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ABSTRACT: Rcinforced concrctc intcrior. bcam-column subassemblages with high-shength concrete and high-
strcngth stccl (a thrcc-dimensional joint without slabs and three plane joints) werc iested toitudy the bond tranifer
al()ng hcam reinforccment and thc shear resistirncc of a joint subiccted to uni-directional and bi-directional re-
vcrscd loads. Bond indcx proposcd in thc pflpcr is shoun to cvaluatc appropriately bond rcsistance of beam rcin-
forccmcnt within. a joint, cvcn for high-strength concrctc. Bond transfer along bcam reinforccment within a joint
was furthcr dcteriorated undcr bi-dircctional loading. Uni-dircctional shcar rcsistance in a joint was enhanced by
confincmcnl aclion from clcn prccrackcd lransvcrsc hcrms. Morcolcr, joint shcar resistancc under bi-directional
loarling rcached as high as 1.3 timcs thc joint shcar strcngth of a planc frame.

1 INTRODUCTION

High-strcngth concretc and high-strength stecl of a
largc diamcter are used in high-risc rcinforccd concrctc
(R/C) structures. Howevcr, rcduccd column dimcnsions
rcsult in lowcr bcam-column joint rcsistance. Thcrc-
forc, thc pcrformancc of intcrior bcarn-column subas-
scmblagcs constructcd with high-strcngth matcrials
was stucijcd through tcst; i.c., shcar rcsistancc of a joint
undcr uni-directional or bi-dircctional loading and
bond dctcrioration along thc bcam longitudinal rcin-
forccmcnt.

2 TEST PROGRAM

2.1Specintens

Fivc half-scalc R/C intcrior hcam-column joints
(callcd I-scries) \r'crc tcstcd; a thrcc-dimcnsional joint
without slabs constructcd with high-strength concrctc
and stccl (Specimcn I2), thrcc planc joints with high-
strcngth matcrials (Specimcns 11, 15 and 16) and a planc
joint with ordinary-strcngth mrtcrials (Spccimcn I3).
Thc propcrtics of specimcns flrc listed in Tablc 1.
Mcmber sections arc shown in Fig. 1. Thc dimcnsions
of bcams (200 x 300 mm) and columns (300 x 300 mm)
wcrc common in five specimcns. The distance from the
column ccnter to thc beam-cnd support was 1350 rnm,
and the distance from bottom support to thc top hori-
zontal loading point was 1470 mm. Thc beams in
Spccimcns 11, 12, 15 and 16 wcrc rcinforced by bars of
a yield strength from 770 to 8fi) MPa, and thc concrctc
of compressive strcngth from 85 to 99 MPa. The
specimens were cast in upright position.

Thc hcrm and column rcinforccmcnt dctails u'crc
conrmon in Spccimcns Il and 12 io compare thc shcar
rcsr'stancc of a joint subjcctcd to uni-dircctional and
bi-dircctional load rcvcrsals.
Thc bcam bar diameter was laricd in Spccimcns 15

Table 1 Properties of specimens

Specimen

(a)bngitudlnal Beam
ToP Bals    8-D16  8-D16
al(cm2)    1592   1592
pK%)      334   334
Bottom Bars 8-D16  8-D16

pl蟄
1    21:lli  2-ji:

α 輌 ),pw(%)35,08635,086

6-D16  6-D13  3-D19
1194     762     861
244     154     166

4-D16  3-D13  2-D19
796     381     574
153     073     110
2-D6   2-06   2-D6

40,080  40,080  40,080

(O COhmn
Total Bars  16-D19

靴媚

累fゲ  °°n。  8f場 oon0 0°
n。 (■One)

P(%)           365
3ottom Bars         8-D16
aてmり            1592
pK%)           334
StimPs          2-U64
α Cm),p″(%)      35,086

16-D19 16-D16 16-D16 16-D16
4592    3184    3184    3184
510     354     354     354

2-U64   4-D6   4-D6   4-D6
40,050  50,085  50,085  50,085

324     97    180    180

4-R55  4-郎 5
3       3

285     285
042     042

Nolc D : deforDcd bar, U I supcr-bigh-slrcrigth d.formcd bar,6nd
R : plain bar

ar : lolal arca of l€nsile reinforccment,
p, : l.nsilc rcinforccmcnt ratio,
ar : lotal area of longiludinal rcinforc€mcnl,
p: : gross rcinforccmcnl ratio,
4 : lolal arca of laleral reinforc€menl placed betwecn toF, and

botrom bcam rcinforccmcrt iD joint, and
pF : lal.ral rcinforc.mcnt ratio inioint.
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Table 2 Material properties

(a) Concrete ( unit in MPa )

Specimcn Compressive Tensile Secant
Strength Strength Modulus'1

11,12

13

15,16

988
414
854

39x104
33x104
41x104

２

■

３

４

３

４

* 1 Secant modulus at one-quarter
of the compressive strcngth

(b) Stce I ( unit in MPa )

Size (component
in spccimen)

Yield Tcnsile
Strength Strength

D19(11,12 column longitu bar1  746 5
D19(16 bcam iongitudinal bar) 7720
D16(11,12 bcanl longitu bar1   798 5
D16(13 bcam and column longitu)3610
D16(15,16 column longitu bal1  533 7
D13(15 bcam longitudinal baつ   7691
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D6(15,16 shcar rcinforcc baり  3953
R6(11,12,13 joint rcini bar1   360 0
R55(15,16 joint rcinforcc bar) 2502
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8603
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6847
8191
13989
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4316
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(b) Specimen 12

Fig. 3 tnading histories and paths

all specimens. The columns in all specimens were de-
signed to remain elastic.

Material properties are listed in Table 2. Silica-fume
was addcd and the water to cemcnt ratio of 28 70 was
chosen to attain higher strength of the concrete.

2.2 Loading method

lnading apparatus is shown in Fig. 2. Bi-dircctional
loads to a three-dimensional Specimen 12 and uni-
directional load to plane Specimens 11, 13, 15 and 16
were applied with constant column axial load. I-oading
historics and loading paths at the top of a column under
bi-directional load reversals arc shown in Fig. 3. Story
shcar was defined as the horizontal force corected for
the P-Delta effect.

3 TEST RESUTTS

3.1 G ener sl obs ewations

Crack patterns aftcr tesi are shown in Fig.4 and story
shcar - story drift rclations in Fig. 5.

Bcam bars in an outcr layer in plane Specimen I1
yiclded at a story drift angle of 3 7o. A joint was
damagcd seveicly with concrete spalling at a story drift
anglc of4 70. Thejoint shear resistance was rcduced

［］］‐‐‐‐‐‐］］尚̈

Fig. 1 Member sections

and [6 to investigatc a bond strength along the bcam bar
within thc joint. The input joint shear stress $'as rc-
strictcd to 0.15 times thc concrete comprcssi!c
strcngth; the effcctive joint arca to resist shcar was
dcfincd by the column dcpth and the average of thc
bcam and column widths.

Thc joint lateral reinforcemcnt of approximatcly 0.4
7l? was placed between the bcam top and bottom bars in
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Fig. 2 Irading apparatus

R : Story Drift Ansle (rrd)

Oolumn(1,・  12)

Colυ mn(15, 16)

巴盤幽 鉤
Beam(15)       3=am(16,

Bchavior of high-strcngth R/C beam-column joints
b1 K. Kitayama, S. IJe. S. Otani and H. Ao)ama

12



(a) Specimen 11
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Fig.4 Crack patterns after test Fig 5
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b) Spccimen 12
bst-wcst direction
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b-v crushing ofjoint core concretc in diagonal compres-
slon.

On the contrary, thrce-dimcnsional joint of Spccimcn
l? did not fail in shcar cvcn undcr large bi-dirictional
ftrading. Specimcn 12 failed in flcxural compression at
thc hcam ends, Bcam bars yicldcd in an outcr Ia]cr itt il
story drift angle of 3 to 4 Vo and in an intermcdiatc
la\'cr at a stor) drift angle of J to 6 70, Stor) shcflr
incrcased aftcr beam l,iclding.

Bcam bars in Spccimen I3 \'ith ordinar'-strcngth
concrctc f ieldcd after a stoD drift flnglc of I do, flnd thc
joint eventually failed in shcar at a story drift anglc of 4
%.

Bcam bars yicldcd at a stor)' clrift angle of 1.3 to 2 Vo

in Specimen 15 and 1.6 to 2.2 % in Spccimen 16, reach-
ing thc joint shear stress of 0.15 oD ; whcre oo : con-
crcte comprcssive strength. Concrete at thc bcam
comprcssive rcgions adjacent to column faccs crushcd
and spallcd during a cyclc of stor) drift anglc of 3 %.
Dingonrl cracks wcrc ohsen cd in thc joints. but c:(ccs-
sivc damage was not concentratcd.

3.2 Joint shear deformation

Joint shcar stress - shear distortion rclations are shou'n
in Fig, 6. Joint shcar distortion u'as mcasurcd in planc
spccimcns by two transduccrs mounted in diagonal
directions on a joint panel, and was computc<i in a
thrce-dimensional Specimcn I2 as the story drifl lcss
thc contribution from the bcam and column dcflcctions.
Joinl shc r distortion in Spccimcns ll and 13 incrcascd
wilh storl'drift, indicating thc distrcss in a joint pancl.
Thc sccond stiffncss after dingonrl cracking in a joint
shclrr - dislortion rclalion was Iarger in joints with
high-strcngth concrete (Specimcns Il, 12, 15 and 16)
than that $,ith ordinary-strcngth concrete (Specimen
l3). Thc sccond stiffness was almost similar in Speci-
mcns [1 and I2. This suggcsts that the transversc bcams
with crack opening at the column faces did not contrib-
utc to thc enhanccment of the second stiffness in a joint
shcar - distortion rclation.

Thc joint shcar distortion contributcd to approximatc-
\ 40 qo ol the stoD drift ar a stoD drift angle ot 17a in
Spccimens I I and 13 in contrast with lO to l'7 qo ir
Spccimens 12, 15 and 16 in which thc beam dcflcction
dominatcd the total storv drift-

Joint lateral rcinforccrient parallcl to a loading dircc-
tion f icldcd in Specimens I l and 12 at a joint shcar
distortion of 0.5 to 0.6 7o, which was 2 times greatcr
than that of 0.2 lo 0.3 Vo in Spccimcns 15 and 16. The
diffcrcncc dcpcndcd on; 1) thc magnitude of )'icld
strain in joint Iateral rcinforccment, i,e,,0.21 lo in
Spccimcns It and 12 in contrirst $'ith 0.13 7o in Spcci-
mcns 15 and 16, and 2) thc amount of column intcrme-
diatc longitudinal rcinforccmcnt which restraincd
diagonal crack opcning in a joint pancl. l:teral rcin-
forccnrcnt orthogonfll to a loiding direction. which
confincd the joint corc concrctc. also yieldcd in nll
specinrcns during load revcrsals at a story drift anglc of
approximatcly 3 7a.

3.3 Bottd along bean rei forcemcnt

Local hond slrcsscs along a bcam bar within thc ccntcr
onc-third of a column dcpth. rt, arc shown in Fig. 7 for
Spccimcns lJ, 1.5 nnd 16. Thc hond strcss wils computcd
frorn the diffcrencc of bcam rcinforcemcnt shcsscs. The
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Fig. 6 Joint shear strcss - shear distortion rclations
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Fig. 7 l-ocal bond stress wirhin joint

local bond stress 11 increased with a story drift in
Specimen 15 and good bond was maintained during the
tcst. The value ofTl in Specimen 16 also increased but
decayed after a story dift atgle of 2.7 Vo, indicating the
bond detcrioration. The maximum value of q in Speci-
men [3 made of ordinary-strcngth concrete was smaller
than those in thc two specimens with high-strength
concrctc. Howevcr, the bond stress normalized by the
square root of concrctc compr€ssion strength was
similar bchveen Spccimcns [3 and 16.

An avcrage bond strcss ub, computed for simultaneous
tcnsilc and compressive I'ielding of beam reinforcement
at thc opposite column faces, is exprcssed as follows;

uo= ( 1+ yl o,/4)(do/D) (1)

whcre, y ( 3 1.0) : a latio of comprcssive to tcnsile bar
arcas, o" : yield strcngth of a beam bar, db : diametcr of
a bcam-bar and D : column dcpth. Measured average
bond strcss r", within a joint is relatcd with thc indcx ub
in Fig. 8 obtained from interior beam-column joint
tcsts at the University of Tokyo (Rcfs. I - 3). Solid
sJ'mbols represent specimens in which average bond

Bchavior of high-strcngth R/C bcam-column joints
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cycle c1'cle cycle cycle

Fig. 10 Bond under uni- and bi-direciional loading

strcss r,* dctcrioratcd either bcfore beam bar yiclding or
aftcr yiclding, and opcn s1'mbols represcnt spccimcns
with good bond even after bcam bar yielding. Average
bond stress rr" did not decay before beam yiclding,
rvhcn avcrage bond stress rav of top reinforccmcnt is
lirger than 0.42 u6, and when that of bottom reinforce-
mcnt is larger than 0.5 u6.

An alcrage bond stress rav - concrete comprcssive
strcngth oB rclationship is shown in Fig. 9. The averagc
bond strcss a., is proportional to concrete conrpressive
strcngth qB, i,e., average bond stress 1"" of top bars is
cstimatcd by 0.084 oB, and that of bottom bars by 0.126
oB.

From the hvo rclations above, the avenge bond stress
t". within ajoint will not det€riorate before bcam yicld-
ing if the bond indcx uo / os of top reinforccmcnt is
smallcr than 0.2, and that of bottom reinforcement
srnallcr than 0.25.

A bond stress along north-south direction beam
rcinforccment at the centcr one-third of a column width
in Specimen 12 is shown in Fig. 10 under bi-dircctional
loading at a story drift angle of 4 %, comparing rvith
that at thc same story shear under uni-directional
loading. The bond hardll'dctcriorated even undcr bi-
dircctional loading whcn the beam bar strain excceded
slightly the yield strain.

3.4 Joint shear resistance

Story drift - joint shear strcss relations normalizcd by
concrctc comprcssive strcngth oD arc shown in Fig. 11
for a plane Spccimen Il and a three-dimensional
Spccimen 12 subjectcd to uni-directional and bi-direc-
tional loading. Thc joint shcar and stor) drifi undcr bi-
dircctional loading wcre computcd as lhe square root oI
thc sum of the squares of shears and drifts in respective
dircctions.

Joint shcar strcss in Specimen I1 decrcased aftcr
rcaching the maximum value of 0.25 oB, accompanied
with lhe scvere damagc in the joint panel. On the con-
trary, uni-dircctional joint shear stress in Specimen 12
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Fig.8 Measured bond strcss a"., - ub relations
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SpccimcnJ2 (bi-dir.)
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Fig ll Nonnalizcd joint shcar strcss

4 CONCLUSIONS

Thc following conclusions wcrc drawn from the tcst
rcsults of intcrior bcam-column joints with high-
strength matcrials;
(l) Thc bond along the bcam rcinforccmcnt within a

joint was good up to a storl drift anglc of 3lo 4 Vo
(ductility factor of 1.3 to 2.0) regardless of the diameter
of a bcam bar,
(2) Avcragc bond strcss r,, wilhin lhe joint cvcn

madc of high-strength concrctc will not dctcrioratc
bcforc.bcam bar l iclding if thc bond index ub / oD of
top rcinforccmcnt is smaller than 0.2, and thai of
bottom rcinforccmcnt smaller than 0,25.
(3) Bi-directional load reversals did not influence the

bond transfcr along bcam bars within a joint el cn if the
bcam bar strain wal slightly more than ):icld strain.

(J) Joint in a plane framc failcd in shcar prior to bcam
l iclding at a shclr strcss of 0,25 oB. which-was approx-
imirtcl) 0.8 timcs smrllcr rhcn thi joint shcar siringth
of ordinary-slrcngth concrcte in rcccnt \1'orks (Ref. -5J.

(-5) Thc uni-dircctional shcar strcngth of a ioint with
transvcrsc bcanrs Ioadcd to flcxural yiclding was
cnhanccd to 1.2 timcs that of a planc ioint.
(6) The joint shear strcnglh under bi-dircctional

loadt'ng was incrcased to 1.3 timcs that of a plane joint
by confining effcct of transverse bcams.
(7) A joint can bc kept sound cven under bi-dircc-

tjonal.cyclic loading if thc design shear in orthogonal
dircctions is limitcd to 0.25 oR in each direction.
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Fig. l2 Joint shcar rcsistance
under bi-directional loading

incrcascd to 0.29 oB. Thc trnnsi.crse beams, ct cn
loirdcd c!cliccllr', could cnhanccd join( shcar strcngth at
lccst l.: tinrcs morc than thit oi x plane joint.-This
cnhanccmcnt riitio was clmost cquill to th0t obscn cd in
a joint of ortlinarr,-strcngth concrctc (Rcf. .t).

Bi-dircctionalioint shcar rcsistancc in Spccimcn l2
rc;rchcd as high as 0.33 oB. IInNcvcr, thc joint did not
fril in shcrr hcclusc of thc confincmcDt cffcct hl thc
lrinsvcrsc hcanrs. The orbit of a ioint shcnr rcsisiancc
untlcr hi-dircctionnl loading at fl story dirft onslc of .l/i is shoun in Fig. I2. Thihilrill inicraction'surfrcc
of joint shcar rcsistancc \\'ls flssumcd to form t\r'o
orlhogonitl lincs nt thc shcar strcss of 0.25 oB as sho\\'n
b! brokcn lincs. The joint shcar strcss in north-south
rlircction clccrcrrscd sliehtll undcr hi-dircctional loltJ-
ing b1 thc birnilrl intirnition in column rcsistnncc.
Thcrcforc. shcar fitilure in thc joint with high-strcngih
concrcic under bi-directional load rclcrsals could bc
rroidcd hr linriting indcpcntlcntll thc input shcir to
0.45 (rr, in respccti\c directions.
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