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a b s t r a c t

Reinforced Concrete (RC) buildings are often subjected to multi-directional loadings under earthquake
ground motions due to the structural configuration and inherent multi-dimensional earthquake motions.
Previous researches have been focused on individual components with a few bi-directional tests.
Essentially no research data, including experiment and simulation, exists for an entire unsymmetrical
building under reserved cyclic bi-directional loading conditions. To provide a context for this complex
problem, a test on a two-story reinforced concrete building subjected to bi-directional reversed cyclic
loadings was performed at the National Center for Research on Earthquake Engineering (NCREE) in
Taiwan to examine the torsional effect caused by the eccentricity of the building plan layout. The study
was undertaken as part of an international collaboration project between the National Center for
Research on Earthquake Engineering (NCREE), Taipei, Taiwan and the University of Houston (UH),
Houston, Texas, USA. This paper presents the experiment and simulation of the building specimen.
First, the test program is summarized including the descriptions of the test specimens, the test setup,
the loading method and the experimental results. Then the numerical analyses conducted using a finite
element analysis (FEA) program Simulation of Concrete Structure (SCS) developed at UH are presented.
The predicted results turned out to agree very well with the experimental data. The results obtained from
this research can be used to correlate analytical tools, new design methodologies and the capacity of
design codes of such complex structures.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

It is well recognized that reinforced concrete (RC) buildings are
subjected to multi-directional loadings under earthquake ground
motions due to the inherent multi-dimensional earthquake
motions and structural configurations [2]. While improved geo-
physical modeling can improve the multi-directional ground
motion models, the performance assessment of the buildings sub-
jected to the complex loading combination of bending, shear, axial
load and torsion cannot be addressed without an integrated ana-
lytical experimental research program [3]. Lack of such a program
has limited the capability of design codes. Analytical solutions that
were developed for such combined loadings are not sufficient and
the lack of full-scale experimental verification has limited the

community from the necessary resources to improve the models.
Previous tests have been uni-directional with a few bi-directional
tests and a focus on individual components. There is some research
conducted to study the structural behavior of RC buildings sub-
jected to earthquake loads [4–6]. However, no research, including
experiment and simulation, exists for an entire unsymmetrical
building under reserved cyclic bi-directional loading conditions.
To provide a context for this complex problem, experimental and
analytical studies need to be conducted.

In terms of simulation, the structural behavior of RC building
structures is difficult to predict, especially when they are unsym-
metrical and subjected to earthquake loading. The seismic
response of RC building structures is highly inelastic, which is
caused by the highly nonlinear behavior of materials including
the nonlinear constitutive relationships for both the reinforcement
and concrete under reversed cyclic actions. Since the 1960s, the
finite element analysis program has been a popular analytical tool
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for the analysis of RC building structures. With the recent advance-
ments of the modern computer and the capability of the powerful
computational techniques such as finite element, the inelastic
behavior of RC building structures can be stimulated under differ-
ent kinds of loading. There are two key points that need to be
addressed in the application of nonlinear finite element analyses
to RC building structures: the establishment of nonlinear constitu-
tive models of RC elements and the development of nonlinear finite
element methods specifically for reinforced concrete structures.
The behavior of reinforced concrete elements should be thoroughly
understood before being applied to the finite element method.

Many commercial finite element programs are available for
nonlinear analysis of RC building structures, i.e. ABAQUS, ANSYS,
SAP2000, etc. However, not many of them have good constitutive
models for reinforced concrete, especially models that can account
for shear failure. Consequently, they are not appropriate for use in
simulating the shear behavior of RC structures. In recent years, the
Pacific Earthquake Engineering Research (PEER) Center at the
University of California, Berkeley, developed OpenSees, which is
an open/free finite element framework using object-oriented lan-
guages (C++). OpenSees stands for Open System for Earthquake
Engineering Simulation [7]. OpenSees is an object-oriented frame-
work for simulation applications in earthquake engineering using
finite element methods. Key features of OpenSees include the
interchangeability of components and the ability to integrate exist-
ing libraries and new components into the framework without the
need to change the existing code. These features make it conve-
nient to implement new classes of elements, materials and other
components. Many advanced finite element techniques that are
suitable for the nonlinear finite element analysis have been imple-
mented into OpenSees.

Over the past decades, researchers at UH have made significant
contributions on the finite element analysis of RC elements and
members subjected to shear. Zhong [8] developed a nonlinear
finite element computer program, the Simulation of Concrete
Structures (SCS) using the OpenSees framework. In the program,
a two-dimensional reinforced concrete plane stress membrane ele-
ment was developed based on the Cyclic Softened Membrane
Model to simulate the behavior of reinforced concrete shear walls
subjected to static, reversed cyclic and dynamic loading. Recently,
Luu [1] has implemented a new shell element (named CSMM-
based shell element) into the SCS program. The element was devel-
oped based on the formulation of an 8-node Serendipity curved
shell element [9] with a multi-layer approach [10] and taking into
account the Cyclic Softened Membrane Model [11]. The developed
CSMM-based shell element successfully predicted the structural
behavior of several types of three-dimensional RC structures, such
as RC panels, a RC cylindrical tank and a three-dimensional RC
shear wall, as well as circular and rectangular RC hollow bridge
piers [1].

This paper presents the experiment and simulation of the two-
story unsymmetrical RC building specimen tested under bi-
directional reversed cyclic loads. The study was undertaken as part
of an international collaboration project between the National Cen-
ter for Research on Earthquake Engineering (NCREE), Taipei, Tai-
wan and UH, Houston, Texas, USA. The tests were performed at
NCREE, and the study of the experimental results was performed
at UH. The study accomplishes two main tasks: (1) to describe
the test program including descriptions of the test specimens, test
setup, loading method and experimental results and (2) to conduct
the nonlinear analysis of the tested building specimen using the
finite element analysis (FEA) program SCS developed at UH [1].
Results from the study provided a critical connection between sim-
ulation models and actual three-dimensional structural system
behavior that is needed to develop effective performance-based
design codes.

2. Experimental program

2.1. Description of the test specimen

The full-scale test specimen was a two-story unsymmetrical
reinforced concrete (RC) building (Fig. 1). The specimen was
3 m � 9 m in plan and approximately 4.3 m in height with one
bay in the short direction and two bays in the long direction. The
bay widths in the long direction were 3.5 m and 5.5 m, respec-
tively. The net height of the column on the first floor was 2 m
and on second floor was 1.5 m. The specimen consisted of six col-
umns on each floor and a total of three walls. Fig. 2 illustrates the
plan view and elevation view of the specimen. All beams had the
cross section of 300 mm � 400 mm, and all columns had the cross
section of 400 mm � 400 mm. The thickness of the slab was
200 mm in both floors.

The dimensions and arrangement of the longitudinal and trans-
verse reinforcement in the columns are shown in Fig. 3. Twelve No.
6 deformed longitudinal bars were placed uniformly around the
perimeter of the column’s cross section resulting in a longitudinal
reinforcement ratio, qsl ¼ Asl=Ag ¼ 0:025;where Asl ¼ the total
cross-sectional area of longitudinal reinforcement and Ag ¼ the
gross area of the cross section of the column. The longitudinal bars
were assembled continuously without lap splices. No. 3 deformed
bars were used for the transverse reinforcement.

For the purpose of studying the structural behavior of the col-
umns under various behaviors such as flexure, shear or torsion,
the columns were classified into three types based on the arrange-
ment of transverse reinforcement and height-to-width ratio. Type
1 included all columns on the first floor (C1-F1, C2-F1, C3-F1, C4-
F1, C5-F1, C6-F1) that have the height-to-width ratio of 5.0 with
very dense spacing of the transverse reinforcement of 100 mm.
Type 2 included two columns on the second floor that were adjunct
toWall C (C3-F2, C4-F2). The column had a height-to-width ratio of
3.75, and the transverse reinforcement was spaced uniformly at
100 mm. Type 3 included four columns on the second floor (C1-
F2, C2-F2, C5-F2, C6-F2) that had a height-to-width ratio of 3.75
with light spacing of the transverse reinforcement of 280 mm.
Based on the designed height-to-width ratio, the columns in Type
1 and Type 2 were expected to be critical in flexure, and the col-
umns in Type 3 were expected to be critical in shear. Fig. 3 also
shows the cross-section details of the beams and slabs. The beams
and slabs were designed to have enough strength and ductility so
that the failure of the building will happen only in the columns or
the walls. Each beam had eight No. 6 longitudinal reinforcing bars
and No. 3 stirrups with the spacing of 100 mm. Two layers of No. 3

Fig. 1. Two-story unsymmetrical RC building specimen.
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