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1. Introduction

Composite Reinforced Concrete-Steel (RCS) frames which consist of Reinforced Concrete (RC) columns and
Steel (S) beams were represented to combine the advantages of pure RC and steel frames. This system permits the
primary steel beam to run continuous through the reinforced concrete column. A primary challenge in design of
RCS frames was the connection between steel beam and RC column [1]. The results of experimental studies have
shown that RCS joints have excellent strength and stiffness [2]. In the present paper, modeling of RCS moment
frames and influence of RCS joint behavior on the overall response of these frames are investigated through
nonlinear static analysis (Pushover) by comparing with RCS frames without including the modeling of joint behavior. It is
concluded that the RCS joints behavior increases lateral load capacity of RCS frames.

2. Methodology
2.1. Verification of analysis

In 2002, a full-scale three-story three-bay composite RCS frame, was conducted in the NCREE laboratory in
Taipei, through international collaboration between researchers in Taiwan and the United States, in order to provide
a unique data set to validate both computer simulation and seismic design for RCS frames. The models used to
simulate the test through inelastic time history analyses were conducted with OpenSees and simulation results were
compared to the measured frame response [3]. In order to verify analysis results of this study, Cordova’s method
was accepted and the mentioned test frame was modeled in OpenSees in order to compare results with Cordova’s
simulation. Good agreement was obtained between results.

2.2. RCS frames modeling

In this paper, composite RCS joints have been designed using updated ASCE Guidelines [3]. The joint detail
shown in Fig. 1 is used for composite joints. The joint detail shown in Fig. 1, is a standard detail for RCS
connections and consists of: (1) Face Bearing Plates (FBP) used to mobilize the concrete regions between the beam
flanges; (2) two-part U-shaped stirrups passing through holes in the steel web panel; (3) Steel Band Plates (SBP)
wrapping around the column regions just above and below the steel beam. The joints are represented with an
OpenSees joint2D element that is able to model the finite size and joint kinematics. The deformations and failure
mechanisms of the composite joint are represented by two material springs in series. Joint panel shear is governed
by very fat hysteretic loops and modeled with steel material model in OpenSees. The joint bearing deformation
exhibits a lot of pinching and is modeled using a hysteretic material model. The reinforced concrete columns and the
steel beams are designed following provisions for members in RC or steel frames.
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2.3. Case study frames

Four regular RCS frames with three bays are considered which their bay length is 7 m and story height is 4.2 m.
The frames are designed for a highly seismic region. The seismic design of frames followed the International
Building Code 2006 (IBC, 2006), assuming the frames are located in site class D and stiff soil, with mapped spectral
accelerations of Sg = 1.5g and S; = 0.6g for 5% damping ratio. The frames are assigned to seismic group | and
seismic design category D. The response modification factor for RCS frames is considered R=8, based on IBC 2006
for special moment frames. Columns are designed based on ACI 318-05 Code (ACI 2005) while beams are designed
based on AISC-LRFD (AISC-LRFD 2005). The frames are predesigned using the program ETABS considering that
the joints are modeled without the effects of RCS joint behavior. Once the frames are designed, they are modeled
with OpenSees including joint behavior to evaluate their seismic response.

SBP

Steel Beam

RC Column

Fig. 1. RCS joint de

3. Results and discussion
3.1. Nonlinear static analysis

Responses of frames are evaluated based on nonlinear static analysis (Pushover). Analysis is carried out for each
frame using first modal load pattern and capacity curves are shown in Fig. 2.

3.2. Effect of RCS joint Behavior on the overall response

In order to evaluate the effect of joints deformations on the seismic behavior of RCS frames, the RCS frames are
modeled without considering the effect of RCS joint behavior. Pushover analysis is performed and capacity curves
of frames are compared to RCS frames including the modeling of composite joints. The results are depicted in Figs.
3-6. As can be observed, RCS frames show higher lateral capacity than frames without modeling of RCS joints, and
as the number of story increases, the difference between lateral capacities also increases. Frames in which the
modeling of RCS joints is not considered have sharper elastic-to-inelastic transition curves and steeper response in
elastic range.
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Fig. 2. Capacity curves of RCS frames Fig. 3. Effect of joint behavior on overall response of 3 story

frame
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3.3. Effect of RCS joint Behavior on story drifts

In order to evaluate effect of joint behavior on story drifts, Loma Prieta record is selected and scaled to represent
a probability of exceedance of 10%/50 years to compare drifts. The result of 15 story frame is shown in Fig. 7. As
can be observed, the maximum interstory drift increases when connection flexibility is considered in the analysis
that is an increase of up to 20%. Consequently, RCS joints lead to higher larger drifts due to flexibility of RCS
joints.

4. Conclusions

In this paper, numerical modeling of RCS frames and effect of joint behavior on the overall response of these
frames is investigated. Results of pushover analysis reveal that RCS frames show higher load capacity and better
seismic behavior when RCS joint modeling is considered in the analysis. In fact, behavior of RCS joints escalates
the ductility and yield resistance of RCS frames. From the analytical point of view, it is also concluded that joint
deformations in RCS frames could eventuate in significant increase in maximum inter-story drift. Consequently,
connection flexibility has remarkable influence on seismic response and should be considered in the analyses of
these hybrid systems.
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