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]NTRODUCT]ON

The lests of three-d imensl onal beam-colurnn joints wlth slabs were
executed as the quadri-lateral cooperative research project in the United
States, New Zealand, Japan and China. The rnain objective of the progratnme
is to investigate the behavior of reinforced concrete beam-column-slab
subassemblages designed in accordance wlth the buildlng code or the
standards of the respective countries.

In this paper, the test results of the programme are compared briefly
focusing on the hysteretic behavior, joint shear under the uni-directlonal
and bi-directional loading, and the bond condltion along the beam
reinforcemenL passing through an interior joint.

SPECIMENS

SevenLeen specimens, arnong which nlne specimens are interior bearn-
column joints and eight exterior beam-column ioints, were tested on
quadri-1ateral programme. Two specinens tested in Kyoto University by Fujii
and Morita are included in thls paper because these sPecimens were loaded
according to the guidelines decided at the Second U.S,-N'2.-Japan Seminar,
Tokyo, 1985 (Ref.1). The general proPerties of the specimens are
summarized in Table.1. A11 specimens except specimens in Japan were full
scale rnodels, whereas five specinens i-n Japan were half or one-third scale
nodels depending on the loading apparatus. A11 specirnens were designed to
develop a beam flexural yielding prior to a colunn yieldlng or joint shear
failure in accordance with the selsmic provlsions in resPective countrles.

The lateral reinforcement ratio in a -joint was approximately O'3 7",

0.6 Z, O,9 Z aod I.2 Z for specimens ln Japan, the United States, China and
New Zealand, respectively. The difference of the anount of the joint
lateral reinforcement seems to be attributed to the assuned shear resisling
mechanisn of a jolnt and the construction method in each countries. Joint
lateral reinforcernent ratio is defined as the total cross-sectional area of
the lateral reinforcement between the beam top and bottom bars divided by
the column width and the distance of (7/8)d' d: bearn effectlve dePth.

CALCULATION OF RESISTANCES

The ratios of a colurnn to bearn moment capacity are summarized in
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Tab1e.2. These ratios are very conservative since the flexural strength ofa column was defined as the monent corresponding to the ylelding Jf thelongitudinal reinforcement in the most outei layer, and that of a beam was
calculated assuming the entire slab rvidth effective to the beam resistanceexcept specimens in the United States. The st.rength ratio of a column to
beam under the bi-directional loading was calculaied on the assumption that
the bi-direcLional interaction capacity surface of a colunn forms a circle,
whereas that of a bearn is represented by the two orthogonal 1ines. Theratios under the uni-directional loading were greater than I.2, and thoseunder the bi-direcLional loading greater than 1.0 in most of specimens,indicating that a column yielding does not occur even in the bi-diiectional
loading.

TEST RESULTS

, _Failure Mode and JoinL Shear: Ar1 specimens deveroped a beam flexurafyielding and rnalatained the beam colrapse mechanisn during the test withouL
a remarkable strength decay. However, several speclnens w-re pointed out by
researchers to fail in joint shear at a story drift angle moie than I/Zirad after the beam yielding. The hysteretic behavior oi all specimens was
considered Lo be satisfactory up to a story driff angle of 1/50 rad.

The maximum jolnt shear stresses under the uni-directional loading are
sururarized in Tab1e.3 and plott.ed in Fig.1 with the lateral reinforcement
ratio in a jolnt. The effective joint area to resist shear is definecl by
the column depth in an interior joint, or the horizonLally projected lengthin an exterior joint and the average of the beam and column "idths. Joint
shear stresses norrnalized by the concrete compressive strength v ,/fcr were
disLributed from 0.72 fc' to 0,47 fct for interior joints, and Pfrom 0.09fc' Lo O.29 fc' for exterior joints. The normalized joint shear stresses of
specimens in New Zealand and China were smaller than those in Japan and theUnited States. The joint shear failure after bean flexurai yielding
occurred when the maximum shear stress was greater than 0.35 fct in
interior joints, and 0.2 fcr in exLerior joints. The maximum jolnt shear
observed in the United States specimens exceeded the design shear of 15y'?Ef
or 2O^/fJ (fc' in psi) recommendld by ACI-ASCE 352 CommllrEe (Ref.8).

The joint shear resultant under the bi-directional loading is
summarized in Table.4 and shoran in Fig,2. The effective joint area to
resist shear is defined by the gross sectional area of a colurnn. 0pen
symbols represenL the inLerior jolnt specirnens. The shear under the bi-
direcLional loading was less than the square root of sum of the squares of
maximum shear forces in respective directions. Thls rvas caused by the
degradation of resisl-ance in one direction due to the bi-axla1 interaction
of resistances. Note that the joint shear stress norrnalized by the concrete
conpressive strength under the bi-directional loading v ,/fc, is not
always larger than that under the uni-directional foaOiBgD because the
effective joint area to resist shear is different in two loading cases.

The joint shear in respective directions at the maxinum resultant
under the bi-directional loading is shoun ln Fig.3. Solid lines represent
the bi-axlal interaction of shear resistances in an inlerior joint issurned
to be a circle or two orthogonal 1ines, and broken lines represent that in
an exLerior joint. The joint shear strength in one direction rvas assurned to
be 0.30 fcr in inLerior joints and 0,18 ic'in exterior joints according to
the provisions in Japan (Ref.9). Maximum shear in the interior joint of
Specinen J2A, resulted in joint shear failure after the bearn flexural
yielding, exceeded the jolnt shear strength assumed to form a square
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withouL the bi-axia1 inleraction. On lhe conLrary, exterior joints of
Specimens J3A' GBS3 and GBSU failed in joint shear afrer the beam flexuralyielding, reaching the shear strength assumed to form an ellipse, NoLe that
the joint shear strength of 0.30 fc' in an interior joint is fairly
conservalive, whereas that of 0.18 fc' in an exterior jolnt should be
reduced Laking the bi-axial interaction of joint shear resistances inr-o
account, Beams framing into four faces of a joint. and slabs may contribute
to enhance the shear strength of an interior joint.

Stlfness in Story Shear-Drjft Relatlon: Secant rnodulus in story shear-
dr if l--letar i-al ioil 

-ar- 
sEoii-I7lTE-anEIEE-if 1/2oo rad and I/I00 ,ua were

calculated and shown in Fig.4. Large secant moduli were observed in
Specirnens 2D-I, K2 and 1D-I , developlng the yieldlng of beam bars by a
story drift angle of 1/100 rad approximately. 0n the other hand, the secant
modulus of specimens in the Unlted SLates, in which beam reinforcing bars
started Lo yield at a story drift angle greater than 1/80 rad, were less
than the half of those in Specimens 2D-I and K2,

Story Drift at Maximum Joint Shear: Joint shear in mosL specimens
increased gradually after bearn flexural yielding to the end of the test,
i.e., to the slory drift angle greater than 7/25 rad. Specimens 2D*I and
2D-E in New Zealand reached the rnaxlmurn joint shear at the story drift
angle of 7/53 rad and 1/100 rad, respectively, developing the ylelding of
Lhe slab relnforcement within an entire slab \aridth.

Energy DissipaLion 44! Bean Bar Bond: To estimate the energy
dissipating "b'lft),, Lhe.q-uiuul"nr u iiEou-durping ralio h-_, raLio oI the
dlssipated energy within half a cycle to 2 T times the straiH energy at the
peak of an equivalent linearly elasLic system, is used.

The posslbility of bond degradation along the beam reinforcement
passing through an interior joint is lndicated by ttbearn bar bond lndex !./

4/TJ" (Ref.lO), where u. is the average bond stress over the column wiOPh
for simultaneous yielding of the beam reinforcement in tension and
conpression aL the two faces of a joint.as expressed below, and fct is the
concrete compressive sLrength in kgf/cn".

ub = fy 〈 db / hc )/ 2

甘:『 [: afと  hc i::luliril:[‖ . f
2Dean Dars tn kstlcm . d. :'h

(1)

diarneter of bearn

I]:::Tli8q[iil:r:::[;:11:::I:i:I::f:Ci/:3d::::::ii:::::llei:iSil:ip]|::::li
bar bond index was different between the bean top and bottom re■ nforcelnent,
whichever  ■s larger was chOsen ■n Fig.5. The solid line was  der■ved  from
the  least squares method to fit the data for the plane beam― coluI「In  JointS

:::i[:e[l:::::I早 :::i::1::i:「 ::i[:[l::ri:: ;:il普
]1:lli::::1:Stl::pilie  ::l:

largely  different between specimens liti:i I::I:id inttb`(:Cinil:d estat:::
This was caused by the difference of the requ■ red performance of re■ nforced
concrete  bu■ ldings  under  earthquake motiOns. In New  Zealand,  the  beam
re■ nfOrc■ ng  bars  w■ th  a  sma■ l  diameter  and  lOw  strength  are  used,
ma■ nta■ning a good bond w■ thin a jo■ nt.

Note  that the heq Values  except Specimens 」lC and J2C without  slabs
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were smaller Lhan thaL of the value obtained from the least squares methodin the test results of plane beam-colurnn joints. This might be caused by
the delay in crack closing attributable to shift in the location of the
neutral axis above the beam top reinforcement under posilive bending (the
beam top fiber in cornpression) in Specimen K2 (Ref.2), or by the shear
distress in a joint and the flexural dlstress in a s1ab, beam and column in
Specimens JIA and J2A (Ref.3).

Stress
reinforcernent

Distributlon of Slab Bars: The stresses in the
parallel to the longitudinal beam increased with the

slab
story

of the
Zealand
ln the
a story

drift under negaLive bending, and reached the yield stress in most
slab bars at a story drifL angle of 1/50 rad in Japanese and New
speclmens as shoran in Fig.6. The effective slab width of specimens
United Stat.es was determined to be 6O 'il of the entire slab width at
drlfL angle of 7/25 rad.

CONCLUDTNG REMARKS

The hysteretic behavior of Lest specinens on quadri-laLeral progranme
was considered to be satisfactory under the bi-directional cyclic load
reversals up to a story drift angle of 7/5O rad, although the joint shear
stress normallzed by concrete compresslve strength and the bond performance
along the beafl reinforcement differed distinctly among specimens of four
countries. Joint shear fallure was developed at a story drift angle of 7/25
rad after the beam yielding by the high joint shear larger than O.4 fct in
three-dimensional interior joints and 0.2 fc' in exterior joints.

The influence of the pinching in a hysteresis loop resulted from the
bond deterioration along the beam bars and the jolnt shear distortion
should be investigated on earthquake responses of reinforced concrete
structures.
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Table I : Specirnens Tested in Quadrl-lateral Prograrnme

Specimen
( Label
in this
paper )

Type Column
Section

bxD
mm

Beam
Section

bxD
mm

Slab Helght
Thlck-
NCSS

mm mn

Length Concrete Researcher
Compressive ( Ref . No. )
Strengtb

mm kgt / cm

Kl Interior
Two-way

275x275 200x300
200x285

70 1470 2700
U.C.

Ｌ

Ｔ

４

６

４

６

２

２

′
年
　

ｈ́
）

′
十
　

Λ́
）

つ
４
　
つ
４

０７０

５

０

８

３

２

Ｘ
　
Ｘ

０

０

０

０

２

２

Ｌ

Ｔ

つ
ι
７
■ Interior

Two-way
375x375 2700

U.C.
KiLayarna
0tanl
Aoyarna
(2)

1470

K3 Exterior
Two-way

275x275 200x300
200x285

70 1470 199
UoC.196

Ｌ

Ｔ

０

０

５

０

３

７

１

２

Ｌ

Ｔ

」1

(」 lA)
Interior
0ne-way

508x508 406x508  127 4191 4877       246
U.C.247

」2

(」2A)
Interior
Two-way

508x508 282
U.C.266

Kurose
Guimaraes
Liu
Kreger
Jirsa
(3)

Ｌ

Ｔ

406x508  127
406x508

4191 4877

」3

(」3A)
Exterlor
Two-way

508x508 Ｌ

Ｔ

Ｌ

Ｔ

406x508  127
406x508

330
U.C.228

4191 2439
4877

lD― I Interior
One-way

550x600 400x550  100 3500 4055       388
UoC.269

2D― I Interior
Two-way

600x600 400x575  100
400x550

Ｌ

Ｔ

Ｌ

Ｔ

3500 4052       377
4064   U.C.279

Cheung
Paulay
Park
(4)2D― E Exterior

Two-way
500x550 Ｌ

Ｔ

400x550  100
300x575

3500  L:
T:

2025       487
4052   UoC.435

Jl

(」 lC)
Interior
Two-way

600x600 350x550  none
350x550

Ｌ

Ｔ

492

J2

(J2C)

(Same as Specimen JIC ) Chen
Chen
Gao
(s)」3

(J3C)

Interior
Two-way

600x600 Ｌ

Ｔ

350x550  130
350x550

40003000 476

J4 Exterior
Two-way

600x600 350x550  none
350x550

Ｌ

Ｔ

3000  L: 2000
T: 4000

429

」5 (Same as Specimen J4) Zh't
Chen
(6)

０

０

０

０

０

０

２

４

Ｌ

Ｔ

０００３」6 Exterior
Two-way

600x600  L: 350x550  130
T: 350x550

373

GBS3 Exterior    220x220  L: 175x250
T: 160x250

1500  L: 1000
T: 1950

391
Two-way

Note:
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牛
に
，
つ
０

Fujii
Morita
(7)(Same as Specimen GBS3 except. fc',

ratio in a -joint, and beam bottom
lateral reinforcement
bars bent upr,,rards )

b : colunn or bean widLh, D : column or bearn depth
L : longitudinal direction, T : transverse direction

U. C. : upper colurnn



Table 2 : Ratio of Colunn to Bearn Theoretical Moment Capacities

Specimen Ratio under
uni-directional
loading +l
Longi. Trans.
Dir. Dir.

Ratio under
bi-directional
loading *2

１
■

う
ι

３

Ｋ

Ｋ

Ｋ

1.51
1.81
2.27

1.59
1.92
1.88

1.09
1.32
1.45

」lA
」2A
」3A

1.07
1.42
1.62

1.44
1.42

1.01
1.07

lD― I

2D― I

2D― E

1.65
1.62
2.50

1.70
1.86

1.17
1.46

」lC
」2C
J3C
」4
J5
」6

1 .93
( Sarne as
t.2r

1.92          1.36
Specimen 」lC)
1.20          0.85

GBS3
GBSU

1.34
1.33

1.37
1.37

0.96
0.95

Note: +rl Entire slab width was assurned to participate in the bearn
resisLance for a1l specinens except Specimens JlA, J2A and J3A,
of which slab width of 0.6 B was assuned !o be effective, where
B ls the entire slab width.

*2 Ratio of column flexural strength Lo square root of surn of
the squares of bearn flexural strengths in two directions
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Table 3 : Maximun Joint Shear under Uni-directional Loading

(a) Interior JoinLs

Specimen Joint
Shear
tonf
:i::;:i:;ir kgi;im2  VP/fCI

Failure
Mode

Kl
K2
JlA
」2A
ID―I

2D― I

」lC
J2C
」3C

91.1
59。 1

88.3
131.8
56.9
58.7
60.1

244
244
246
282
388
377
492

0.37
0.24
0.36
0.47
0.15
0.16
0.12

59.5
63.7
205.0
306.1
162.2
176.0
171.2
(unknown)
(unknown)

Ｂ

Ｂ

ＢＪ

ＢＪ

Ｂ

Ｂ

Ｂ

Ｂ

ＢＪ

Note: The joint effective area to resist shear was defined
by the colurnn depth and the average of the bean and
column widLhs.
fc t: concrete compressive strength
B : beam flexural failure
BJ : joint shear failure after bearn flexural yielding

(b) Exterior Joints

Specirnen Joint
Shear
tonf

Jo■nt Shear   fc:
SI::':12Vp  kgf/cm

vp/fc' Failure
Mode

K3
J3A
2D― E
」4
J5
J6
GBS3
GBSU

57.3
92.6
41.5
68.2

86.1
84.3

199
330
487
429

391
354

0.29
0.28
0.09
0.16

0.22
0.24

32.4
190.0
95.3
162.0
(unknown)
(unknown)
33.5
32.8

Ｂ

ＢＪ

Ｂ

Ｂ

Ｂ

Ｂ

ＢＪ

ＢＪ

Note: The joint effective area to resist shear
by the horizontally projected length and
of the bearn and column widths.
fc r: concrete compressive strengLh

Ｓ
　
ｅ

ｗａ

ｔｈ

defined
average

B : bearn flexural fallure
BJ : joint shear failure afLer bearn flexural yielding
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Table 4 : Maximun Joint Shear under Bi-directional Loading

Specimen Resultant
Joint Shear

ton f
ご:l::テ :hiir   VP/fc'

Kl
K2
K3
J2A
J3A
2D― I

2D― E
」2C
」3C
」5

」6

GBS3
GBSU

66.8
77.1
48.7
311.2
223.9
212.4
135.7
194.9
265.4
151.8
208.4
36.1
37.3

88.3
54.8
64.4
120.6
86.8
59.0
49.3
54.1
73.7
42.2
57.9
74.6
77.1

0.36
0.22
0.32
0.43
0.26
0.16
0.10
0.11
0.15
0.09
0.16
0.19
0.22

NoLe: The joint effective area to resist shear under bi-directional
loading was deflned by the column gross section.

Table 5 : Equivalent Viscous Darnping Ratio and Bond Index

Specirnen Equivalent Viscous
Dampinq Ratio. h

eq
Tl:f;:12t・ T。 3/層
Ｂｏｔ

Kl
K2
K3
」lA
」2A
lD― I

2D― I

JIC
」2C

0.07 (Longi. Dir.
0.12 (LOngi. Dir.
0.10 (Trans. Dir.
0.05
0.04 (LOngi. Dir.
0.19
0。 15 (Longi. Dir.
0.19
0.20

102.1
56.7
77.3

118.1  100.8
118.1   98.1
57.7
57.7

93.3   74.2
93.3   74.2

6.54
3.63
5.48
7.53  6.43
7.03  5.84
2.93
2.97
4.21  3.35
4.21  3.35
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∠ゝ  J2A

△ 」lA

A Joint failure
after bean yielding

Q Beam flexural failure
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」oint shear strength by A.1.J.

〇 」3A(十 )

2D―I(t)lD―
I

∪ 」lC

0.2 0.4 0.60.8 1.0 1.2 1.4
Lateral Re■ nforcement Ratio pw, Z

(a)InteriOr 」Oints

oK3 ∠ゝ 」3A

∠ゝ GBSU
∠ゝ GBS3

Joint shear strength

o」 4

02D― E

02 04 0.60.8 10 1.2 1.4
Lateral Re■ nforcement Rat■ o Pw,

(b)Exterior Joints

Effecuive joint area

l\ Jolnt lall-ure
after beam yj.elding

Q Beam flexural failure

by A.I.」 .

Effective joint area

ω
］ヽ
Ｑ＞
　
∽^のｏ「一∽　ヽ
０〇
一∽　い０
「Ｏ「

00

」oint

0.3

0.2

0 1

0.0

0.0
00
」o■ nt

Fig.1 : Joint Shear Stress under Uni-Directional Loading
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Note:
A」3A

o K2      A GBSU

▲ GBS3

0.3

」2C
2D― E
J5

Effective joint area

Note: Open symbols represenL interior joints.

A.rzl

0.0 0.1 0 2 0.3 0.4 05

Joint Shear Stress ln Longitudinal Direction,
vp, in ter ior / rc

Joint Shear Stresses under Bi-Directional Loading

A Joinr faj.lure
after beam yielding

Q Beam flexural failure

Open syrnbols represenL jnt.erjor joints.

o2D― I

Effective joint area

0.2

0.1

0.0
0.0 0.20.4 0.6 08 1.01.2 1.4
Joint Lateral Reinforcement Ratio pw, 7

Fig.2 : Joint Shear Resultant under Bi-DirecLional Loading

l_\ Jolnt t a1l ure
afLer bean yielding

Q Bearn flexural failure
0.4

0.3

0.2

0.1

0.0

硯声====ここ■■、
~II
G8:禽、Q:ミ

O zo-n

Fig.3:
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