
MEMOIRS OF GRADUATE SCHOOL OF ENG. TOKYO METROPOLITAN UNIV.No 49, t999

Failure Mechanism of Reinforced Concrete Interior Beam-
Column Joints

Shinji MORITA-, Kazuhiro KITAYAMA-- and Akio KOYAMA---

Synopsis

The effects of a column axial load and a beam bar bond within a joint on the shear strength in
reinforced concrete inteior beam-column joints were investigated by testing cruciform subas-

semblage specimens. The decrease in th€ distance between the tensile and compressive forces at

a beam critical section due to beam bar bond deterioration within the joint, resulted in the decay

of the story shear The principal compressive strain in a joint panel developed beyond the com-
pressive strain of 0.23 Yo, which corresponds to the compressiv€ strength obtained using the

cylinder test. The joint failed in a shear through compressive collapse of the diagonal concret€

strut that was formed in the joint panel. The diagonal joint shear, which could be canied by the

surrounding concrete of the diagonal strut, failed in compression. Thus the joint shear does not

decrease, even though the joint fails in a shear.

l. Introduction

Several diagonal shear cracks and concrete spalling are observed in a beam-column joint panel

ofreinforced concrete buildings that have been subjected to severe earthquake motion. This type

ofjoint failure was previously considered to b€ caused by joint shear. However, Shioharar) has

proposed that the joint fails due to the increase in flexural compression at the beam critical s€c-

tion that is caused by the bond deterioration along beam bars within the joint. Therefore, the

failure mechanism of an interior beam-column joint was investigated by lesting six plane cruci-
form subassemblage specimens-

2. Outline of the Test

2.1 Specimens
Properties ofspecimens are listed in Table 1. Section dimensions and reinforcement details are

shown in Fig.l. Six one-half scale interior beam-column joint specimens were test€d. Section

dimensions and the specihed concrete strength (18 MPa) were common for all specimens.
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Table I Properties ofsPecimens
Sp"";ffi No.+ NoS No6

(a)BCam
Top(3ottom)Bar
at(mm2)
pK%)

Stirups

@(mm)
pま %)

Soiral Stcel

(b)COlumn
Total Bars

%(mm2)
pg(%)

Hoops

@(mm)
pw(%)

Load(kN)

16-D22
6192
178

4‐D10
60

1 36

comprcsslon
+833

16-D22
6192
1,8

4-D10
60

136

va″lng

178
4-D10

60

1 36

16-D22
6192
178

4D10
60

136

16‐D22
6192
178

4-D10
60

136
constant in constant in

16‐ D22      16‐ D22
6192          6192
178

4‐D10
60

136

t€nsion
constan! in constant in constant in

compression compression t€nsion
‐833  -833-+833 +833       +833

σ。(MPa)             +720         -720  -720-+720        +720        +720         -720
(c) Joint
Hoops

sets @(mm)
a*(mm'])
o..(o/o\

2-D10
3@90
428
045

2‐D10
3@90
428
045

2-D10
3(D90
428
045

2-D10
3(D90

428
045

2-D10
3(D60
428
057

2-D10
3(D60
428
057

Note : a,=total area oftensile bar,
pr=tensile reinforcement ratio,
a"=total area of longiludinal reinforcement,
pl=gross reinforcement ratio.
o o=colurm axial Stress,
a*=total area ofweb reinforcement placed between top and bottom beam
reinforcement in the joint,
p*:lateral reinforcement tatio in ajoint.
The lateral reinforcement ratio in ajoint was computed as the total area a* ofweb
reinforcement divided by column width and the distance between the compressive
and tensile resultants ofsection.
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The column axial load and beam bar diameter were chosen as the test parameters. The column

axial load was as follows; a constant compressive load of +833 kN, a constant tensile load of -
833 kN and the varying load from -833 to +833 kN. The beam bar diameter of D16 or D25 was

used. The beam longitudinal bars were reinforced by spiral steel of D3 within both joint and

hinge regions in Specimen No.4. The joint lateral reinforcement consisted of three sets of 2-Dl0
for all specimens. Properties of the steel and the concrete are listed in Table 2 and 3

D3         305

D10        377

D16            508

D22        548

D25        511
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E.: Young's Modules was obtained by tensile testing ofsteel bar

0248

0226

0241

0221

0217

0221

E : Secant modulus at l/4 o B

2.2 Loading Method
The loading apparatus is shown in Fig.2. The beam ends were supported by horizontal rollers,

O ---- drl of rs. cyde

a ---- end of rst cycl. & 3!arr or znd cvcl!

@ ---- .nd or znd.ycl.

Fig.3 Loading path for Specimen No.3
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whereas th€ bottom ofthe colum was supported by a mechanical hinge. The reversed horizontal
load and the column axial load were applied at the top ofthe columr. The column axial load was

controlled by the load, and a lateral force was controlled by the story drift angle 6 for one cy-
cle of 1/400 radian, two cycles of 1/200, l/100 and 1/50 radian, one cycle of l/33 radian and to
the end after two cycles of l/25 radian. In Specimen No.3, either the story drift angle or the co-
lumn axial load was maintained constant while the other was changed, as shown in Fig.3.

2.3 Instrumentation
The lateral force applied to the top of a column, the columa axial load and the shear forces of

both beam ends were measured using load-cells. The story drift, deflections of both beams and
the upper and lower colurlrl, local displacements of the joint panel and the slip of the beam bars
at the center of a beam-columa joint were measured using displacement transducers, and the
sftains of beam bars, column bars and the joint lateral reinforcement were measur€d using strain
gauges.

3, Test Results

3.1 GeneralObservations
The crack patterns following the story drift angle of l/25 radian are shown in Fig.4. Diagonal

shear cracks occurred in the joint panel for all specimens. The diagonal crack angle to a beam
axis of the specimens that wero subjected to the constant column axial load in compression was
larger than the specimens that were subjected to the constant columa axial load in tension. Con-
crete spalling was observed in the joint panel for the specimens that were subjected to the
compressive column axial load. More diagonal cracks occurred in the joint panel of Specimen

Fig.4 Crack pattems
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No.3 when the specimen was subjected to the tensile column axial load than when the specimen

was subjected to th€ compressive column axial load. The stress in a few beam and column bars

reached yield stress at the story drift angle of l/25 radian for all specimens. Therefore, it was

judged that neither the beam nor the column yielded. The strain distdbutions of the joint lateral

reinforcement at the maximum story shear force are shown in Fig.5. These strains exceeded the

yield strain at the maximum story shear force for all specimens. The confiibutions of the beam

and column deflections and the joint shear distortion to the story drift are shown in Fig.6 for
Specimeru No.1 and 6. The deflection of beams and columns shared approximately 60 to 90 %
of the total story drift beforc reaching 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
reaching the maximum story shear force. Therefore, all specimens eventually failed injoint shear,

regardless of the column axial load or the beam bar bond condition.
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3.2 Story Shear Force - Drift Relationships
The story shear force - drift relationships are shown in Fig.7. The initial stiffness of Specimen

No.1, which was subjected to the constant colurm axial load in compression and had a beam bar

diameter of D25, was larger than that of Specimen No.2, which was subjected to the constant

column axial load in tension. This is due to the increase in the bending moment on columas un-

der the compressive column axial load. The story shear force of Specimen No.2, which was

subjected to the constant column axial load in tension and had a beam bar diameter of D25, de-

creased to 0.94 times that of Specimen No. L The story drift at the maximum story shear force of
Specimen No.2 was larger than that of Specimen No.l. The specimens subjected to the constant

column axial loads in compression or tension having a beam bar diameter of Dl6 (Specimens

No.5 and 6) showed th€ same hysteresis characteristics as specimens for which the beam bar
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diameter was D25. Therefore, the column axial load is thought to have affected both the hystere-

sis characteristics and the story shear stuength for beam-columl subassemblages. The hysteresis

characteristics were very similar among the specimens that were subjected to the same colunln

axial load, independently of beam bar diam€ter. The maximum story shear force of Specimen

No.4, in which the beam longitudinal bars within the joint were reinforced by spiral steel, was

laryer than that of th€ other specim€ns, but the differences were small. The effect of beam bar

diameters on the hysteresis characteristics was not observed. For all specimens, the estimation of
the story shear capacity at the joint shear str€ngth as computed according to the proYisions set

forth by Architecturul Institute of Japan'?) was conservative compared to the measured story
shear.
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Fig.7 Story shear force - story dift relationships

4. Discussion of Test Results

4,t Joint Shear Force - Drift Relationships
The joint shear force was computed using the two methods described in the following a) The

tensile force of the beam bars was computed by dividing the beam bending moment on the criti-
cal section by a constant lever arm length. The joint shear force is obtained using the following

equation:
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4=十・+4
where Mo and Mo' are the beam bending moments on the critical scctions, jb and jb' are the lever

arm lengths on the beam critical section, and V. is the measured story shear force. The lever arm

lengths jo and jo' are constant and are equal to 7/8 the effective depth of the beam section. b) The

tensile lorce ofthe beam bars was computed directly from the beam bar strain that was measured

using strain gauges at the cdtical section. The joint shear force was obtained using the following
equation:

V, =Ea,o , +Ea,'ct ,'-V, (2)

where a, and E' are the sectional areas of the top and bottom beam bar, o, and o,' are the

stresses of the beam bar on the critical section, as computed using the measured strains in con-
junctior with the Ramberg-Osgood Model. The joint shear stress€s of Specimens No.l and 6
from Eqs.(1) and (2) are shown in Fig.8. The joint shear str€sses were computed by dividing the
jornt shear force by the effective sectional area of the joint panel that was the product of the av-

erage width of the aolurnn and beam rnultiplied by the column depth. The skeleton curve shown
in Fig.8 for the joint shear force was computed using Eq.(2). Equation(l) is generally used for
this calculation. Thejoint shear stresses obtained using Eq.(1) decreases after the peak ofthe sto-

ry shear force. In contrast, the joint shear str€sses obtained using Eq.(2) increases to the end of
the test. The relationships between the joint shear sfesses obtained ftom normalized Eq.(2) for
concrete compressive strength, o", and the story d ft angles at the peaks ofeach cycle are

shown in Fig.9. Since the joint shear stresses increase successively for all specimens, the joint
shear did not contribute to the decrease in the story shear force.
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4.2 Beam Bar Bond
The beam bar stress - story drift angle relationships for Specimens No.1 and 6 are shown in

Fig.10. The bond stresses along a beam bar within a beam-column joint for all specimens are

shown in Fig. 1 l. The average bond stress along the beam bars within a joint was computed using
the diflerence between the beam bar forces at opposite column faces. Beam bar diameters had

only a small effect on the beam bar bond stress before reaching the story drift angle of approxi-
mately 1/50 radian. The bond stresses of specimens subjected to the compressive column axial
load were larger than those of the specimens subjected to th€ tensile colurryr axial load. The bond
stress along the beam reinforcement within a joint decreased after the sftess reached the bond
strength, even though the tensile force in beam bars at the beam critical section increased succes-
sively. Thus, the bond deterioration along beam bars is thought to have occuned within the joint.

4.3 Column Bar Bond
The Column bar stess on the upp€r critical section ofthe joint story ddft angle relationships

is shown in Fig.12. In this figure, the column bar stress was omitted after six cycles ( 6 = 1/50
radian), because the accuracy of the measured sfains was unclear The column bar stress at the

column critical section reversed from the compression to tension, as shown by arrows in Fig.12,
after the joint shear crack occuned, even though the tensile column bar stress at the opposite
critical section increased successively. Thus, the column bar bond is thought to have deteriorated
within the joint. The inclination of the diagonal resultant force in the joint panel as computed by
dividing the vertical joint shear obtained from the colunn bar stresses by the horizontal joint
shear tended to become approximately 45 degrees. The inclination of the resultant compressive

force coincides approximately with that ofthe compressive principal strain.
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4.4 Lever Arm Length
The bond deteioration along beam bars within th€ joint caused the increase in the compres-

sive resultant force on the beam critical section. As a result, the lever arm length ol coupled
forces on the beam critical section decreases. The change in lever arm length on the beam critical
section is shown in Fig.l3. The lever arm length, jo, was computed 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 relationship decreased suddenly at point A, as shown in
Fig.10, whereas the tensile force of beam bars incleased to the end of the test. Ther€fore, the de-
crease in the bending moment oD the beam critical sections resulted in the decay of the story
shear force.

（●
∝
〓
）
´
一
Φ
ヽ
¨
一
一
●
つ
０
こ
●
一〇
〇

●^
ヽ
〓
）
一
●
ｏ
ヽ́
一
』
０
一
一
ビ
●
０
や

:ヽな
ヽ 〃

聾√{勁

聾¨
勁

Sto`y `′ |,t anglo θ (radians)

罰
畑
劉

抑
畑
Ш

，

０

ε^

■

■
Ｖ

Ｉ

ヽ

こ

ヨ

(b)

誅 :

F燒‖呵 1声 ilギ
:歩::

Story di ft ang e θ (rad,ns)

Sto,y dr ft ang e θ (「 ol ans)

Fig.12 Column bar stress - story drift
relationships
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4.5 Principal Strain in the Joint Panel
The tensile prilrcipal shain - compressive principal strain relationships are shown in Fig.14.

The direction ofthe compressive principal strain to the beam axis for Specimens No.l and 6 are
shown in Fig.15. The principal strains in the joint panel were computed using average strains
measured by two sets of horizontal, vertical and diagonal displacement tansducers, respectively.
The compressive and tensile principal strains increased as the cyclic loading progressed. The
stiffness of the joint shear force obtained using Eq.(2) decreased remarkably in the joint shear
force - drift relationships, as shown in Fig.8. The joint shear distortion increased abruptly becau-
se oflhe increase in the p ncipal strains. The compressive principal strain exceeded the strain of
0.23% at the concrete compressive strength. Therefore, the joint failed in shear thtough compres-
sive collapse of the diagonal conclete stut that was formed in the joint panel. The diagonal jornt
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shear, which could be carried by the surrounding concrete of the diagonal strut, failed in com-
pression, as showa in Fig.l6. Thus the joint shear does not decrease, €ven though the joint fails
in shear The direction of compressive principal strain increased as the cyclic loading progressed

and eventually reached approximately 60 degrees.
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5. Conclusions

The finding ofthe present study can be summarized as follows:
(l) The column axial load affected the story shear strength for beam-column subassemblages.

For all specimens, the estimation of the story shear capacity at the joint shear strength com-
puted according to the provisions by Architectural Institute of Japan2) was conservative
compared to the measured story shear.

(2) The joint shear stresses obtained by Eq.(2) increased to the end of the test, whereas the story
shear force declease following the maximum story shear force. The decrease in the beam bar
bond stress within the joint was caused by bond deteriolation.

(3) The stiffiress of tensile beam bar shess decreased suddenly at point A, as shown in Fig.l0,
whereas the tensile force of beam bars increased to the end of the test. The decrease in the
bending moment on the beam critical sections resulted in the decay ofthe story shear force.

(4) The column bar bond deteriorated within the joint following joint shear cracking. The incli-
nation of the diagonal resultant force in a joint panel as computed by dividing the vertical
joint shear by the horizontal joint shear tended to become approximately 45 degrees. The in-
clination of the resultant compressive force coincided approximately with that of the
compressive principal strain.

(5) The stiffness ofjoint shear force obtained using Eq.(2) decreased suddenly in the joint shear
force drift relationships. The joint shear distortion increased abruptly because of the in-
crease in the pdncipal strains. The diagonal joint shear, which could be canied by the
surrounding concrete of the diagonal shut, failed in compression. Thus the joint shear does
not decrease, even though the joint fails in shear.
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