan has traditionally been
designed for a large earlhquake load, which normally resulted in vide columns,
Hence, lhe damage to the beam-column joint was scarcely observed in the past
earthquakes, jolnt shear sLresses being limited aE a low level . Therefore, the
design of R,/C beam-column joinEs has not been required. However, the advancement
of the design calculat.ion and the use of higher strength materials might may
reduce the column dimensions, especially by the adoptlon of an ultimate sLrengLh
design procedure relying on t.he ductj-liLy. Then bearn-colurnn joints may become a
r.,eak link of the chain, and design provisions rnay become necessary for R/C beam-
column joints in Japan.

A beam-column joint, in princi ple, should not fail during a strong
earthquake because (a) the gravity load must be sustained in the joint, (b) a
large ducLility and energy dissipation can not be expected in ttre joint, and (.)
a joint is difficult to repair after an earthquake. Then rhe sheerr failure of a
joint and at the same time, significant. slippage of beam bars within a joint
should be prevented up to a usable limit of structural deformaLion, which this
paper arbitrarily defines as a beam ductility of 4,0 or a story drift angle of
l/50, whichever is smaller.

SHEAR MECHANISMS IN BEAM―COLUMN 」OINT

Shear transfer mechanisms in a jolnt have been described by Paulay et
al.(Ref,l) as shovn in Figs.l.a and t.b. These are ca1led 'rmain strut mechanism"
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Table I Properties of Specimen BI
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Table 2

llc i ght Frtndlnrcntal Rnse She;rr
(*) I'eriod(scc,) Coatticlent

・0 0.1
Strain,

Strains in

o,2

Joint Lateral
Re in f o rcemen t

Fig. 5

4-story
7-story
16-story

14.0
250
56.0

0 28
0 50
1 12

0.30
0 28
0.22

and "sub-slrut rnechanlsm" in this paper. The maln compression strut is formed
along the main diagonal of the joinE panel as the resultant of the horizontal and
vertical compression stresses acting at the beam and column criLical sections.
Note that the main sErut exists irrespective of the bond characteristics of beam

bars within the joinl. The sub-sLrut mechanism requires good bond along the beam

and column bars, forrned with diagonal compression sEresses distributed uniformly
vithin the panel region. The diagonal strut stresses nust balance r"ith the
tensile stress ln the verEical and horizontal reinforcement and the bond slresses
acting along the bearn and column exterior bars. There may be another transfer
mechanism ("Lruss mechanism") as shorn'n in Fig.l.c. This is a truss mechanism

r)

Specimen BI

卜 1/1∞
R 1/50

R■ 1/25

(a) Loading Dir.

(b) 0rthogonal Dir.
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formed by the lateral reinforcement, diagonal concrete struts and the columnexterior reinforcement., and without the contribution of cofumn intermediate
reinforcement.

Note that the sub-strut mechanlsm is developed only when a good bond stresstransfer is maint.ained along the bearn and column reinforcement. Ho"euer, the bonddeterioration along the beam reinforcement is inevitable, especially after beamflexural yielding. with a bond deterioration arong the beam 
'reinfoicemenr, 

Lhesub-strul mechanism starts to diminish. consequenily, the main strut nechanismcarries the dominant part of joint shear, increasing the magnitude of cornpressionstresses in the main strut. Because the strut concrete is weakened by lhereversed cyclic loadlng and because the compressive sirengrh is reduced by theincreasing tenslle strain perpendicular to the direction of the main strut, theshear capacity of the main strut decreases and eventually fails in shear
compression. The prlncipal role of the laleral reinforcenent in thls case is toconfine Lhe cracked joint core concrete. Note that the shear transfer mechanism
in a beam-column joint changes with t.he bond deterioration along the beam bars.

ROLE OF JOINT LATERAL REINFORCEMENT

The tes! results of a half-scale plane beam-column joint (Speclmen Bl testedat the university of rokyo) are sumrnarlzed to demonstruie "or" ieatures of theshear lransfer mechanisms of a joinr. The properties of the specimen are listedin Table l. The amount of the beam bars vas made large to develop joint shear
"!t9:: . as,hiqh as O.32 f.' at beam yieldlng (f.r: concrete compressive strengthof 250 kgf/cmt), and to cause the boncl strcss ilong the bcam reirrforcencnL to l)c
severe" wit.hin a joint; the average bond stress u5 expressed by Eq.(l) was g0
kgf/cn'. Legged ties shown in Fig.2 were used as t[e lateral reinfoicement withina join! to discriminate between stralns caused by carrying shear and those
developed by the confinernent of the core concrete.

,_- T!" beam-column joint did not fail in shear up to the story drift angle of
1/50. The contribution of the joint shear deformation was 40 z oi the totai storydrift' comparable to that of the beam deflections, Therefore, the beam yieldlng
vas delayed ro a story drift angle of l/50. The damage, however, concenLrated on
lhu jolnt panel region due to hlgh shear after u itory drift angle of I/25,Story shear-drift relation is shown in Fig.3. The pinched hysteresis shape was
caused by both the shear distress of the joint core concrete and the bonddeterioration along beam bars.

The ratio of the forces F5 transferrecr into the joint by the bond stresses
along the beam reinforcemenr t.o the total joint. shear vo added to the story shearVcor is shown 1n Fig.4. The contribution of the bond fSrces to the jolnt shear
decreased with the increase in the st.ory rlrif!, indicating that the bond along
beam bars deterlorated gradually, and reachetr abou! 30 z of toLar joint. shearplus story shear at a story drift angle of l/50.

The strains in lateral reinforcement within the joint are shown in Flg.5under such bond conditions of beam bars. Strains para11e1 to the loadingdirection became almost constant at st.ory rlrift angle greater than l/100, and.diinot reach the yield strain(0.2 z), Hence rhe contribution of the sub-srrut
mechanism to joint shear resistance decreased with bond deteriorarion along the
beam reinforcement. 0n the other hand , strains orrhogonal ro the lJadingdlrection increased with the story drift, but the ties perpendicular to theloading direction did not yield up to the story drift angle oi i/SO, Therefore,
the amount. of the lateral reinforcement provided in Specimen 81, i.e., 0.35 Z issufficient to confine the joinl core concrete.
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EFFECT OF BOND DETERIORATION ON RESPONSE

The bond deterloratior of beam bars within a joint is not desirable because(:) the.energy dlsslpation at beam ends is reduced by pinching in a hysteresisshape, (b) 
-the diagonal compressive slresses increase-with a change in jointshear transfer mechanisrn after beam yielding, and (c) the beam deforrnarionincreases due to Lhe bar slip within a 3oint. the influence of the energydissipation capabillty at the beam ends on earthquake responses is studied to

discuss the permissibility of the beam bar slip wiihin a iolnt.

- The earthquake response analyses vere carried ouL representing each memberby a one-component mode1, in which inerastic rot.ational sprlngs "eie placed at
member ends. Beam-colurnn joints were assumed to be rigid. The"hysteresis modelsplaced at beam ends were select.ed to simulate the pinching behavlor caused by thebond deterioration along the beam reinforcenent (iakeda-Slip hysteresis rnoiel).
Takeda model vas used to simufate a good bond situation vrith' a spindle-shapehysteresis shown in Fig.6. The skeleton curves of both models were .or,non, uut
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the vafues of parameters for the hysteresis shape were varied to study the effectof -decrease in hysteretic area on the response; an equivarenL viscous dampingratio heq, ratio of the dissipat.ed energy within harf a cycre t.o 2 J+ tirnes thestrarn energy at peak of an equivalent linearly elastic system, was 0.25 for aTakeda rnodel, and 0.15 and 0.10 for Takeda-Srip models at. a duitiriry factor of4.0. The additional deformation caused by the pu11-out of beam bars from a jointis not considered here.

Four-, seven- and sixteen-st.ory sub-structures, an interior column wit.h
beams at the opposite column faces, r,rere designed to form weak-beam strong-columnframe strucLures. The properties of these su6-strucEures are risred in Taule 2.rnput eart.hquake mot.ions were the 1940 El centro (NS) record and Lhe rg52 Taft(s69E) record. The intenslties of ground notions were selected so that the
maximum member ductility factors were approximately 4.0 at beam ends for Lhestructures using Lhe Takeda model.

The attained ductility factors at beam ends are shown in Fig.7. Thedislribution of beam-end ductilities of a structure wlth the Takeda nodet is
simi lar Lo Lhat with Lhe Takeda-Slip model (hen=0.15). The change .i n Lhe h^^value of the 'lakeda-Slip model from o.tr ro ollo did nor alfecr Lhe oucr-iliE!
demand at beam ends. The attained maximum response drifts were comparable for thethree structures, however the larger response drifts devefoped frequently in thestructures wlth the Takeda-Slip rnodels than Lhat wirh the Tikeda *ode1. Fro, theresulls of earthquake response analyses, the effect of hysteresis energydissipating capacity on the response wis found reraLively sma11 for a range ;iequivalent viscous damplng ratio from 0,10 to 0.25 aL Ouctltlty factor of 4.0.Therefore, some bond deterioration of beam bars within a joinr rnay be tolerable.

L IMI'I'A1'ION OF BIAM I]AR I]OND 1 NDEX

The average bond stress ub over the column widt.h for simultaneous yieldingof the bean reinforcement in tenslon and compression at the two faces of thejoint. divided by the square root of the concrete compressive strength, called
beam bar bond index, is used t.o indicate the possibiiity of bond degradation
along the beam reinforcemenL;

u,o /^[{ = fy ( dl / hc ) / 2 /4[t (1)

hc:

The bearn bar bond irde* u5 /a/?lT and Lhe equivalent viscous damping ratio hpnat a. story drift angle of l/50 are compared for the plane bear_colimn ;oinEltested previously in Japan in Fig.B. The solid line wai clerived from Lhe leasr

Beam Bar Bond Index, u6,/a,{
Substltuting u5 in Eq.(1) into Eq.(2), Fig. 8 Equivalent Viscous Damping Rat.io-
the following expression is obtained. Bean Bar Bond Index Relation
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hs / d5 >fy /(e4/TJ) (3)

LIMITATION OF INPUT SHEAR INTO JOINT

After some bond deterioration takes place along Lhe beam reinforcemenL in a
joint, the shear stress within a panel region is carried dominantly by the main
stru! mechanism. The shear compression failure in Ehe main strut rnechanism nay
be avoided by resEricting the level of shear stress.

The joint lat.eral relnforcernenL
ratio is compared r,riLh the value vu/f.t
for plane bearn-column joint specimens
larger lhan the half-scale, Lested in
Japan and U.S., shown in Fig.9 in r,vhich
vu is the maximum joint shear stress
observed in the tests. The effect.ive
joint area to resist shear is defined
as the colurnn depth multlplied by the
average of the beam and column widths.
The lateral reinforcement. ratio was
defined as the total cross-sectional
area of lateral reinforcement wi-thin a
jolnt divided by the column width and
the distance of (7/8)d, d: effective
depth of bearn critical section. The
figure indicat.es lhat the joint shear
stress vu must be limited as given in
Eq. (4) to prevenL shear failure after
beam flexural yielding;

The ratio of the column widt.h to
stress rnust be limited by Eqs.(2) to
should be designed for the permissible
a beam ducLllity factor of 4.0 under
minimum amount of lateral reinforcement.
the concrete of the main strut.
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vu/fci 40.25 (4)

The shear failure in a joint. occurred at a story drift. angle grealer than
1/25 regardless of the amount of lateral reinforcement if the inpuf shear sLress
vu is greater than 0.25 f.r. On the contrary, the lateral reinforcemenL ratio of
O.2l % was sufficient- to prevent shear failure when vu is less than 0.25 f.t,
From these Lest results and those of specirnen Bl with lateral relnforcement of
0.35 7", a minirnum lateral reinforcement raLio of O.4 % is recommended. The
required lateral relnforcement raLio of O.4 Z nay be reduced if the joint shear
st.ress is sufficiently lower t.han 0.25 fcr. The lateral reinforcemenl \.rithln a
jolnt is expected to confine the panel concrete.

CONCLUDING REMARKS

the beam bar diameter and the joint shear
(4), under the assumption that buildings
maximun story drift angle of l/50, or for
the most severe earthquake rnotion. A
must be placed wiLhln a .joint to confine

Paulay,
JoinLs

T,, Park, R.
Under Seisrni c
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