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The effect of a cast-in-place slab on the beam-column joint at beam ends in reinforced concrete (RC) structures under earthquake
attacks has not been fully understood, and therefore, it is not manifestly addressed to some of the design criteria or specifications.
Consequently, the contribution of slab to the seismic resistance of structures is often ignored or just included in an approximate
manner. In this study, the experiment of two 1/2-scaled exterior beam-column joints without slabs and three 1/2-scaled joints with
slabs under the combination of quasi-static repeated cyclic loading and constant axial force was carried out to investigate the effect
of the cast-in-place slab on the seismic performance of exterior beam-column joints. The results show that for specimens EBCJ1
and EBCJ2 without slab, the decline was approximately 5%, while for specimens EBCSJ1 and EBCSJ3, the decline in the load is
obvious and approximately more than 10%. For specimen EBCS]2, which exhibited a slightly different behavior in the hysteresis
curves, the maximum carrying capacity reached at the displacement of 70 mm during the first cycle. The cast-in-place slab has
different effects on the failure mechanism and load transfer mechanism of the exterior beam-column joint, which depends on the
column-beam moment strength ratio in the loading protocol. The slab has a positive effect on the energy dissipation capacity of the
joint but has a negative effect on the load carrying capacity. In addition, finite element (FE) analysis of the tested specimens was
conducted. The FE numerical models were established based on the construction information and loading conditions from the

experiment and then validated by comparing them with the experimental observation.

1. Introduction

The research on the seismic behavior of RC frame structures
has always been a hot topic in the field of civil engineering.
Beam-column joint subassembly element consists of the
component beam, column, and joint, which is a local
characterization of RC frame and can be considered to have
the same response as the frame under earthquake. Experi-
mental results and actual cases showed that the damage of
the RC frame structure under postearthquake was mainly
localized at the beam-column joints, which may contribute
to partial or complete collapse of the structure [1-3].
Considering that the exterior beam-column joints play
an important role in maintaining the integrity of the whole
RC frame structures, extensive studies on the seismic per-
formance of exterior beam-column joints have been per-
formed [4-12]. Alva et al. [13] studied the influence of joint

transverse reinforcement ratio and concrete compressive
strength on the performance of the joint specimens through
the test of four exterior RC beam-column joints under re-
versal cyclic loading. The test results show that the concrete
compressive strength is the primary factor affecting the joint
shear capacity. The transverse reinforcement of joints also
has a certain influence on the load-displacement response of
such joints. Sasmal et al. [14] designed exterior beam-col-
umn joints according to the provisions of Eurocode and
Indian Standards and evaluated the seismic behavior of the
joints. Test results show that the exterior beam-column
joints based on Eurocode and Indian Standards have almost
similar performance in stiffness and strength degradation.
Nevertheless, the specimens designed according to the In-
dian Standards represent higher energy dissipation at a
preset drift ratio. Marthong et al. [15] studied the influence
of different frequencies’ cyclic excitations on the seismic
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behavior of external RC beam-column specimens with
typical deficiencies. The results indicate that the influencing
effect of the loading rate is significant in beam-column joints
with beam weak in flexure, while the effect is not so sig-
nificant in the other joints. Karayannis et al. [16, 17] con-
ducted an experiment on full-scale exterior beam-column
connection subassemblages and used carbon fiber ropes as
external strengthening reinforcement to increase the seismic
capacity of the test specimens.

In previous studies of beam-column joints, it was found
that the slab has a significant impact on the seismic per-
formance of the joints. The results of the study indicate that
the presence of slabs affects the behavior of the joint in two
ways [18-21]. One is that it increases the flexural strength of
the beam, thus decreasing the moment strength ratio.
Second, it increases the shear bearing capacity of the joint.
However, for an exterior beam-column joint with slab, the
damage mode and mechanism of the joint are not clear
under earthquake action. Further research is needed to be
carried out to give a deep understanding on this issue.

A few scholars have studied the effect of slabs on the
force performance of exterior beam-column joint under
earthquake action. Kam et al. [22] tested four corner beam-
column joints with floor slab under low reversed lateral
loading and axial compressive forces. The test results show
the very poor seismic performance of the joints, charac-
terized by a severe loss of stiffness, with extrusion and
strength loss starting in the early stages of loading. Park and
Mosalam [23] carried out an experimental study on four
corner beam-column joints with slabs. Their investigation
focused on the influence of some key parameters on the
shear strength and deformability of external joints, and the
test results were compared to the ASCE 41 recommenda-
tions. However, the parameters affecting joint shear damage
were not adequately evaluated numerically in these studies.
French and Moehle [24] counted the experimental results of
13 interior beam-column joints and 7 exterior beam-column
joints, and it was found that the calculated load capacity
without considering the slab was 25% and 17% lower than
the measured load capacity considering the action of the
slab, respectively. Furthermore, several researchers have
tested beam-column joints to better understand the resis-
tance and failure mechanics of the beam-column joint by
taking the slab into account and trying to modify the design
specifications to account for the effect of slab [25-30].

The few existing studies on exterior beam-column with
slab have shown that slab has a significant influence on the
force performance of the joints; however, these studies either
represent corner joints [22, 23] or include significant con-
nection reinforcement in seismic design. Most studies do not
have a very clear description of the mechanism of slab to
joint action. Moreover, there is a lack of numerical models to
realistically simulate the mechanism of slab action in ex-
terior beam-column joints. Therefore, it is necessary to
further investigate the exterior beam-column joints with
slab.

Based on the current deficiencies, to study the contri-
bution of the slab in the beam-column joint and the
mechanism of its action on the joints, the experimental
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investigation on five exterior beam-column joints with or
without slabs was performed. The specimens were loaded in
a cyclic loading system to simulate the seismic response of
the beam-column joints under earthquake loads. The effect
of slab on the shear demand of the beam-column joint was
determined by inspecting the slab strain. The deformability
in terms of the drift ratios of these joints was mainly ana-
lyzed. In addition, FE analysis was conducted to numerically
simulate the behavior of exterior beam-column joint under
earthquake action, and the results were compared to that
from experiment to validate the feasibility and accuracy of
the FE analysis model. In this study, the relevant experi-
mental analysis and finite element simulation of exterior
beam-column joints with or without slabs are carried out
based on the experimental results of Xing et al. [31].

2. Experimental Program

2.1. Specimen Details and Primary Variables. In this ex-
periment, five half-scale RC exterior beam-column joints
were designed and constructed, according to Chinese code
for seismic design of buildings (GB50011-2010) [32]. Then,
the specimens were tested under quasi-static repeated cyclic
loading and combination of constant axial force to inves-
tigate the seismic behavior. Figure 1 illustrates the dimen-
sions of the reference specimen and details of the
arrangement of steel reinforcements. Except for the design
parameters that consist of the slab and the moment strength
ratio of column to beam, all specimens had the same
construction details for the joints. As shown in Figure 1, the
length of the column was 1950 mm with a square cross
section of 250 mm x 250 mm. The length of longitudinal
beam from the column surface to the free beam end was
1750 mm, with a rectangular section of 150 mm x 280 mm.

The reinforcement details of the exterior beam-column
joints are given in Figure 1. All specimens were denoted with
four characters: “E” for exterior, “B” for the longitudinal
beam, “C” for column, “S” for slab, and “J” for joint. As
shown in Table 1, all the specimens have the same rein-
forcement details for the beams in the joints. The config-
uration of stirrups is in accordance with the relevant Chinese
codes [32] for minimum reinforcement requirement.
Specimens EBCJ1 and EBCJ2 are beam-column joints
without slab, and specimens EBCS]J1, EBCS]2, and EBCS]3
are beam-column joints with slab. The effect of slab on the
seismic performance of the joints is investigated through the
experimental study of joints with or without slab. The width
of the slab was 1750 mm with the thickness of 60 mm.

2.2. Material Properties. The joint specimens in this study
were fabricated using the ready-mixed concrete, which had
an average compressive strength of 24.3 MPa obtained from
three 150 mm cubes. Direct tensile tests of five reinforce-
ment samples were carried out to obtain the mechanical
properties of the steel reinforcements employed in this
study. Table 2 lists the average test results of the mechanical
properties of three coupon samples for each diameter of the
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FIGURE 1: Details of the reinforcement layout in the specimens (dimensions are in mm; D = diameter of the deformed bar).
TaBLE 1: Main design parameters and important values.
Specimen EBCJ1 EBCJ2 EBCSJ1 EBCS]J2 EBCSJ3
Section (mmxmm) 150 x 280 150 x 280 150 x 280 150 x 280 150 x 280
Beam Top reinforcing bars 2D12 2D12 2D12 2D12 2D12
Bottom reinforcing bars 2D14+1D12 2D14+1D12 2D14 +1D12 2D14+1D12 2D14+1D12
Stirrup D6@100 D6@100 D6@100 D6@100 D6@100
Section (mmxmm) 250 x 250 250 x 250 250 x 250 250 x 250 280 % 280
Column Reinforcing bars 2x4D12 2D14+2D12 2x4D12 2D14+2D12 2D16 +2D14
Stirrup D6@100 D6@100 D6@100 D6@100 D8@100
Thickness (mm) None None 60 60 60
Slab Longitudinal direction None None Dé6@150 D6@150 D6@150
Transverse direction None None D6@150 D6@150 D6@150
Joint Stirrup D6@100 D6@100 D6@100 D6@100 D8@100
Ratio, py (%) 0.45 0.45 0.45 0.45 0.72
Axial compressive force (kN) 230 230 230 230 295
TaBLE 2: Material properties of steel reinforcements.

Diameter (mm) 6 8 10 12 14
Yield strength (MPa) 401.2 441.1 446.1 455.2 432.1
Yield strain (x107°) 1924 2139 2443 2226 2369
Ultimate strength (MPa) 571.6 558.7 650.7 601.7 610.9

reinforcement, including the yield and ultimate strength,
yield strain, and the modulus of elasticity.

2.3. Test Setup. The overview of the test setup for the exterior
beam-column joints is presented in Figure 2. The specimens
were tested under quasi-static cyclic loading at the column
top to simulate the earthquake effect. Meanwhile, the

constant vertical axial load of 295kN was applied on the
surface of the column top for specimen EBCS]3 and 230 kN
for the other joint specimens. Both the lateral loads and
vertical axial loads were applied by a 500 kN hydraulic ac-
tuator. To simulate the response of the joint in an actual
frame structure, one of the ends of the beam and the column
was pinned. For the beam, the free end was pinned by a
vertical steel link, as shown in Figure 2, to restrain the
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vertical movement at the beam end. The pin for the column
was installed at the base of the column to avoid any de-
formation at this point, and only lateral deflection was
allowed at the top of the column.

During the test, the loads and the lateral displacements of
the column top were recorded by the hydraulic actuator. To
measure the shear deformations at the core area of the ex-
terior beam-column joints, two displacement transducers
were installed at the core area in the diagonal directions.
Then, the shear deformation was determined by converting
the relative displacement obtained by the two displacement
transducers. In addition to the displacements, the strains of
steel reinforcements in beams and columns were collected by
strain gauges, as well as the strains in the joint region and
slabs. The strain gauges had the length of 3mm and were
installed on the longitudinal steel bars and in beams/columns
and the transverse reinforcements in the joint region, as well
as on the distributed reinforcements in slabs. Figure 3 shows
typical locations of the strain gauges on the longitudinal and
transverse reinforcements in the beam and the column.

2.4. Loading Sequences. For the exterior beam-column
joints, axial compression load was applied on the column top
one day prior to the test in order to eliminate any immediate
creep effect. Afterwards, the axial compression loads were
kept constant throughout the test, while cyclic lateral loads
were applied by hydraulic actuator in displacement control
system. In this test, two typical displacement sequences were
adopted as shown in Figure 4, which refers to the Chinese
code (specification for seismic test of buildings (JGJ/T
101-2015)) [33]. Before the specimens’ yield, the loading
scheme involved one push-pull cycle with a horizontal
displacement increasing by 5mm at each step. Then, the
quasi-static application of displacement increased by a half
of the yield displacement and was repeated for three cycles
for each step. To utilize results obtained from static cyclic
loading tests on structural elements or large subassemblages
for a general performance evaluation, there is the need to
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establish loading history that captures the critical issues of
the subassemblage capacity and the seismic demands. For
specimens EBCJ1, EBCJ2, and EBCS]J2, the amplitude of the
applied displacements at the column top was increased from
0 mm to 20 mm with a step of 5mm and then increased with
the step of 10 mm up to failure. When the displacement was
less than 10 mm, only one cycle was applied for each step.
After reaching more than 10 mm of displacement at the top
of the column, the load was repeated three times in each step.
For specimens EBCSJ1 and EBCSJ3, the loading step of the
applied displacements was the same with the former three
specimens before reaching 20 mm. After that, the loading
step was increased to 20 mm. The applied displacement was
also repeated one time a step before 10 mm was reached and
increased to three times a step after reaching 10 mm. As
shown in Figure 4, specimens EBCJ1, EBCJ2, EBCSJ4, and
EBCSJ2 would experience more repeated cyclic lateral loads
than specimens EBCSJ1 and EBCSJ3. Generally, 26 cycles
and 17 cycles of displacement loading were planned for the
former three joint specimens and the latter two specimens,
respectively, with the maximum story drift ratio of 4.1%. In
actual experiments, when the bearing capacity of the beam-
column joint dropped to about 80% of the peak load ca-
pacity, the test is stopped.

3. Experimental Results and Discussion

The experimental results of the exterior beam-column joints
under quasi-static cyclic lateral loading were presented and
systematically analyzed in terms of (1) overall behavior, (2)
load versus displacement hysteretic curves, and (3) analytical
evaluation of slab effect.

3.1. Overall Behavior. In the experiment, the overall be-
havior of the test specimens regarding the crack initiation
and propagation was mainly recorded as closely as possible.
The failure modes attached with a close view of the joint core
region for all the specimens are illustrated in Figure 5. Note
that crushing of concrete was observed in all the specimens
started from the beam-column joint region and then was
extended up to the joint core area.

As shown in Figures 5(a) and 5(b), for specimens EBCJ1
and EBCJ2 without slab, it can be observed that the flexural
cracks alternately appeared in the upper and lower parts of
the front of the beam adjacent to the column surface under
the repeated cyclic lateral loading. When the column
reached the drift ratio of 1.5%, the flexural cracks penetrated
across the full length of the beam height. In addition, di-
agonal crack emerged at the core of the joints once the
diagonal tensile stress increases and passes the ultimate
tensile strength of the concrete. Then, the shear cracks
propagate and expand as the displacement is applied con-
tinuously. At drift ratios between 2% and 3%, the initial sign
of shear failure of the joints could be observed due to the
considerable expansion of these shear cracks. From
Figure 5(a), severe crushing of concrete at the face of the
column was found in specimen EBCJ1 when failed. The
plastic hinge was not formed in EBCJ1 as there was no
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obvious damage on the beam surface except for the visible
cracks. While for specimen EBCJ2 with higher flexural
strength ratio of column to beam than EBCJ1, as expected,
plastic hinge is formed at the beam end close to the column
juncture, which caused serious damage of the beams.

For specimens EBCSJ1, EBCS]2, and EBCSJ3 with cast-
in-place slabs existing, as shown in Figures 5(c)~5(e),
flexural cracks with uniform distribution were observed
mainly at the lower part of the front of the beam. Affected by
the existence of the slab, few flexural cracks occurred in the
upper part of the beam. On the other hand, compared with
the specimens without slab, the three joints present a more
serious damage at the core area of the joints, showing fully
developed criss-cross diagonal shear cracks here. Besides,
torsional cracks of beam-column joints with slab generally
emerged in the second loading cycle. These torsional cracks
started on the back of the slabs near the column and inclined
at an angle of approximately 37°. Similarly, when the drift
ratio reached 2%, flexural cracks were fully formed upward
to the top of the beam. When the column reached to 3% drift
ratio, the shear cracks on the joint widened and presented
the signal of joint shear failure.

Since cracked, the cracks on the concrete progressively
propagated as the load increased; meanwhile, new cracks
initiated constantly. For beam-column joints, a crack width of
0.3 mm is set for “critical crack.” When the width of a pair of
large diagonal cracks is more than 0.3 mm, it can be considered
that the stirrup in the core area of the joint started to yield, and
the specimen reaches its maximum load carrying capacity as
the load would increase within a limited range, as well as the
ultimate shear strength. However, in this condition, the shear
deformation in the core region of the joint would be signif-
icantly increased since the stiffness of the joint specimen had
decreased severely. When the specimen failed, crushing of
concrete at the joint core could be observed, which would lead
to a notable drop loss in the load bearing capacity of the joint.
Finally, the test would be stopped when the decrease in the
load exceeds 20% of the ultimate strength.

3.2. Load versus Displacement Hysteretic Curves. Asshown in
Figure 6, typical spindle hysteresis loops can be observed for
specimens EBCJ1, EBCJ2, EBCSJ1, and EBCSJ3, while speci-
men EBCSJ2 exhibited a narrower shape in the load-dis-
placement hysteresis curves. In the early loading stage, as the
applied displacement was less than 10 mm, the hysteresis loops
were as narrow as a small strip. When unloading load, the
deformation of the specimens could return to its initial po-
sition, and the area surrounded by the hysteresis loops was
small. When the applied displacements increased to 20 mm,
unrecoverable deformation could be observed in the hysteresis
curves, indicating the occurrence of plastic deformation of the
specimens. At this point, the slope of the specimens had not
decreased. After the displacement reaches 40 mm, the speci-
men load carrying capacity was increased slowly as the dis-
placement continued to be applied. Moreover, with the
increase in the loading cycle, the carrying capacity of the
specimens decreased greatly, resulting in a significant decrease
in the areas surrounded by the hysteresis loops. When the
displacements reached 60 mm, except for EBCS]2, all the
specimens reached their maximum load carrying capacity at
the first cycle. From the figure, a considerable decline in the
loads was observed during the second cycle of loading, and
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FIGURE 5: Failure mode of exterior joints. (a) EBCJ1. (b) EBCJ2. (c) EBCSJ1. (d) EBCSJ2. (e) EBCSJ3.

smaller decline occurred at the third cycle. For specimens
EBCJ1 and EBCJ2 without slab, the decline was approximately
5%, while for specimens EBCSJ1 and EBCS]J3, the decline in the
load is obvious and approximately more than 10%. For
specimen EBCSJ2, which exhibited a slightly different behavior
in the hysteresis curves, the maximum carrying capacity
reached at the displacement of 70 mm during the first cycle.

3.3. Analytical Evaluation of Slab Effect. Figure 7 shows the
strain variation of slab top reinforcement obtained from the
bonded strain gauges (in Figure 3). Experimental results

show that the strain value decreases as the distance from the
column face. This shows the effect of slab reinforcements on
the negative moment bearing capacity of longitudinal
beams. For the three specimens, the strains in all the lon-
gitudinal reinforcements were increased as displacements
were applied, indicating the increased participation of the
slabs to the beam moment strengths and joint shear de-
mands. The slab bar nearest to the beam generally experi-
enced the largest increase in strain. The results show that the
slab contribution could effectively enhance the negative
moment at the beam. This is because the longitudinal re-
inforcement in the slabs is used as the tensile reinforcement
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of the beams. Therefore, with more slab reinforcement
participating in the larger deformation demand, the tensile
reinforcement in the beam increases effectively with the
increase in curvature.

As shown in Figure 8, it shows the crack development of
the slab on each joint during the loading process. We can see
from the figure that the development of cracks in the three
specimens during the loading process is basically similar, the
cracks are mostly developed on the slab in the column width
area, and the cracks are distributed throughout the length of
the beam body. It can be seen from the damage morphology
that the slab on the beam retards the appearance of cracks on
the beam under the horizontal load and reduces the damage
of the beam. In addition, the comparison shows that the
damage of specimen EBCSJ2 is more serious, and serious
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concrete stripping occurred at the intersection of column
and slab; thus, it can be seen that the loading regime has
serious influence on the joints with slab.

3.4. Behavior of Hoops in Joint Core. The function of the
stirrups in the core area is to constrain the concrete in the
core area to improve the shear bearing capacity of the core
area. The arrangement of the stirrup measuring points of
each specimen in this test is shown in Figure 3. During the
experiment, the position of the core area of each specimen
and the strain values of the stirrups nearby were recorded,
and the influence of the plate on the seismic performance of
the joint was further analyzed through the strain changes in
these stirrups. The distribution of stirrup strain in the core
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FIGURE 9: Strain variation of hoop near core. (a) EBCJ1. (b) EBCJ2. (c) EBCSJ1. (d) EBCSJ2. (e) EBCSJ3.

area of each specimen along the height of the frame beam
section is shown in Figure 9.

It can be seen from Figure 9 that the strain of stirrups near
the core area (including the top of the column and the foot of
the column) is in good agreement with the experimental
phenomenon. (a) The plane specimens EBCJ1 and EBCJ2 did
not suffer from shear failure in the core area. Therefore, the
strain of the stirrups in the core area did not yield, and under
the same displacement angle, the strain of specimen EBCJ2
with a large strong column coefficient was slightly smaller. (b)
Specimens EBCSJ1 and EBCS]J2 with slabs form weak joints
due to the participation of the cast-in-place plates. As a result,
the stirrups in the core region were close to yielding, especially
the core region of the specimen EBCSJ2 that was about to fail
(itsbond properties also started to degrade earlier). Compared
with the comparison specimen EBCSJ1, the peak value of
stirrup strain in the core area of specimen EBCSJ3 is signif-
icantly reduced, which is equivalent to that of the flat specimen
EBCJ1, and the mechanical performance is better.

3.5. Energy Dissipation. Figure 10 shows the hysteretic en-
ergy dissipation curves of different beam-column joints
under different loading grades. As can be seen from the
figure, specimens in the small deformation stage have less
energy dissipation. For displacement values below 10 mm,

the specimens dissipate almost the same amount of energy.
Between 10 mm and 40 mm, the EBCS]J3 specimen dissipates
a larger amount of energy than the other specimens do.
Beyond 40 mm, EBCJ2 specimen dissipates larger and larger
amounts of energy approximately double that of EBCJ1
specimen at a displacement of 50 mm. Until the displace-
ment is equal to 40 mm, EBCJ1 and EBC]J2 specimens show
practically the same dissipation capacity. Beyond dis-
placement = 40 mm, the effect owing to the larger shear force
prevails, and therefore, the EBCSJ3 specimen dissipates a
larger amount of energy with respect to the EBCJ2 specimen.

The energy dissipation of joints increases with increasing
column-to-beam flexural strength. Under the same axial
compression ratio, the reinforcement of the column can
slightly improve the energy consumption. In comparing the
five specimens, the specimens without the slab have better
energy dissipation ability than the specimens with the slab.
This may be caused by the slab increasing beam resistance in
tension and compression and reducing the column-to-beam
flexural strength.

The viscous damping ratio is often adopted to normalize
the dissipated energy [34, 35]. This ratio of all the specimens at
different displacement levels is shown in Figure 11. When the
peak load reached, the viscous damping ratio of specimens
EBCJ2 and EBCSJ1 was 0.09, and that of specimens EBCJ 1 and
EBCJ3 was similar, about 0.11, which increased by 22.2%.
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When the specimen failed, the viscous damping ratios of
specimens EBCJ1, EBCJ2, EBCJ3, EBCSJ1, and EBCSJ2 are
0.146, 0.159, 0.187, 0.125, and 0.188, respectively.

4. Finite Element Simulation

To numerically study the seismic performance and failure
mechanism of the joint specimens, a 3D finite element (FE)
simulation was performed using ABAQUS 6.14 [36]. In this
study, a FE model that can be used to simulate and predict
the seismic response of the joints with or without slab was
established. The feasibility and accuracy of the proposed
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mode were validated by comparing the results between
experiment and the numerical simulation.

4.1. Material Modeling. Usually, there are three different
approaches including the smeared cracking mode, brittle
cracking mode, and concrete damage plasticity (CDP) model
available in the FE software ABAQUS 6.14 [36] to simulate
the concrete behavior. In this study, the CDP mode was
employed, which was first proposed by Lubliner et al. [37]
and improved by Lee and Fenves [38].

In the CDP model, several critical parameters are needed
to define the performance of concrete under triaxial stress,
and the default values of these parameters recommended by
ABAQUS were selected in the present analysis. The pa-
rameters include (1) the dilation angle (y = 30%); (2) the flow
potential eccentricity (e=0.1); (3) the viscosity parameter
(#=0.005); and (4) the compressive strength ratio under
biaxial loading to that under uniaxial loading (fi,o/f. = 1.16).
Other parameters take the system default value.

In addition to the parameters, the stress-strain rela-
tionships of concrete under tension and compression are
also required. According to the constitutive relation pro-
posed in the Chinese code for the design of concrete
structures (GB510010-2010) [32], the stress-strain curves of
concrete under compression and tension are selected. The
following equations show the nonlinear stress-strain relation
of concrete in compression and tensile, respectively:

f ; £>¢
‘ epocd(e/sp—l)2+s ’ "

&t

o =f

t L7 &= Eps (2)
stpoct(st/stp - 1) +edeg,

where f. is the compressive strength of concrete; f, is the
tensile strength of the concrete; ¢ is the uniaxial compressive
strain of concrete; ¢, is the tensile strain of the concrete; o is
the stresses corresponding to the strain ¢ o, is the stresses
corresponding to the strain & ¢, is 0.002 [39] for the cor-
responding strain of concrete compressive strength; and «,
and ay are 1.78 and 2.48, respectively, which indicate the
rising and falling parts of the stress-strain curve of concrete
under uniaxial compression and tensile loading.

The behavior of steel material was assumed as an elastic-
plastic segment with isotropic strain hardening and identical
behavior in tension and compression, and the values of the
parameters that describe the stress-strain curve of steel
material for different bar diameters were obtained from the
experimental part of this study, as presented in Table 2.

4.2. Element Types. Regarding the different material prop-
erties of the concrete and steel rebars, the two materials were
modeled separately with different element types. An 8-node
trilinear element (C3D8R) was used to simulate the
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nonlinear behavior of concrete, since the element contains
three translational degrees and could simulate the tensile
cracking and compression crushing ability. For steel, the
truss element (T3D2) was adopted to model its behavior
[40]. Furthermore, the steel rebars were inserted into the
concrete with an embedded technique, provided by ABA-
QUS 6.14 [36] employed to model the interaction between
the concrete and steel rebars. This means that the rein-
forcements are completely bonded to the surrounding
concrete, and there will be no slippage in the interaction
between the concrete and the reinforcement.

4.3. Loading and Boundary Conditions. Two different ap-
proaches can be used to operate the finite element analysis in
the ABAQUS software [31], including displacement control
system and force control system. In this study, the dis-
placement control approach was used because it can over-
come the convergence problem and be able to the monitor
the behavior of simulated joints after reaching the maximum
load. Based on the test setup and loading system described in
second section, appropriate restraints were utilized to
simulate the test conditions.

4.4. Finite Element Analysis Results. Figure 12 shows the
experimental and numerical results regarding the load-lat-
eral displacement relationship for all the exterior beam-
column joint specimens. Comparing the behavior of the
specimens, the FE analysis showed generally slightly higher
initial stiffness than the test results. Differences can be found
between the two results for all specimens, such as the shape
of the hysteresis loop and the degradation of carrying ca-
pacity due to repeated cycles at a certain displacement.
Fortunately, the maximum bearing capacities of the speci-
mens obtained in the test and the simulation analysis were
almost the same. The difference between the two results may
be due to many factors including the effects of some hy-
pothetical variables such as the selection properties of
concrete (tensile and compressive) and the interaction
property between the concrete and steel reinforcements, as
well as the different loading systems caused by the possible
material defects and differences in the experimental efforts.
Figure 13 presents the damage of concrete in the exterior
beam-column joints under repeated cyclic lateral loading
from FE simulation. DAMAGEC is the compressive damage
of concrete, and DAMAGET is the tensile damage of con-
crete. PEEQ is the accumulated equivalent plastic strain.
In terms of the tensile damage, it can be seen from
Figure 13 that the concrete tensile damage in joint specimens
EBCJ1 and EBC]J2 is mainly located within core joints and
the upper and lower parts of front view of the beams, while
for the specimens with slabs, the tensile damage no longer
appeared in the upper part of the beam, but in the interface
area between the beams and the slabs adjacent to the column
surface. Also, the core joints were the location where the
maximum tensile damage occurred. As for the compressive
damage, a similar situation could be observed with the
tensile damage, except for the bigger regions, the slabs were
covered in compression damage. The accumulated
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equivalent plastic strain was mainly formed in the joint core
area. The addition of slabs seemed to have little effect on this
characterization.

In addition, from Figure 13, the yield of longitudinal bars
can be clearly observed, as well as tensile damage and
compressive damage in the core joints. In the experiment,
the concrete cracking develops to the joint area, then the
longitudinal reinforcement of the beam yields, and the
concrete crushing was found at the core joints. The results
show that the phenomenon is consistent with the experi-
mental results. Also, it could be found from the figure that
the FE models had experienced a shear failure of core joint
and flexural failure of the beam end. This is in consistence
with the observation from the experimental results. Because
the strength of stirrup and concrete was utilized sufficiently
during the loading process, the seismic capacity of eccentric
joints damaged by both bending and shearing is better than
that of common joints that failed by bending only. The
results demonstrate that the FE outcomes were in good
agreement with the experimental results regarding the
failure mode, which verifies the feasibility and accuracy of
the model employed in this study.

5. Conclusion

The study presented experimental and numerical investi-
gation on the seismic performance of five RC exterior beam-
column joints with or without slabs. The effects of the slab
and the beam-column moment strength ratio on the seismic
behavior in terms of the failure modes, load-displacement
hysteretic curves, shear response, and energy dissipation
capacity were discussed. In addition, the results obtained
from the numerical simulation and the laboratory experi-
ment were compared. According to the analysis results, the
conclusion can be concluded as follows:

(1) The damages of the exterior beam-column joints
without slabs under repeated cyclic loading were
concentrated on the upper and lower parts of the
beam near the column, with sparse and diagonal
cracks distributed in the joint area, while the dam-
ages to the three specimens with slabs occurred in the
lower part of beams and the beam-column-slab
interface, with dense and wider distribution of di-
agonal shear cracks in the joint region. The crack
patterns and failure modes observed from the five
joint specimens indicated that the joint shear transfer
mechanisms were significantly affected by the slabs
and flexural strength ratio of column to beam, as well
as the loading system.

(2) In specimens EBCJ1 and EBC]J2, the core of the joint
did not fail; however, the samples themselves were
damaged owing to concrete crushing at the bottom
of the beam end, and EBCJ2 develops a full-width
plastic hinge on the beam. Specimens EBCSJ1 and
EBCS]J2 failed in the interface between beam and
column with concrete crushing, whereas specimen
EBCSJ3 failed in the beam-column interface with
slab torsional failure. The results showed that the slab
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had a significant influence on the failure mode of
joints.

(3) Under the same axial compression ratio in experi-
ment, the results showed that the energy dissipation
capacities of the joint specimens increased with the
flexural strength ratio of column to beam. The
specimens without the slabs have better energy
dissipation ability than the specimens with the slab
due to the effect of slab for increasing beam resis-
tance and reducing the flexural strength of column to
beam.

(4) The specimens with slabs exhibited higher load
carrying capacity than the specimens without slabs.
However, the increased beam strength resulting
from the slab effect may cause greater demands on
the column, this harms the RC joint aswell as the RC
frame structure as it could increase the possibility of
shear failure of column or compression failure in the
column if it is not considered properly.

(5) The seismic performance of the exterior beam-col-
umn joints with or without slabs was simulated by
finite element analysis. The numerical results were
compared with the experimental results to verify the
effectiveness of the finite element models. Further-
more, the model provides an effective and powerful
numerical tool for further study of different types of
RC beam-column joints, as well as the joint with
various design parameters.
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