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EFFECTS OF BEAM BAR BOND AND COLUMN AXIAL LOAD ON SHEAR STRENGTH

IN REINFORCED CONCRETE INTERIOR BEAM-COLUMN JOINTS

Shinji MORITA*!, Kazuhiro KITAYAMA*2, Akio KOYAMA*3 and Tomotaka HOSONO*4

ABSTRACT

The influences of a column axial load and a beam bar bond within a joint on the shear strength in
reinforced concrete interior beam-column joints were studied. The decrease in the lever arm length at a
beam critical section, which was caused by the beam bar bond deterioration within a joint, resulted in the
decay of the story shear. The compressive collapse of the diagonal concrete strut developed in the joint
panel. The diagonal joint shear however could be carried by the surrounding concrete of the diagonal strut

failed by the compression.
KEYWORDS : beam-column joint, beam bar bond deterioration, column axial load, story shear, joint shear

1. INTRODUCTION

Many diagonal shear cracks and the concrete spalling-off are observed in a beam-column joint panel
of reinforced concrete buildings subjected to severe earthquake motion. The joint failure such as this had
been considered to be caused by a joint shear. Shichara! proposed however that the joint does not fail in a
shear, but fails by the increase in the flexural compression at the beam critical section caused by the bond
deterioration along beam bars within a joint. Therefore the failure mechanism of an interior beam-column
joint was investigated by the tests using six plane cruciform subassemblage specimens.

2. QOUTLINE OF TEST Table 1 Properties of specimens
2.1 SPECIMENS Specimens No. 1 No. 2 No. 3 No. 4 No.5 No. 6
Column axial c T v C C T

Properties of specimens load (kN) +833 -833 +833 +833 +833 -833

ity shown in Tahle 1. Segtion ratio 0.33 | -0.33 | £0.33| 0.32 | 0.33 [ -0.33

dimensions and reinforcement

details are shown in Fig.1. The Beam bar Top & bottom : 4-D25 Top&bottom:7-D16

six interior beam-column joint Joint 2-D10890 3 sets 2-D10860 3sets

specimens with one-half scale hoops P.;=0.45 % p.;=0.57 %

were tested. Section dimen- : :

s ¢ Spiral steel none exist none

sions and the specified concrete —

strength (18 MPa) were com- Common Specified concrete strength F.=18 MPa

mon for all specimens. The Ciconstant in compression, Ticonstant in tension, V:ivarying load
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column axial load and the —fFreoml ! 5
beam bar diameter were % gge'ffzn 'T
chosen as the test parame- eI ;l-lt‘
ters. The column axial load = L . ‘ "
was as follows; the constant = Specimen 4-D10860 [ oo o d 3
. = No. 5~6 ——
compressive load of +833 kN, L 16-D22
the constant tensile load of Joint section Column section (common)
—833 kN and the varying load West siniaia East | |
from -833 kN to +833 kN. SISISI2 === B
The beam bar diameter of 2 L T = 3
D16 or D?5 ‘f’as used. The Joint lateral 250 T
beam longitudinal bars were reinforcement  — 2 ) e
reinforced by the spiral steel of 2:0L0@H0 s-0ak ol o Spaciuen o
. . 4-D10860 2| B[ No.1~4
of D3 within both a joint and miw Nl =
beam hinge regions in Soecinen No.4 e e 2 -+
. ¢ 6 pecimen No. | i
Specunen- Nod. The joint spiral reinforcement =R ] = B ﬁgf’gi”.’g“ §
lateral reinforcement was 3 along beam bars & 4-prosso—fl I =] il
sets of 2-D10 for all speci- 7-D16 Beam
mens, Properties of the steel l 1225 | 350 1050 175 section
and the concrete are shown y T T —1
in Tuble2 498 Fig.1 Section dimensions and reinforcement details
Table 2 Properties of steel bar Table 3 Properties of concrete
Yeild | Tensile Bl akatlsh Young’ s Compressive| Strain| Tensile | Young's
diameter | stress | strength - Modulus |(Specimens strength | at o | strength| Modulus
o,(MPa)| o MPa)| &,(%) E, (GPa) agMPa) | ¢.(%) | o.(MPa)| E.(GPa)
D3 305 402 40,2 128 No. 1 22.1 0.248 1.75 19.5
D10 377 643 14. 2 181 No. 2 22.0 0. 226 2.28 20.9
D16 508 709 16.5 194 No. 3 21.5 0. 241 1.71 17.8
D22 548 739 15. 1 196 No. 4 22.5 0.221 1.59 19.0
D25 511 668 16.8 194 No.5 21.6 0.217 1.71 20.0
E, : Young's Modulus was obtained by tensile test No. 6 4 I 0.221 1.88 18.9

of steel bar

2.2 LOADING METHOD

The beam ends were supported by horizontal
rollers, while the bottom of the column was sup-
ported by a mechanical hinge. The reversed hori-
zontal load and the column axial load were applied
at the top of the column. The column axial load was
controlled by the load, and a lateral force was con-
trolled by the story drift angle 8 for 1 cycle of 1/400
radian, 2 cycles of 1/200, 1/100 and 1/50 radian, 1
cycle of 1/33 radian and to the end after 2 cycles of
1/25 radian. The story drift angle or the column
axial load was kept constant while the other was
changed in Specimen No.3 as shown in Fig.2.

2.3 INSTRUMENTATION

A lateral force applied to the top of a column,
the column axial load and the shear forces of both

E.: Secant modulus at 1/40p

Axial force
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n compression
compression ﬁ 2=
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Fig.2 Loading path for Specimen No.3



beam ends were meas-
ured by load-cells. A
story drift, deflections of
both beams and the up-
per and lower column,
local displacements of
the joint panel and the
slip of the beam bars at
the center of a
beam-column joint were
measured by displace-
ment transducers. The
strains of beam bars,
column bars and the
joint lateral reinforce-
ment were measured by
strain gauges.

3. TEST RESULTS

3.1 GENERAL OBSERVATIONS

i

(d) Specimen No.4

8

(e) Specimen No.5

Shinge Movitpe

(f) Specimen No.6

with spiral steel g0 3 Grack patterns

The crack patterns after the story drift angle of 1/25 radian are shown in Fig.3. The diagonal shear
cracks occurred in the joint panel for all specimens. The diagonal crack angle to a beam axis of the speci-
mens subjected to the constant column axial load in compression somewhat stood up compared with the
specimens subjected to the constant column axial load in tension. The concrete spalling-off was observed in
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Fig.6 Story shear force - story drift relationships

the joint panel for the specimens subjected to the compressive column axial load. More diagonal cracks oc-
curred in the joint panel for Specimen No.3 under tensile column axial load than compressive column axial
load. The stress of a few beam and column bars yielded at the story drift angle of 1/25 radian for all speci-
mens. Therefore it was judged that the beam and column did not yield. The strain distributions of the joint
lateral reinforcement at the maximum story shear force are shown in Fig.4. These strains exceeded the
yield strain at the maximum story shear force for all specimens. The contributions of the beam and column
deflections and the joint shear distortion to the story drift are shown in Fig.5 for Specimens No.1 and 6.
The deflection of beams and columns shared approximately from 60 to 90 % of the total story drift before
the maximum story shear force. However, the contribution of the joint shear distortion became large and
exceeded the half of the total story drift after the maximum story shear force. Therefore, all specimens
eventually failed in joint shear regardless of the column axial load and the beam bar bond condition.

3.2 STORY SHEAR FORCE - DRIFT RELATIONSHIPS

The story shear force — drift relationships are shown in Fig.6. The initial stiffness of Specimen No.1
subjected to the constant column axial load in compression with the beam bar diameter of D25 was larger
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Fig.7 Joint shear stress - joint shear distortion relationships

than that of Specimen No.2 subjected to the
constant column axial load in tension, which
was caused by the increase of the bending
moment on columns under the compressive
column axial load. The story shear force of
Specimen No.2 subjected to the constant
column axial load in tension with the beam

T ;(MPa) /a8 (MPa)
o o f o= o o o o o
.

bar diameter of D25 decreased to 0.94 times 3P A T N o
that of Specimen No.1. The story drift at the 2 L N S S
maximum story shear force of Specimen No.2 o ' e —O=NoL

was larger than that of Specimen No.l. The B 1 A 5 s ek Sl
specimens subjected to the constant column 02 i i i

axial loads in compression or tension with the 0 0. 02 0. 04 0. 06 0. 08
beam bar diameter of D16 (called Specimens Story drift angle 6 (radian)

No.5 and 6) had the same hysteresis charac-

teristi s speci ine the b s Fig.8 Normalized joint shear stress
eristics as specimens using the beam bar - story drift relationships

diameter of D25. Therefore it was judged that

the column axial load influenced both the hysteresis characteristics and the story shear strength for
beam-column subassemblages. The hysteresis characteristics were almost similar independently of the
beam bar diameter among the specimens subjected to the same column axial load. The maximum story
shear force of Specimen No.4 that had the beam longitudinal bars reinforced by the spiral steels within a
joint was larger than that of another specimens. However the difference among the maximum story shears
was little. The influences of different beam bar diameters on the hysteresis characteristics were not ob-
served. The estimation of the story shear capacity at the joint shear strength computed according to the
provisions by Architectural Institute of Japan? was conservative to the measured story shear for all speci-
mens.

4. DISCUSSION OF TEST RESULTS
4.1 JOINT SHEAR FORCE - DRIFT RELATIONSHIPS

The joint shear force was computed in two manners mentioned below. a) The tensile force of the beam
bars was computed by dividing the beam bending moment on the critical section by a constant lever arm
length. The joint shear force is obtained by following equation.

1
e Mg My W

Jb Js
where Mb and My’ are beam bending moments on the critical sections, j» and ju’ are lever arm lengths on the
beam critical section and Ve is the measured story shear force. j» and jy’ are the constant value of 7/8 times



to effective depth of the beam section. b) The
tensile force of the beam bars was computed
directly from the beam bar strain measured
by strain gauges at the critical section. The
joint shear force is obtained by following
equation.

V,=Za0o, +Za'c,'-V, (2)

where a: and at’ are the sectional areas of the
top and bottom beam bar, 0s and os’ are the
stresses of the beam bar on the critical sec-
tion computed by the measured strains
through Ramberg-Osgood Model. The joint
shear stresses of Specimens No.1 and 6 from
Eqs.(1) and (2) are shown in Fig.7. The joint
shear stresses were computed by dividing the
joint shear force by the effective sectional
area of the joint panel that was the product
of the average width of the column and beam
multiplied by the column depth. The skeleton
curve was shown for the joint shear force
computed by Eq.(2). Eq.(1) had been used in
general. The joint shear stresses obtained by
Eq.(1) decreased after the peak of the story
shear force. On the contrary, the joint shear
stresses obtained by Eq.(2) increased to the
end of the test. The relationships between
the joint shear stresses from Eq.(2) normal-
ized by a concrete compressive strength, os,
and the story drift angles at peaks of each
cycle are shown in Fig.8. Since the joint
shear stresses increased successively for all
specimens, the decrease in the story shear
force is not attributed to the joint shear.

4.2 BEAM BAR BOND
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Fig.9 Beam bar stress - story drift relationships

The beam bar stress — story drift angle relationships for Specimens No.1 and 6 are shown in Fig.9.
The bond stresses along a beam bar within a beam-column joint for all specimens are shown in Fig.10. The
average bond stress along the beam bars within a joint was computed by the difference of the beam bar
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Fig. 10 Bond stress along beam bar within joint - story drift relationships



forces at the opposite column faces. The
beam bar diameters little influenced the
beam bar bond stress before the story drift
angle of approximately 1/50 radian. The bond
stresses of specimens subjected to the com-
pressive column axial load were larger than
those of the specimens subjected to the ten-
sile column axial load. The bond stress along
the beam reinforcement within a joint de-
creased after the stress reached the bond
strength although the tensile force in beam
bars at the beam critical section increased
successively. Then it was judged that the
bond deterioration along beam bars occurred
within a joint.

4.3 LEVER ARM LENGTH

The bond deterioration along beam bars
within a joint caused the increase in the
compressive resultant force on the beam
critical section. Then this made the lever arm
length of coupled forces decrease on the beam
critical section. The change of lever arm
length on the beam critical section is shown
in Fig.11. The lever arm length, j», was com-
puted by dividing the beam bending moment
on the critical section by the tensile force of
the beam bars. The lever arm length had a
tendency to decrease from 7/8d (d: effective
depth of a beam section) for all specimens.
The stiffness in the beam bar stress — strain
relation decreased suddenly at the point A as
shown in Fig.9 while the tensile force of
beam bars increased to the end of the test.
Therefore the decrease in the bending mo-
ment on the beam critical sections resulted in
the decay of the story shear force.

4.4 PRINCIPAL STRAIN IN JOINT PANEL

The tensile principal strain — compres-
sive principal strain relationships are shown
in Fig.12. The direction of the compressive
principal strain to the beam axis for Speci-
mens No.1 and 6 are shown in Fig.13. The
principal strains in the joint panel were
computed by using average strains measured
by two horizontal, vertical and diagonal dis-
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compressive principal strain relationships

placement transducers respectively. The compressive and tensile principal strains increased with the pro-
gress of cyclic loading. The stiffness of the joint shear force obtained by Eq.(2) decreased remarkably in the
joint shear force — drift relationships as shown in Fig.7. The joint shear distortion increased abruptly be-
cause of the increase in the principal strains. The compressive principal strain exceeded the strain of 0.23%
at the concrete compressive strength. Therefore the joint failed in a shear through the compressive collapse
of the diagonal concrete strut formed in the joint panel. The diagonal joint shear however could be carried
by the surrounding concrete of the diagonal strut failed by the compression as shown in Fig.14. This is the



reason why the joint shear does not decrease
though the joint fails in a shear. The direc-
tion of compressive principal strain increased
with the progress of cyclic loading, and
reached eventually approximately 60 de-
grees.

5. CONCLUSIONS

The conclusions obtained in this study
can be summarized as follows.

1) The column axial load influenced the
story shear strength for beam-column subas-
semblages. The estimation of the story shear
capacity at the joint shear strength computed
according to the provisions by Architectural
Institute of Japan? was conservative to the
measured story shear for all specimens.

2) The joint shear obtained by Eq.(2)
increased to the end of the test while the
story shear force decreased after the maxi-
mum story shear force. The tensile force of
beam bars increased to the end of the test.
Therefore the decrease in the beam bar bond
stress within a joint was caused by the bond
deterioration.

3) The stiffness of tensile beam bar
stress decreased suddenly at the point A as
shown in Fig.9 while the lever arm length on
beam critical section decreased in proportion
to the story shear drift. Therefore the de-
crease in the bending moment on the beam
critical sections resulted in the decay of the
story shear force.

4) The stiffness of joint shear force ob-
tained by Eq.(2) decreased remarkably in the
joint shear force — drift relationships. The
joint shear distortion increased abruptly be-
cause of the increase in the principal strains.
The joint shear could be carried by the sur-
rounding concrete of the diagonal strut failed
by the compression. This is the reason why
the joint shear does not decrease though the
joint fails in a shear.
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