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Introduction
Steel-concrete composite systems~also called mixed or hybri
systems! have seen widespread use in recent decades beca
the benefits of combining the two construction materials. R
forced concrete is inexpensive, massive, and stiff, while
members are strong, lightweight, and easy to assemble. In d
composite systems eliminate the need for formwork. In colu
two systems are commonly used, steel reinforced concrete~SRC!,
where a steel section is encased in concrete, and concrete
tubes~CFTs!. One important advantage of composite system
that construction is accelerated through separation of trades
tially, a bare steel frame is erected to carry the gravity, cons
tion, and lateral loads during construction. As erection of
building progresses, concrete is cast in lower-level column
form the composite system that will resist the total gravity
lateral loads~Griffis 1992!.

The inelastic behavior of composite members and syst
which is particularly important in limit state calculations
earthquake resistant design, is not yet thoroughly understoo
a result, design provisions for composite structures have gen
been extrapolated from provisions for traditional reinforced
crete or steel structures@for example, ACI-318~American Con
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crete Institute~2002! and AISC LRFD 2001 AISC~2001!#. Nev-
ertheless, the growing body of experimental and analy
research, and the recent development of specifications addr
composite construction@Building Seismic Safety Council~BSSC!
1994; AISC ~1997!#, are increasingly providing engineers w
guidance on the analysis and design of composite member
systems.

Nonlinearities in the response of steel-concrete structures
from inelasticity of the materials or from changes in the geom
of the structure. The sources of material inelasticity are relat
the components of a composite system, namely, concrete
steel. Concrete is a brittle material with distinctively differ
responses in tension and compression. Its tensile stiffnes
strength are small, and design codes typically neglect t
Under compressive stresses, the concrete stiffness decreas
nificantly for stresses larger than about 0.5f c8 , where f c8 is the
concrete strength in uniaxial compression. After reaching its
pression strength, concrete softens at a rate that depends
amount of lateral confinement. Steel exhibits elastoplastic be
ior in both tension and compression. Moreover, steel mem
contain residual stresses due to the fabrication or erection
cesses. Connections between steel and concrete componen
tribute to the nonlinearity of a composite system because
stress transfer mechanisms between the different componen
exhibit complicated and highly nonlinear behaviors.

Geometric nonlinearities are generally classified into gl
and local nonlinearities. Global geometric nonlinearities, o
referred to asP-d andP-D effects, may be incorporated in glob
models following basic procedures used in nonlinear frame a
sis ~McGuire et al. 1999!. Although usually neglected in fram
analysis, local geometric nonlinearities, such as local bucklin
steel components, are considered in more refined finite ele
~FE! analyses that warrant the inclusion of such behavior.

This paper discusses the state of the art of nonlinear an
of steel-concrete composite structures. The focus is main
macromodels, for example, line~frame! elements and spring co

nection, rather than on micromodels~continuum FE models!.
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Since composite systems are comprised of steel as well as
crete components, it is natural that analytical methods for c
posite structures draw upon techniques used for reinforced
crete and/or steel systems. The objective of this paper is to re
the most pertinent of these analysis techniques and to poin
the special challenges posed by the presence of composite
The paper is comprised of four main sections, namely, analy
sections, members, joints, and structural systems including
ment frames and wall systems. The material presented focus
building applications and does not address the effects of fire
time ~i.e., time dependent effects such as creep or shrinkag! on
the behavior of composite structures.

Analysis of Composite Sections

Methods of analysis of composite sections have two main a
cations:~1! computing the response of a section to different
histories;~2! carrying out the state determination of a section~or
integration point! in a frame element. In the first application,
section model typically returns the moment-curvature respon
a given section under constant axial load. In the second ap
tion, the section model returns the section forces that corres
to given section deformations~in uniaxial bending the axial stra
and the curvature!. Two basic approaches are generally use
find the response of a composite section: resultant model
fiber section models.

Resultant Section Models

Resultant models explicitly define section responses in term
moment-curvature response, axial load–axial strain relation
The simplest resultant model decouples flexural and axia
sponses, with each following linear or nonlinear relations
such as the Takeda et al.~1970! model relating section mome
and curvature. A more advanced resultant model, better suite
the analysis of beam columns, considers axial-bending int
tions. Following the work by Hilmy and Abel~1985! and Hajjar
and Gourley~1997!, El-Tawil and Deierlein~2001a,b!, developed
a bounding surface plasticity model implemented in the st
resultant space. The model was developed in a general man
as to be applicable to steel, reinforced concrete, or comp
members. As shown in Fig. 1, two variations of the plasti
model are considered: a finite-surface and a degenerate-s
version. The former explicitly considers a fully elastic respo

Fig. 1. Bounding surface model in force space~El-Tawil and
Deierlein 2001a,b!
region to exist within the inner surface@Fig. 1~a!# and is thus
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applicable to steel members, which typically have such beha
The degenerate-surface model shrinks the elastic region to a
and thus the section behavior starts out as inelastic in any lo
direction. This version is suitable for sections that have little o
elastic response region, such as reinforced concrete and co
ite sections. Stiffness degradation is accounted for as a funct
the plastic strain energy absorbed by the composite membe

Fiber Section Model

The concept behind the fiber section model is rather simple
section is subdivided inton fibers~not necessarily of equal are!
and the stresses are integrated over the cross-sectional a
obtain stress resultants such as force or moment. The fiber s
model generally makes use of a number of assumptions.~1! Plane
sections remain plane after bending. It is generally accepte
this assumption is reasonably accurate even well into the ine
range.~2! Shear and torsion stresses are neglected. For this r
the fiber method is generally used for the analysis of fle
dominated members, where the Euler-Bernoulli beam theor
be reasonably applied.~3! Although constitutive relations a
typically defined as uniaxial, multiaxial stress states~such as
those due to confinement effects! can be included by increasi
the concrete strength and by modifying the concrete pos
response.~4! Concrete cracking is generally accounted for. H
ever, the cracking is considered to be smeared and normal
member axis as a result of the plane section assumption.~5! Local
buckling of the steel components and initial stresses resu
from either erection loads or thermal residual effects can b
cluded. Local buckling is incorporated either by assuming a
effective width or by degrading the structural properties of
steel elements that reach a critical buckling stress~Liang and Uy
2000!.

Each fiber in the section can be assigned concrete, stru
steel, or reinforcing bar material properties~Fig. 2!. Making use
of the ‘‘plane sections remain plane’’ assumption and from

Fig. 2. Composite section fiber discretization
evant constitutive models, fiber stresses are calculated from the
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fiber strains. There are different approaches to finding the
strains as the load history on the section progresses. Sp
et al.~1996a,b! define the section axial strain and curvatures
respect to a fixed reference system and do not need to tra
evolution of the position of the neutral axis. El-Tawil and De
lein ~2001a,b!, on the other hand, follow the migration of t
section neutral axis during the load history.

Uniaxial constitutive models for concrete and steel are ne
to compute the fiber stresses and moduli of elasticity. Fo
concrete models, the Kent and Park~1971! model, later enhance
by Scott et al.~1982! to include the confinement effects, has b
extensively used for the analysis of reinforced concrete and
posite sections. Mirza and Skrabek~1992! used a modified form
of the Kent and Park~1971! model for the analysis of encas
steel sections. The major drawback of the Kent and Park~1971!
model is that the concrete initial stiffness is not one of the m
parameters and cannot be explicitly controlled. Based on an
tion suggested by Popovics~1973!, Mander et al.~1988! pro-
posed a unified stress-strain model applicable to confined
crete. The model is based on a single equation that describe
confined and unconfined concrete, and accounts for the inc
in strength and ductility of concrete due to confinement. El-T
and Deierlein~1999! used a modified version of Mander’s mo
to account for the behavior of concrete with unconfined stre
of up to 110 MPa~16 ksi!. Applications of the fiber sectio
method to composite sections are found in Mirza et al.~1996!,
Hajjar and Gourley~1996!, El-Tawil and Deierlein~1999!, and
Lee and Pan~2001!.

The assumption that concrete has no strength or stiffness
initiation of cracking has been frequently used in fiber analys
composite sections. There have been attempts to account f
tension stiffening effect in composite sections, mostly base
models developed for reinforced concrete~El-Tawil et al. 1995
Hajjar and Gourley 1996; Mirza et al. 1996!. Another approach
possible whereby the strength and stiffness characteristics
reinforcing bars are modified instead of the concrete prope
Tension stiffening mostly affects the section response up to
immediately after cracking, and does not affect the section
sponse at failure.

Most steel modelsused for fiber section analysis are unia
stress-strain relationships. Several studies have analyzed co
ite structures using a simple bilinear relationship with or with
strain hardening after yielding and have obtained satisfactory
relation between experimental and analytical responses~among
others, Bursi and Ballerini 1996; Salari et al. 1998!. Alternatively,
more accurate models such as the Ramberg-Osgood~1943! or
Menegotto-Pinto~1973! model have also found wide applicatio
Even though fiber analysis requires only uniaxial constitutive
lationships, the response of steel in composite structures
result of complex multiaxial effects that include local buckl
and residual stresses due to cold-forming and welding. For
study on concrete-filled tubes, Hajjar et al.~1998a! derived the
uniaxial steel constitutive model from a multiaxial constitu
law proposed by Shen et al.~1995!.

Practical Application of Fiber Section Analysis

The fiber section method is a powerful tool that can be use
estimate the cross-sectional strength for design purposes. I
application, the maximum concrete compression stress in the
stitutive model is usually set equal to a fraction off c8 . The rea
sons for using a reduced compressive capacity instead off c8 are

well established in the literature. The reduced strength accounts
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for ~1! the difference between concrete in a test cylinder
concrete in a structural member;~2! variation in concrete streng
throughout the member due to variations in concrete compa
water-cement ratio, and curing conditions; and~3! differences in
rate of loading.

There is, however, disagreement in the literature over the
cise value of maximumunconfinedcompressive stress, especia
when higher-strength concretes are used. Specifications su
ACI-318 ~ACI 2002! and AISC LRFD~AISC 2001! recommend
0.85f c8 . Yong et al.~1988! observed a strength reduction facto
0.92 for high-strength concrete in the 75–90 MPa~11–13 ksi!
range. Work by Martinez et al.~1984! on 25–70 MPa~3.5–10
ksi! concrete has shown that the ratio of unconfined col
strength to cylinder strength is about 0.85, irrespective o
concrete strength. An extensive test program by Cusson
Paultre~1994! on concrete withf c8 in the range of 59–117 MP
~8.5–17 ksi! resulted in an average reduction factor of 0.88.
lins et al. ~1993!, on the other hand, cite test evidence that
ports maximum compression stress values ranging from 0.77f c8 to
1.0f c8 .

There also seems to be little consensus about the behav
the descending portion of the stress-strain curve. Ahmad and
~1982! observed that high-strength concrete@69 MPa ~10 ksi!
concrete# could be as ductile as low- to medium-strength conc
for the confinement levels they studied. The work by Yong e
~1988! with concrete strengths in the range of 76–90 MPa~11–13
ksi!, however, does not show such a trend. Research do
Martinez et al.~1984!, with concrete in the 48–69 MPa~7–10
ksi! range, indicated that the stress-strain curves of high-str
concrete dipped sharply after the peak was reached and the
tened out again at a relatively high axial stress.

The confined compressive strength of concrete is gene
determined through the confining pressure calculated at yie
the transverse hoop reinforcement, steel column flanges~Mirza
and Skrabek 1992; El-Tawil and Deierlein 1999!, or steel tube
~Hajjar and Gourley 1996!. It is implicitly assumed that the co
fining pressures calculated in this manner are active pressure
exist without change throughout the loading history, whic
clearly not the case. However, results obtained using this ass
tion have been reported in the literature as very good for con
encased steel sections~Roik and Bergmann 1992; El-Tawil et
1995; El-Tawil and Deierlein 1999! and concrete filled steel tu
sections~Hajjar et al. 1998a!.

Analysis of Composite Members

Several frame elements, some applicable to any structural sy
others developed specifically for steel-concrete composite
tures, are available in the published literature. From the form
tion standpoint, these elements can be classified into two ge
families, one based on thedisplacement methodof structura
analysis, the other on theforce method. An alternative classifica
tion is possible whereby the elements are derived usingdistrib-
uted or lumpedapproaches. Another important classification
plies mainly to composite elements and distinguishes bet
elementswith and without slip between the steel and concr
components. The following discussion presents lumped v
concentrated models and elements with and without bond s

Lumped versus Distributed Models

Elements based on thelumpedapproach concentrate all inelas

ity at the member ends@Fig. 3~a!#, and thus deal with inelastic

OF STRUCTURAL ENGINEERING © ASCE / FEBRUARY 2004 / 161
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material behavior in an approximate yet computationally effic
manner. Although lumped plasticity models imply behavior th
a physical impossibility, they have the advantage of being
ceptually simple in addition to the computational convenienc
having a stiffness matrix in a concise form. Hajjar and Gou
~1997! presented a lumped plasticity model for concrete fi
tube members.

Distributedmodels, on the other hand, are more accurate
rational than concentrated plasticity models. As shown in
3~b!, the behavior is monitored along the member length as
posed to only at the ends; thus distributed models are com
tionally more expensive. In the classical two-node, Eu
Bernoulli displacement-based frame element, the bea
displacements are expressed as functions of the nodal dis
ments using shape functions~McGuire et al. 1999!.
Displacement-based frame elements are quite simple and e
implement but they are not very accurate, because the assum
of cubic displacements~and thus linear curvatures! is exact for an
Euler-Bernoulli beam only in the linear elastic range and for
stant cross sections, while it is only an approximation if the c
section is not constant and, more importantly for the case of
posite beams, if the material response is nonlinear. The iss
common in finite element analyses and is solved by using se
elements in a single structural member, thus increasing the
ber of global degrees of freedom.

In the two-node, Euler-Bernoulliforce-basedframe elemen
the beam section forces are expressed as functions of the
forces through force shape functions~Spacone et al. 1996a,b; E
Tawil and Deierlein 2001a,b!. The force-based element is rat
attractive because it is exact within the small-deformation E
Bernoulli beam theory. In a frame member the bending mom
diagram is linear and the axial load constant if no distrib
loads are present, irrespective of the beam cross section or
rial response. This implies that one force-based element per
tural member can be used. The complexity of force-based
ments derives from their implementation in a finite elemen
frame analysis program, which requires the element to com
the stiffness matrix and the resisting forces correspondin
nodal displacements, while the force-based elements would
rally compute the flexibility matrix and nodal displacements
responding to nodal forces. Spacone et al.~1996a,b! propose a
iterative method for the force-based element state determin
While the element stiffness matrix is found by inverting the
ment flexibility matrix, the element forces are found by adjus
the section forces and deformations until the section deforma
are compatible with the end displacements. The iterative p
dure, although complex, is very robust for both strain-harde

Fig. 3. Lumped versus distributed frame models
and strain-softening section responses.
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Fig. 3~b! schematically shows the integration points~or moni-
tored sections! in a distributed model. The most widely used
tegration scheme for displacement-based elements is the
scheme. Its precision is 2n21, implying that polynomials of de
gree up to 2n21 are integrated exactly. The Gauss-Lobatto i
gration scheme is preferred in the case of force-based ele
~in spite of its lower precision, 2n23), because the end sectio
always correspond with the end nodes. The accuracy of a d
uted model increases as the number of points at which non
behavior is monitored increases. However, the demand for
puter memory also increases since the additional points
monitored require additional storage space for the variable
volved. Inelastic analyses by Sfakianakis and Fardis~1991! indi-
cate that the use of five Gauss~sampling! points along the ele
ment length result in sufficient accuracy for most prac
purposes while maintaining a reasonable demand on com
memory requirements. It should also be noted that the use
large number of Gauss points along the member may caus
of objectivity in the response of softening elements. As soon
section starts softening~due to crushing of some concrete fibe!
the inelastic response of the member tends to localize in
section, and different postpeak results are obtained if the nu
of Gauss points is changed. Regularization techniques are
able from the finite element literature~among others, de Bor
et al. 1994, Bazant and Planas 1998!, while a specific study o
localization issues in force-based beam elements is presen
Coleman and Spacone~2001!.

Partial Bond Composite Members

While elements with perfect bond are general-purpose m
that can be applied to steel, concrete and composite mem
elements that consider bond slip between the member co
nents are typically special-purpose models for the analys
composite structures. Partial bond action between steel and
crete is an important issue in composite construction becau
the implications it has on serviceability limit states, energy d
pation under cyclic loads, local stress distributions, and ulti
limit states. Connection enhancements in the form of emb
ments, ribs, and shear studs are typically used in composite
while such devices are not always added in composite colu
The number of and distance between the shear studs depe
the desired degree of connection. Full connection is reached
the number of studs is sufficient to provide full shear transfe
to the beam ultimate state. In this case the cross section c
assumed as monolithic with perfect bond between steel and
crete components.

The simplest model for the description of partial bond u
different elements for the concrete and steel components an
concentrated springsto model the connection. The springs
model either the action of the shear stud connectors~for example
in a composite slab! or the friction effects in a concrete fille

Fig. 4. Concentrated versus distributed bond models
tube. This model is schematically shown in Fig. 4~a!. The con-
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centrated spring model is simple to use but presents a num
disadvantages. First of all, it requires a large number of elem
and, therefore, of degrees of freedom. In the case of elem
with shear connectors, the nonlinear springs are typically loc
at the location of the connectors, which implies very short
ments for the steel and concrete components. In this case,
uses fiber elements and accounts for the softening behav
concrete under large compressive strains, the slab in compre
may lead to strain localization problems.

More efficient models for members with partial connection
based ondistributed bond. A prototype of this model is shown
Fig. 4~b!. The model assumes that bond stress and bond sl
continuous along the contact surface. Uplift is typically neglec
thus the steel beam and the concrete slab have the same v
displacement and curvature. Most of the steel-concrete elem
with slip proposed to date use fiber section models for the b
components. The steel and concrete constitutive models p
ously discussed apply to these sections. As for the bond
model, the simplest model is a linear elastic model~if bond fail-
ure is not an issue! or an elastic–perfectly plastic model~if bond
can fail!. A more refined law is, however, needed if one need
model cyclic bond degradation, energy dissipation, or shear
failure. Several publications adapt the bond law develope
Eligehausen et al.~1983! for steel ribbed bars anchored in co
crete. The main drawback of this law is numerical: after an
cending branch the law reaches a plateau of zero stiffness b
entering a softening, descending curve. The zero stiffness p
may lead to ill-conditioned stiffness matrices. To avoid the ab
problem, Salari and Spacone~2001b! propose a new law witho
a flat plateau.~See Fig. 5.!

Displacement-based, force-based, and mixed elements
been proposed to model distributed bond.Displacement-basedel-
ements typically assume separate displacement fields in the
crete and steel components, and bond slip is automaticall
rived from compatibility. The reference displacement-ba

Fig. 5. Composite beam section forces and deformations

Fig. 6. Composite displacement-based element with distributed
JOURNAL
l

element for composite members is shown in Fig. 6. Cubic p
nomials are used for the vertical deflection and quadratic
tions are used for the axial displacements in the concrete sla
steel beam. These assumptions lead to a quadratic bond-sl
tribution. Because of their simplicity and ease of implementa
displacement-based composite elements have been succe
used in a number of analyses. Amadio and Fragiacomo~1993!
used the element of Fig. 6 to study the creep and shrinkage e
in composite beams with deformable shear connections. Da
and Crisinel ~1993a,b! conducted an extensive study on
monotonic response of composite slabs to determine not
their strength but also their load-displacement response
monotonic loads. Hajjar et al.~1998b! use the same displaceme
based model for the analysis of square and rectangular CF
umns with bond slip between steel tube and concrete. BothP-D
andP-d effects within the CFT columns are retained, thus ma
the element applicable to problems with small rigid body r
tions and incremental strains. Based on the experimental r
from Shakir-Khalil~1993a,b! on rectangular CFTs with and wit
out mechanical connectors, Hajjar et al.~1998b! decided to use a
elastic-perfectly plastic bond-slip relationship. Salari and Spa
~2001a! extended the original model of Amadio and Fragiaco
~1993! to the cyclic analysis of composite beams. Displacem
based elements are simple to formulate and implement, bu
are not very accurate when the materials are nonlinear. It
well-known fact that the assumed displacement fields are no
curate for a good description of the actual nonlinear struc
response and therefore several elements need to be used
accurate analysis.

An alternative to the displacement-based element is theforce-
basedmodel. The motivation for such a model stems from
experience gained in the analysis of reinforced concrete and
members with perfect bond, where the force-based formulat
exact within classical beam theories. The extension of force-b
models to elements with partial bond is a natural step. The
force is treated as a distributed force acting on the element
ponents. If the bond force is known, its effect on the mem
components is derived from equilibrium. In the partial bond c
however, the element is not exact, because the bond force
bution along the beam is not known and cannot be derived ex
solely from equilibrium conditions. Fig. 7 shows the geome
bond force distribution, and nodal forces of the two-node fo
based element without rigid body modes proposed by Salar

Fig. 7. Composite force-based element with distributed bon
Spacone~2001a!. The bond force along the element is approxi-
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mated by a cubic function. This distribution was selected bec
it closely follows the bond distribution in beams with dou
curvature normally encountered in frames under lateral loads
cubic bond distribution results in fourth-order distributions for
bending moment and the axial force along the beam, which
be obtained through equilibrium. Explicit expressions of
above force interpolation functions for the beam of Fig. 7
found in Salari et al.~1998!. The force-based element state de
mination algorithm from the original scheme by Spacone e
~1996a,b! which was developed for a beam with perfect bo
extends to the scheme presented by Salari and Spacone~2001a!.
The procedure adjusts the element forces until element co
ibility is satisfied. The procedure maintains pointwise equilibr
between nodal and section forces.

Finally, Ayoub and Filippou~2000! propose amixed formula
tion for the problem, where both the displacements and the f
are approximated along the element. Their element has the
displacement degrees of freedom of Fig. 6 and the nodal
degrees of freedom of Fig. 7. Ayoub and Filippou~2000! use the
Hellinger-Reissner two-field mixed formulation to derive the
ment matrix equations. Similarly to force-based elements
mixed element requires a special state determination proced

Further details of the displacement-based, force-based
mixed formulations and the relevant implementation steps are
cussed in detail by Ayoub and Filippou~2000!, Salari and Spa
cone~2001a!, and Limkatanyu and Spacone~2002a,b!. The three
methods are very robust and work well even when material
ening is encountered in the concrete or in the bond-slip law
for their accuracy, the force-based and the mixed element
much more accurate than the displacement-based elemen
fewer elements are needed to study the response of a fram

Composite Joints

When inelastic analysis is used, either for design practice
research, it is important to accurately represent both joint d
mations and finite size effects in composite structures. Th
particularly critical for analyses involving lateral seismic lo
where inelastic behavior often concentrates in or is adjace
joints. Modeling the joint response is complicated by inte
force-transfer mechanisms that involve composite action bet
steel and concrete and exhibit strength and stiffness degra
under cyclic loading.

Rigid Frame Joints

In this section, emphasis is placed on composite SRC and
rigid joints in which steel beams pass through reinforced con
columns or concrete filled tube columns, respectively. T
joints have been studied in some detail in both the United S
and Japan. A description of common types of SRC rigid jo
may be found in Sheikh et al.~1989! and Kanno and Deierle
~1996, 2002!. Further details of the observed inelastic behavio
different types of CFT rigid joints may be found in Azizinam
et al. ~1992!, Ricles et al.~1997!, and Schneider~1997!.

Subassembly experiments of RCS joints by Sheikh e
~1989! and Kanno and Deierlein~1996! show that, when careful
designed and detailed, the joints exhibit strength and deform
characteristics that make them well suited to seismic applica
Previous research has identified two basic failure modes i
joints: ~1! panel shear, and~2! bearing of steel against concre
Panel shear failure is similar in some respects to that observ

steel or reinforced concrete joints, except that in mixed steel-
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concrete joints both structural steel and reinforced concrete
ments participate. Bearing failure occurs at locations of high c
pressive stress and permits rigid rotation of the steel beam w
the concrete column. As discussed by Kanno~1993!, the actua
behavior usually involves deformations associated with both
ure modes. However, separating the two components of def
tion is helpful for understanding and quantifying the strength
deformation characteristics of the joint. National Earthquake
ard Reduction Program~BSSC 1997! and AISC LRFD ~AISC
1997! recommend that the total shear strength of fully enc
steel connections may be calculated as the sum of contribu
from the reinforced concrete and steel shear panels. Furth
tails regarding the proportioning and detailing of SRC joints
be found in Deierlein et al.~1989! and ASCE~1994!.

Sheikh et al. ~1989! proposed a fairly simple multiline
model for the joint moment-rotation behavior of mixed steel c
crete joints applicable to cases with monotonically increa
loads. The model considered only the overall joint distortion
did not differentiate between panel shear and bearing mod
deformation. Subsequently, Kanno~1993! improved upon thi
model with one that treated the two components of deform
separately. The panel shear distortion model was trilinear wh
the bearing deformation model was composed of two part
infinitely stiff region at the beginning followed by a smoot
degrading part. However, like the earlier model by Sheikh e
~1989!, Kanno’s ~1993! model considered only behavior
monotonically increasing loads.

Building on Kanno’s idea of splitting the joint deformati
into bearing and panel shear, El-Tawil et al.~1997, 2001a,b! de-
veloped a cyclic model for composite SRC joints based on
inelastic relationships corresponding to the two componen
deformation. The two inelastic relationships are combined
gether to calculate the total response of the joint panel. Stif
degradation in both panel shear and bearing modes is assum
be a function of an evolving damage index. Finite joint size
fects are included through use of the mechanical idealiza
which involves rigid bars connected together by pins allow
panel distortions in each of the two vertical planes, but not in
horizontal plane.

Azizinamini et al. ~1992! conducted detailed finite eleme
analyses to investigate the performance of a through-type co
tion between steel beams and concrete filled tubes. The
dimensional finite element model was analyzed using the pro
ANSYS~Swanson Analysis Systems, Houston, Pa., 1989!. Con-
crete was modeled using brick elements which accounted for
crete cracking and crushing. The steel tube was modeled
quadrilateral shell elements for which the steel model was b
on bilinear kinematic hardening. Contact elements were i
duced to allow the steel and concrete elements to bear upo
another or to separate, but prevented the elements from pie
one another. Gap elements were provided at selected locati
allow slip between steel and concrete components. Chiew
~2001! conducted a similar study and used their model to s
the effect of various connection details on strength. El-Tawil e
~2002! also used a continuum finite element model to study
response of the connection between embedded steel beam
reinforced concrete walls.

Parra-Montesinos and Wight~2001! presented a model to pr
dict the shear strength versus shear distortion response of
connections between reinforced concrete columns and
~RCS! beams. The model assumes a state of plane strain thr

out the joint and is capable of predicting the shear force, and
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Partially Restrained Frame Joints

Information pertaining to the behavior of partially restrained c
posite connections can be found in Leon and Ammerman~1990!,
Leon and Forcier~1992!, and Leon and Shin~1995!. It is impor-
tant to account for the nonlinear behavior of semirigid compo
connections in the design of composite frames~Liew et al. 2001!.
Serviceability limit states often govern design because of
lower flexibility associated with the semirigid connections. F
ther, low connection strength generally leads to w
connection–strong column mechanisms under lateral loa
which tend to increase second-order effects. Therefore geom
nonlinearities must also be included in the analysis of comp
frames.

There have been few attempts at including the inelastic be
ior of composite connections in frames subjected to cyclic l
ing. Leon and Shin~1995! developed a moment-rotation curve
semirigid composite connections that accounts for cyclic stiff
degradation. The moment rotation model was based on a tri
backbone curve and a set of hysteresis rules governing c
behavior. The moment-rotation relationships were assigne
joint elements that exist at the end of beam elements, an
condensation technique was employed to remove the addi
degrees of freedom belonging to the beam elements. The m
was incorporated into a frame analysis program for materially
geometrically nonlinear analyses, which was used to better u
stand the inelastic response of composite frames subjected t
mic loading.

More recently, Alemdar et al.~1999! used a multispring mod
to represent the inelastic cyclic behavior of partially restra
composite connections. The model is comprised of many sp
in series and parallel. Each spring represents one compon
the connection including bolts, steel angles, steel reinforcem
concrete compression struts, etc. The model gives good r
compared to test data and is implemented in a computer pro
for the analysis of composite frame systems.

Composite Systems

The models described in the previous sections for comp
beams, columns, and joints can be combined and used to in
gate the global behavior of composite systems. Of course
whole system could be modeled using an assembly of contin
finite elements. However, this is rarely done because of the
putational expense involved. In the following, emphasis is pl
on two main types of systems; composite moment frames
composite shear wall systems.

Composite Frame Systems

One of the earliest inelastic analyses of composite systems
presented by Hasegawa et al.~1988!. They conducted a feasibili
study of composite frames comprised of reinforced concrete
umns and steel beams. The analyses were conducted usin
was termed a shear type lumped mass model. In such a mod
structure is represented by a multiple-degree-of-freedom ca
ver in which the structure mass is lumped at the story levels

structural characteristics of the stories were calibrated to experi-
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t

mental results obtained from cruciform beam-to-column su
semblages.

More recently, Kim and Lu~1992! modified the computer pr
gram DRAIN-2D ~Kanaan and Powell 1973! to analyze two
dimensional composite frames comprised of encased com
columns and steel beams with composite slabs. Column ele
were formulated using a concentrated fiber element mod
which only the ends were allowed to respond in an inelastic
ner with the middle portion of the element remaining elastic.
column elements were capable of reproducing the desce
portion of the moment-curvature response and had rigid en
represent the panel zone region. The composite beam el
made use of hysteretic relationships based on a set of pred
rules, and was capable of simulating the nonsymmetric, degr
behavior of a composite beam subjected to cyclic loading. C
posite joints were included in the analysis as inelastic spr
Cyclic analyses of a series of experimentally tested one-
frames yielded reasonable results, although the degradation
vanced inelastic cycles was not accurately represented.

Hajjar et al. ~1998b! performed the analysis of a four-sto
unbraced composite CFT frame subjected to gravity and
loads. They used elements with no bond slip for the beams
elements with bond slip for the columns. A lumped plasti
model that accounts for bond slip was used. Twelve elem
were used to discretize each beam and column. All elements
a fiber model for the section description. The main purpose o
study was to investigate the effect of slip between steel tube
concrete on the frame response. Gravity and lateral loads
increased monotonically up to failure. The results of this s
indicated that even though bond slip played an important ro
the load transfer mechanism at the beam-column connec
bond slip did not affect the global load-deformation respons
the frame.

Mehanny and Deierlein~2001! used the models developed
El-Tawil and Deierlein~2001a,b! to evaluate the seismic perfo
mance of composite steel-concrete moment frames. They
posed a seismic damage index based on cumulative membe
tility that employs the concept of primary and follower lo
cycles to distinguish loading history effects. The damage ind
incorporated in a methodology that combines nonlinear time
tory and gravity load stability analyses to evaluate collapse
vention performance as a function of earthquake ground m
intensity.

Liew et al.~2001! investigated the behavior of two- and thr
dimensional steel frames with composite floor beams subjec
the combined action of gravity and lateral loads. Compo
beams were modeled using a distributed model based on a
resultant section model, while steel columns were modeled
a concentrated plastic hinge model. Slip in composite beam
indirectly accounted for by reducing the cross-section stiffne
a function of the degree of composite action. Salari and Spa
~2001a,b! analyzed a steel frame with composite floors previo
studied without considering the effect of the concrete slab. In
ing the concrete slab greatly increases the stiffness and stren
the frame, while a study of the effect of different degree
composite connection in the girders revealed that commonly
connection details basically lead to a full composite beha
Additional information on the inelastic analysis of frames w
semirigid composite connections between columns and
beams with composite slabs may be found in Jarrett and Le

~1992!, Zandonini and Zanon~1992!, and Leon and Shin~1995!.
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Composite Wall Systems

The term ‘‘composite wall system’’ refers to a number of poss
configurations including~1! cantilever composite walls, whe
steel components are embedded in or attached to reinforced
crete walls,~2! hybrid coupled walls, where steel beams are u
to couple two or more RC or composite walls in series, and~3!
hybrid dual systems, where reinforced concrete walls are p
in parallel with steel moment frames.

Four kinds of analysis models are usually used to model
posite wall systems:~1! equivalent frame models,~2! multi-spring
models,~3! fiber section models, and~4! continuum finite elemen
models. In the equivalent frame model, the finite width of
walls is generally represented using rigid elements, while
behavior is modeled using an equivalent beam column plac
the wall centroid. In multispring models, the behavior of the w
is represented using a number of series/parallel springs to
late the inelastic axial, shear, and bending behavior of the
panels, while rigid elements are used to represent the ph
size of the wall.

Many equivalent beam-column and multispring models~Otani
1980; Charney 1991; Kunnath et al. 1992; Cheng et al. 1
Colotti 1993! have been developed to represent the behavi
reinforced concrete shear walls. Examples of these are sho
Fig. 8. These models suffer from the following drawbacks. T
require extensive preanalysis to determine element stru
properties and are generally inadequate when different intera
mechanisms take place simultaneously. Since the location o
wall neutral axis changes during an analysis, equivalent b
column elements~which are generally placed at the centroid
cation! can be inaccurate unless they account for axial-flex
interactions. Although equivalent frame and multispring mo
yield useful information about system behavior, their results
often of a more qualitative rather than quantitative nature. H
ever, in spite of their shortcomings, these models are com
tionally efficient and have been used in the inelastic dyna
analyses of composite wall systems~e.g., Shahrooz et al. 199
Harries et al. 1998!.

Fiber section analyses of walls are reported by Pilakoutas
Elnashai~1995!. The advantage of the fiber section analysi
that it can easily account for the presence of structural stee
inforcing bars, and concrete. As previously discussed, alth
constitutive relations are typically defined as uniaxial, multia
stress states~such as those due to confinement effects! can be
indirectly considered. The major drawback of fiber analyse
that smeared cracking normal to the member axis is implied
diagonal tension effects cannot be directly considered. In
tion, fiber models are computationally expensive.

Continuum analyses of reinforced concrete walls are rep
by Bolander and Wight~1991!, Chesi and Schnobirch~1991!, and
Sittipunt and Wood~1995!, and analyses of hybrid coupled wa

Fig. 8. Commonly used wall models
are reported by El-Tawil and Kuenzli 2002; El-Tawil et al. 2002.
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Compared to beam-column models, continuum elements
several distinct advantages. While continuum element mode
quire larger amounts of input data than equivalent models
input parameters are easier to specify. They can be easily u
model three-dimensional situations. Continuum models prov
more physical description of the nonlinearities that occur in
shear walls. The possibility of modeling the distribution of d
onal cracking and local crushing makes such models more r
tic. Continuum models are able to describe local behavior a
entrant corners and at other discontinuities more accurately
example, bearing between steel and concrete components
simulated using contact elements. Continuum finite element
els can account for local reinforcing details such as diagona
inforcement, edge reinforcement, etc., and can model con
crushing, cracking, and steel yielding. They also capture im
tant behavioral responses such as axial-flexure interaction, i
tic shear deformation, steel confining effect on concrete beha
concrete compression softening, and concrete tension stiffe

Concluding Remark

Some of the system analyses surveyed in this paper utiliz
large number of elements and degrees of freedom. These s
ticated analyses, unthinkable until a few years ago, are now
formed on relatively inexpensive personal computers. Code
design guidelines, such as FEMA-356~Federal Emergency Ma
agement Agency 2000!, are creating a demand for such anal
techniques by permitting and codifying nonlinear analysis
design/evaluation option. As computer technology continue
advance and as more robust and efficient models become
able, it is inevitable that nonlinear analysis tools will move fr
the realm of research into the hands of designers.
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Mang, N. Bićanić, and R. de Borst, eds., 283–302.

Deierlein, G. G., Sheikh, T. M., Yura, J. A., and Jirsa, J. O.~1989!.
‘‘Beam-column moment connections for composite frames: Part 2J.
Struct. Eng.,115~11!, 2877–2896.

Eligehausen, R., Popov, E. P., and Bertero, V. V.~1983!. ‘‘Local bond
stress-strain relationships of deformed bars under generalized e
tions.’’ Rep. No. UCB/EERC-82-23, Earthquake Engineering Resea
Center, University of California, Berkeley, Calif.

El-Tawil, S., and Deierlein, G. G.~1999!. ‘‘Strength and ductility o
concrete encased composite columns.’’J. Struct. Eng.,125~9!, 1009–
1019.

El-Tawil, S., and Deierlein, G. G.~2001a!. ‘‘Nonlinear analyses of mixe
steel-concrete moment frames. Part I: Beam-column element fo
lation.’’ J. Struct. Eng.,127~6!, 647–655.

El-Tawil, S., and Deierlein, G. G.~2001b!. ‘‘Nonlinear analyses of mixe
steel-concrete moment frames. Part II: Implementation and ver
tion.’’ J. Struct. Eng.,127~6!, 656–665.

El-Tawil, S., Kanno, R., and Deierlein, G. G.~1997!. ‘‘Inelastic models
for composite moment connections in RCS frames.’’Proc., Composit
Construction in Steel and Concrete III, C. Dale Buckner and Bahra
Shahrooz, eds., ASCE, Reston, Va., 197–210.
El-Tawil, S., Kuenzli, C. M., and Hassan, M.~2002!. ‘‘Pushover of hy-

JOURNAL
brid coupled walls. Part I: Design and modeling.’’J. Struct. Eng.
128~10!, 1272–1281.

El-Tawil, S., and Kuenzli, C. M.~2002!. ‘‘Pushover of hybrid couple
walls. Part II: Analysis and behavior.’’J. Struct. Eng.,128~10!, 1282–
1289.

El-Tawil, S., Sanz-Picon, C. F., and Deierlein, G. G.~1995!. ‘‘Evaluation
of ACI-318 and AISC~LRFD! strength provisions for composite c
umns.’’ J. Constr. Steel Res.,34~1!, 103–126.

Federal Emergency Management Agency.~2000!. ‘‘Prestandard and com
mentary for the seismic rehabilitation of buildings.’’FEMA-356,
Building Seismic Safety Council, Washington, D.C.

Griffis, L. G. ~1992!. ‘‘Composite frame construction.’’Construction stee
design: An international guide, P. J. Dowling, J. E. Harding, and
Bjorhovde, eds., Elsevier, New York, 523–553.

Hajjar, J. F., and Gourley, B. C.~1996!. ‘‘Representation of concret
filled steel tube cross-section strength.’’J. Struct. Eng.,122~11!,
1327–1336.

Hajjar, J. F., and Gourley, B. C.~1997!. ‘‘A cyclic nonlinear model fo
concrete-filled tubes. I: Formulation.’’J. Struct. Eng.,123~6!, 736–
744.

Hajjar, J. F., Molodan, A., and Schiller, P. H.~1998a!. ‘‘A distributed
plasticity model for cyclic analysis of concrete-filled steel tube be
columns and composite frames.’’Eng. Struct.,20~4–6!, 398–412.

Hajjar, J. F., Schiller, P. H., and Molodan, A.~1998b!. ‘‘A distributed
plasticity model for concrete-filled steel tube beam-columns with
terlayer slip.’’Eng. Struct.,20~8!, 663–676.

Harries, K. A., Mitchell, D., Redwood, R. G., and Cook, W. D.~1998!.
‘‘Nonlinear seismic response predictions of walls coupled with
and concrete beams.’’Can. J. Civ. Eng.,25~5!, 803–818.

Hasegawa, T., Yamanouchi, H., Nishiyama, I., Takuma, M., Izaki, Y.
Fukuchi, Y. ~1988!. ‘‘Feasibility studies on an advanced mixed s
tem.’’ Proc., 9th World Conf. on Earthquake Engineering, 1, 53–58.

Hilmy, S. I., and Abel, J. F.~1985!. ‘‘A strain-hardening concentrate
plasticity model for nonlinear dynamic analysis of steel buildin
Proc., NUMETA85, Numerical Methods in Engineering, Theory
Applications, 1, 303–314.

Jarrett, N., and Lennon, T.~1992!. ‘‘Effects of connections on compos
frames.’’Composite Construction in Steel and Concrete II, W. S. East
erling and W. M. Roddis, eds., Engineering Foundation, New Y
913–926.

Kanaan, A. E., and Powell, G. H.~1973!. ‘‘General purpose comput
program for inelastic dynamic response of plane structures.’’EERC
Rep. No. 73-6, Earthquake Engineering Research Center, Unive
of California, Berkeley, Calif.

Kanno, R. ~1993!. ‘‘Strength, deformation, and seismic resistance
joints between steel beams and reinforced concrete columns.’
thesis, School of Civil and Environmental Engineering, Cornell
versity, Ithaca, N.Y.

Kanno, R., and Deierlein, G. G.~1996!. ‘‘Seismic behavior of composi
~RCS! beam-column joint subassemblies.’’Proc., Composite Con
struction in Steel and Concrete III, C. D. Buckner and B. M. Shah
ooz, eds., ASCE, Reston, Va., 236–249.

Kanno, R., and Deierlein, G. G.~2002!. ‘‘Design model of joints for RCS
Frames.’’Proc., Composite construction in steel and concrete IV, J. F.
Hajjar, M. Hosain, W. S. Easterling, and B. M. Shahrooz, eds., AS
Reston, Va., 947–958.

Kent, D. C., and Park, R.~1971!. ‘‘Flexural members with confined co
crete.’’ J. Struct. Div. ASCE,97~7!, 1969–1990.

Kim, W., and Lu, W. ~1992!. ‘‘Cyclic lateral analysis of composi
frames.’’Composite Construction in Steel and Concrete II, W. S. East
erling, and W. M. Roddis, eds., Engineering Foundation, New Y
367–381.

Kunnath, S. K., Reinhorn, A. M., and Lobo, R. F.~1992!. ‘‘IDARC ver-
sion 3.0, inelastic damage analysis of RC structures.’’Technical Rep
No. NCEER-92-0022, SUNY-Buffalo, Buffalo, N.Y.

Lee, T., and Pan, A. D. E.~2001!. ‘‘Analysis of composite beam-colum
under lateral cyclic loading.’’J. Struct. Eng.,127~2!, 186–193.

Leon, R. T., and Ammerman, D. J.~1990!. ‘‘Semi-rigid composite con

nection for gravity loads.’’Eng. J.,27~1!, 12–21.

OF STRUCTURAL ENGINEERING © ASCE / FEBRUARY 2004 / 167



te
.,

.’’

al
.

e
d and

e
erical

-

d
,

-
es in
ormal
Ul-
ated

eer-

d
,

r

ete

r

com-

rain

n
dvi-

f
ons.’’

-

con-

f

-

to
ing

-
high

-

,

ol-

to

.’’

t

ula-

ica-

e

,

-
-
d-
Leon, R. T., and Forcier, G. P.~1992!. ‘‘Parametric study of composi
frames.’’Connections in steel structures II, R. Bjorhovde et al., eds
Elsevier, Amsterdam.

Leon, R. T., and Shin, K. J.~1995!. ‘‘Performance of semi-rigid frames
Restructuring America and Beyond, Structure Congress XIII, M.
Saneyi, ed., ASCE, Reston, Va., 1020–1035.

Liang, Q. Q., and Uy, B.~2000!. ‘‘Theoretical study on the post-loc
buckling of steel plates in concrete-filled box columns.’’Comput
Struct.,75~5!, 479–490.

Liew, J. Y. R., Chen, H., and Shanmugam, N. E.~2001!. ‘‘Inelastic analy-
sis of steel frames with composite beams.’’J. Struct. Eng.,127~2!,
194–202.

Limkatanyu, S., and Spacone, E.~2002a!. ‘‘Reinforced concrete fram
element with bond interfaces. I: Displacement-based, force-base
mixed formulations.’’J. Struct. Eng.,128~3!, 346–355.

Limkatanyu, S., and Spacone, E.~2002b!. ‘‘Reinforced concrete fram
element with bond interfaces. II: State determinations and num
validation.’’ J. Struct. Eng.,128~3!, 356–364.

Mander, J. B., Priestly, M. N. J., and Park, R.~1988!. ‘‘Theoretical stress
strain model for confined concrete.’’J. Struct. Eng.,114~8!, 1804–
1826.

Martinez, S., Nilson, H. N., and Slate, F. O.~1984!. ‘‘Spirally reinforced
high-strength concrete columns.’’ACI Struct. J.,81~5!, 431–442.

McGuire, W., Gallagher, R. H., and Ziemian, R. D.~1999!. Matrix struc-
tural analysis, 2nd Ed., Wiley, New York.

Mehanny, S. S. F., and Deierlein, G. G.~2001!. ‘‘Seismic damage an
collapse assessment of composite moment frames.’’J. Struct. Eng.
127~9!, 1045–1053.

Menegotto, M., and Pinto, P. E.~1973!. ‘‘Method of analysis for cycli
cally loaded reinforced concrete plane frames including chang
geometry and nonelastic behavior of elements under combined n
force and bending.’’Proc., IABSE Symposium on Resistance and
timate Deformability of Structures Acted on by Well-Defined Repe
Loads, International Association for Bridge and Structural Engin
ing, Zurich, Switzerland, 112–123.

Mirza, S. A., Hyttinen, V., and Hyttinen, E.~1996!. ‘‘Physical tests an
analysis of composite steel-concrete beam-columns.’’J. Struct. Eng.
122~11!, 1317–1326.

Mirza, S. A., and Skrabek, B. W.~1992!. ‘‘Statistical analysis of slende
composite beam-column strength.’’J. Struct. Eng.,118~5!, 1312–
1332.

Otani, S. ~1980!. ‘‘Nonlinear dynamic analysis of reinforced concr
building structures.’’Can. J. Civ. Eng.,7~2!, 333–344.

Parra-Montesinos, G., and Wight, J. K.~2001!. ‘‘Modeling shear behavio
of hybrid RCS beam-column connections.’’J. Struct. Eng.,127~1!,
3–11.

Pilakoutas, K., and Elnashai, A. S.~1995!. ‘‘Cyclic behavior of reinforced
concrete cantilever walls, Part II: Discussions and theoretical
parisons.’’ACI Struct. J.,91~4!, 425–434.

Popovics, S.~1973!. ‘‘A numerical approach to the complete stress-st
curves for concrete.’’Cem. Concr. Res.,3~5!, 583–599.

Ramberg, W. A., and Osgood, W. R.~1943!. ‘‘Description of stress-strai
curves by three parameters.’’ Technical Note No. 902, National A
sory Committee for Aeronautics.
168 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / FEBRUARY 20
Ricles, J. M., Lu, L. W., and Peng, S. W.~1997!. ‘‘Seismic behavior o
concrete filled tube column-to-WF-steel beam moment connecti
Proc., Structures Congress XIV, ASCE, Reston, Va., 959–963.

Roik, K., and Bergmann, R.~1992!. ‘‘Composite columns.’’Construc-
tional steel design: An international guide, P. J. Dowling, J. E. Hard
ing, and R. Bjorhovde, eds., Elsevier, New York, 443–470.

Salari, M. R., Spacone, E., Shing, P. B., and Frangopol, D. M.~1998!.
‘‘Nonlinear analysis of composite beams with deformable shear
nectors.’’J. Struct. Eng.,124~10!, 1148–1158.

Salari, M. R., and Spacone, E.~2001a!. ‘‘Finite element formulations o
one-dimensional elements with bond-slip.’’Eng. Struct.,23~7!, 815–
826.

Salari, M. R., and Spacone, E.~2001b!. ‘‘Analysis of steel-concrete com
posite frames with bond-slip.’’J. Struct. Eng.,127~11!, 1243–1250.

Schneider, S. P.~1997!. ‘‘Experimental behavior of connections
concrete-filled steel tubes.’’Proc., Structures Congress XV, Build
to Last, ASCE, Reston, Va., 954–958.

Scott, B. D., Park, R., and Priestley, M. J. N.~1982!. ‘‘Stress-strain be
havior of concrete confined by overlapping hoops at low and
strain rates.’’ACI J., 79~1!, 13–27.

Sfakianakis, M., and Fardis, M. N.~1991!. ‘‘RC column model for in
elastic seismic response analysis in 3D.’’J. Eng. Mech.,117~12!,
2770–2787.

Shahrooz, B. M., Remmetter, M. E., and Qin, F.~1993!. ‘‘Seismic design
and performance of composite coupled walls.’’J. Struct. Eng.
119~11!, 3291–3309.

Shakir-Khalil, H.~1993a!. ‘‘Pushout strength of concrete-filled steel h
low sections.’’Struct. Eng.,71~13!, 230–233.

Shakir-Khalil, H. ~1993b!. ‘‘Resistance of concrete-filled steel tubes
pushout forces.’’Struct. Eng.,71~13!, 234–243.

Sheikh, T. M., Deierlein, G. G., Yura, J. A., and Jirsa, J. O.~1989!.
‘‘Beam-column moment connections for composite frames: Part 1J.
Struct. Eng.,115~11!, 2858–2876.

Shen, C., Mamaghani, I. H. P., Mizuno, E., and Usami, T.~1995!. ‘‘Cyclic
behavior of structural steels, II: Theory.’’J. Eng. Mech.,121~11!,
1161–1172.

Sittipunt, C., and Wood, S. L.~1995!. ‘‘Influence of web reinforcemen
on the cyclic response of structural walls.’’ACI Struct. J.,92~6!, 745–
756.

Spacone, E., Filippou, F. C., and Taucer, F. F.~1996a!. ‘‘Fiber beam-
column model for nonlinear analysis of R/C frames. Part I: Form
tion.’’ Earthquake Eng. Struct. Dyn.,25~7!, 711–742.

Spacone, E., Filippou, F. C., and Taucer, F. F.~1996b!. ‘‘Fiber beam-
column model for nonlinear analysis of R/C frams. Part II: Appl
tion.’’ Earthquake Eng. Struct. Dyn.,25~7!, 728-742.

Takeda, T., Sozen, M. A., and Nielsen, N.~1970!. ‘‘Reinforced concret
response to simulated earthquakes.’’J. Struct. Div.,96~12!, 2557–
2573.

Yong, Y., Nour, M. G., and Nawy, E. G.~1988!. ‘‘Behavior of laterally
confined high-strength concrete under axial loads.’’J. Struct. Eng.
114~2!, 332–351.

Zandonini, R., and Zanon, P.~1992!. ‘‘Semi-rigid joint action in compos
ite frames: Numerical analysis and design criteria.’’Composite Con
struction in Steel and Concrete II, W. S. Easterling, and W. M. Ro
dis, eds., Engineering Foundation, New York, 397–412.
04


