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ABSTRACT: Reinforced concrete interior beam—column subassemblages with high—strength concrete and high~
strength steel (a three-dimensional joint without slabs and three plane joints) were tested to study the bond transfer
along beam reinforcement and the shear resistance of a joint subjected to uni-directional and bi-directional re~
versed loads. Bond index proposcd in the paper is shown to evaluate appropriately bond resistance of beam rein—
forcement within a joint, even for high—strcn%th concrete. Bond transfer along beam reinforcement within a joint

was further deteriorated undcr bi-directional

oading. Uni-directional shear resistance in a joint was enhanced by

confincment action from even precracked transverse becams. Moreover, joint shear resistance under bi~directional
loading reached as high as 1.3 times the joint shear strength of a planc frame.

1 INTRODUCTION

High-strength concrete and high-strength stecl of a
large diameter are used in high-risc reinforced concrete
(R/C) structures. However, reduced column dimensions
result in lower beam-column joint resistance. There~
forc, the performance of interior beam—column subas—
scmblages constructed with high—-strength matcrials
was studicd through test; i.c., shcar resistance of a joint
undcr uni-directional or bi-dircctional loading and
bond dctcrioration along the bcam longitudinal rcin-
forcement.

2 TEST PROGRAM
2.1 Specimens

Five half-scale R/C interior bcam-column joints
(called I-scries) were tested; a three~dimensional joint
without slabs constructed with high~strength concrete
and steel (Specimen 12), three planc joints with hif;h—
strength materials (Specimens 11, IS and 16) and a planc
joint with ordinary-strength matcrials (Specimen 13).
The propertics of specimens arc listed in Table 1.
Mcmber sections are shown in Fig. 1. The dimensions
of bcams (200 x 300 mm) and columns (300 x 300 mm)
were common in five specimens. The distance from the
column center to thc beam~cnd support was 1350 mm,
and the distance from bottom support to the top hori-
zontal loading point was 1470 mm. The beams in
Specimens I1, 12, IS and I6 were reinforced by bars of
a yield strength from 770 to 800 MPa, and the concrete
of compressive strength from 85 to 99 MPa. The
specimens were cast in upright position.

The bcam and column reinforcement details were
common in Specimens I1 and 12 to compare the shear
resistance of a joint subjected to uni~directional and
bi-dircctional load reversals.

The becam bar diameter was varicd in Specimens IS

Table 1 Propertics of specimens

Specimen 1n 2 3 Is 16
%Z Longitudinal Beam
p Bars 8-D16 8-D16 6-D16 6-D13 3-D19
a(cm?) 15.92 15.92 11.94 7.62 8.61
(%) 3.34 334 244 1.54 1.66
ttom Bars 8-D16 8-D16 4-D16 3-D13 2-D19
a(cm?) 15.92 15.92 7.96 3.81 5.724
& %) 3.34 3.65 1.53 0.73 1.10
rry 2-U64 2-U64  2-D6 2-D6  2-D6
@(cnstp.(%) 35,086 35,086 4.0,080 4.0080 4.0,080
(b) Transverse Beam
top Bars (nonc) 8-D16 (mone) (none) (nonc)
a?&m’) 15.92
p(%) 3.65
Bottom Bars 8-D16
a(cm?) 15.92
(%) 334
1rTups 2-U6.4
@(cm),p.(%) 3.5,0.86
¢) Column
| Bas 16-D19 16-D19 16-D16 16-D16 16-D16
a.?cm') 4592 4592 3184 31.84 31.84
%) 5.10 5.10 354 3.54 3.54
oops 2-U64 2-U64 4-D6 4-D6 4-D6
@(cm),p,(%) 40,050 4.0,0.50 5.0,0.85 5.0,0.85 5.0,0.85
Load(ton! 324 324 9.7 18.0 18.0
(d) Joint
Hoops 3-R6 4-R6 3-R6 4-RS55 4-RS55
scts 3 2 3 3 3
a(cm?) 2.54 2.26 2.54 2.85 2.85
Pa(%) 0.41 0.39 037 0.42 0.42

Note D : deformed bar, U : super-high-strength deformed bar, and
R : plain bar

a, : total arca of tensile reinforcement,
p, : tensile reinforcement ratio,
: total area of longitudinal reinforcement,
P, © 8r0ss reinforcement ratio,
a,, : total arca of lateral reinforcement placed between top and
bottom beam reinforcement in joint, and
Pa ¢ lateral reinforcement ratio in joint.
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Table 2 Material properties
(a) Concrete ( unit in MPa )

Specimen Compressive Tensile  Secant

Strength Strength  Modulus *1
11,12 98.8 42  39x10¢
I3 414 31 33x10¢
15,16 854 43 41x104

*1 Secant modulus at one—quarter
of the compressive strength

(b) Steel (unit in MPa )
Size (component Yield Tensile
in specimen) Strength  Strength
D19 (11, 12 column longitu. bar)  746.5  806.4
D19 (16 beam longitudinal bar) 7720  834.8
D16 (11, 12 beam onfitu. bar) 7985  860.3
D16 (I3 beam and column longitu.) 361.0  535.6
D16 (1S, 16 column longitu. bar) ~ 533.7 684.7
D13 (IS beam longitudinal bar)  769.1  819.1
U6.4(11, 12 shear reinforce. bar) 1308.7 1398.9
D6 (I3 shear reinforcement bar)  358.1 4827
D6 (IS, I6 shear reinforce. bar) 3953  517.0
Ré6 (11, 12, 13 joint reinf. bar) 360.0 431.6
R5.5(15, 16 joint reinforce. bar) 2502  377.7
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- Fig.1 Member sections

and 16 to investigate a bond strength along the beam bar
within the joint. The input joint shear stress was re-
stricted to 0.15 times the concrete compressive
strength; the cffective joint arca to resist shcar was
dcfined by the column depth and the average of the
beam and column widths.

The joint lateral reinforcement of approximately 0.4
% was placed between the beam top and bottom bars in
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Fig. 3 Loading histories and paths

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

Material propertics are listed in Table 2. Silica—fume
was addcd and the water to cement ratio of 28 % was
chosen to attain higher strength of the concrete.

2.2 Loading method

Loading apparatus is shown in Fig. 2. Bi-directional
loads to a three~dimensional Specimen 12 and uni-
directional load to plane Specimens I1, I3, IS and 16
were applied with constant column axial load. Loading
histories and loading paths at the top of a column under
bi-directional load reversals are shown in Fig. 3. Story
shear was defined as the horizontal force corrected for
the P-Declta effect.

3 TEST RESULTS
3.1 General observations

Crack patterns after test arc shown in Fig. 4 and story
shear - story drift relations in Fig. 5.

Bcam bars in an outer layer in plane Specimen 1
yiclded at a story drift angle of 3 %. A joint was
damaged severcly with concrete spalling at a story drift
anglc of 4 %. The joint shear resistance was reduced
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by crushing of joint core concrete in diagonal compres—
sion.

On the contrary, three-dimensional joint of Specimen
I2 did not fail in shear even under large bi-directional
loading. Specimen I2 failed in flexural compression at
the bcam ends. Beam bars yiclded in an outer layer at a
story drift angle of 3 to 4 % and in an intermcdiate
laycr at a story drift angle of 4 to 6 %. Story shear
increased after beam yielding.

Bcam bars in Specimen I3 with ordinary-strength
concrete yielded after a story drift angle of 1 %, and the
joint eventually failed in shear at a story drift angle of 4

Beam bars yiclded at a story drift angle of 1.3t0 2 %
in Specimen 15 and 1.6 to 2.2 % in Specimen 16, rcach—
ing the joint shear stress of (.15 oy ; where oy : con-
crete compressive strength. Concrete at the becam
compressive regions adjacent to column faces crushed
and spalled during a cycle of story drift angle of 3 %.
Diagonal cracks were observed in the joints, but cxces-
sive damage was not concentratcd.

3.2 Joint shear deformation

Joint shear stress — shear distortion relations are shown
in Fig. 6. Joint shear distortion was measured in planc
specimens by two transducers mounted in diagonal
directions on a joint panel, and was computed in a
three—dimensional Specimen I2 as the story drift less
the contribution from the beam and column deflections.
Joint shear distortion in Specimens I1 and I3 increascd
with story drift, indicating thc distress in a joint pancl.
The second stiffness after diagonal cracking in a joint
shear - distortion relation was larger in joints with
high-strength concrete (Specimens I1, 12, IS and 16)
than that with ordinary-strength concrete (Specimen
13). The second stiffness was almost similar in Speci-
mens 11 and I2. This suggests that the transverse beams
with crack opening at the column faces did not contrib—
ute to the enhancement of the second stiffness in a joint
shear - distortion relation.

The joint shear distortion contributed to approximate—~
ly 40 % of the story drift at a story drift angle of 4 % in
Specimens I1 and I3 in contrast with 10 to 17 % in
Specimens 12, IS and 16 in which the beam deflection
dominated the total story drift.

Joint lateral reinforcement parallcl to a loading dircc—
tion yiclded in Specimens 11 and I2 at a joint shear
distortion of 0.5 to 0.6 %, which was 2 times greater
than that of 0.2 to 0.3 % in Spccimens 15 and 16. The
diffcrence depended on; 1) the magnitude of yield
strain in joint lateral rcinforcement, i.e., 0.21 % in
Specimens I1 and I2 in contrast with 0.13 % in Speci-
mens IS and 16, and 2) the amount of column intcrme-
diate longitudinal reinforcement which restrained
diagonal crack opening in a joint pancl. Lateral rcin—
forccment orthogonal to a loading direction, which
confined the joint core concrete, also yielded in all
specimens during load reversals at a story drift angle of
approximately 3 %.

3.3 Bond along beam reinforcement
Local bond stresses along a beam bar within the center

one~third of a column depth, 1, are shown in Fig. 7 for
Specimens I3, IS and 16. The bond stress was computed
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Fig. 6 Joint shear stress — shear distortion relations
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Fig. 7 Local bond stress within joint

from the diffcrence of beam reinforcement stresses. The
local bond stress t; increased with a story drift in
Specimen IS and good bond was maintained during the
test. The value of T, in Specimen 16 also increased but
decayed after a story drift angle of 2.7 %, indicating the
bond dcterioration. The maximum value of v, in Speci-
men I3 made of ordinary-strength concrete was smaller
than those in the two specimens with high—strength
concrete. However, the bond stress normalized by the
square root of concrcte compression strength was
similar between Specimens 13 and I6.

An avcrage bond stress u,, computed for simultaneous
tensile and compressive yielding of beam reinforcement
at the opposite column faces, is expressed as follows;

u=(1+y)0,/4Xdy/D) O]

where, ¥ ( < 1.0) : a ratio of compressive to tensile bar
arcas, O, : yield strength of a beam bar, d,, : diameter of
a beam bar and D : column depth. Measured average
bond stress T,, within a joint is related with the index u,
in Fig. 8 obtained from interior beam-column joint
tests at the University of Tokyo (Refs. 1 - 3). Solid
symbols represent specimens in which average bond

3154



Z
23
1-D: uni-directional loading 2

North

-
w

o
2-D: bi~directional loading 1-D
2-D
20 South
F1-D (@) Topbar {| (b)Bottom bar |
i B |- ]
16 B 1-D2-p
Rims N 1-D 2D
zhlz_ : "H _1—D2, D.
g | —
2 8 B
B or
@ 4H -
0 - . y
First Sccond First Second
cycle cycle cycle cycle

R
S : : ; ; P
S10f OQGoodbond ... el
~ I @ Deterioration | . 1
2 81 . . : . .",‘ - .
e r ’ 1
Bl 0. r-0ay
£ 20 "8 @) Top renforcement ]

0 2 PN NN R S ST Y
S0 4 8 12 16 20 24 28
< Imaginary bond stress (Uy), MPa

12 T ' T ' T ! L) ' T l "(r T
8 A ' : .~ 1
S0t O.Good bond. ®
= [ ® Deterioration .- 1
B8 T .
fg()r 0 L Tw=050U, ]
2 4 8?8 5 o
B P 1
% 2" | (b) Bottom reinforcement]
[-74] 0 LAPU BT T PR NS T B
§0 4 8 12 16 20 24 28
< Imaginary bond stress (Up), MPa

Fig. 8 Measured bond stress t,, - u, relations

—
[ 8]

Average bond stress ( T,,), MPa
o N & 0 » S

[
=R

Average bond stress (T ,y), MPa

S

N & O

(=]

e
[ (a) Top reinforcement

LI DR LA LA B

i D S S
20 40 60 80
ncrete compressive strength, MPa

[~}

T T T T T T g

[ (b) Bottom reinforcement .

) IS R A

Tay = 01260

LIS man i S s

H ,
v
! .
"‘
-
,
e .
. .
PR .

T

PNV UEU WS O N
20 40 60 80

o

100

Concrete compressive strength, MPa

Fig. 9 Measured bond stress T,, -

concrete compressive strength oy relations

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

stress T,, deteriorated either before beam bar yielding or
after yielding, and open symbols represent specimens
with good bond even after beam bar yielding. Avcrage
bond stress t,, did not decay before beam yielding,
when average bond stress T,, of top reinforcement is
larger than 0.42 u,, and when that of bottom reinforce—~
ment is larger than 0.5 u,,

An avcrage bond stress T,, ~ concrete compressive
strength oy relationship is shown in Fig. 9. The average
bond stress <,, is proportional to concrete compressive
strength o, i.e., average bond stress T, of top bars is
estimated by 0.084 oy, and that of bottom bars by 0.126
OB' N
From the two relations above, the average bond stress
T,, Within a joint will not deteriorate before beam yicld—~
ing if the bond indcx uy, / 0y of top reinforccment is
smaller than 0.2, and that of bottom rcinforcement
smaller than 0.25.

A bond stress along north—south direction beam
rcinforcement at the center one—third of a column width
in Specimen 12 is shown in Fig. 10 under bi-directional
loading at a story drift angle of 4 %, comparing with
that at the same story shear under uni-directional
loading. The bond hardly deteriorated even under bi-
directional loading when the beam bar strain exceeded
slightly the yicld strain.

3.4 Joint shear resistance

Story drift — joint shear stress relations normalized by
concrete compressive strength o are shown in Fig. 11
for a plane Specimen I1 and a three—dimensional
Specimen 12 subjected to uni-directional and bi-direc—
tional loading. The joint shear and story drift under bi-
directional loading werc computed as the square root of
the sum of the squares of shears and drifts in respective
dircctions.

Joint shear stress in Specimen I1 decreased after
rcaching the maximum value of 0.25 0y, accompanicd
with the severe damage in the joint panel. On the con-
trary, uni-dircctional joint shear stress in Specimen [2
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increascd to 0.29 og. The transverse beams, even
loaded cyclically, could enhanced joint shear strength at
least 1.2 times more than that of a plane joint. This
enhancement ratio was almost equal to that observed in
a joint of ordinary-strength concrete (Rcf. 4).

Bi-directional joint shear resistance in Specimen 12
rcached as high as 0.33 0. However, the joint did not
fail in shear because of the confinement effect by the
transverse beams. The orbit of a joint shear resistance
under bi-directional loading at a story dirft angle of 4
% is shown in Fig. 12. The biaxial intcraction surface
of a joint shear resistance was assumed to form two
orthogonal lines at the shear stress of 0.25 op as shown
by broken lines. The joint shcar stress in north—-south
direction decreased slightly under bi~directional load-
ing by thc biaxial interaction in column resistance.
Therefore, shear failure in the joint with high—strcngth
concrcte under bi-directional load reversals could be
avoidcd by limiting independently the input shear to
0.25 oy, in respective directions. (
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4 CONCLUSIONS

The following conclusions were drawn from the test
results of interior beam-column joints with high-
strength materials;

(1) The bond along the bcam reinforcement within a
joint was good up to a story drift angle of 3to 4 %
(ductility factor of 1.3 to 2.0) regardless of thc diameter
of a bcam bar.

(2) Average bond stress t,, within the joint even
made of high-strength concrete will not deteriorate
before bcam bar yielding if the bond index u, / oy of
top reinforcement is smaller than 0.2, and that of
bottom rcinforcement smaller than 0.25.

(3) Bi-directional load reversals did not influence the
bond transfer along beam bars within a joint even if the
beam bar strain was slightly more than yicld strain.

(4) Joint in a plane frame failed in shear prior to beam
yiclding at a shear stress of 0.25 oy, which was approx—
imatcly 0.8 times smallcr than the joint shear strengt
of ordinary-strength concrete in recent works (Ref. 5%

(5) The uni-directional shear strength of a joint with
transverse beams loaded to flexural yielding was
enhanced to 1.2 times that of a plane joint.

(6) The joint shear strength under bi-directional
loading was incrcased to 1.3 times that of a planc joint
by confining effect of transverse beams.

(7) A joint can be kept sound even under bi-direc—
tional cyclic loading if the design shear in orthogonal
directions is limited to 0.25 oy in each direction.
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