
Journal of Constructional Steel Research 91 (2013) 76–88

Contents lists available at ScienceDirect

Journal of Constructional Steel Research
The seismic performance of new detailing for RCS connections
S. Alizadeh a, Nader K.A. Attari b,⁎, M.T. Kazemi a

a Department of Civil Engineering, Sharif University of Technology, Tehran, Iran
b Department of Structural Engineering, Building & Housing Research Center, Noori Highway, Tehran, Iran
⁎ Corresponding author at: Hekmat Avenue, Noori H
Tehran, Iran. Tel./fax: +98 21 882 41267.

E-mail address: n.attari@bhrc.ac.ir (N.K.A. Attari).

0143-974X/$ – see front matter © 2013 Elsevier Ltd. All r
http://dx.doi.org/10.1016/j.jcsr.2013.08.010
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 June 2013
Accepted 20 August 2013
Available online 2 October 2013

Keywords:
RCS connections
Finite element method
Composite structures
Joint shear strength
Over the past few decades considerable experimental and numerical studies have been conducted on the
Reinforced Concrete columns to Steel beams (RCS) connections. Most of those researches have focused
on studying the joint failure modes and ultimate joint strength of specimens utilizing strong beams and
columns with weak joints. In this paper, two interior RCS connections were designed based on the Strong
Column–Weak Beam (SCWB) criterion. Both specimens were tested under quasi-static reversed cyclic load-
ing. The tested specimens were modeled by a finite element method, which verified with experimental re-
sults. Several models with different joint details were investigated using the verified FEM. Lateral load–
story drift response, vertical bearing stresses, joint shear forces, shear strains at the joints, and axial stresses
of the joint stirrups were studied in those models. The results indicated that the performance of models di-
rectly depends on joint detailing, effectiveness of shear keys, and the amount of confinement provided for a
joint region.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Utilizing hybrid moment frames, consisting of Reinforced Concrete
columns and Steel beams (RCS), in the building construction have in-
creased, considerably, in the recent years. The combination of reinforced
concrete columns and steel beams may improve the earthquake resis-
tance characteristics of such a structural system. Using R/C columns
would result in higher stiffness and damping for the structure and
lower cost in comparison to steel columns. On the other hand steel
beams improve the energy dissipation capacity and ductility of the
structure in comparison to R/C beams. Some other advantages of such
structures are their capability for having larger span size and higher
construction speed. There are two main categories of RCS connections:
beam-through type and column-through type. The beam-through
type is more ductile and more reliable, while the column-through
type needs more attention in construction to assure a good ductility
and strength capacity.

Several experimental programs have been conducted by re-
searchers for studying the performance of RCS moment frames.
Sheikh et al. [1] tested seventeen 2/3 scale interior RCS connections
at University of Texas. In 1993, 19 RCS connections have been
tested by Kanno [2] at Cornell University. An analytical and experi-
mental program was conducted by Parra and Wight [3,4] at the
ighway, P.O. Box 13145-1696,
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University of Michigan. The experimental part consisted of testing
of nine exterior RCS connections and the analytical part included
proposing of some suggestions for evaluating and estimating
the shear strength of interior and exterior RCS connections. In
2003, Parra and Wight [5] proposed a deformation-based capacity
approach for designing RCS connections in high seismic risk zones
to control joint distortions and damage. Six RCS joints were tested
by Cheng and Chen [6], too. Some different parameters such as
composite effects of slab with beam, the joint stirrups, the effects
of the cross-beam and the loading protocol were considered in
their research. Li et al. [7] reviewed the experimental and analytical
researches, conducted on this type of composite structures until
2011.

Since two different types of materials are used in the panel zone of
RCS moment frames, the performance of these connections is highly
complicated. Therefore, in the analytical studies, to understand, more
clearly, the behavior of RCS connections, a capable program using a
nonlinear three-dimensional Finite Element Method (FEM) needs to
be employed. Noguchi et al. [8] simulated two RCS moment frames
with different joint details using the nonlinear three-dimensional
FEM. The main parameters investigated were the joint failure modes
and the mechanisms, which contribute to the joint strength. Kim et al.
[9] utilized FEM analysis for modeling exterior and corner RCS connec-
tions and studying the influence of different joint detailing on the
joint shear strength. Li et al. [10] studied the influence of different pa-
rameters on the behavior of composite frame structures by utilizing
nonlinear finite element analyses. In another study on the exterior
RCS connections, some parameters such as the distribution ofminimum
principal stress at the joint region and the contribution of different joint
fem.com
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Fig. 2. Uniaxial tension tests of steel beam's web and flange.
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shear mechanisms in the joint shear capacity were conducted by
Shen [11]. Farahmand Azar et al. [12] studied the seismic behavior of
the RCS moment frames considering joint deformations by using an
OpenSees software.

2. Research objectives

In this research program, two interior beam-through type RCS con-
nections were tested under quasi-static reversed cyclic loading, one
with standard detailing and another with the proposed joint details.
The experimental results were compared with each other and used for
verifying the nonlinear three-dimensional finite element models using
ABAQUS [13] software. The objective of this research is to study the be-
havior of various joint details and the effect of every part of connections
on the capacity and the performance of this system using verified finite
element models. In addition, the effect of proposed detailing on the
performance of the RCS structures was investigated.

3. Experimental program

3.1. Specimens

The experimental program consisted of the testing of two interior
beam-through type RCS connections with ¾ scales. The first specimen
ABPs

WFBPs

Steel Doubler Plate

Steel Beam

Steel Band Plate

Steel Beam

A

B

FBPs

Steel Band Plate

Steel Doubler Plate

Fig. 1. Joint details of specimens 1 and 2. (A) specimen 1, (B) specimen 2.
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was designed according to ASCE 1994 [14], whereas the second speci-
men had the suggested joint detailing. Both of the specimens consisted
of 3000 mm-long concrete columns with 400 × 400 mm2 square cross
section reinforced with sixteen φ18 steel bars. φ10 bars were used for
joint and column stirrups. Self-Consolidating Concrete (SCC) was used
in both specimens. IPE 300 steel sections with 3900 mm length were
considered for the beams of the frames.

In the joint region, L-shaped stirrups, 460 × 260 × 8 mm3 steel
doubler plates, and steel band plates have been used for the both
specimens. The joint stirrups were passed through 12 mm holes in
the steel beam webs. Specimen 1 had Face Bearing Plates (FBP) of
the same width as the steel beam flange, while for the specimen 2,
the FBPs were 100 mm wider than the steel beam flange in each
side, which are called Wide Face Bearing Plates (WFBP). The other
difference between the two specimens was the use of Additional
Bearing Plates (ABP), which were welded to steel beam flanges on
each side of the joint. The ABPs were located such that 30 mm of
their width were placed inside the joint region. These plates were
designed to increase joint bearing and shear strength. Fig. 1 shows
the specimens' details.

3.2. Material properties

SCCwith amean compressive strength of 50.8 MPawas used in con-
crete columns for the both specimens. The uniaxial tension tests of col-
umn reinforcements and steel beams showed that the longitudinal
reinforcementswere ASTMA615 grade 75 [15]. All transverse reinforce-
ments were ASTM A615 grade 60 [15], and the steel beams were ASTM
A572 grade 50 [16]. Fig. 2 plots the results of uniaxial tension tests on
two coupons of the steel beam. Table 1 shows the properties of rein-
forcements and steel beams in detail.

3.3. Test setup and loading pattern

The test setup is shown in Fig. 3, which shows that roller
supports were used at the ends of the steel beams. The lower column
Table 1
Steel beams & reinforcement strength.

Fy (MPa) Fu (MPa)

Steel beam strength Beam flange 356.6 493.4
Beam web 368.8 496.3

Reinforcement strength φ10 bar 408 615
φ18 bar 523 669

m.com



Fig. 3. Test setup.
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Fig. 4. Lateral load versus story drift response.
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Fig. 7. Joint crack pattern & Steel beam flange local buckling (specimen 1).

Fig. 8. Joint crack pattern & Steel beam flange local buckling (specimen 2).

Fig. 9. FEM
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end was restrained to the strong floor with a pinned connection.
Two 500 kN hydraulic jacks were installed horizontally at the other
end of the column to impose lateral loads, and a 1000 kN hydraulic
jack was utilized to simulate the axial load. At the first stage, a
300 kN axial load was applied to the concrete column, and then the
lateral loads were applied using the horizontal jacks. The ends of
beams and columns were braced laterally to prevent out of plane
movements during the tests.

The loading pattern consisted of 28 cycles starting with a 0.2% drift
angle and maintaining 0.25%, 0.375%, 0.5%, 0.75%, 1%, 1.5%, 2%, 3%, 4%,
5% and 6% drift angles which were repeated twice for each cycle. The
drift angle was evaluated by dividing the column lateral displacement
to the column's height.
3.4. Test results

3.4.1. Cyclic behavior and cracking pattern
Load versus story drift responses of specimens are presented in

Fig. 4, which shows that both specimens demonstrated ductile be-
havior and very good energy dissipation capacity. Fig. 5 shows the
energy dissipated in each cycle of lateral loading, which is evaluated
by calculating the area under load-deformation loops. The stiffness
retaining capacity of the test specimens was investigated by analyz-
ing lateral peak-to-peak stiffness at each cycle. In order to clearly
understand the stiffness retaining behavior of the specimens, the
stiffness of each cycle is normalized by the stiffness of 1% story drift
in Fig. 6.

In the joint region of specimen 1, diagonal cracks occurred at 1% drift
angle and some hairline flexural cracks were observed in the concrete
column at 0.75% story drift. In the joint region of specimen 2, first diag-
onal cracks appeared at 1.5% story drift, and column flexural cracks
occurred at 0.75% story drift as in specimen 1. The cracking pattern
of joints and columns of specimens 1 and 2 are shown in Figs. 7 and 8
respectively.
model.
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The steel beams of the both specimens started to yield at 1% story
drift, and they yielded significantly at 4% story drift. In both specimens
the steel beam flange local buckling were observed at 4% story drift
(see Figs. 7 and 8). Since the specimens were designed based on Strong
Column–Weak Beam (SCWB) criteria, most inelastic activities occurred
in the steel beams, and the plastic hinges took place in steel beams, near
the column face.

4. FEM modeling

4.1. Model verification

The tested specimens were simulated by utilizing ABAQUS
software. All of the details of specimens, interactions, boundary
Fig. 11. Crack pattern at 0.75%

www.Prof
conditions and materials were accurately modeled based on the
test reports. To decrease the computational costs, half of the speci-
mens were modeled by using the symmetrical situation at the cen-
ter of the models. Since no significant nonlinear behavior was
detected at the end part of the columns and beams, these regions
were modeled by one-dimensional beam elements. The simplified
model was checked by a full three-dimensional model, and no
significant difference was observed. The finite element model of
specimen 2 is shown in Fig. 9.

The joint regions were modeled considering the interaction
between the steel and concrete surfaces which was defined such
that the separation was allowed during the analysis. Following a
short parametric study the 15 mm mesh size was found adequate
for modeling the joint region. The reinforcements were modeled
story drift (specimen 2).

fem.com
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Fig. 12. Crack pattern at 4% story drift (specimen 2).
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by using one-dimensional two node truss elements (T3D2), which
were embedded in concrete. The 8-node solid elements (C3D8R)
were utilized for modeling beams and columns. The models were
analyzed in two steps, first the axial load which simulated the grav-
ity loads was applied and then the column was pushed laterally up
to 4% story drift.

4.2. Material models

A Concrete Damaged Plasticity model in ABAQUS was used to
simulate the behavior of concrete. This model is a continuum
plasticity-based damage model for concrete and assumes that the
two main failure mechanisms are tensile cracking and compressive
crushing of the concrete material. The parameters which were need-
ed in this material model were obtained using CEB-FIP model code
90 [17], based on the uniaxial compression tests of concrete.
The compressional and tensile damage parameters are considered
as a linear function of inelastic strains. The nonlinear behavior of
steel beams and reinforcement bars were simulated using an isotro-
pic hardening model based on the von Mises yield criterion. The
stress–strain relationship of the steel beams was defined according
to the result of uniaxial tension tests.

4.3. Numerical results

4.3.1. Load–story drift response
The finite element models of both specimens were verified with

experimental results. Fig. 10 presents the load–story drift response
of the tests and FEM analysis results. It shows that the FEM results
of the models are close to the backbone curves of the tests' responses
and the initial stiffness of the models and test results are in a good
agreement.

4.3.2. Crack pattern
One of the main failure mechanisms of the Concrete Damaged Plas-

ticitymodel is tensile cracking of concrete. Fig. 11 shows thefirstflexur-
al cracks of the column of specimen 2 in the test and the numerical
model at 0.75% story drift. Fig. 12 shows the cracks at the column and
joint region of specimen 2 in the test and the FEM model at 4% story
www.Proffe
drift. For the both story drifts, the figures indicate a very good agree-
ment between the crack patterns in the simulated models and the test
specimens.
4.3.3. Steel beam flange strains
Seven strain gages recorded the strains at steel beams of each

specimen during the test. These strain gages were attached to a
steel beam flange and web adjacent to a joint region. Fig. 13
shows FEM recorded strains of a push over analysis of specimen 2
and the recorded strains at the strain gage which was attached to
a steel beam flange within 100 mm distance to the joint. Comparing
the results indicates that the steel beam behaves in the same
manner in the test and the numerical model. Both the FEM and
test results show that the steel beam flange yielding, started at
about 1.2% story drift and the strain values at each level of story
drift is nearly equal.
m.com
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5. Comparison between joints' shear performances of specimens

Based on ASCE 1994 [14] three mechanisms contribute to the
joint shear strength of RCS connections, including, inner concrete
panel, outer concrete panel and steel beam web at the joint region
(Fig. 14). The inner concrete panel is confined by steel beam
flanges and FBPs so that the width of this region is the same as
the steel beam flange width. The concrete outside of the steel
beam flange is called outer concrete panel, and the width of this
area depends on joint details. For comparing the behavior of the
two specimens and investigating the contribution of the joint
shear mechanisms, shear strains at inner and outer concrete
panels and steel beam webs were recorded during the FEM
analyses. Fig. 15A shows the recorded shear strains at the inner
concrete panels for both of the specimens. It shows that the max-
imum shear strain, which was recorded at the inner concrete
panel of specimen 1, reached 0.026 but for specimen 2 the maxi-
mum shear strain was about 0.032, which is larger. This increase
was due to improvement of the confinement as a result of using
ABPs and WFBPs. The shear strains which were recorded from
the middle of the outer concrete panels of the two specimens
are plotted in Fig. 15B. As seen in Fig. 15B, the shear strains
at the outer concrete panel of specimen 2 is larger due to the
effectiveness of shear keys, which were used at the joint region.
Fig. 15B shows that the shear strains of both specimens increased
up to 3% story drift and after that, the shear strains did not in-
crease because the confinement of the outer concrete panel of
both specimens are less than the inner concrete panel and as a re-
sult, the recorded maximum shear strains are limited to about
0.025. The recorded shear strains at the steel beam web in the
joint regions are plotted in Fig. 15C. The shear strains of the
steel beam web of specimen 2 decreased slightly because of the
increasing contribution of the inner and outer concrete panel in
the joint shear strength, as shown in Fig. 15A and B. Fig. 15C
shows that the steel beam web of both specimens yielded at
1.5% story drift.

Fig. 16 shows the stresses of the inner and outer concrete panels in
specimens 1 and 2 at 2% story drift. As seen in Fig. 16A and B, the com-
pression strut at the inner concrete panel of specimen 2 was formed
effectively due to more confinement which was provided by APBs and
WFBPs. The shear keys in specimen 2 provide more involvement of
the outer concrete panel in the shear strength of the joint. Fig. 16C
and d show the formation load path for the outer concrete panels in
both specimens.
www.Prof
6. Case study

6.1. Simulated models

For investigating the effect of WFBPs, ABPs, steel doubler plates and
steel band plates, various joint details were simulated using the verified
models. The performance of the simulated models were compared in
fem.com
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Fig. 16. Formation of inner and outer concrete panel in FEM analyses at 2% story drift (specimen 1, 2). (A) Inner concrete panel (specimen 1), (B) Inner concrete panel (specimen 2),
(C) Outer concrete panel (specimen 1), (D) Outer concrete panel (specimen 2).

Table 2
Joint details.

FEM Models Joint Details

Model 1 (specimen 2) WFBP, ABP, band plate, steel doubler plate, L-shape joint
stirrups

Model 2 (specimen 1) FBP, band plate, steel doubler plate, L-shape joint stirrups
Model 3 FBP, band plate, L-shape joint stirrups
Model 4 FBP, steel doubler plate, L-shape joint stirrups
Model 5 FBP, ABP, band plate, L-shape joint stirrups
Model 6 WFBP, band plate, L-shape joint stirrups
Model 7 WFBP, ABP, steel doubler plate, L-shape joint stirrups
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terms of the lateral load–story drift response, vertical bearing stresses,
joint shear forces, shear strains at the middle of steel beam web, inner
and outer concrete panels, and axial stresses of joint stirrups.

In addition to models of specimens 1 and 2, five more RCS
connections were modeled with different joint details. Models 1
and 2 were the same as specimens 2 and 1 respectively. The joint
detailing of model 3 was considered as the basic detailing in this
investigation and it consisted of FBPs, steel band plates and joint
stirrups. The aim of using the FBPs was to confine the inner con-
crete panel and to develop the concrete compression strut. Steel
band plates were used as shear keys to allow the participation of
the outer concrete panel in joint shear strength and to provide
confinement for highly stressed regions of the concrete column
adjacent to the joint. The joint stirrups were required for the equi-
librium of forces in the outer concrete panel by developing the
strut and tie mechanism. Meanwhile, the joint stirrups provide
more confinement for the concrete of joint region. Band plates were
not used in model 4 and the steel beam web at the joint region
was strengthened using steel doubler plates. Model 5 was similar
www.Proffe
to model 3 with the minor difference, being the incorporation of
ABPs in it. The effect of ABPs is like shear keys on the participation
of the outer concrete panels in joint shear strength. Model 6 is
similar to model 3, with the exception that the WFBPs were used
m.com
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instead of FBPs. Model 7 is the same as model 1 without steel band
plates. In this model, the combination of ABPs and WFBPs were
considered to increase the confinement of the joint region and
has the shear key role. Table 2 shows the details of the models
briefly.

6.2. Lateral load–story drift response of simulated models

The lateral load–story drift responses of the simulated models are
depicted in Fig. 17. As seen in this figure, model 1 shows the best
response in terms of strength and stiffness. The performance of
model 7 is slightly lower than model 1. The only difference between
model 1 and 7 is in using the steel band plates in model 1. Comparing
the performance of models 1 and 7 shows that the combination of
ABPs and WFBPs can be used instead of steel band plates. Using ABPs
with WFBPs increase the inner and outer concrete panel confinement
and provide the force equilibrium of the outer concrete panel. As seen
in Table 2 the difference between joint details of models 2 and 3 is the
use of steel doubler plate for strengthening the steel beam web panel
in model 2. The performances of these two models are shown in
Fig. 17. Results show that the steel doubler plates can highly increase
the joint strength.

The effect of steel band plates on the behavior of RCS connections
was investigated by comparing the performance of models 2 and 4.
The results of FEM analysis shows that the strength and stiffness of
model 4 decreased significantly due to the lack of using shear keys.
Comparing the lateral load–story drift response of models 3 and 5
indicates that using ABPs without WFBPs slightly increased the
strength of model 5. The results of models 3 and 6 show the effect
of using WFBPs. The performance of model 6 is similar to model 3,
indicating that using WFBPs has a very slight effect on the joint
strength.

By comparing the behavior of models 4, 5 and 6, it is concluded that
using ABPS, WFBPs or steel doubler plates alone, cannot improve the
performance of RCS connections significantly. But using the combina-
tion of those joint details, similar to that of model 7, could improve
the strength of the connection.

The basic conclusion of this case study is that the strength and stiff-
ness of RCS connections directly depend on the joint detailing and the
ability of shear keys to increase the participation of the outer concrete
panels in the shear strength of the joint.

6.3. Comparing vertical bearing stresses

Vertical bearing stresses appear due to the effects of the moment
and shear forces which are transferred between the steel beams and
www.Prof
concrete columns. Based on ASCE 1994 [14], the bearing strength of
the joint is determined by a couple of bearing forces which act above
and below the steel beam. The bearing forces are calculated by nominal
strength of vertical joint reinforcements which are attached to the steel
beam flange supposing a bearing zone equal to 0.3 h (h is the column
depth) above and below the steel beam, using a bearing stress of 2fc′
over the bearing area.

In this study, the effect of expanding the bearing area by utilizing
the ABPs was investigated. Among the simulated models, models 4
and 7 were suitable for this purpose. The bearing stresses, shown in
Fig. 18, were recorded from the concrete element which is adjacent
to the steel beam on the model symmetry ax. As expected, the
recorded stresses show that using ABPs decrease the vertical bearing
stresses effectively and prevent concrete crushing at bearing area.
Since in these models the panel shear failure was the governing
mechanism, the vertical bearing stresses increased until the external
and internal joint forces reached the equilibrium. The maximum
recorded vertical bearing stress in model 4 is about 90 MPa which
is nearly equal to 2fc′.

To study the formation and development of vertical bearing
stresses, a path was selected in models 4 and 7, along the
highly stressed edge of concrete column adjacent to steel beam
(Fig. 19A,B). The recorded stresses from these paths are plotted in
Fig. 20 at 4% story drift. Since the models were simplified as
mentioned before, the stresses were recorded from half the model
and they were mirrored in Fig. 20. The results indicate that using
ABPs can spread the vertical bearing stresses on the wider area
and decrease the peak value of stresses.

Fig. 19A shows that the compression area due to vertical bearing
stresses spreads about 170 mm through column depth in model 4
which is nearly 0.425 h (h is the column depth), while, as shown in
Fig. 19B, the compression area spreads about 110 mm through column
depth in model 7 which is nearly 0.275 h.

6.4. Comparing internal joint shear forces

In the simulated models, the joint shear strength was investigated
by comparing the internal shear forces of joint shear mechanisms. The
internal shear forces were captured from the middle of inner concrete
panel, outer concrete panel and steel beam web panel. As shown in
Fig. 21, the joint zone in finite element models was divided to 3 parts.
Fig. 21 indicates the internal shear forces of the joint for model 1 at 1%
story drift.

The internal shear forces were recorded at 1% and 2% story drifts.
According to the results of FEM analyses, the steel beam web panel in
models 3, 5 and 6 yielded at lower value than 1% story drift and the
fem.com
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Fig. 19. Selected paths for comparing vertical bearing stress. (A) Model 4, (B) Model 7.

85S. Alizadeh et al. / Journal of Constructional Steel Research 91 (2013) 76–88
steel beam web panels of the other models yielded at about 1.4% story
drift. The values of recorded shear forces of steel beam web panel at
2% story drift which were shown in Table 3 indicate that the yielded
steel beam web forces of models 3, 5 and 6 are about 270 kN and in
other models, they are about 580 kN.
www.Proffe
Due to the lack of steel doubler plates for steel beams inmodels 3,
5, and 6, the contribution of the inner and outer concrete panels in
the joint shear strength increased. The outer concrete panel of
model 5 shows better performance among these three models, due
to the fact that more effective shear keys are provided.
m.com
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Fig. 20. Vertical bearing stresses at edge of concrete column adjacent to steel beam.

Fig. 21. Internal shear forces of joint shear mechanisms at 1% story drift (model 1).
(A) Steel beam web, (B) Inner concrete panel, (C) Outer concrete panel.

86 S. Alizadeh et al. / Journal of Constructional Steel Research 91 (2013) 76–88

www.Prof
The responses of the inner concrete panel of models 1, 2 and 7
are indicated in Fig. 22A in terms of shear strains at the middle
of these regions. The performance of model 1 was better than
others. This result can also be obtained from the recorded shear
forces which are shown in Table 3. Fig. 22B shows the recorded
shear strains of the outer concrete panel of models 2 and 7. The
results of shear strains and shear forces show that the performance
of model 7 is better than model 2, and ABPs and WFBPs can be
used instead of steel band plates. As the recorded shear forces
indicate, model 4 shows the lowest performance due to the lack
of shear keys.

Table 3 shows the percentage of contribution to the joint shear, for
different load bearing parts, for the simulated models at 1% and 2%
story drifts. Comparing the contribution percentages indicate that the
share of the outer concrete panels decreases and the share of inner
concrete panels increases by rising the story drift.

6.5. Response of the joint stirrups

As described in Section 6.1, the joint stirrups were required for
the equilibrium of the outer concrete panel by developing the
strut and tie mechanism. Therefore, for better understanding of
the performance of the outer concrete panels, the axial stresses of
joint stirrups were recorded. Fig. 23 shows the selected element
for recording the stresses during the FEM analyses. The recorded
axial stresses are plotted in Fig. 24. The results in Fig. 24 show a
good agreement with shear forces of the outer concrete panels,
which are shown in Table 3. By increasing the outer concrete panels
shear force, the axial stress of joint stirrups, increases. This means
that the joint stirrups worked properly as a tie in the strut and tie
mechanism of the outer concrete panel.

Fig. 24 indicates that the recorded axial stresses of joint stirrups of
model 4 are greater than models 1, 2 and 7 because the only parts
which were performing in shear at the joint region of model 4 were
joint stirrups, while in other models the band plates or ABPs were
performing in shear in addition to joint stirrups.

7. Conclusions

In this investigation, two interior beam-through type RCS connec-
tions were tested under reversed cyclic loading and simulated using a
nonlinear three-dimensional finite element method using the ABAQUS
software. After verifying the FEM models, some special joint details
were simulated for investigating the effect and performance of steel
band plates, FBPs, WFBPs, ABPs and steel doubler plates. The main
aspects of RCS connections, which were studied in this research, are
load–deformation response, vertical bearing stresses, joint shear forces,
shear strains at the joint, and axial stresses of the joint stirrups. Based
on FEM analyses and tests results, the following conclusions were
obtained:

According to the test results, both specimens performed in a
ductile manner and they were able to maintain their strength
with little decrease of stiffness. This type of structural system has
a very good energy dissipation capacity and can be used as an al-
ternative to steel or concrete moment frames in high seismic risk
zones.

The models' results showed that using ABPs with WFBPs has
a direct effect on the contribution of the outer concrete panel
in joint shear strength and confinement of joint region and can
improve the performance of RCS connections. Comparing the per-
formances of the models indicate that utilizing ABPs and WFBPs
can be used as an alternative to the steel band plates and that
using WFBPs or ABPs alone has a little effect on the performances
of the joints. The contribution of the outer concrete panel in the
joint shear strength was directly depending on the effectiveness
of the shear keys.
fem.com
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Fig. 22. Recorded shear strains at joint region of models.

Table 3
Internal shear forces of joint shear mechanisms.

Inner concrete panel Outer concrete panel Steel beam web

Internal shear
forces (kN)

Participation
percentage

Internal shear
forces (kN)

Participation
percentage

Internal shear
forces (kN)

Participation
percentage

Model 1 1% Story drift 63.65 10.9 89.33 15.3 430 73.8
2% Story drift 111.2 14.5 69.68 9.1 587.3 76.4

Model 2 1% Story drift 58.4 11 63.94 12 408.6 77
2% Story drift 95.3 13.2 47.07 6.5 579.9 80.3

Model 3 1% Story drift 98.22 21.7 88.69 19.6 265.2 58.7
2% Story drift 148 28.8 92.49 18 274.1 53.2

Model 4 1% Story drift 61.34 9.2 56.65 8.4 553.8 82.4
2% Story drift 65.53 10.5 35.29 5.7 523.2 83.8

Model 5 1% Story drift 99.36 21.8 84.43 18.6 271.2 59.6
2% Story drift 146.9 27.7 103.7 19.5 280.1 52.8

Model 6 1% Story drift 91.93 20.2 93.99 20.7 268.6 59.1
2% Story drift 143.6 28.2 89.13 17.5 276.7 54.3

Model 7 1% Story drift 66.73 12 65.84 11.9 422.8 76.1
2% Story drift 108.2 14.6 57.74 7.8 573.9 77.6
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The overall response of the models which did not contain steel
doubler plates for strengthening steel beam web, decreased
significantly and it showed that the steel doubler plates play an
Fig. 23. Selected element on joint stirrups for recording stresses.

www.Proffe
important role in joint shear strength and the overall response
of the models. Finally by comparing the joint bearing behaviors
for various detailing, it was concluded that using ABPs can in-
crease the bearing strength of the joint by spreading the bearing
stresses and increasing the distance of the bearing forces above
and below the joint.
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Fig. 24. Recorded axial stresses of joint stirrups.
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