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ABSTRACT: Composite beams with deformable shear connection were specifically introduced as an exten-
sion of conventional monolithic beam models for the analysis of steel-concrete composite (SCC) structuresin
which the flexible shear connection allows development of partial composite action influencing structural de-
formation and distribution of stresses. The use of beams with deformable shear connection in the analysis of
frame structures raises very specific modeling issues, such as the characterization of the cyclic behavior of the
deformable shear connection and the assembly of composite beam elements with conventional beam-column
elements. In addition, the effects on the dynamic response of SCC frame structures of various factors such as
the shear connection boundary conditions are still not clear and deserve more investigation. The object of this
work is to provide deeper insight into the nonlinear seismic response behavior of SCC frame structures and

how it isinfluenced by various modeling assumptions.

1 INTRODUCTION

Among the various models available for the analysis
of composite structures (Spacone & El-Tawil 2004),
frame models allow to obtain significant information
at reasonable computational cost compared to more
sophisticated two-dimensional (plate/shell) and
three-dimensional (solid) finite element (FE) mod-
els. Even if frame elements can only account ap-
proximately for local effects (e.g., shear lag, local
instabilities in the compressed portion of the steel
beam, cracking and crushing of concrete), good test-
analysis correlation results were obtained by a num-
ber of researchers (e.g., Liew et al. 2001, Kim &
Engelhardt 2005) for quasi-static tests and global re-
sponse quantities. As an extension of conventional
monolithic beam models, beams with deformable
shear connection were specifically introduced and
adopted for the analysis of SCC beams. Flexible
shear connectors allow development of partial com-
posite action (Viest et al. 1997, Oehlers & Bradford
2000), influencing structural deformation and distri-
bution of stresses under service and ultimate load
conditions. Furthermore, the shear connection can be
responsible for collapse, e.g., when partia shear
connection design is adopted, connectors fail due to
limited ductility. Thus, a composite beam model
with deformable shear connection has some impor-
tant advantages over the common Euler-Bernoulli
monolithic beam model, i.e., it alows a more accu-
rate modeling of the structural behavior, providesin-

formation on the slab-beam interface slip and shear
force behavior, permits to evaluate the effects of the
interface slip on stress distribution, and enables to
model damage and failure of the connectors. Up to
date, applications of beam elements with deformable
shear connections to the analysis of SCC frames
have mainly been limited to quasi-static behavior,
e.g., recent work by Dissanayake et al. (2000), Ay-
oub & Filippou (2000), and Salari & Spacone
(2001). On the other hand, there is limited experi-
ence on nonlinear dynamic analysis of SCC frames
based on beam elements with deformable shear con-
nection (Bursi et a. 2005). Furthermore, some mod-
eling aspects deserve further investigation. In fact,
the use of beams with deformable shear connection
in the analysis of frame structures raises very spe-
cific modeling issues, such as the characterization of
the cyclic behavior of the deformable shear connec-
tion and the assembly of composite beam elements
with conventional beam-column elements. In addi-
tion, the influence of various factors (e.g., shear
connection boundary conditions, mass distribution
between the two components of the composite
beam) on the dynamic response of SCC frame struc-
tures needs to be better understood through a sys-
tematic parametric study.

The objective of this work is to provide deeper
insight into nonlinear dynamic analysis results of
SCC structures and how different modeling assump-
tions affect these results. For this purpose, a materi-
aly-nonlinear-only FE formulation for static and



dynamic analysis of SCC structures using displace-
ment-based locking-free elements with deformable
shear connection (Dall’Asta & Zona 2002) is em-
ployed. Realistic uni-axia cyclic constitutive laws
are adopted for the steel and concrete materials of
the beams and columns and for the shear connection.
Nonlinear dynamic seismic analysis results of two-
dimensional moment resisting frames made of steel
columns and composite beams are provided. These
results and their discussion focus on: (i) the influ-
ence of partial composite action on the dynamic
nonlinear analysis of SCC frames; (ii) the effects of
different modeling assumptions related to SCC
structures.

2 MODELING AND ANALY SIS OF STEEL-
CONCRETE COMPOSITE FRAMES

2.1 Beam model with deformable shear connection

The formulation for two-dimensional beams with
deformable shear connection is based on the New-
mark et a. (1951) model in which (i) Euler-
Bernoulli beam theory (in small deformations) ap-
plies to both components of the composite beam,
and (ii) the deformable shear connection is repre-
sented by an interface model with distributed bond
allowing interlayer dlip and enforcing contact be-
tween the steel and concrete components.

2.2 Finite Element Formulation

The present study makes use of a simple and effec-
tive two-dimensional 10 nodal degrees-of-freedom
(DOFs) displacement-based SCC frame element
with deformable shear connection (Dall’Asta &
Zona 2002). This element was proven to produce ac-
curate results even for local response quantities (e.g.,
section deformations, section stress resultants, shear
force distribution at the steel-concrete interface, etc.)
provided that a sufficiently refined mesh is adopted
(Dall’ Asta & Zona 2004c). The same element was
employed for finite element response sensitivity
analysis of SCC structures (Zona et a. 2005) under
both monotonic and cyclic loading conditions. Its re-
sponse results were validated through test-analysis
comparison studies (Zona et al. 2005). Results and
observations provided in the present paper are, how-
ever, not restricted to the specific finite element
adopted.

In the finite element adopted, the concrete slab
and steel beam components have their own user-
defined reference system allowing proper selection
of the position of the axial DOFs to be used in the
FE assembly of beam and column elements. Typical
choices are: reference systems located at the cen-
troid of each component; reference systems both lo-
cated at the interface of the two components. Choice
of the reference system does not influence the preci-

sion of the element, since the element shape func-
tions in different reference systems are consistent so
as to avoid the eccentricity issue and dip locking
problems (Dall’ Asta & Zona 2004b). Another useful
feature of the FE formulation adopted is an internal
constraint that can be introduced at each beam end
independently. Thisinternal constraint enforces zero
dlip at the beam end at which it is applied and can be
used in modeling many real situations.

2.3 Modeling of inertia and damping properties

In this study, the inertia properties are modeled via
trandational (horizontal and vertical) masses lumped
at the DOFs of the frame elements external nodes.
A lumped mass matrix formulation is preferred to a
consistent mass matrix formulation for severa rea-
sons: (i) using a lumped mass matrix formulation,
the inertia properties of the finite element model are
independent of the finite element types employed,
and thus the same structure mass matrix is obtained
using displacement-based, force-based or mixed-
formulation frame elements; (ii) a lumped mass ma-
trix formulation yields a diagonal mass matrix at the
structure level and entails significant computational
advantages (over a fully populated consistent mass
matrix) for calculations involving the inverse of the
mass matrix such asin eigen-analysis and in explicit
time integration methods; (iii) the use of consistent
mass matrices at the element level presents some
additional complications when internal DOFs need
to be condensed out at the element level, as in the
case of the locking free composite frame element
used herein.

Information about damping properties of SCC
frame structures inferred from experimental dynamic
data is very limited (Burs & Gramola 2000,
Dall’ Asta et a. 2005). This study assumes Rayleigh-
type proportional viscous damping (Chopra 2001).
The Rayleigh damping matrix used herein is propor-
tional to the mass matrix and initial stiffness matrix.

2.4 Hysteretic Modeling of Sructural Materials
and Shear Connection

The selected constitutive model for the steel material
(reinforcement and beam steel) is the uni-axial Me-
negotto & Pinto (1973) constitutive model, a compu-
tationally efficient nonlinear smooth law able to
model both kinematic and isotropic hardening
(Filippou et al. 1983) and Baushinger’s effect, which
are typical of the cyclic behavior of structural steel
materials. Further details on the model and its nu-
merical implementation can be found in (Barbato &
Conte 2006), where the model is extended for finite
element response sensitivity computation. A typical
cyclic responseis shown in Figure 1.
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Figure 1. Menegotto-Pinto material constitutive model for
structural steel: typical cyclic stress-strain response

The selected constitutive law for the concrete ma-
terial is a uniaxia cyclic law with monotonic enve-
lope defined by the Popovics-Saenz law (Balan et al.
1997, 2001). The details of the formulation of this
constitutive model and related material parameters
can be found in (Zona et al. 2006). A typical cyclic
response is shown in Figure 2.
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Figure 2. Hysteretic concrete material model: typical cyclic
stress-strain response
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The constitutive law used for the shear connec-
tors is a dip-force cyclic law with monotonic enve-
lope given by the Ollgaard et al. law (1971). The cy-
clic response of the shear connectors is a modified
version of the model proposed by Eligenhausen et al.
(1983). The details of the formulation of this consti-

tutive model and related material parameters can be
found in (Zona et a. 2006). A typica cyclic re-
sponseis shown in Figure 3.

3 DYNAMIC RESPONSE SIMULATION OF
SCC FRAME STRUCTURES

3.1 Description of the SCC frames analyzed

The basic testbed SCC frame structure considered in
this section is a redlistic 5-story 2-bay moment re-
sisting frame made of steel columns and composite
beams (Fig. 4). Each bay has a span of 5.00 m and
each story has a height of 3.00 m. The steel columns
are made of European HEB300 wide flange beams,
while the composite beams are made of steel Euro-
pean IPE270 I-beams connected by means of stud
connectors to a 100 mm thick concrete slab with an
effective width estimated at 800 mm (kept constant
along the beam), top and bottom reinforcements of
400 mm? and a concrete cover of 30 mm (Fig. 5).

IPE270 +r.c. dlab

3.00m
IPE270 +r.c. dlab
3.00m
IPE270 +r.c. dab
o o o
® a ®
i @ H i 3.00m
T IPE270+rc.dab | T T
3.00m
IPE270 +r.c. slab
3.00m
Vi Vi Vi
500m 500m

Figure 4. Configuration of testbed SCC frame structure ana-
lyzed

This SCC frame was designed according to Euro-
code 4 (CEN 2004a) to resist the static loads (com-
posite cross section self weight = 2.36 KN/m, per-
manent load G = 16 kN/m, and live load Q = 8 kN/m
with G and Q uniformly distributed along the com-
posite beams) and seismic forces evaluated using re-
sponse spectrum analysis with peak ground accelera-
tion = 0.35g, Type 1 spectrum of Eurocode 8 (CEN
2004b), modal damping ratio = 0.05, soil B, and be-
havior factor q = 3. A full shear connection (i.e., the
ultimate strength of the composite section is not af-
fected by the shear connectors) was designed using
the plastic approach of Eurocode 4 (CEN 2004a).
For the sake of simplicity, the shear connection



strength was taken as constant along all composite
beams.
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Figure 5. Composite beam cross-section definition of the test-
bed SCC frame structure analyzed

All finite element models adopted in the response
simulations illustrated use the same spatial discreti-
zation: four 10-DOF composite frame elements of
equal length for each beam (between two adjacent
columns) and two conventional displacement-based
Euler-Bernoulli (monolithic) frame elements for
each column (between two adjacent floors).

The inertia properties are modeled using lumped
(horizontal and vertical) translational masses repre-
senting the mass of beams and columns, and the
mass equivalent to both the permanent load G and
the live load Q. The mass equivalent to the self-
weight of the SCC beams is distributed between the
slab and beam DOFs according to the actual mass of
the steel beam and concrete slab components. The
mass equivalent to the permanent load G is consid-
ered evenly divided between the slab and steel beam
components. The mass equivalent to the live load Q
isassigned entirely to the slab DOFs.

Three different slip boundary conditions are con-
sidered: (i) dlip restrained at every beam-column
joint (i.e., the relative dip between slab and steel
beam is prevented at the face of every column); (ii)
dip restrained at the central beam-column joints
only (i.e., relative dlip between slab and steel beam
is prevented at the face of the central column only);
(iii) dlip free at each joint (i.e., due to sufficient
space between columns and slabs, relative slip be-
tween dlab and steel beam is not prevented). The slip
constraint condition is not applied to the SCC beams
at the roof level where the slab is free to dlip. In this
way, the present study aims at describing and ana-
lyzing the effects of different realistic modeling op-
tions (in terms of dlip constraint conditions) at the
joints between SCC beams and steel columns.

In addition, a finite element frame model with
conventiona Euler-Bernoulli monolithic beams (i.e.,
full shear interaction and full shear connection) was
included in this study for comparison purposes.

3.2 Nonlinear earthquake response analysis

After quasi-static application of avertical distributed
load of 26.36 KN/m representing self weight, perma-
nent and live loads, four nonlinear dynamic analyses
were carried out for each frame model considered by

using two ground motion accelerograms and two dif-
ferent levels of viscous damping in the structure.
The two historic earthquake accelerograms used as
base excitation are: (i) the 1994 Northridge earth-
quake recorded at the Pacoima Dam station with a
peak ground acceleration (PGA) of 1.585g, corre-
sponding to a return period of about 180 years (at
the recording site), and (ii) the 1979 Imperial Valley
earthquake recorded at the Bonds Corner station
with PGA = 0.775g, corresponding to areturn period
of about 40 years (at the recording site). Rayleigh
damping was assumed with a specified damping ra-
tio of & at both the first and third vibration modes of
the structure. This study uses the constant average
acceleration method and the corresponding set of
nonlinear algebraic equations is solved iteratively
using Newton’s method (Chopra 2001). A constant
time step At = 0.005s was used for the numerical in-
tegration of the equations of motion in all the
nonlinear dynamic analyses performed. Due to space
limitation, in the sequel only selective results are
presented.

The response of the frame model with rigid shear
connection (y = o) is compared to the response of
the frame model characterized by deformable shear
connection (y = 1.0, full shear connection) and dlip
restrained at the central beam-column nodes only
(frame model 10TC). In Fig. 6, time histories for the
horizontal displacement of the left column at the
roof level (z = 15 m) are reported. The differences
between the two models are clearly noticeable. Tak-
ing the response of the monolithic frame as refer-
ence, the difference in magnitude of the positive and
negative peaks is +0.2% and +31.5%, respectively.
The maximum absolute difference over the duration
of the earthquake is 129.9 mm, and the average ab-
solute difference is 22.5 mm. It is observed that in
the case of the monoalithic frame, the displacement
response oscillates around the static displacement
response due to gravity loads only, which is not the
case for the frame with deformable shear connec-
tion. To evaluate the effect of a different seismic ex-
citation, Fig. 7 presents the roof displacement re-
sponses for the same models (monolithic frame and
frame 10TC) as in Fig. 6 subjected to the (less in-
tense) Imperia Valley earthquake. Again, the differ-
ence in the two model responses is evident (differ-
ence in magnitude of the positive and negative peaks
= -1.5% and +40.8%, respectively, maximum abso-
lute difference = 108.6 mm, average absolute differ-
ence = 51.2 mm).

Fig. 8 represents graphically the interstory drift
and shear demands for the frame model with mono-
lithic beams and frame model 10TC subjected to the
Northridge earthquake input. It is found that re-
sponse simulation of SCC frame structures modeled
using frame elements with deformable shear connec-
tion (as compared to monolithic frame elements)
leads to lower seismic demand in terms of interstory



shears. As expected, the interstory shear demand in-
creases with the overal stiffness of the frame model.
Thus, response simulation of SCC frame structures
modeled using frame elements with deformable
shear connection (as compared to monolithic frame
elements) leads to larger seismic demand in terms of
floor displacements and interstory drifts. This con-
clusion is also corroborated by other analysis results
(based on other combinations of modeling parame-
ters/assumptions and the Imperial Valley earthquake
input) not presented here due to space limitation.
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Figure 6. Horizontal displacement of left column at roof level:
effect of deformable shear connection (Northridge seismic in-

put)
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Figure 7. Horizontal displacement of left column at roof level:
effect of deformable shear connection (Imperial Valley seismic
input)
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Figure 8. Interstory drift and shear demand: effect of deform-
able shear connection (Northridge seismic input)

Fig. 9 shows the effect of slip constraints on the
roof horizontal displacement by considering two ex-
treme cases, namely dip (i) restrained (frame model
10TA) and (ii) unrestrained (frame model 10TN) at
all beam-column joints. Taking frame model 10TA
as reference, the difference in magnitude of the posi-
tive and negative peaks is -16.5% and +5.7%, re-
spectively. The maximum absolute difference over
the duration of the earthquake is 95.8 mm, and the
average absolute differenceis 14.1 mm.
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Figure 9. Horizontal displacement of left column at roof level:
effect of dip constraint (Northridge seismic input)

4 CONCLUSIONS

From the above results it can be concluded that the
inelastic partial composite action in the SCC frame
structures considered in this study plays an impor-
tant role on their global seismic (dynamic) response
behavior. The shear connection deformability has a
significant effect on global seismic responsg, i.e., in-
crease of floor displacements and interstory drifts,
and decrease of interstory shear demand. These ef-
fects are amplified when dlip constraints are not pre-
sent at any beam-column joints. Thus, a proper rep-
resentation of the dlip boundary conditions for all
composite beams is crucia for accurate response
simulation. In addition, a frame model with deform-
able shear connection not only accounts for the ef-
fect of partial composite action in the globa re-
sponse prediction, but can aso provide useful
information on the response of the shear connection
(in terms of interface slip and shear force). This lo-
cal response prediction, that can be obtained at a
relatively low additional computational cost (as
compared to frame models with monoalithic beams),
allows to asses the shear connection behavior under
dynamic/seismic loads.

ACKNOWLEDGEMENTS

Partial supports of this research by the National Sci-
ence Foundation under Grant No. CMS-0010112,
the Pacific Earthquake Engineering Research



(PEER) Center through the Earthquake Engineering
Research Centers Program of the National Science
Foundation under Award No. EEC-9701568, and the
National Center for Supercomputing Applications
(NCSA) under Grant No. MSS040022N involving
utilization of the IBM P690 computers are gratefully
acknowledged.

REFERENCES

Ayoub, A. & Filippou, F.C. 2000. Mixed formulation of
nonlinear steel-concrete composite beam element.
Journal of Structural Engineering ASCE 126(3): 371-
381.

Baan, T.A., Filippou, F.C. & Popov, E.P. 1997. Consti-
tutive model for 3D cyclic analysis of concrete struc-
tures. Journal of Engineering Mechanics ASCE 123
(2): 143-153.

Balan, T.A., Spacone, E. & Kwon, M. 2001. A 3D hy-
poplastic model for cyclic analysis of concrete struc-
tures. Engineering Structures 23(4): 333-342.

Barbato, M. & Conte, J.P. 2006. Finite element structural
response sensitivity and reliability analyses using
smooth versus non-smooth material constitutive mod-
els. International Journal of Reliability and Safety
1(1-2): 3-39.

Bursi, O.S. & Gramola, G. 1999. Behaviour of headed
stud shear connectors under low-cycle high amplitude
displacements. Material and Sructures RILEM 32:
290-297.

Bursi, O.S. & Gramola, G. 2000. Behaviour of composite
substructures with full and partial shear connection
under quasi-static cyclic and pseudo-dynamic dis-
placements. Material and Sructures RILEM 33: 154-
163.

Bursi, O.S., Sun, F.F. & Postal, S. 2005. Non-linear
analysis of steel-concrete composite frames with full
and partial shear connection subjected to seismic
loads. Journal of Constructional Steel Research 61(1):
67-92.

CEN, Comité Européen de Normalization. 2004a. Euro-
code 4: Design of composite steel and concrete struc-
tures - Part 1.1: General - General rules and rules for
buildings, EN 1994-1-1, Brussels.

CEN, Comité Européen de Normalization. 2004b. Euro-
code 8: Design of structures for earthquake resistance
- Part 1: General rules, seismic actions and rules for
buildings, EN 1998-1-1, Brussels.

Chopra, A.K. 2001. Dynamics of Structures. Theory and
Applications to Earthquake Engineering, Second Edi-
tion. Prentice Hall, Englewood Cliffs, NJ.

Dal'Asta, A., Dezi, L., Giacchetti, R., Leoni, G. & Ra-
gni, L. 2005. Dynamic response of composite frames
with rubber-based dissipating devices. experimental
tests. Proceedings, Fourth International Conference
on Advances in Sed Sructures, Z.Y. Shen, G.Q. Li
and S.L. Chan Editors, Elsevier Publisher, Oxford,
UK, 741-746.

Dal'Asta, A. & Zona, A. 2002. Non-linear analysis of
composite beams by a displacement approach. Com-
puters and Structures, 80(27-30): 2217-2228.

Ddl'Asta, A. & Zona, A. 2004a. Three-field mixed for-
mulation for the non-linear analysis of composite
beams with deformable shear connection. Finite Ele-
ments in Analysis and Design 40(4): 425-448.

Dal'Asta, A. & Zona, A. 2004b. Slip locking in finite
elements for composite beams with deformable shear

connection. Finite Elements in Analysis and Design
40(13-14): 1907-1930.

Dall'Asta, A. & Zona, A. 2004c. Comparison and valida-
tion of displacement and mixed elements for the non-
linear analysis of continuous composite beams. Com-
puters and Structures 82(23-26): 2117-2130.

Dissanayake, U.l., Burgess, |.W. & Davison, J.B. 2000.
Modelling of plane composite frames in unpropped
construction. Engineering Structures 22(4): 287-303.

Eligehausen, R., Popov, E.P. & Bertero, V.V. 1983. Lo-
cal bond stress-slip relationships of deformed bars un-
der generalized excitations. Report No. 83/23, EERC
Earthquake Engineering Research Center, University
of California, Berkeley, CA.

Filippou, F.C., Popov, E.P. & Bertero, V.V. 1983. Effects
on bond deterioration on hysteretic behavior of rein-
forced concrete joints. Report EERC 83-19, Earth-
quake Engineering Research Center, University of
Cdlifornia, Berkeley, CA

Kim, K.D. & Engelhardt, M.D. 2005. Composite beam
element for nonlinear seismic analysis of steel frames.
Journal of Structural Engineering ASCE 131(5): 715-
724.

Liew, JY.R., Chen, H. & Shanmugam, N.E. 2001. Ine-
lastic analysis of steel frames with composite beams.
Journal of Structural Engineering ASCE 127(2): 194-
202.

Menegotto, M. & Pinto, P. E. 1973. Method of analysis
for cyclically loaded reinforced concrete plane frames
including changes in geometry and nonelastic behav-
ior of elements under combined norma force and
bending. Proceedings, IABSE Symposium on Resis-
tance and Ultimate Deformability of Sructures Acted
on by Well-Defined Repeated Loads, International As-
sociation for Bridge and Structural Engineering, Zu-
rich, 112-123.

Newmark, N.M., Siess, C.P. & Viest, |.M. 1951. Tests
and analysis of composite beams with incomplete in-
teraction. Proceeding of the Society for Experimental
Sress Analysis 9(1): 75-92.

Oehlers D.J. & Bradford M.A. 2000. Elementary Behav-
iour of Composite Seel and Concrete Sructural
Members. Butterworth-Heinemann, L ondon.

Ollgaard, J.G., Slutter, R.G. & Fisher, JW. 1971. Shear
strength of stud connectors in lightweight and normal
weight concrete. AISC Engineering Journal 2Q: 55-
64.

Sdari, M.R. & Spacone, E. 2001. Anaysis of steel-
concrete composite frames with bond-dip. Journal of
Structural Engineering ASCE 127(11): 1243-1250.

Spacone, E. & El-Tawil, S. 2004. Nonlinear analysis of
steel-concrete composite structures. state-of-the-art.
Journal of Structural Engineering ASCE 130(2): 159-
168.

Viest, I.M., Colaco, J.P., Furlong, RW., Griffs, L.G,,
Leon, RT. & Wyllie, L.A. 1997. Composite Con-
struction Design for Buildings. McGraw-Hill, New
York, NY.

Zona, A., Barbato, M. & Conte, J.P. 2005. Finite element
response sensitivity analysis of steel-concrete compos-
ite beams with deformable shear connection. Journal
of Engineering Mechanics ASCE 131(11): 1126-1139.

Zona, A., Barbato, M. & Conte, J.P. 2006. Finite element
response sensitivity analysis of steel-concrete compos-
ite structures. Report No. SSRP-04/02, Department of
Structural Engineering, University of California, San
Diego, CA.



