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ABSTRACT: Recent developments in modeling the slip in steel-concrete composite beams have led to an
accurate and numericaly stable force-based frame element. The element assumes force fields rather than dis-
placement fields along the element. After a brief review of the element formulation, the paper discusses a new
phenomenological law for the shear connection between steel girder and concrete slab that considers stiffness
and strength degradation. Correlation studies with available push-pull tests on shear connectors are used to
validate the proposed model. The steel-concrete composite frame element is then applied to (1) the study of a
composite structural subassemblage for which experimental data are available; and (2) the analysis of a three-
story, four-bay steel building with a composite deck. In the first case, good agreement is obtained with the
experimental results for both full and partial connection conditions. In the second, the study shows the increase
in stiffness and strength due to the composite action. The accuracy of the force-based element leads to the use
of one or two elements for a single structural member, thus allowing entire frame analyses to be performed

ANALYSIS OF STEEL-CONCRETE CoOMPOSITE FRAMES WITH BOND-SLIP

economically.

INTRODUCTION

Several studies have focused in recent years on the nonlin-
ear analysis of steel-concrete composite frames. In the United
States, these activities have centered around the National Sci-
ence Foundation (NSF)-sponsored U.S.-Japan Program on
Composite and Hybrid Structures. Studies performed in this
framework have led to major advances in the state of the art
of modeling of steel-concrete composite frames under mono-
tonic and dynamic loads. The main goals of these endeavors
have been to improve current seismic design procedures and
to gain a better understanding of the seismic behavior of com-
posite structures using nonlinear analyses. With the emergence
of new performance-based design philosophies, nonlinear
models should eventually become an integral part of the design
process in assessing the performance of composite frames sub-
jected to the design earthquakes.

The availability of efficient, precise, and robust models is
of primary importance for performing nonlinear static and dy-
namic analyses of composite frames. In particular, beam and
beam-column models that consider the partial interaction be-
tween steel girder and concrete slab are essentia to such anal-
yses. Early efforts in this area used displacement-based ele-
ments (Amadio and Fragiacomo 1993; Daniels and Crisinel
1993), which proved precise only if a large number of ele-
ments were used in a single composite member. El-Tawil et
al. (1996) developed models for the beam-to-column connec-
tions, another very important aspect of the nonlinear response
of composite frame, and did not consider the partial interaction
in the composite beams. Hajjar et al. (1998) used displace-
ment-based elements to study the effects of dlip in concrete-
filled steel tubes.

In order to improve the accuracy of available modeling tech-
niques, Salari et a. (1998) proposed a force-based element for
composite structures with partial interaction. This approach
followed earlier studies that showed that controlling the force
rather than the displacement fields along the beam leads to
more accurate results in problems with bond slip. The model
by Salari et a. (1998) is very accurate, but does not extend to
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elements with softening in the girder-to-slab interface caused
by failure of the shear stud connections. Ayoub and Filippou
(2000) propose a mixed formulation to the problem, where
both displacement and force fields are assumed along the
beam. Finaly, Salari and Spacone (2001) extend the original
force-based formulation by Salari et al. (1998) to the fully
nonlinear case, with softening due to crushing of the concrete
slab and/or failure of the shear connection.

This paper focuses on two aspects of the force-based steel -
concrete composite beam element: (1) the development and
implementation of a new constitutive law for the shear con-
nectors; and (2) the application of the model to the study of
two structural systems: a composite structural subassemblage
tested at the University of Trento, Italy, and a steel frame with
composite decks. A brief review of the force-based element
formulation is presented first, followed by the discussion of
the new constitutive law for the shear connection. The new
law is validated by comparisons with available push-pull test
data on shear stud connectors. The model application to the
two structural systems follows, with emphasis on the accuracy
of the force-based element and its ease of application to the
nonlinear analysis of full structural frames.

FORCE-BASED COMPOSITE BEAM ELEMENT

Fig. 1 shows the geometry, bond force distribution, and
nodal forces of the two-node force-based element without rigid
body modes. The element without rigid body modes has five
degrees of freedom (shown in Fig. 1). In the element with
rigid body modes, each mode has four degrees of freedom (one
rotation, one vertical displacement, the horizontal displace-
ment in the slab, and that in the beam). The bond force D,(X)
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FIG. 1.

Force-Based Composite Beam Element
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along the element is approximated by a cubic function. Other
bond distributions were considered, but the cubic distribution
was selected because it closely traces the bond distribution in
beams with double curvature normally encountered in frames
under lateral loads (Salari 1999). The cubic bond distribution
results in fourth-order distributions for the bending moment
and the axial force along the beam, which can be obtained
through element equilibrium. The equilibrium conditions are
satisfied pointwise along the element.

Sdlari et a. (1998) proposed a force-based formulation for
the composite beam of Fig. 1. The original formulation is lim-
ited to nonsoftening members. More recently, Salari and Spa-
cone (2001) have extended the formulation to comprise any
unidimensional problem with bond slip. The main steps of the
formulation will be summarized here.

In the force-based element, the internal forces (that is, the
bending moment and the axial load) of the main body, s, and
the bond force, s,, are interpolated in terms of the element
nodal forces Q and the interface forces Q,, at selected reference
points along the interface. The resulting expression is

S| _|Nes Ng Q
{Su}_|:NbB Nbb:l {Qb} @

where Ngg, Ng», Nys, and N, are the force interpolation func-
tions. Subscript B refers to the main body, and b refers to the
bond. Explicit expressions of the above force interpolation
functions are found in Salari et a. (1998). Application of the
principle of virtua forces leads to the following matrix com-
patibility relation:

FAQ=U — U — U, %)
where F is the element flexibility matrix, given by
F=Fg — FBb(be)ilFbB 3
with
Fes = f (NZsf Nes + NpsfuNps) dx (49)
L
Foo = f (NEsfNgy, + NsfuNy,) dx (4b)
L

Fos = Foy, Fuop = f (N &sfNes + NgfoNy,) dx  (4c,d)
L

The main body section flexibility is f and f, is the bond flex-
ibility; U contains the nodal displacements; and Ug and U, are
the contributions of the main body and the bond deformations
to the nodal displacements, respectively, and are defined by

Ug = f {Ngs — Fen(Fu) 'Nepye dx (5a)
L

U, = f {Nfs — Fen(Fu) "Nyt e, dx (5b)
L

where e are the beam section deformations (axial strain and
curvature) and e, is the bond deformation, that is, the dslip at
the contact points. Slab uplifting is neglected; thus only sliding
is considered at the beam-to-slab interface.

In order to use the above formulation in a general-purpose
displacement-based finite-element analysis code, two opera-
tions are needed: (a) compute the element stiffness matrix K
by inverting the flexibility matrix F; and (b) recover the ele-
ment forces corresponding to the element displacements U.
This second step requires an element state determination al-
gorithm that has evolved from the original scheme by Spacone
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et al. (1996), which was developed for a beam with perfect
bond, to the scheme presented in Salari and Spacone (2001).
The procedure adjusts the element forces until the right-hand
side of (2) equals zero; that is, until the element compatibility
issatisfied in an integral sense. The procedure maintains point-
wise equilibrium between nodal and section forces by enforc-
ing (1). The element formulation has been successfully applied
to different classes of elements with bond dlip, including a
steel rebar embedded in concrete, a reinforced concrete ele-
ment with bar dlip, and a steel-concrete composite frame ele-
ment.

CYCLIC BOND CONSTITUTIVE LAW

The element formulation relies on the fiber section discret-
ization to compute the section forces and stiffness correspond-
ing to the section deformations e. The section force-deforma-
tion relation is established by integration of the uniaxia
stress-strain behavior of the layers (Spacone et a. 1996). The
concrete model used in al the numerical studies is that by
Kent and Park (1971). The steel nonlinear behavior is de-
scribed by the Menegotto-Pinto (1973) steel model. As for the
law describing the shear stud connection, the initial imple-
mentation of the element used the law developed by Elige-
hausen et al. (1983) for reinforcing bars with bond slip. The
law gave satisfactory overall results, but the correlation with
available experimental results on shear stud connections was
not always good. Also, the law by Eligehausen et al. (1983)
has stiffness jumps and has a flat plateau at the peak strength.
These characteristics caused numerical problems when com-
bined with the force-based formulation. To circumvent these
difficulties, a new law was formulated to compute the shear
force corresponding to the dlip e,. The constitutive law is a
uniaxial model that considers the tangent (sliding) component
of the bond force only. The model is capable of accounting
for the deterioration of the bond strength and stiffness during
the load cycles.

A schematic representation of the force-dlip relation for a
headed shear stud connection is shown in Fig. 2, where u
indicates the slip and q the bond force. The stiffness of the
ascending branch of the monotonic envel ope reduces gradually
from the initial value to zero at the ultimate bond force q;.
Upon passing the peak, the bond strength decreases until the
ultimate frictional bond g, is reached. The cyclic bond behav-
ior is characterized by a steep unloading branch AB, which
results in the large inelastic residual deformation OB. As un-
loading continues, the gap between the shear stud and the con-
crete and the voids between the concrete particles close. This
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FIG. 2. Cyclic Force-Slip Behavior of Shear Stud Connection



behavior is represented by branch BC, which has a very small
stiffness and ends at point C in Fig. 2, with a prescribed bond
force of q. After the gaps have closed, the bond stiffness
quickly increases until the concrete begins crushing on the
other side of the shear stud. Bond strength and bond stiffness
deteriorate during loading and unloading cycles. The curve CD
in Fig. 2 schematically shows the degradation effect on the
bond force-dlip envelope.

The monotonic envelope of Fig. 2 is divided into two
branches:

1. The ascending branch, from the origin to the peak (us,
0.), whose equation is

q = quouU exp(—au™); 0<u<1l (6a,b)

where U = u/u,. The three parameters o, a,, and o; are
obtained by enforcing the condition that q'(0) = E,, q(u,)
= q,; and q'(u,) = 0, where E, is the initia stiffness. The
resulting values are

a; = Bo/E;; o = —Ln(Vew); as = Va, (7a—c)

where E; = q,/u, is the secant modulus to the peak point.
2. The descending branch, starting from the peak (u,, q,),
whose equation is

Q= 0uPs exp(—B(u — D®) + gy U>1 (8a,b)
The three parameters B,, B., and B; are found by im-
posing the condition that the descending branch passes
through the three points (ui, Q1), (Uz Q2), (Us, Os). The
resulting values are

Ln(R:)
(JZ _ 1)153

Ln(Ry)
"\Ln(R)
Bz=—"7""— (%)

° o — 1
U, —
Ln(2—>

whereR =q — gu/q. — ¢ and U, = u;/u,, i =2, 3. The
two points (u,, g,) and (us, gs) on the descending branch
are shown in Fig. 2 and correspond to the following bond
forces: g, = 0.95¢, and g; = 1.050,. U, and u; control
the shape of the postpeak branch. They are input values
and are selected on the basis of available experimental
tests.

B1=1— G/t B2=— (%9a,b)

For the unloading path ABCD in Fig. 2, three different
eguations are specified. Segment AB is defined by an expo-
nential function with initial stiffness equal to the elastic stiff-
ness E,. Segment BC is described by a cubic function. Seg-
ment CD provides a smooth transition from the second
segment to the reduced envelope. A second-order Bezier func-
tion is used to define the transition curve. The Bezier curve
aways remains between the tangents at the two end points;
thus the transition curve CD can never intersect the envelope.
After point D the loading path follows the reduced monotonic
envelope until unloading occurs. Depending on the point
where unloading or reloading occurs, different cyclic patterns
can be obtained. Some of the main patterns are shown in Fig.
3. The details of these patterns and their equations are defined
in Salari (1999).

Damage and degradation of the bond strength and stiffness
are introduced through the reduction of the monotonic enve-
lope, following a damage law similar to that used by Elige-
hausen et al. (1983) to define damage in their bond-dlip law
for reinforcing bars anchored in concrete. A damage function

v is defined, where y = 0 indicates no damage, and v = 1
indicates full damage. The maximum slip in each direction,
the difference between the peak slip values, and the number
of loading cycles are the major quantities that influence the
damage factor y. These parameters can be related to the energy
dissipated during the loading, unloading, and reloading cycles.
In the present model the damage factor is considered a func-
tion of the total dissipated energy only. It is aso assumed that
only afraction of the energy dissipated during repeated cycles
between fixed peak dip values causes damage. From experi-
mental tests it appears that the remaining energy is used to
overcome the frictional resistance and is transformed into heat.
Following Eligehausen et al. (1983), this fraction is assumed
to be 50% of the total dissipated energy. The following ex-
pression is assumed for the damage factor:

v =1 - exp(—0.1e4") (10)

where e is the normalized effective hysteretic energy defined
as &4 = ey /Uy, Where e4 = 1/2 [, g du. The loading envelope
is reduced by applying the damage factor to E,, q,, gw, and g;.

In order to validate the performance of the proposed cyclic
bond model, the experimental results obtained from two dif-
ferent push-pull tests are employed. The tests were carried out
by Bursi and Gramola (1999) as part of research on the cyclic
behavior of headed shear studs. Experimental and numerical
results are shown in Figs. 4 and 5 for two different imposed
dlip histories. The displacement histories of the two tests are
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FIG. 3. Possible Unloading/Reloading Patterns
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sults by Bursi and Gramola (1999) for Displacement History Case |
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TABLE 1. Materia Properties of Bond Monotonic Envelope for Correlation Studies with Experimental Data by Bursi and Gramola (1999)

Ultimate bond force

Bond dlip corresponding

Bond slip corresponding Frictional bond

Initial bond stiffness and corresponding dlip to g, = 0.95q, to g; = 1.05¢, resistance
E, = 1,200 kN/mm . = 550 kN U, =5mm u; = 20 mm Cr = 150 kN
u, = 2.25 mm o = 20 kN
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FIG. 5. Comparison of Proposed Bond Model with Experimental Re-
sults by Bursi and Gramola (1999) for Displacement History Case Il

schematically shown in both figures. The first load history con-
sists of a series of three cycles of increasing dip amplitude
(up to 7 mm), and the second consists of a series of cycles of
increasing amplitude up to 4 mm, followed by several cycles
of constant amplitude. The material properties required to de-
fine the bond monotonic envelope are given in Table 1. The
numerical results correlate well with the experimenta re-
sponses. It should be pointed out that the experimental datais
non-symmetric, even in the initial cycles, due to irregularities
in the specimens and to minor reading problems in the actual
testing. After several cycles the analytical strength degradation
is close to the experimental one in Fig. 4, while the match is
less satisfactory in Fig. 5. The overall good correlation be-
tween analytica and experimental results indicates that the
proposed bond model can be successfully used to predict the
nonlinear cyclic behavior of shear stud connections with
strength and stiffness degradation.

APPLICATIONS OF STEEL-CONCRETE COMPOSITE
BEAM MODEL

The performance of the force-based steel-concrete compos-
ite beam element is studied through two applications: (a) the
analysis of an experimentaly tested moment-resisting steel
frame subassemblage with a composite deck; and (b) the study
of a three-story, four-bay steel frame with composite decks.
All the analyses are performed with the finite-element analysis
program (FEAP) (Taylor 1999). The mechanical properties of
the distributed bond are calculated by smearing the strength
and stiffness of asingle row of shear studs over alength equal
to the stud spacing.

Composite Frame Subassemblage

The first application of the steel-concrete frame element is
the study of the moment-resisting frame subassemblage of Fig.
6. Burs and Gramola (2000) performed a series of experi-
mental tests on the frame under cyclic loading conditions.
Their experimental investigation was supported by finite-ele-
ment analyses that used solid elements for the girder and the
slab and concentrated springs for the shear studs.

The steel girder has the European profile IPE330, and the
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2 Shear Studs (¢ = 16 mm)

HE3608B

. 4000 mm

Steel Sections Dimensions (mm)

Section h b tw
IPE 330 330 160 7.5 11.5
HE 360B 360 300 12.5 22.5

FIG. 6. Geometry and Layered Section of Moment-Resisting Frame
Subassemblage Tested by Bursi and Gramola (2000)

HE360B profile is used for the steel column. The cross-section
characteristics and the discretization of the section into layers
are given in Fig. 6. A large column section is used to induce
failure in the composite beam. The slab reinforcement consists
of eight (J12 mm rebars. This reinforcement was doubled near
the column to obtain a rigid beam-to-column connection. The
steel deck consists of a 0.7 mm sheet. Because of the shear
lag phenomenon, one needs to consider the effective width of
the concrete dab for a 2D analysis of the slab-girder systems.
The effective width obtained by Bursi and Gramola (2000)
with a 3D linearly elastic finite-element analysisis used in the
numerical simulations. The effective width is approximately
300 mm at the left support and 500 mm at the beam-to-column
connection and reaches a maximum of 900 mm at midspan.
The profile of the effective width used in the analysesis found
in Salari (1999).

At the beam-to-column connection, the steel beam degrees
of freedom are rigidly connected to the steel column degrees
of freedom. Furthermore, at this point dlip in the shear con-
nection is prevented by imposing a constraint to the slab de-
grees of freedom.

Two different frames were tested by Bursi and Gramola
(2000). The first case considers the frame behavior with full
connection, and the second deals with a frame with partial
connection. The degree of shear connection, as defined by
Bursi and Gramola (2000), is based on the Eurocode 4 (1992)
provisions. Based on this code, two 16 mm Nelson studs are
placed at 200 mm intervals for full shear connection, and for
the partially connected beam, a 400 mm spacing is considered.
The equivaent distributed strength and stiffness are calculated
by simply dividing the strength and stiffness of a single row
of studs by the stud spacing. The material properties used in
this analytical study are given in Table 2.

The experimental and numerical load-displacement dia-
grams for the frame with the fully connected beam are shown
in Fig. 7. To capture the nonlinear response of the frame, only
one force-based element was used. It can be observed that the
numerical results agree very closely with the experimental



TABLE 2. Material Properties for Frame Subassemblage by Bursi and Gramola (2000)

Full Connection

Partial Connection

Concrete Steel Bond Concrete Steel Bond
Girder Girder
fe =39 MPa f, = 300 MPa E, = 1,640 N/mm f. = 36.8 MPa f, = 300 MPa E, = 820 N/mm
g, = 0.003 E, = 2.05 X 10° MPa g. = 700 N/mm €, = 0.0025 E, = 2.05 X 10° MPa o, = 350 N/mm
O, = 200 N/mm Qr, = 100 N/mm
Rebar Rebar
u, = 2.25 mm u, = 2.25 mm
f, = 480 MPa u, =5 mm f, = 480 MPa u, =5 mm
E, = 2.1 X 10° MPa U; = 40 mm E, = 2.1 X 10° MPa U; = 40 mm
o = 40 N/mm g = 20 N/mm
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FIG. 7. Load-Displacement Diagram for Fully Connected Frame

ones for the positive lateral load, for which the concrete slab
is essentially under compression. When the lateral load is neg-
ative and the concrete dlab is under tension, the experimental
results show some discrepancies in the larger cycles, due the
gradual loss of strength observed in the experiment, caused by
local buckling in the steel beam. This phenomenon is not cap-
tured by the proposed composite beam element, which ne-
glects geometric nonlinearities.

The “exact” analytical bond force distributions along the
composite beam with full connections are shown in Fig. 8.
The six distributions (labeled F1 through F6) correspond to
the loading points indicated in Fig. 7. These results were ob-
tained using a very large number of displacement-based com-
posite elements with partial connection. The drop in the bond
force near the beam-to-column connection at load points F3
and F5 follow the crushing of the slab concrete in compres-
sion. The drops in the bond force at approximately 3,000 mm
from the left support at load points F4 and F6 follow tension
yielding of the steel reinforcement in the slab. This drop ap-
pears at approximately 3,000 mm from the left support be-
cause at this point some of the reinforcement placed around
the beam-to-column connection is interrupted. Yielding of the
slab reinforcement near the beam end causes a similar bond
drop at load point F6. The bond force distributions obtained
with a single force-based element are presented in Fig. 9. Even
though these distributions are obtained with a single force-
based element for the composite beam, they are in good agree-
ment with the analytical results. The discrepancy at the right
node of the beam is due to the fact that slip is prevented at
the beam-to-column connection. The jump in the bond force
distribution at the end of the composite beam is typical of
force-based elements, where bond force continuity is not en-
forced. The discontinuity has no significant effect on the over-
al response of the frame.

FIG. 8. ‘“Exact” Analytical Bond Force Distributions along Fully Con-
nected Beam
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FIG. 9. Bond Force Distributions along Fully Connected Beam with
One Force-Based Element

The experimental and numerical load-displacement dia-
grams for the frame with the partially connected beam are
shown in Fig. 10. The nonlinear response of the frame was
captured with only one force-based element. Similar to the
previous case, the numerical results agree with the experi-
mental results for the positive lateral load, for which the con-
crete slab is essentially under compression. When the lateral
load is negative, the experimentally observed local buckling
in the steel girder is not captured by the proposed model. The
main source of nonlinearity in the force-displacement re-
sponses of Fig. 10 is the yielding of the steel girder.

The *“exact” analytical bond force distributions aong the
composite beam with partial connections at different displace-
ment levels are shown in Fig. 11, while the bond force distri-
bution obtained with one element is shown in Fig. 12. The six
distributions (labeled P1 through P6) correspond to the loading
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FIG. 10. Load-Displacement Diagram for Partially Connected Frame
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FIG. 12. Bond Force Distribution along Partially Connected Beam
with One Force-Based Element

points indicated in Fig. 10. The agreement between analytical
and experimental distribution is good, with the aforementioned
discrepancy at the beam-to-column connection. The bond
force distribution in the case of partial connectionsis smoother
than in the case of full connection because the lower level of
connection leads to a lower composite action and thus to
smaller strains in the reinforced concrete slab. Finally, no shear
connection failure was observed in either of the two examples.
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Three-Story Composite Frame

This application deals with the nonlinear response of the
composite frame of Fig. 13 under the lateral and vertical loads
of Fig. 14. The steel frame of the composite system is the
three-story Seattle building studied by Stojadinovic et al.
(1998) in the framework of the SAC Steel Project that fol-
lowed the 1994 Northridge earthquake. Stojadinovic et al.
(1998) performed a series of pushover anayses to study the
sengitivity of the frame response to different degrees of base
column connection. The concrete slab was included in the load
analysis by Stojadinovic et a. (1998), but it was not consid-
ered as part of the structural load-resisting system. The same
system is considered here, but the composite slab is an integral
part of the structural system. The base columns are considered
fixed. Full shear connection between the concrete slabs and
the steel girders is provided by two 12.7 mm diameter studs
spaced at 150 mm aong the girders. The materia properties
are given in Table 3. A design base shear of Vi gc = 373 kN
was obtained for the steel frame by Stojadinovic et al. (1998).
The lateral load distribution used in the pushover analyses is

SR )

W24x4

£ Woax?s € :
2} . £ £ ;
i 9140 mm i = ’3‘/ = 64 = o
€ 1400 mm !
Steel Section Dimensions (mm)
Section h b ty &
W14x159 380.5 305.4 18.9 30.2
W14x176 386.6 397.5 21.1 33.3
W18x40 4547 1528 8.0 133
W24x76 416.0 406.3 29.8 48.0
W24x84  416.0 4063 29.8 48.0
FIG. 13. Characteristics of Composite Frame
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FIG. 14. Loading Condition for Composite Frame

TABLE 3. Materia Properties for Three-Story Steel Frame with
Composite Girder

Full Connection

Concrete Steel Bond
Girder
f. =28 MPa f, = 345 MPa E, = 1,860 N/mm
g, = 0.003 E, = 2.0 X 10° MPa 0, = 700 N/mm
O, = 150 N/mm
Rebar
u, = 225 mm
f, = 345 MPa U, =5 mm
E, = 2.0 X 10° MPa U; = 40 mm




based on the Uniform Building Code (ICBO 1997) and is
shown in Fig. 14.

The frame is analyzed using two force-based composite
beam elements per beam. Due to the kinematics of the com-
posite beam element, the finite-element model has two hori-
zontal degrees of freedom at each node, one in the steel beam
and the other in the concrete dab. In the frame mode, the
steel girder is rigidly connected to the steel column. The hor-
izontal degrees of freedom of the concrete slabs are connected
only to those of the adjacent concrete slabs (in the interior
connections) or are free (at the girder ends). The steel columns
are modeled using a single force-based fiber element with ma-
terial nonlinearities. Nonlinear geometric effects are neglected
in the columns. The uniform distributed loads on the beams
are applied as equivalent nodal loads. The distributed loads
are applied at the first load step and remain constant during
the pushover analyses.

The application of the floor loads indicated in Fig. 14 poses
an interesting problem. The lateral load distribution computed
from the Uniform Building Code (ICBO 1997) is a series of
concentrated loads applied at each floor, but the floor model
has two horizontal degrees of freedom: one in the steel girder
and the other in the concrete slab. The lateral load at each
floor level can either be divided between the two horizontal
degrees of freedom or solely applied to one of them. The writ-
ers observed that when the lateral load at each floor level is
equally divided between the two degrees of freedom, the pre-
dicted frame capacity increases by about 5% with respect to
the case where the entire lateral load is applied to the steel
girders. Thisis due to the fact that if the load is split between
girder and slab, the entire girder carries the lateral load, while
in the other case the load applied to the steel girder isgradually
transferred to the concrete slab, thus overloading the end steel
girders. The results presented hereafter distribute the loads
equally between the steel girder and the concrete slab because
it is believed that the lateral forces are carried directly by the
composite beams.

The normalized base shear V/V gc versus the roof drift
A/H for different levels of shear connection are shown in Fig.
15, where H is the total height of the frame. The case of the
steel frame with no concrete slab is also included. The degree
of shear connection is defined by the parameter p; pn =1
indicates full connection (which implies that additional shear
studs do not increase the strength of the beam), while w = 0
indicates no connection. Fig. 15 shows how replacing the steel
girder with the steel-concrete composite beams increases the
initial stiffness of the steel frame. Similarly, the strength of
the frame increases by approximately 25%, depending on the
degree of connection.
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FIG. 15. Load-Displacement Diagrams for Different Levels of Shear
Connections

It is, however, interesting to observe that the stiffness and
strength of the building do not drastically change for degrees
of connection that vary from p. = 0.2 to p. = 1, thus indicating
that an analysis with no slip between steel girder and concrete
slab provides, in most cases, a good approximation of the
frame strength. This result was validated by a series of para-
metric studies on steel frames with composite slabs performed
by Saari (1999). Finally, the results confirmed that the design
of the original SAC building, based on the Uniform Building
Code (ICBO 1997), gives a very large building overstrength
(eight for the steel frame without the concrete slab, ten for the
composite frame).

SUMMARY AND CONCLUSIONS

The application of a recently developed steel-concrete com-
posite beam element to the study of steel frames with com-
posite slabs is discussed in this paper. The steel-concrete com-
posite beam stems from a force-based formulation and can
model the highly nonlinear response of composite beams, in-
cluding concrete crushing and shear stud failure, without nu-
merical problems. The original composite element is enhanced
by the development of a new nonlinear law for modeling the
behavior of the shear stud connections. The law is fully cyclic
and includes stiffness and strength degradation during the load
cycles. The model parameters are determined by fitting a series
of push-pull experimental tests on shear studs. The model can
reproduce the salient characteristics of the cyclic experimental
responses.

Two applications are presented to illustrate the performance
of the force-based element and to show the importance of the
composite action in composite frames. The first application
presents two composite subassemblages tested at the Univer-
sity of Trento, Italy. Even though only one force-based ele-
ment is used to model the composite beam, the force-displace-
ment responses are in close agreement with the experimental
results. Even though the bond-stress distribution along the
beam is somehow approximate, the overall results are very
good. The failure mechanism of the subassemblage, due to
local buckling of the steel girder, cannot be captured by the
composite beam model, which does not include geometric
nonlinearities.

The second application extends the composite beam element
to the study of a full-scale steel frame with a steel-concrete
composite deck. The steel frame was previoudy studied while
neglecting the contribution of the composite action. As ex-
pected, the overall response of the frame is greatly enhanced
by the composite deck, which increases both the stiffness and
the strength of the frame. Different levels of connection in the
composite beams have little effect on the overal response,
which seems to remain amost unchanged for degrees of con-
nection larger than 20% of that of the full connection. Because
of the considerable increase in the initial stiffnessin the frame
due to the composite action, this action should be included in
computing the fundamenta period of the structure, which is
used to find the seismic design forces for the frame.

All the analyses discussed in this study were performed in
a matter of minutes on a personal computer. The precision of
the proposed composite beam element reduces the number of
elements needed to discretize the composite members, thus
drastically reducing the computational cost of the frame anal-
ysis. Continuous advances in computer architecture, combined
with accurate models such as the one presented in this paper,
make nonlinear frame analysis arealistic tool for assessing the
response of structural frames within the framework of the
emerging performance-based engineering philosophy. Future
analytical studies on composite frames should combine models
for the composite members with models for the beam-to-col-
umn connections, whose deformability has an important im-
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pact on the overall frame stiffness, especially at large levels
of lateral displacements.
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NOTATION
The following symbols are used in this paper:

D,(X) = bond force/unit length;
e, 6, = main body and bond deformations;
F, K = element flexibility and stiffness matrices,

respectively;

Fes, Fen Fos: Fuo = €lement flexibility terms;

f, f, = main body and bond flexibility;
Ngs, Nas, Nps, Ny = force interpolation functions;
Q, Q, = element and bond generalized forces;
g, u = bond force and bond dlip;
S, S, = main body and bond forces;
U, Ug, U, = nodal displacements, main body, and

bond contributions;
bond law parameters; and
damage factor.

o, Oy, Qg B, Bo, Bs
v



