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Abstract: This paper presents the current state of the art of nonlinear analysis of steel-concrete composite structures. The focus is o
frame elements, which are computationally faster than continuum finite element models. First, section models are presented, with a revie
of resultant and fiber models and a discussion of possible practical applications. The presentation of frame elements follows. Models witl
lumped and distributed inelasticity, as well as models with perfect and partial connections are covered. Rigid and partially restrained joint:
are then reviewed and discussed at length. A discussion of the analysis of structural walls completes the presentation of the model
Modeling applications to the analysis of composite frames are also presented. This state-of-the-art review focuses on developments th
have stemmed from the recently completed National Science Foundation sponsored U.S.-Japan program on composite and hybr
structures.
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Introduction crete Institute2002 and AISC LRFD 2001 AISG2001)]. Nev-

Steel-concrete composite systefiaso called mixed or hybrid ~ ertheless, the growing body of experimental and analytical
systems have seen widespread use in recent decades because dfSearch, and the recent development of specifications addressing
the benefits of combining the two construction materials. Rein- COmposite constructiofBuilding Seismic Safety CounciBSSQ
forced concrete is inexpensive, massive, and stiff, while steel 1994; AISC (1997], are increasingly providing engineers with
members are strong, lightweight, and easy to assemble. In decksguidance on the analysis and design of composite members and
composite systems eliminate the need for formwork. In columns, Systems.
two systems are commonly used, steel reinforced con(&Re), Nonlinearities in the response of steel-concrete structures stem
where a steel section is encased in concrete, and concrete filledrom inelasticity of the materials or from changes in the geometry
tubes(CFTS. One important advantage of composite systems is Of the structure. The sources of material inelasticity are related to
that construction is accelerated through separation of trades. Ini-the components of a composite system, namely, concrete and
tially, a bare steel frame is erected to carry the gravity, construc- Steel. Concrete is a brittle material with distinctively different
tion, and lateral loads during construction. As erection of the responses in tension and compression. Its tensile stiffness and
building progresses, concrete is cast in lower-level columns to strength are small, and design codes typically neglect them.
form the composite system that will resist the total gravity and Under compressive stresses, the concrete stiffness decreases sig-
lateral loadgGriffis 1992. nificantly for stresses larger than about Q.5 where f; is the

The inelastic behavior of composite members and systems,concrete strength in uniaxial compression. After reaching its com-
which is particularly important in limit state calculations for pression strength, concrete softens at a rate that depends on the
earthquake resistant design, is not yet thoroughly understood. Asamount of lateral confinement. Steel exhibits elastoplastic behav-
a result, design provisions for composite structures have generallyior in both tension and compression. Moreover, steel members
been extrapolated from provisions for traditional reinforced con- contain residual stresses due to the fabrication or erection pro-

crete or steel structurd$or example, ACI-318 American Con- cesses. Connections between steel and concrete components con-
tribute to the nonlinearity of a composite system because the
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Fig. 1. Bounding surface model in force spad¢gl-Tawil and
Deierlein 2001a,b

Since composite systems are comprised of steel as well as con- r | -

crete components, it is natural that analytical methods for com- )/

posite structures draw upon techniques used for reinforced con- / structural steel
crete and/or steel systems. The objective of this paper is to review stirrups

the most pertinent of these analysis techniques and to point out
the special challenges posed by the presence of composite action.
The paper is comprised of four main sections, namely, analysis of Fig. 2. Composite section fiber discretization
sections, members, joints, and structural systems including mo-
ment frames and wall systems. The material presented focuses on
building applications and does not address the effects of fire andapplicable to steel members, which typically have such behavior.
time (i.e., time dependent effects such as creep or shrinkage  The degenerate-surface model shrinks the elastic region to a point
the behavior of composite structures. and thus the section behavior starts out as inelastic in any loading
direction. This version is suitable for sections that have little or no
elastic response region, such as reinforced concrete and compos-
Analysis of Composite Sections ite sections. Stiffness degradation is accounted for as a function of
the plastic strain energy absorbed by the composite member.
Methods of analysis of composite sections have two main appli-
cations:(1) computing the response of a section to different load
histories;(2) carrying out the state determination of a section
integration pointin a frame element. In the first application, the The concept behind the fiber section model is rather simple. The
section model typically returns the moment-curvature response ofsection is subdivided inta fibers (not necessarily of equal area
a given section under constant axial load. In the second applica-and the stresses are integrated over the cross-sectional area to
tion, the section model returns the section forces that correspondobtain stress resultants such as force or moment. The fiber section
to given section deformatiorié uniaxial bending the axial strain  model generally makes use of a number of assumpti@gh®lane
and the curvatupe Two basic approaches are generally used to sections remain plane after bending. It is generally accepted that
find the response of a composite section: resultant models andhis assumption is reasonably accurate even well into the inelastic
fiber section models. range.(2) Shear and torsion stresses are neglected. For this reason
the fiber method is generally used for the analysis of flexure
dominated members, where the Euler-Bernoulli beam theory can
be reasonably applied3) Although constitutive relations are
Resultant models explicitly define section responses in terms oftypically defined as uniaxial, multiaxial stress statesich as
moment-curvature response, axial load—axial strain relation, etc.those due to confinement effectsan be included by increasing
The simplest resultant model decouples flexural and axial re-the concrete strength and by modifying the concrete postpeak
sponses, with each following linear or nonlinear relationships response(4) Concrete cracking is generally accounted for. How-
such as the Takeda et @ll970 model relating section moment ever, the cracking is considered to be smeared and normal to the
and curvature. A more advanced resultant model, better suited formember axis as a result of the plane section assumggphocal
the analysis of beam columns, considers axial-bending interac-buckling of the steel components and initial stresses resulting
tions. Following the work by Hilmy and Abgl1985 and Hajjar from either erection loads or thermal residual effects can be in-
and Gourley(1997), El-Tawil and Deierlein2001a,b, developed cluded. Local buckling is incorporated either by assuming a fixed
a bounding surface plasticity model implemented in the stress- effective width or by degrading the structural properties of the
resultant space. The model was developed in a general manner seteel elements that reach a critical buckling stiésang and Uy
as to be applicable to steel, reinforced concrete, or composite2000.
members. As shown in Fig. 1, two variations of the plasticity Each fiber in the section can be assigned concrete, structural
model are considered: a finite-surface and a degenerate-surfacsteel, or reinforcing bar material propertié#sg. 2). Making use
version. The former explicitly considers a fully elastic response of the “plane sections remain plane” assumption and from rel-
region to exist within the inner surfadé&ig. 1(a)] and is thus evant constitutive models, fiber stresses are calculated from the

reinforcing steel

Fiber Section Model

Resultant Section Models

160 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / FEBRUARY 2004



fiber strains. There are different approaches to finding the fiberfor (1) the difference between concrete in a test cylinder and
strains as the load history on the section progresses. Spaconeoncrete in a structural membé®) variation in concrete strength
et al.(1996a,b define the section axial strain and curvatures with throughout the member due to variations in concrete compaction,
respect to a fixed reference system and do not need to trace thevater-cement ratio, and curing conditions; &84 differences in
evolution of the position of the neutral axis. El-Tawil and Deier- rate of loading.
lein (2001a,h, on the other hand, follow the migration of the There is, however, disagreement in the literature over the pre-
section neutral axis during the load history. cise value of maximununconfinedcompressive stress, especially
Uniaxial constitutive models for concrete and steel are neededwhen higher-strength concretes are used. Specifications such as
to compute the fiber stresses and moduli of elasticity. For the ACI-318 (ACI 2002 and AISC LRFD(AISC 2001 recommend
concrete mode|ghe Kent and Parkl971) model, later enhanced  0.85f;. Yong et al.(1988 observed a strength reduction factor of
by Scott et al(1982 to include the confinement effects, has been 0.92 for high-strength concrete in the 75-90 M@4-13 ks)
extensively used for the analysis of reinforced concrete and com-range. Work by Martinez et al1984 on 25-70 MP&a(3.5-10
posite sections. Mirza and Skrab&l®92 used a modified form ksi) concrete has shown that the ratio of unconfined column
of the Kent and Park1971) model for the analysis of encased strength to cylinder strength is about 0.85, irrespective of the
steel sections. The major drawback of the Kent and P9k 1) concrete strength. An extensive test program by Cusson and
model is that the concrete initial stiffness is not one of the model Paultre(1994 on concrete withf; in the range of 59-117 MPa
parameters and cannot be explicitly controlled. Based on an equa{8.5-17 ksj resulted in an average reduction factor of 0.88. Col-
tion suggested by Popovidd973, Mander et al.(1988 pro- lins et al. (1993, on the other hand, cite test evidence that sup-
posed a unified stress-strain model applicable to confined con-ports maximum compression stress values ranging fromf Q67
crete. The model is based on a single equation that describes both..0f . .
confined and unconfined concrete, and accounts for the increase There also seems to be little consensus about the behavior of
in strength and ductility of concrete due to confinement. El-Tawil the descending portion of the stress-strain curve. Ahmad and Shah
and Deierlein(1999 used a modified version of Mander's model (1982 observed that high-strength concrg@9 MPa (10 ksi
to account for the behavior of concrete with unconfined strength concreté could be as ductile as low- to medium-strength concrete
of up to 110 MPa(16 ks). Applications of the fiber section  for the confinement levels they studied. The work by Yong et al.

method to composite sections are found in Mirza et(3996, (1988 with concrete strengths in the range of 76—90 MPha-13
Hajjar and Gourley(1996, El-Tawil and Deierlein(1999, and ksi), however, does not show such a trend. Research done by
Lee and Pari2001). Martinez et al.(1984, with concrete in the 48—69 MP&-10

The assumption that concrete has no strength or stiffness uporksi) range, indicated that the stress-strain curves of high-strength
initiation of cracking has been frequently used in fiber analysis of concrete dipped sharply after the peak was reached and then flat-
composite sections. There have been attempts to account for theened out again at a relatively high axial stress.
tension stiffening effect in composite sections, mostly based on  The confined compressive strength of concrete is generally
models developed for reinforced concrek-Tawil et al. 1995;  determined through the confining pressure calculated at yield of
Hajjar and Gourley 1996; Mirza et al. 199@nother approach is  the transverse hoop reinforcement, steel column flariytiza
possible whereby the strength and stiffness characteristics of theand Skrabek 1992; El-Tawil and Deierlein 1998r steel tubes
reinforcing bars are modified instead of the concrete properties. (Hajjar and Gourley 1996 It is implicitly assumed that the con-
Tension stiffening mostly affects the section response up to andfining pressures calculated in this manner are active pressures that
immediately after cracking, and does not affect the section re- exist without change throughout the loading history, which is
sponse at failure. clearly not the case. However, results obtained using this assump-

Most steel modelsised for fiber section analysis are uniaxial tion have been reported in the literature as very good for concrete
stress-strain relationships. Several studies have analyzed compossncased steel sectiofRoik and Bergmann 1992; El-Tawil et al.
ite structures using a simple bilinear relationship with or without 1995; El-Tawil and Deierlein 199%nd concrete filled steel tube
strain hardening after yielding and have obtained satisfactory cor-sections(Hajjar et al. 1998a
relation between experimental and analytical respoitaegng
others, Bursi and Ballerini 1996; Salari et al. 1998lternatively,
more accurate models such as the Ramberg-Osgb@d3 or Analysis of Composite Members
Menegotto-Pintd1973 model have also found wide application. )

Even though fiber analysis requires only uniaxial constitutive re- Several frame elements, some applicable to any structural system,
lationships, the response of steel in composite structures is theothers developed specifically for steel-concrete composite struc-
result of complex multiaxial effects that include local buckling tures, are available in the published literature. From the formula-

and residual stresses due to cold-forming and welding. For their tion standpoint, these elements can be classified into two general

study on concrete-filled tubes, Hajjar et 419982 derived the ~ families, one based on theisplacement methoof structural
uniaxial steel constitutive model from a multiaxial constitutive analysis, the other on tHferce methodAn alternative classifica-

law proposed by Shen et 411995. tion is possible whereby the elements are derived udisgib-
uted or lumpedapproaches. Another important classification ap-
plies mainly to composite elements and distinguishes between
Practical Application of Fiber Section Analysis elementswith and without slip between the steel and concrete

The fiber section method is a powerful tool that can be used to components. The following d'SCUSS'O.n preseqts lumped Versus
concentrated models and elements with and without bond slip.

estimate the cross-sectional strength for design purposes. In this
application, the maximum concrete compression stress in the con- o
stitutive model is usually set equal to a fractionfgf. The rea- Lumped versus Distributed Models

sons for using a reduced compressive capacity instedd afe Elements based on thempedapproach concentrate all inelastic-
well established in the literature. The reduced strength accountsity at the member endgFig. 3(@)], and thus deal with inelastic
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(a) lumped model (b) distributed model Fig. 3(b) schematically shows the integration poids moni-

tored sectionsin a distributed model. The most widely used in-
tegration scheme for displacement-based elements is the Gauss
scheme. Its precision isn2- 1, implying that polynomials of de-
gree up to 2—1 are integrated exactly. The Gauss-Lobatto inte-
material behavior in an approximate yet computationally efficient gration scheme is preferred in the case of force-based elements
manner. Although lumped plasticity models imply behavior that is (in spite of its lower precision, 12— 3), because the end sections

a physical impossibility, they have the advantage of being con- always correspond with the end nodes. The accuracy of a distrib-
ceptually simple in addition to the computational convenience of uted model increases as the number of points at which nonlinear
having a stiffness matrix in a concise form. Hajjar and Gourley behavior is monitored increases. However, the demand for com-
(1997 presented a lumped plasticity model for concrete filled puter memory also increases since the additional points being
tube members. monitored require additional storage space for the variables in-

Distributed models, on the other hand, are more accurate and volved. Inelastic analyses by Sfakianakis and Fafti#91) indi-
rational than concentrated plasticity models. As shown in Fig. cate that the use of five Gaussampling points along the ele-
3(b), the behavior is monitored along the member length as op- ment length result in sufficient accuracy for most practical
posed to only at the ends; thus distributed models are computa{purposes while maintaining a reasonable demand on computer
tionally more expensive. In the classical two-node, Euler- memory requirements. It should also be noted that the use of a
Bernoulli  displacement-basedframe element, the beam large number of Gauss points along the member may cause lack
displacements are expressed as functions of the nodal displaceef objectivity in the response of softening elements. As soon as a
ments using shape functions(McGuire etal. 1999 section starts softenin@ue to crushing of some concrete fibers
Displacement-based frame elements are quite simple and easy tthe inelastic response of the member tends to localize in this
implement but they are not very accurate, because the assumptiosection, and different postpeak results are obtained if the number
of cubic displacement&@nd thus linear curvaturgs exact for an of Gauss points is changed. Regularization techniques are avail-
Euler-Bernoulli beam only in the linear elastic range and for con- able from the finite element literatut@mong others, de Borst
stant cross sections, while it is only an approximation if the cross et al. 1994, Bazant and Planas 189&hile a specific study on
section is not constant and, more importantly for the case of com-localization issues in force-based beam elements is presented by
posite beams, if the material response is nonlinear. The issue isSColeman and Spacor@001).
common in finite element analyses and is solved by using several
elements in a single structural member, thus increasing the num-
ber of global degrees of freedom.

In the two-node, Euler-Bernoulfiorce-basedrame element, While elements with perfect bond are general-purpose models
the beam section forces are expressed as functions of the nodahat can be applied to steel, concrete and composite members,
forces through force shape functiof®pacone et al. 1996a,b; EI- elements that consider bond slip between the member compo-
Tawil and Deierlein 2001a)bThe force-based element is rather nents are typically special-purpose models for the analysis of
attractive because it is exact within the small-deformation Euler- composite structures. Partial bond action between steel and con-
Bernoulli beam theory. In a frame member the bending moment crete is an important issue in composite construction because of
diagram is linear and the axial load constant if no distributed the implications it has on serviceability limit states, energy dissi-
loads are present, irrespective of the beam cross section or matepation under cyclic loads, local stress distributions, and ultimate
rial response. This implies that one force-based element per strucdimit states. Connection enhancements in the form of emboss-
tural member can be used. The complexity of force-based ele-ments, ribs, and shear studs are typically used in composite slabs,
ments derives from their implementation in a finite element or while such devices are not always added in composite columns.
frame analysis program, which requires the element to computeThe number of and distance between the shear studs depend on
the stiffness matrix and the resisting forces corresponding to the desired degree of connection. Full connection is reached when
nodal displacements, while the force-based elements would natuthe number of studs is sufficient to provide full shear transfer up
rally compute the flexibility matrix and nodal displacements cor- to the beam ultimate state. In this case the cross section can be
responding to nodal forces. Spacone et(8896a,b propose an assumed as monolithic with perfect bond between steel and con-
iterative method for the force-based element state determination.crete components.

While the element stiffness matrix is found by inverting the ele- The simplest model for the description of partial bond uses
ment flexibility matrix, the element forces are found by adjusting different elements for the concrete and steel components and uses
the section forces and deformations until the section deformationsconcentrated springso model the connection. The springs can
are compatible with the end displacements. The iterative proce-model either the action of the shear stud connedforsexample
dure, although complex, is very robust for both strain-hardening in a composite slgbor the friction effects in a concrete filled
and strain-softening section responses. tube. This model is schematically shown in Figa4 The con-

Fig. 3. Lumped versus distributed frame models

Partial Bond Composite Members
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centrated spring model is simple to use but presents a number of Fig. 7. Composite force-based element with distributed bond
disadvantages. First of all, it requires a large number of elements
and, therefore, of degrees of freedom. In the case of elements
with shear connectors, the nonlinear springs are typically locatedelement for composite members is shown in Fig. 6. Cubic poly-
at the location of the connectors, which implies very short ele- nomials are used for the vertical deflection and quadratic func-
ments for the steel and concrete components. In this case, if ondions are used for the axial displacements in the concrete slab and
uses fiber elements and accounts for the softening behavior ofsteel beam. These assumptions lead to a quadratic bond-slip dis-
concrete under large compressive strains, the slab in compressioffibution. Because of their simplicity and ease of implementation,
may lead to strain localization problems. displacement-based composite elements have been successfully

More efficient models for members with partial connection are used in a number of analyses. Amadio and Fragiacoh®93
based ordistributed bondA prototype of this model is shown in  used the element of Fig. 6 to study the creep and shrinkage effects
Fig. 4b). The model assumes that bond stress and bond slip aren composite beams with deformable shear connections. Daniels
continuous along the contact surface. Uplift is typically neglected; and Crisinel (1993a,b conducted an extensive study on the
thus the steel beam and the concrete slab have the same verticanonotonic response of composite slabs to determine not only
displacement and curvature. Most of the steel-concrete elementgheir strength but also their load-displacement response under
with slip proposed to date use fiber section models for the beammonotonic loads. Hajjar et a11998h use the same displacement-
components. The steel and concrete constitutive models previ-based model for the analysis of square and rectangular CFT col-
ously discussed apply to these sections. As for the bond-slipumns with bond slip between steel tube and concrete. Both
model, the simplest model is a linear elastic ma@febond fail- andP-3 effects within the CFT columns are retained, thus making
ure is not an issyeor an elastic—perfectly plastic modél bond the element applicable to problems with small rigid body rota-
can fail. A more refined law is, however, needed if one needs to tions and incremental strains. Based on the experimental results
model cyclic bond degradation, energy dissipation, or shear studfrom Shakir-Khalil(1993a,b on rectangular CFTs with and with-
failure. Several publications adapt the bond law developed by out mechanical connectors, Hajjar et(@998h decided to use an
Eligehausen et al1983 for steel ribbed bars anchored in con- €lastic-perfectly plastic bond-slip relationship. Salari and Spacone
crete. The main drawback of this law is numerical: after an as- (20013 extended the original model of Amadio and Fragiacomo
cending branch the law reaches a plateau of zero stiffness beford1993 to the cyclic analysis of composite beams. Displacement-
entering a softening, descending curve. The zero stiffness platealbased elements are simple to formulate and implement, but they
may lead to ill-conditioned stiffness matrices. To avoid the above are not very accurate when the materials are nonlinear. It is a
problem, Salari and Spacofi2001h propose a new law without ~ well-known fact that the assumed displacement fields are not ac-

a flat plateau(See Fig. 5. curate for a good description of the actual nonlinear structural
Displacement-based, force-based, and mixed elements havéesponse and therefore several elements need to be used for an
been proposed to model distributed bobisplacement-baseel- accurate analysis.

ements typically assume separate displacement fields in the con- An alternative to the displacement-based element igdfee-
crete and steel components, and bond slip is automatically de-basedmodel. The motivation for such a model stems from the
rived from compatibility. The reference displacement-based experience gained in the analysis of reinforced concrete and steel
members with perfect bond, where the force-based formulation is
exact within classical beam theories. The extension of force-based
models to elements with partial bond is a natural step. The bond
vlf vzf force is treated as a distributed force acting on the element com-
ponents. If the bond force is known, its effect on the member
components is derived from equilibrium. In the partial bond case,
however, the element is not exact, because the bond force distri-
bution along the beam is not known and cannot be derived exactly
solely from equilibrium conditions. Fig. 7 shows the geometry,
bond force distribution, and nodal forces of the two-node force-
based element without rigid body modes proposed by Salari and
Spaconeg(2001a. The bond force along the element is approxi-

Fig. 6. Composite displacement-based element with distributed bond
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mated by a cubic function. This distribution was selected becauseconcrete joints both structural steel and reinforced concrete ele-
it closely follows the bond distribution in beams with double ments participate. Bearing failure occurs at locations of high com-
curvature normally encountered in frames under lateral loads. Thepressive stress and permits rigid rotation of the steel beam within
cubic bond distribution results in fourth-order distributions for the the concrete column. As discussed by Kar{he93, the actual
bending moment and the axial force along the beam, which canbehavior usually involves deformations associated with both fail-
be obtained through equilibrium. Explicit expressions of the ure modes. However, separating the two components of deforma-
above force interpolation functions for the beam of Fig. 7 are tion is helpful for understanding and quantifying the strength and
found in Salari et al(1998. The force-based element state deter- deformation characteristics of the joint. National Earthquake Haz-
mination algorithm from the original scheme by Spacone et al. 3rd Reduction ProgranBSSC 1997 and AISC LRFD (AISC
(1996a,b which was developed for a beam with perfect bond, 1997 recommend that the total shear strength of fully encased
extends to the scheme presented by Salari and Sp4200é3. steel connections may be calculated as the sum of contributions
The procedure adjusts the element forces until element compatrom the reinforced concrete and steel shear panels. Further de-
ibility is satisfied. The procedure maintains pointwise equilibrium ;o regarding the proportioning and detailing of SRC joints may

betv\{een nodal and sec.ti.on forces. ) be found in Deierlein et al1989 and ASCE(1994).
Finally, Ayoub and Filippou2000 propose anixed formula- Sheikh et al. (1989 proposed a fairly simple multilinear

tion for the .problem, where both the displapements and the forces odel for the joint moment-rotation behavior of mixed steel con-

g_re ?pproxmla;ed along ]Ehfe elgment% 'LheereIen:jem has (;hle andaEete joints applicable to cases with monotonically increasing

dfprzggngfzeegg:r??f gi rsergul?an:jgi:ili ar(]ﬂDO(; L?soe ?heorceloads. The model considered only the overall joint distortion and
d g. [ 1y Pp did not differentiate between panel shear and bearing modes of

Hellinger-Reissner two-field mixed formulation to derive the ele- - . -
. : o deformation. Subsequently, Kanrn@993 improved upon this
ment matrix equations. Similarly to force-based elements, the . .
model with one that treated the two components of deformation

mixed element requires a special state determination procedure. . . .
Further details of the displacement-based, force-based andseparately. The panel shear distortion model was trilinear whereas

mixed formulations and the relevant implementation steps are dis-.thg pearlng deformatlon modellwa.ls composed of two parts, an
cussed in detail by Ayoub and Filippa@000, Salari and Spa- |nf|n|tel_y stiff region at the_ beginning _followed by a sn_100th|y
cone(20013, and Limkatanyu and Spacof2002a.b. The three degrading part‘. However, like the equler model by She!kh et al.
methods are very robust and work well even when material soft- (1989, Kanno's (1993 model considered only behavior for
ening is encountered in the concrete or in the bond-slip law. As Monotonically increasing loads. . _

for their accuracy, the force-based and the mixed elements are Building on Kanno's idea of splitting the joint deformation
much more accurate than the displacement-based element; thu¥to bearing and panel shear, El-Tawil et @997, 2001a,bde-

fewer elements are needed to study the response of a frame. ~ Veloped a cyclic model for composite SRC joints based on two
inelastic relationships corresponding to the two components of

deformation. The two inelastic relationships are combined to-
Composite Joints gether to calculate the total response of the joint panel. Stiffness

degradation in both panel shear and bearing modes is assumed to
When inelastic analysis is used, either for design practice or in be a function of an evolving damage index. Finite joint size ef-
research, it is important to accurately represent both joint defor- fects are included through use of the mechanical idealization,
mations and finite size effects in composite structures. This is which involves rigid bars connected together by pins allowing
particularly critical for analyses involving lateral seismic loads panel distortions in each of the two vertical planes, but not in the
where inelastic behavior often concentrates in or is adjacent tohorizontal plane.
joints. Modeling the joint response is complicated by internal  Azizinamini et al. (1992 conducted detailed finite element
force-transfer mechanisms that involve Composite action betWeenana|yseS to investigate the performance of a through_type connec-
steel and concrete and exhibit strength and stiffness degradationjon petween steel beams and concrete filled tubes. The three-

under cyclic loading. dimensional finite element model was analyzed using the program
o . ANSYS(Swanson Analysis Systems, Houston, Pa., 198®n-
Rigid Frame Joints crete was modeled using brick elements which accounted for con-

In this section, emphasis is placed on composite SRC and CFTCrete cracking and crushing. The steel tube was modeled using
rigid joints in which steel beams pass through reinforced concrete duadrilateral shell elements for which the steel model was based
columns or concrete filled tube columns, respectively. These ON bilinear kinematic hardening. Contact elements were intro-
joints have been studied in some detail in both the United Statesduced to allow the steel and concrete elements to bear upon one
and Japan. A description of common types of SRC rigid joints @nother or to separate, but prevented the elements from piercing
may be found in Sheikh et a(1989 and Kanno and Deierlein ~ ©ne another. Gap elements were provided at selected locations to
(1996, 2002. Further details of the observed inelastic behavior of allow slip between steel and concrete components. Chiew et al.
different types of CFT rigid joints may be found in Azizinamini (2001 conducted a similar study and used their model to study
et al. (1992, Ricles et al.(199%, and Schneide(1997). the effect of various connection details on strength. El-Tawil et al.
Subassembly experiments of RCS joints by Sheikh et al. (2002 also used a continuum finite element model to study the
(1989 and Kanno and Deierleifl996 show that, when carefully ~ response of the connection between embedded steel beams and
designed and detailed, the joints exhibit strength and deformationreinforced concrete walls.
characteristics that make them well suited to seismic applications. ~Parra-Montesinos and Wigk2001) presented a model to pre-
Previous research has identified two basic failure modes in thedict the shear strength versus shear distortion response of hybrid
joints: (1) panel shear, an€R) bearing of steel against concrete. connections between reinforced concrete columns and steel
Panel shear failure is similar in some respects to that observed in(RCS beams. The model assumes a state of plane strain through-
steel or reinforced concrete joints, except that in mixed steel- out the joint and is capable of predicting the shear force, and

164 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / FEBRUARY 2004



stirrup and concrete strains at any level of joint shear distortion mental results obtained from cruciform beam-to-column subas-
for exterior joints. semblages.

More recently, Kim and L1992 modified the computer pro-
gram DRAIN-2D (Kanaan and Powell 1973to analyze two-
dimensional composite frames comprised of encased composite

Information pertaining to the behavior of partially restrained com- columns and steel beams with composite slabs. Column elements

Partially Restrained Frame Joints

posite connections can be found in Leon and Ammeri&980), were formulated using a concentrated fiber element model in
Leon and Forcief1992, and Leon and Shifl995. It is impor- which only the ends were allowed to respond in an inelastic man-
tant to account for the nonlinear behavior of semirigid composite ner with the middle portion of the element remaining elastic. The

connections in the design of composite frarfigsw et al. 200). column elements were capable of reproducing the descending

Serviceability limit states often govern design because of the portion of the moment-curvature response and had rigid ends to
lower flexibility associated with the semirigid connections. Fur- represent the panel zone region. The composite beam element
ther, low connection strength generally leads to weak made use of hysteretic relationships based on a set of predefined
connection—strong column mechanisms under lateral loading,rules, and was capable of simulating the nonsymmetric, degrading
which tend to increase second-order effects. Therefore geometrichehavior of a composite beam subjected to cyclic loading. Com-
nonlinearities must also be included in the analysis of composite posite joints were included in the analysis as inelastic springs.
frames. Cyclic analyses of a series of experimentally tested one-story
There have been few attempts at including the inelastic behav-frames yielded reasonable results, although the degradation in ad-
ior of composite connections in frames subjected to cyclic load- \,5ced inelastic cycles was not accurately represented.
ing. Leon and Shiri1995 developed a moment-rotation curve for Hajjar et al.(1998b performed the analysis of a four-story
semirigid composite connections that accounts for cyclic stiffness |, praced composite CFT frame subjected to gravity and wind
degradation. The moment rotation model was based on a trilinearloads_ They used elements with no bond slip for the beams and
backbpne curve and a set Qf hyster.esis rules governiqg CyCIiCelements with bond slip for the columns. A lumped plasticity
jt())?:ta \élgr}];:ti tr;:gtm (g)z;trc;?ttlr?g éﬁ?t:;nsgfni giﬁeﬁf;'g;nedd t:]c:emodel that acc_:ount_s for bond slip was used. Twelve elements
; . e were used to discretize each beam and column. All elements used
condensation technique was employed to remove the additional . . - . .
degrees of freedom belonging to the beam elements. The modeP fiber model for the section description. The main purpose of this

was incorporated into a frame analysis program for materially and Study was to investigate the effect of sI|.p between steel tube and
geometrically nonlinear analyses, which was used to better under-_cOncrete on the frgme response. Gravity and lateral Iogds were
stand the inelastic response of composite frames subjected to seidhcréased monotonically up to failure. The results of this study
mic loading. indicated that even though bond slip played an important role in
More recently, Alemdar et a{1999 used a multispring model the load transfer mechanism at the beam-column connections,
to represent the inelastic cyclic behavior of partially restrained bond slip did not affect the global load-deformation response of
composite connections. The model is comprised of many springsthe frame.
in series and parallel. Each spring represents one component of Mehanny and Deierlei200]) used the models developed by
the connection including bolts, steel angles, steel reinforcement,El-Tawil and Deierlein(2001a,b to evaluate the seismic perfor-
concrete compression struts, etc. The model gives good resultgnance of composite steel-concrete moment frames. They pro-
compared to test data and is implemented in a computer programposed a seismic damage index based on cumulative member duc-
for the analysis of composite frame systems. tility that employs the concept of primary and follower load
cycles to distinguish loading history effects. The damage index is
incorporated in a methodology that combines nonlinear time his-
Composite Systems tory and gravity load stability analyses to evaluate collapse pre-
vention performance as a function of earthquake ground motion

The models described in the previous sections for compositeintensity.

beams, columns, and joints can be combined and used to investi- Liew et al.(200) investigated the behavior of two- and three-
gate the global behavior of composite systems. Of course, thedimensional steel frames with composite floor beams subjected to
whole system could be modeled using an assembly of continuumthe combined action of gravity and lateral loads. Composite
finite elements. However, this is rarely done because of the com-beams were modeled using a distributed model based on a stress-
putational expense involved. In the following, emphasis is placed resultant section model, while steel columns were modeled using
on two main types of systems; composite moment frames anda concentrated plastic hinge model. Slip in composite beams was
composite shear wall systems. indirectly accounted for by reducing the cross-section stiffness as
a function of the degree of composite action. Salari and Spacone
(2001a,b analyzed a steel frame with composite floors previously
studied without considering the effect of the concrete slab. Includ-

One of the earliest inelastic analyses of composite systems is thatNd the concrete slab greatly increases the stiffness and strength of
presented by Hasegawa et @988. They conducted a feasibility ~ the frame, while a study of the effect of different degrees of
study of composite frames comprised of reinforced concrete col- composite connection in the girders revealed that commonly used
umns and steel beams. The analyses were conducted using wha&onnection details basically lead to a full composite behavior.
was termed a shear type lumped mass model. In such a model, thédditional information on the inelastic analysis of frames with
structure is represented by a multiple-degree-of-freedom cantile-semirigid composite connections between columns and steel
ver in which the structure mass is lumped at the story levels. The beams with composite slabs may be found in Jarrett and Lennon
structural characteristics of the stories were calibrated to experi- (1992, Zandonini and Zano1992, and Leon and Shi(1995.

Composite Frame Systems
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Rigid link Rigid link Compared to beam-column models, continuum elements offer
Rigid several distinct advantages. While continuum element models re-
quire larger amounts of input data than equivalent models, the

§ input parameters are easier to specify. They can be easily used to
¢’> §'\7,”,£| E '\_Mﬂ model three-dimensional situations. Continuum models provide a
a more physical description of the nonlinearities that occur in RC
Rigid shear walls. The possibility of modeling the distribution of diag-

onal cracking and local crushing makes such models more realis-
tic. Continuum models are able to describe local behavior at re-
entrant corners and at other discontinuities more accurately. For
example, bearing between steel and concrete components can be
simulated using contact elements. Continuum finite element mod-
Composite Wall Systems els can account for local reinforcing details such as diagonal re-

The term “composite wall system” refers to a number of possible Inforcement, edge reinforcement, efc., and can model concrete
configurations including1) cantilever composite walls, where ~crushing, cracking, and steel yielding. They also capture impor-
steel components are embedded in or attached to reinforced conlfi‘nt behavioral responses such as axial-flexure interaction, me_las-
crete walls,(2) hybrid coupled walls, where steel beams are used tic shear deformathn, steel C(_)nflnmg effect on conc_rete b_eha\_/lor,
to couple two or more RC or composite walls in series, 8)d concrete compression softening, and concrete tension stiffening.
hybrid dual systems, where reinforced concrete walls are placed
in parallel with steel moment frames. .

Four kinds of analysis models are usually used to model com- €oncluding Remark
posite wall systemg1) equivalent frame model$2) multi-spring
models,(3) fiber section models, and) continuum finite element

Fig. 8. Commonly used wall models

Some of the system analyses surveyed in this paper utilized a
. - . large number of elements and degrees of freedom. These sophis-
models. In the equivalent frame model, the finite width of the ticated analyses, unthinkable until a few years ago, are now per-

walls is generally represented using rigid elements, while wall formed on relatively inexpensive personal computers. Codes and
behavior is modeled using an equivalent beam column placed atdesign guidelines, such as FEMA-388ederal Emergency Man-
the wall centroid. In multispring models, the behavior of the wall !

is represented using a number of series/parallel springs to simu agement Agency 2000are creating a demand for such analysis
: . 4 . ' ‘techniques by permitting and codifying nonlinear analysis as a
late the inelastic axial, shear, and bending behavior of the wall q y p g fying y

| hile riaid el ; dt t the phvsi Idesign/evaluation option. As computer technology continues to
Eiigeo?tr\?:e val/aalrllgl elements are used fo represent the physiCal, 4y ance and as more robust and efficient models become avail-

Many equivalent beam-column and multispring modelani able, it is inevitable that nonlinear analysis tools will move from
1980; Charney 1991; Kunnath et al. 1992; Cheng et al. 1993; the realm of research into the hands of designers.
Colotti 1993 have been developed to represent the behavior of
reinforced concrete shear walls. Examples of these are shown inAcknowledgments
Fig. 8. These models suffer from the following drawbacks. They ) ) )
require extensive preanalysis to determine element structuralfin@ncial support for this research was provided by the U.S. Na-
properties and are generally inadequate when different interactingtional Science Foundatiof@rant No. CMS 98709297 The opin-
mechanisms take place simultaneously. Since the location of thelo"S stated .here are those of the writers and do not necessarily
wall neutral axis changes during an analysis, equivalent beam-€flect the views of the sponsors.
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