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Seismic performance of exterior R/C beam-column joint
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Abstract. Previous studies have suggested the maximum experimental story shear force of beam-column joint frame does not
reach its theoretical value due to beam-column joint failure when the column-to-beam moment capacity ratio was close to 1.0. It
was also pointed out that under a certain amount of axial force, an axial collapse and a sudden decrease of lateral load-carrying
capacity may occur at the joint. Although increasing joint transverse reinforcement could improve the lateral load-carrying
capacity and axial load-carrying capacity of beam-column joint frame, the conditions considering varying axial force were still
not well investigated. For this purpose, 7 full-scale specimens with no-axial force and 14 half-scale specimens with varying axial
force are designed and subjected to static loading tests. Comparing the experimental results of the two types of specimens, it has
indicated that introducing the varying axial force leads to a reduction of the required joint transverse reinforcement ratio which
can avoid the beam-column joint failure. For specimens with varying axial force, to prevent beam-column joint failure and axial
collapse, the lower limit of joint transverse reinforcement ratio is acquired when given a column-to-beam moment capacity ratio.
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1. Introduction

In the reinforcement concrete moment resisting frame,
the beam-column joint plays a vital role in preventing
severe building collapse against earthquakes. To avoid the
beam-column joint failure, a weak beam-strong column
system is requested in most international codes (ACI 318M-
02, NZS 3101 2006, EC8 2003). As Uma et al. (2006)
concluded that there are specified design factors and the
relevant expressions for beam-column joint in all the codes
which require the flexural strength of column be more than
that of the adjoining beams to ensure beam yield
mechanism.

Recently, the use of longitudinal reinforcing bars with
high strength or large diameter in a relatively smaller
column section, sometimes preferred in the design of
buildings, causes high stress in the beam-column
connections (Shiohara 2001). To predict the strength and
failure type of beam-column joints, Shiohara (2004)
presented a new concept of quadruple flexural resistance in
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RC beam-column joints which can be applied to interior,
exterior and knee joints. Through the recent studies, it was
found that an increase of the joint transverse reinforcement
can focus the damage on beam and improve the strength of
beam-column joint frame to a certain extent (Shiohara
2010, Sung 2014, Kim 2015). However, experimental
results revealed that due to the joint failure, the maximum
experimental story shear force of joint frame did not reach
its theoretical value when the column-to-beam moment
capacity ratio was close to 1.0 (Shiohara 2012). To define
the reduction degree between the maximum experimental
story shear force and its theoretical value, Kusuhara et al
(2010) proposed formulae to predict the actual value of
ultimate story shear force and assumed failure mechanism
based on a nine DOF (degree of freedom) model. Shiohara
(2014) proposed simplified equations predicting ultimate
strength of RC beam column joints failed in joint hinging
mechanism.

Meanwhile, many studies on the beam-column joint
under axial force had been conducted. By testing 8 one-
third scale specimens consisting of four pairs of interior and
exterior beam-column, Fujii ef al. (1991) found that with
the increase of column axial load level, the maximum
experimental story shear force was obviously improved. Fu
et al. (2000) verified it favorable to improve the energy
dissipation capacity of joints due to the increase of axial
load ratio. Hwang et al. (2004), Yoshimura et al. (2004)
proved that with the increase of axial load ratio, the increase
in strength and ductility was observed, though the axial
collapse would be more likely to happen.

Several authors also studied the behavior of an isolated
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Fig. 1 Definition of transverse reinforcement ratio

column subjected to axial load analytically and
experimentally. A non-symmetrical characteristic was
observed in the columns subjected to the varying axial force
(Li 1988). Elwood et al. (2005) introduced a model to
estimate the axial capacity of a column which had
previously experienced a shear failure. By testing eight full-
scale RC columns with ties of large spacing, Henkhaus et
al. (2013) quantified the effect of transverse reinforcement
at the column on the capacity of columns to deform laterally
after shear failure. Tran et al. (2018) evaluated the story
shear force and the drift ratio of axial failure through tests
of short columns with limited transverse reinforcement.

In this paper, static loading tests of 7 full-scale
specimens with non-axial force and 14 half-scale specimens
with varying axial force are experimentally investigated.
The hysteretic curves and damage situations of two types of
specimens have been compared. Through the analysis of
story shear force and deformation situation of specimens, it
has been proved that introducing the varying axial force
leads to a decrease of the required joint transverse
reinforcement ratio. The lower limit of joint transverse
reinforcement ratio to avoid the beam-column joint failure
and the axial collapse has been discussed. In addition, the
simplified equation f; of AIJ Standard for Lateral Load-
carrying Capacity Calculation (2016) that predicting the
lateral load-carrying capacity of exterior concrete beam-
column joint has been verified.

2. Experimental outline
2.1 Specimen design

In this study, specimens are considered as an exterior
column-beam joint on the lower story of a reinforced
concrete high-rise building. Column-to-beam moment
capacity ratio, joint transverse reinforcement ratio and
varying axial ratio are parameters. The column-to-beam
moment capacity ratio is defined as the follows

M_,+M
R: cule cu2 (1)

where R is the column-to-beam moment capacity ratio,
M..1> are the ultimate nodal bending moments of the upper
and lower columns respectively, My, is the ultimate nodal
bending moments of the beam.

As illustrated in Fig. 1, the deformation is assumed to

4= Positive side(+) mmmpNegative side(-)
Compressive
axial force

Fig. 2 Varying axial force

Tensile axial
force

happen in the joint panel subjected to the seismic force. The
joint transverse reinforcement ratio (73/T5y) is calculated as
follows

T _ 2 Aufy 2
Toy Z AT,
where X4, is the total section area of beam longitudinal
reinforcement bars on the tension side, fj, is the yield point
of beam longitudinal steel bars, XA, is the total section area
of the joint transverse reinforcement bars, f, is the yield
point of transverse reinforcement bars.

As illustrated in Fig. 2, varying axial force ratio is
divided into compressive axial force ratio (pc) and tensile
axial force ratio (pr).

_N+Q,
pc_b-DC'FC (3)
_ N+Q,
pr= Yat- fCy )

where N is the axial force loaded on the upper of column,
Oy is the beam shear force, b is the width of column section,
D, is the depth of column section, F. is the strength of
concrete, Xa; is the total section area of longitudinal
reinforcement bars at the column, f., is the yield point of
column longitudinal steel bars.

The parameters are calculated according to the results of
material tests. The main parameters are decided by the rules
as follows:

Based on the previous researches (Shiohara 2010, 2012),
the column-to-beam moment capacity ratios are set to be
approximately 1.2 and 1.5. The joint transverse
reinforcement ratios are designed to be at the range of 0.15-
0.72. When the joint transverse reinforcement ratio is 0.15,
it is slightly larger than the lower limit of AIJ Standard for
Structural Calculation of Reinforced Concrete Structures
(2010). The varying axial force ratios are defined according
to the investigated data of real buildings subjected to
seismic force. The compressive axial force ratios are set at
the range of 0.18-0.47, while the tensile axial force ratio of
specimens with varying axial force is set to be
approximately -0.60.

The designation for naming each specimen is decided by
the values of the test parameters. For instance, in T15-
30T6C4, the first T represents the shape of the exterior
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Table 1 List of specimens with non-axial force

Test specimen T15-70 T15-40 T15-15 T12-70 T12-60 T12-50 T12-40
Anchor type Mechanical anchorage
Concrete strength (MPa) 49.4 51.6 51.1 64.3 60.8 62.6 62.6
Longitudinal 12-D25(SD345) 12-D22(SD345)
Col steel bars
olumn
(250x250mm) Tie 4-D10@100 4-DI0@100 2-D10@100 4-D10@100(SD390)

(SD785) (SD390)  (SD295A)
Height(mm) 2700

Longitudinal
Beam . tege L bars 5-D25@100(SD490)
(225%275mm) Stirrup 3-D10@100(SD295A)
Span(mm) 3700
Joint transverse 4-D104set 4-D104set 2-D104set 4-D10 4set 4-D13 4set 4-D13 4set  4-D10 4set
reinforcement bars (SD785) (SD390) (SD295A) (SD785) (SD390) (SD295A) (SD390)
Joint transverse 0.72 0.38 0.15 0.70 0.61 0.51 0.40
reinforcement ratio
Shear Column 0.57 0.25 0.57
reinforcement Beam 0.48
ratio pw (%) Joint 0.50 0.29 0.50 0.88 0.50
Column-to-beam + 1.76 1.77 1.77 1.52 1.51
moment capacit
ratiop Y 1.52 1.23
_ + 1.22 1.06 0.94 1.16 1.11 1.07 1.02
Z - 1.16 1.00 0.89 1.11 1.06 1.01 0.96

Table 2 List of specimens with varying axial force (1)
T15-60 T15-60  T12-60 T12-40  TI12-20  T12-20 T12-15 T12-15

Test specimen

T6CS T6CS5 T6CS5 T6CS T6CS T6C3 T6CS T6C3
Anchor type Mechanical anchorage
Concrete strength (MPa) 64.9 65.0 64.9 75.2 64.9 60.9 76.0 75.0
Longitudinal 12-D16 12-D16
Column steel bars (SD490) (SD345)
(250%250 mm) Tie 2-D6@50(SD295A)
Height(mm) 1350
Longitudinal 5-D13(SD490)
Beam steel bars
(225%275 mm) Stirrup 3-D6@50(SD295A)
Span(mm) 1850
Joint transverse 4-D6 4set 2-D6 3set 4-D6 4set  2-D6 Sset 2-D6 3set 2-D6 2set
reinforcement bars (SD345) (SD295A) (SD345) (SD295A) (SD295A) (SD295A)

Joint transverse

. . 0.59 0.23 0.59 0.41 0.24 0.23 0.16
reinforcement ratio
Shear Column 0.51
reinforcement Beam 0.84
ratio pw (%) Joint 0.92 0.34 0.92 0.57 0.34 0.23
Varying axial pe 0.47 0.28 0.47 0.45 0.47 0.28 0.44 0.30
force ratio pr -0.62 -0.62 -0.64 -0.61 -0.64 -0.64 -0.61 -0.61
Column-to-beam + 4.51 4.29 4.59 4.16 4.29 4.64 4.72
moment capacit
ratiop Y 1.54 1.27 1.22 1.27 1.27 1.22
. + 1.69 1.52 1.67 1.66 1.48 1.49 1.55 1.56
b - 1.12 0.94 1.06 0.97 0.87 0.88 0.85 0.85
beam-column joint, while the following 7 and C are the mean the column-to-beam moment capacity ratio and the
abbreviations of tension and compression. As shown in the joint transverse reinforcement ratio respectively. Finally, the
Fig. 2, the side loaded with compressive axial force for the 6 and 4 are values of compressive axial force ratio and
joint is defined as positive side (+). The other is considered tensile axial force ratio respectively.

as negative side (-). The subsequent numbers 15 and 30 The names of specimens with non-axial force consist of
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Table 3 List of specimens with varying axial force (2)

Test specimen

T15-30T6C4 T15-15T6C2 T12-30T6C4 TI12-30T6C3 T12-20T6C2

T12-15T6C2

Anchor type Mechanical anchorage
Concrete strength (MPa) 933 94.8 94.9 95.1 94.8
Longitudinal 12-D16(SD490) 12-D16(SD345)
Column steel bars
(250%250 mm) Tie 2-D6@50(SD295A)
Height(mm) 1350
Longitudinal 5-D13(SD490)
Beam steel bars
(225%275 mm) Stirrup 3-D6@50(SD295A)
Span(mm) 1850
Joint transverse 2-D6 4set 2-D6 2set 2-D6 4set 2-D6 3set 2-D6 2set
reinforcement bars (SD295A) (SD295A) (SD295A) (SD295A) (SD295A)
Joint transverse 0.31 0.15 0.31 0.23 0.15
reinforcement ratio
Shear Column 0.51
reinforcement Beam 0.84
ratio pw (%) Joint 0.46 0.23 0.46 0.34 0.23
Varying axial pc 0.36 0.18 0.36 0.27 0.18
force ratio pr -0.61
Column-to- + 5.59 5.22 5.53 5.34 4.82
beam moment
capacity ratio - 1.57 1.57 1.24 1.24 1.24
_ + 1.82 1.67 1.81 1.77 1.62
b - 1.01 0.93 0.94 0.94 0.90
250

1875
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Fig. 3 Reinforcement detail of specimens with non-axial
force

the value of column-to-beam moment capacity ratio and
joint transverse reinforcement ratio. The positive and
negative sides of specimens with non-axial force are the
same directions of horizontal loading as that of specimens
with varying axial force.

The parameters of each specimen are shown in the
Table.1-3. The reinforcement detail drawings are shown in
Figs. 3-4. The mechanical anchorage is applied to all
specimens. Based on the AIJ Standard for Structural
Calculation of Reinforced Concrete Structures (2010), the
development length is set to be 3/4 of depth of column.
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Cross section of
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reinforcement
ratio of 0.6

[ = (B

Joint transverse  Joint transverse Joint transverse  Joint transverse |
reinforcement reinforcement  reinforcement  reinforcement !
ratio of 0.15 ratio of 0.2 ratio of 0.3 ratio of 0.4

Cross section of
column

Fig. 4 Reinforcement detail of specimens varying axial
force

Referring to the AlJ Standard for Lateral Load-carrying
Capacity Calculation (2016) and the previous research
(Shiohara 2004), the judging criteria of beam-column joint
failure is defined as follows:

1) The maximum experimental value of story shear
force is smaller than its theoretical value; 2) large
deformation of joint panel is observed; 3) yielding of beam
longitudinal steel bars, transverse reinforcement bars and
column longitudinal steel bars within joint area are
observed.

Referring to the Guidelines for Performance Evaluation
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of Earthquake Resistant Reinforced Concrete Buildings
(2004) and previous studies (Kabeyasawa 2002, Yoshimura
2004), the judging criteria of axial collapse is defined as
follows:

1) The increase of shear crack width and extensive
spalling have been observed with a loss of axial load
carrying capacity; 2) The story shear force deterioration
down to 80% or less from the maximum value.

2.2 Experimental setup

The loading equipment of specimens with non-axial
force and axial force are installed as shown in Fig. 5 and
Fig. 6. In each test, the top and the bottom of columns are
supported by pin joints while the end of the beam is
supported by a horizontal roller. The three points in this
frame are the inflection points of the columns and beam.
Regarding the loading method, specimens are subjected to
static cyclic loading through horizontal and vertical
hydraulic jacks linked to the steel frame beam at top of
column. In these figures, the side in which the horizontal
jack pushed forward to the left side resulting in compressive
loading for the joint is defined as positive side (+). The
other loading direction is considered as negative side (-).
Horizontal loading is carried out according to the cycle
shown in Fig. 7. As shown in Fig. 8, varying axial force (N)
is applied proportionally to beam shear force (Qs). But for
specimens with non-axial force, except axial force produced
by the rotation of the specimen during the loading, no extra
axial force is loaded.
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Fig. 8 Axial force loading method

3. Experimental resulit
3.1 Story shear force-story drift angle

In Figs. 9-11, the relations between story shear force and
story drift angle of each specimen are shown. The story
shear force is obtained through moment equilibrium
between the measured beam shear force and the horizontal
force at the loading point on the top of column. The story
drift angle is calculated as lateral displacement at top of the
column divided by the height of specimen.

Critical points are marked with corresponding symbols.
The hysteresis characteristics of all specimens show a
comparatively spindle-shaped loops when the story drift
angle is less than 0.5%. But it gradually changes into S-
shape (Nogami 2012) with the development of loading. The
other details of each specimen are described as follows:

For specimens with non-axial force, the hysteresis loops
show similar characteristics on both sides of loading. When
the joint transverse reinforcement ratio and the column-to-
beam moment capacity ratio are set to be a lower level,
there is a tendency that the transverse reinforcement bars in
joint and longitudinal steel bars in the column yield earlier
than that of longitudinal steel bars at beam. The reduction
of story shear force is also observed for all specimens
except the specimen T15-70 after the story drift angle of
maximum experimental values of story shear force. For
specimen T15-70, the yield point of longitudinal steel bars
in the beam happens earlier than transverse reinforcement
bars in the joint on the both sides of loading. Meanwhile,
the maximum experimental values of story shear force on
the both sides of loading are larger than its theoretical
values which reveals an evidence of beam yield mechanism.

For specimens with varying axial force, the hysteresis
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Fig. 9 Story shear force-story drift angle relation of specimens with non-axial force
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Fig. 11 Story shear force-story drift angle relation of specimens with varying axial force (2)

Fig. 12 Damage and cracking mode of specimens with non-axial force
(Left: story drift angle of -2.0%, Right: ultimate deformation)

loops on the positive side and the negative side show
different results. On the positive side, the longitudinal
reinforcement bars in the top beam of all specimens yield at
a story drift angle of 1.0%. The maximum experimental
values of story shear force are larger than its theoretical
values for all specimens at a story drift angle of 3.0% or
4.0%. After that, the loss of lateral load-carrying capacity is
observed for specimens with varying axial force except
specimens T15-60T6C5, T15-60T6CS, T12-60T6CS5 and
T12-40T6C5. Moreover, for specimens T15-20T6C5, T12-
30T6C4, T12-20T6C5, T12-20T6C3, T12-15T6CS5 and
T12-15T6C3, no additional axial force can be resisted by
the frame during the final cycle of ultimate deformation as
an axial collapse occurred.

On the negative side, the maximum experimental values
of story shear force are obviously affected by the joint
transverse reinforcement ratio. For specimens with lower
joint transverse reinforcement ratios (0.15-0.2), the
maximum experimental values of story shear force are
smaller than its theoretical values. The transverse
reinforcement bars at joint yield at a story drift angle of
1.0% or 1.5% earlier than that of longitudinal steel bars in
the bottom beam, which shows a tendency of joint failure.
On the other hand, for specimens T15-60T6C5, T15-
60T6CS5, T12-60T6C5 and TI12-40T6CS, maximum
experimental values of story shear force are larger than
theoretical values. Moreover, for these 4 specimens, no
evident loss of lateral load-carrying capacity is observed
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Fig. 13 Damage and cracking mode of specimens w1th varying axial force (1)
(Left: story drift angle of -2.0%, Right: ultimate deformation)

Fig. 14 Damage and cracking mode of specimens with varying axial force (2)
(Left: story drift angle of -2.0%, Right: ultimate deformation)

after the story drift angle of maximum story shear force.
3.2 Damage situation

In Fig. 12-14, the damage situation of each specimen at
a story drift angle of -2.0% and ultimate deformation are
shown. The cracks produced on positive side are recorded
by blue marks, the negative side in red marks.

For specimens with non-axial force, the crossed-
diagonal cracks produced on the both sides in the joint
panel are observed. The width of cracks on both sides are
restrained with the increase of joint transverse
reinforcement ratio. Even with the same joint transverse
reinforcement ratio, the damage is obviously affected by the
increase of column-to-beam moment capacity ratio. Unlike
the extensive spalling in the joint panel of specimen T12-
70, the damage is observed to concentrate at the beam for

specimen T15-70.

For specimens with varying axial force, the effect of
increasing the joint transverse reinforcement ratio is also
verified. Unlike the cross-diagonal cracks produced in the
joint panel of specimens with non-axial force, cracks of
specimens with varying axial force produced on positive
loading are found to be perpendicular to the horizontal line
of joint panel. The width of cracks on the positive side are
apparently restrained compared with those on the negative
side.

For specimens with higher compressive axial force ratio,
the width of cracks is narrower than that of specimens with
lower compressive axial force ratio. It can be concluded that
even though axial collapse may happen during the final
cycle of ultimate deformation. When story drift angle is less
than 2.0%, the deformation of the joint panel on the positive
loading can be effectively restrained.
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Moreover, when joint transverse reinforcement ratio is
set in the range of 0.15 to 0.2, severe shear cracks and
extensive spalling in the joint panel occur which increases
the risk of axial collapse during the final cycle of ultimate
deformation.

4. Influence of each parameter
4.1 Lateral load-carrying capacity

4.1.1 Story shear force

In the previous analysis, it has been demonstrated that
the maximum experimental values of story shear force on
the negative side of most specimens are smaller than its
theoretical values which probably results in the joint failure
and the axial collapse. With the increase of joint transverse
reinforcement ratio, the risk can be effectively reduced. To
define this boundary of required joint transverse
reinforcement ratio, the relation between the ratio of
maximum experimental values of story shear force to its
theoretical values on the negative side and joint transverse
reinforcement ratio is analyzed by all specimens with non-
axial force and varying axial force.

In Fig. 15, it can be concluded that the ratio of
maximum experimental values of story shear force to its

theoretical values increased as joint transverse
reinforcement ratio increased. However, there are
differences in the effect of reinforcement between

specimens with non-axial force and varying axial force.

For the specimens with non-axial force when column-to-
beam moment capacity ratio is 1.2, the maximum
experimental values of story shear force are smaller than
theoretical values. The ratio of maximum experimental
values of story shear force to theoretical value remains
constant around 0.94 when the joint transverse
reinforcement ratio is more than 0.61.

For specimens with varying axial force, the ratio of
maximum experimental value of story shear force to its
theoretical value is equal to 1.02 when the joint transverse
reinforcement ratio is 0.41. The ratio of maximum

experimental value of story shear force to theoretical value
increases by 4.9% as the joint transverse reinforcement ratio
increased from 0.41 to 0.59.

For specimens with the column-to-beam moment
capacity ratio of 1.5, the ratio of maximum experimental
values of story shear force to its theoretical value increases
for both varying axial force specimens and non-axial force
specimens compared with specimens with the column-to-
beam moment capacity ratio of 1.2. For non-axial force
specimens, the ratio of maximum experimental value of
story shear force to its theoretical value is approximately
equal to 1.0 when the joint transverse reinforcement ratio is
0.38.

For specimens with varying axial force, the ratio of
maximum experimental value of story shear force to its
theoretical value is equal to 1.03 when the joint transverse
reinforcement ratio is 0.31. The ratio of maximum
experimental value of story shear force to its theoretical
value increases by 11.7% as the joint transverse
reinforcement ratio increased from 0.31 to 0.59.

4.1.2 Evaluation of 3;

According to the AIJ Standard for Lateral Load-carrying
Capacity Calculation (2016), the ratio of maximum
experimental value of story shear force to its theoretical
value of beam-column joint can be predicted by a factor f;.
The factor f; for the exterior beam-column joint is shown as
follows

ﬂjz{O.SS—ZAfY +1[Mcul+Mcu2 éa _1j+ 1{ZAJWfiV J}@tr (5)

b,D,F, 4 M, 2( Y Af,

where X4, is the total section area of the joint transverse
reinforcement bars, f, is the yield point of transverse
reinforcement bars, b; is the effective width of beam-
column joint section, D is depth of beam section, F, is the
strength of concrete, M., > are ultimate nodal bending
moments of the upper and lower columns respectively, Mp,
is ultimate nodal bending moments of the beam, &, is the
effective depth ratio of column section (=D;./D.), 24 is the
total section area of beam longitudinal reinforcement bars
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(@,0: Column-to-beam moment capacity ratio=1.2,
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on the tension side, f;, is the yield point of beam
longitudinal steel bars, & is the correction factor according
to the aspect ratio of beam-column joint, Dj. is the effective
length of beam-column joint section in the horizontal
direction, D, is depth of column section.

The longitudinal steel bars of the tensile side, strength of
concrete, column-to-beam moment capacity ratio, joint
transverse reinforcement ratio and dimensions of joint are
considered as the parameters which affect the ratio of
maximum experimental story shear force to theoretical
value. However, the axial force which proved to improve
the lateral load-carrying capacity of joint frame is not
considered in the formula. Therefore, it is necessary to
verify the validity of f; through the results of specimens
with non-axial force and varying axial force.

In Fig. 16, the relation between the ratio of maximum
experimental values of story shear force to its theoretical
value and f; on the negative side is shown. For non-axial
force specimens, the ratios of maximum experimental
values of story shear force to the theoretical value are
underestimated by f;. When the column-to-beam moment
capacity ratio is 1.2 and the transverse reinforcement ratio is
increased to be over 0.51, the failure modes of specimens
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(a) Column-to-beam moment capacity ratio=1.2

are mistakenly evaluated, which is considered unsafe in
design.

For most varying axial force specimens, although the
values of f; are slightly smaller than the ratios of maximum
experimental values of story shear force to the theoretical
values, the failure modes of specimens are well predicted.

4.2 Axial load-carrying capacity

In this section, all the specimens with varying axial
force are selected and the boundaries of beam-column joint
failure and axial collapse when given the column-to-beam
moment capacity ratios of 1.2 and 1.5 are studied. The
combination effect of column-to-beam moment capacity
ratio, joint transverse reinforcement ratio and compressive
axial force ratio are discussed.

Fig. 17 shows the relation between compressive axial
force and joint transverse reinforcement ratio for specimens
with varying axial force when column-to-beam moment
capacity ratios are 1.2 and 1.5 respectively. The shaded
areas represent the predicted the areas of axial collapse it is
concluded that for specimens with low joint transverse
reinforcement ratios (0.15-0.2) and the least compressive
axial force ratio (0.18), the axial compressive force can be
maintained until the story drift angle of +5.0% without axial
collapse. When the transverse reinforcement ratio is less
than 0.31, the mode of failure is proved to be the joint
failure. In addition, when the compressive axial force ratio
is increased above 0.36, the axial collapse is observed.
Moreover, neither beam-column joint failure nor axial
collapse are observed for specimens with transverse
reinforcement ratios greater than 0.41.

On the other hand, there are only 4 specimens with
column-to-beam moment capacity ratio of 1.5 loaded with
varying axial force. Therefore, more specimens should be
conducted to draw the definite conclusions. When
transverse reinforcement ratio is set to be over 0.31, it is
inferred that the beam-column joint failure and the axial
collapse can be prevented under the highest compressive
axial force ratio. Comparing the experimental results of
specimens T15-30T6C4 and T12-30T6C4, the increase of
column-to-beam moment capacity ratio can also effectively
avoid the beam-column joint failure and axial collapse.
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(b) Column-to-beam moment capacity ratio=1.5

Fig. 17 Compressive axial force ratio - joint transverse reinforcement ratio

(@ : Non-beam-column joint flexural failure, A : Beam-column joint flexural failure, X : Axial collapse)
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Fig. 18 Shear deformation diagram of joint panel

4.3 Deformation

4.3.1 Shear deformation of joint panel

In this section, the reinforcing effect is evaluated by
comparing the shear deformation of joint panels among
specimens with varying high axial force. As illustrated in
Fig. 18, the shear deformation angle y on the negative side
is calculated according to the diagonal concrete strut action
mechanism (Paulay 1978, Macgregor 1988, Arthur et al.
2003).
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Where Dy, D, are the effective width and length of joint
panel, Ad;, Ad, are the length change of diagonal line at
joint panel.

In Fig. 19, specimens with large varying axial force (-
0.6~0.36-0.47) are compared at main story drift angles on
the negative side. A decrease relation between the shear
deformation angle of joint panel and the joint transverse
reinforcement ratio is observed.

For specimens with a column-to-beam moment capacity
ratio of 1.2, regardless of what the joint transverse
reinforcement ratio is, there is no obvious difference in the
shear deformation for story drift angle of -0.5% and -1.0%.
For the specimens with transverse reinforcement ratios less
than 0.31, drastic shear deformations are observed.
Moreover, for the specimens with a joint transverse
reinforcement ratio of 0.16, the deformation of the joint
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Fig. 19 Shear deformation angle of joint panel -joint transverse reinforcement ratio
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panel increases by 64.2% from the story drift angles of
-0.5% to -1.0%. An axial collapse occurs after the story drift
angles of -2.0%. Even though the shear deformation angles
are almost the same at a story drift angle of -4.0% for
specimens with transverse reinforcement ratio of 0.31 and
0.41, the beam-column joint failure and axial collapse can
be prevented by increasing the joint transverse
reinforcement ratio.

When the column-to-beam moment capacity ratio is 1.5,
a similar tendency is observed as that of 1.2. But with the
increase of column-to-beam moment capacity ratio, the
shear deformation is evidently restrained. For instance, if
the transverse reinforcement ratio is increased to 0.31, the
shear deformation angle at a story drift angle of -4.0% is
reduced by 19.0% compared with that of the column-to-
beam moment capacity ratio of 1.2.

4.3.2 Story drift angle at axial collapse

As illustrated in Fig. 20, the relation between the story
drift angle of axial collapse occurred and joint transverse
reinforcement ratio is shown.

It is concluded that the axial collapse is not observed for
story drift angles less than 2.0% even with the lowest joint
transverse reinforcement ratio and regardless of the
compressive axial force ratio. Meanwhile, as the joint
transverse reinforcement ratio increases, the axial collapse
tends to occur at a larger story drift angle.

5. Conclusions

The objective of this study is to investigate the effect of
varying axial force on the seismic performance of beam-
column joint. Through the testing of 7 full-scale specimens
with non-axial force and 14 half-scale specimens with
varying axial force subjected to static loading tests, the
following conclusions can be made:

* Compared to the specimens with non-axial force,

specimens with varying axial force are proved to have

better performance on lateral load-carrying capacity.

When column-to-beam moment capacity ratios are 1.2,

for specimens with non-axial force, the maximum

experimental values of story shear force could not reach
its theoretical values, even if the joint transverse
reinforcement ratio is increased to 0.70. For varying
axial force specimens, if the joint transverse
reinforcement ratio is over 0.41, the maximum
experimental value of story shear force is larger than its
theoretical value. Meanwhile, the loss of lateral load-
carrying capacity and the joint failure can be effectively
avoided. When column-to-beam moment capacity ratio
is 1.5, for specimens with non-axial force, the maximum
experimental value of story shear force is slightly less
than its theoretical value if the joint transverse
reinforcement ratio is increased to 0.38. For varying
axial force specimens, the loss of lateral load-carrying
capacity and the joint failure can be avoided, if the joint

transverse reinforcement ratio is over 0.31.

* For specimens with varying axial force, the failure

modes are well predicted by using f;. But for specimens

with non-axial force, the ratios of maximum

experimental story shear force to theoretical value are
underestimated.

* When the compressive axial force ratio is less than
0.18, for specimens with a column-to-beam moment
capacity ratio of 1.2 and a joint transverse reinforcement
ratio of 0.15, the axial collapse is not observed. When
the compressive axial force ratio is approximately 0.47,
the joint transverse reinforcement ratio is needed to be
above 0.41 to prevent the axial collapse. For specimens
with a column-to-beam moment capacity ratio of 1.5, to
prevent the axial collapse, the lower limit of joint
transverse reinforcement ratio is predicted to be at a
range of 0.31-0.41.

* Under varying high axial force, the increase of joint
transverse reinforcement ratio contributes significantly
to restraining the shear deformation of joint panel and
delaying axial collapse.
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