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Abstract

This work deals with the behavior of structural continuous composite sted-

concrete beams, which are widely used in building and bridge constructions. Therefore
the structural behavior of composite beams under negative moment is a significant
subject. However experimental tests in this field are very rare and information about the
efficiency of shear connection when the slab is under tension are really few.

In the present research, available experimental tests on composite sted-concrete
beams under negative bending are theoretically analyzed using the finite dement
software ANSYS. ANSYS computer program is a large-scale multipurpose finite
element program which may be used for solving several cases of engineering analyses.

The proposed three dimensional modd is able to simulate the overal flexural
behavior of compasite beams. This covers; load-deflection behavior, longitudinal slip at
the sted-concrete interface, and distribution of shear studs. The reliability of the mode
is demonstrated by comparison with available experiment and alternative numerical
analysis which shows 9-10% difference.

Keywords: ANSY'S, Composite beams, Finite Element Method, Negative moments,
Partial interaction, slip, uplift
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Introduction

Composite sted-concrete construction,
particularly for bridge superstructures
and multi-story frames, has achieved a
high market share in several countries.
This is mainly due to a reduction in
depth, saving in sted weight and rapid
construction program.

Composite action enhances structural
efficiency by combining the structural
dements to create a single composite
member. Composite  sted-concrete
construction is a very interesting option
for structural engineers, but the behavior
of the composite cross sections is
enhanced under different types of
loading. A fundamental point for the
structural  behavior and design of
composite beams is the levd of
connection and interaction between the
main sted beam and the concrete slab
[1].

In the sagging moment zone the
optimal use of the composite dement
occurs, since the concrete is in
compression and the sted in tension; the
behavioral aspects are well known and
many experimental information are
available [2,3]. However, since
continuous  composite  beams  are
commonly used in buildings and bridges,
the behavior of hogging moment regions
has to be analyzed [4].

Under negative moment the behavior
of the composite cross section is reversed
(the concrete becomes in tension and the
sted in compression). Thus the
development of cracking in the slab and
the local buckling of the sted profile
influence the strength and the ductility of
the beam [5]. In this case the structural
behavior is very complex due to the
interaction  phenomena:  the  bond
between the sted reinforcement and the
surrounding concrete, and the sted
profile-concrete interaction through the
type and distribution of mechanical
devices.

Furthermore the experimental results
concerning composite beams  under

negative bending are not many [6, 7] and
some phenomena are not yet completely
explained. In fact measures are needed to
study al the structural aspects in detail;
they are rdated to much localized
interactions, thus in some cases ther
interpretation is not simple.

A fundamental point for the
structural  behavior and design of
composite beams is the levd of
connection and interaction between the
sted section and the concrete slab. The
term full shear connection relates to the
case in which the connection between the
components is able to fully resist the
forces applied to it. Whilst this is often
assumed in design, it is theoreticaly
impossible and cases where connection
has more limited dtiffness “Partial
interaction” often need to be considered.
In this case the connection itsdf may
deform, resulting in relative movement
along the sted-concrete interface and the
effect of increased shear deformation in
the composite beam as a whole.

The use of partiad connection
provides the opportunity to achieve a
better match of applied and resisting
moment and some economy in the
provision of connectors. Generaly, the
effects of partial interaction, which are
induced by the use of partia shear
connection, will result in reduced
strength and stiffness, but potential
enhancement of overall structural system

[8].

It is widdy known that laboratory
tests require a great amount of time, and
are very expensive, but in some cases,
they can even be important. On the other
hand, finite dement method has become,
in recent years, a powerful and useful
tool for the analysis of a wide range of
engineering problems. In the complete
investigation of any structural system,
the experimental phase is essential.
Taking into account the numerical
models that should be based on rdiable
test results, experimental and
numerical/theoretical analysis
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complement each other in the
investigation of a particular structural
phenomenon [9].

In order to obtain reliable results up
to failure, finite dement modds must
properly represent the constituent parts,
adopt adequate edements and use
appropriate solution techniques. For
instance, the finite eements should
permit the study of the sensitivity of
response to variability of key component

characteristics, including material
properties and shear stud layout.
Consequently,  different  spacing in

distinct parts of the beam can be adopted,
alowing the investigation of partial
interaction effects. The present study
focuses on the modeing of composite
beams with full and partial shear
connection using the software ANSYS
[10].
2. Composite Section
Kinematic M odel

The mechanical phenomena governing
the behavior of composite sted-concrete
beams can be analyzed, by possible
differential equations. The kinematics of
the modd is shown in Fig. (1.c) and is
based on the following hypotheses:

- Slip can occur at the concrete dab
sted profile interface.

- Plane section in each component
remains plane and perpendicular to
the reference axis of the component
after deformation. This assumption
must be applied separatdy to the two
parts (components) of the composite
section (sted profile and concrete
sab).

- The two parts (components) of the
composite section have (almost) the
same rotation and the same curvature
if uplift (or separation between the
two components) occurs. This
assumption is utilized in the
approximate calculations of
curvature of the compasite beam.

Furthermore assumptions are needed in

respect to composite section under

negative bending, it is assumed that

- The concrete dlab is cracked, and the
distance between cracks d.,. depends

on the geometry of the dlab, the

mechanical properties and diameter

of reinforcing bars [11].

- The concrete  between  two
subsequent cracks is able to bear
stresses (tension stiffening effect).

- The reinforcing bars can dlip with
respect to the surrounding concrete,
and the dlip is computed at the
interface between reinforcement and
concrete in tension.

- The generic uncracked section is
characterized by a linear distribution
of the axial strain, limited to the
concrete in compression and the
reinforcing bars in tension.

A part of tension can be transferred
from sted rebar to surrounding concrete;
this transfer is limited to the so-called
effective area A.¢p [11], which is

affected by a constant level of tensile
strain.

In Fig.(1) a simple structural scheme
representing the support region of a
continuous composite beam and the
reference axes( X, y, z) are drawn, the
origin of the frame is placed in
correspondence of the centroid of the
composite section.

The distribution of the axia
displacements for a given section can be
expressed by the function u(x, y), which
can be defined using the rotation of the
section j , the displacement of one of the
centroid (u. or u,) the slip 57 between
the reinforcing bars and the concrete in
tension, and the dlip 52 between the
concrete slab and the sted profile.

The differential equations needed to
solve the structural problem can be
written as a function of the unknown
longitudinal displacements of the section.

Sy =Uge — Uy - (1-a)
Sa=u,—u, - (1-b)
where:

g, = displacements of reinforcement.
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u., = displacement corresponding to the
effectivearea A ¢¢.

u, = longitudinal displacement of the
upper fiber of sted beam profile.

u. = longitudinal displacement of the

lower fiber of the concrete slab. The

unknown displacement can be used to
evaluate the axial strains as follows:

dus dug

=50, Ee=gt (2-c, d)

£. = strain of the centroid fiber of the
sted profile.

£. = dstrain of the centroid fiber of the
concrete slab.

£.. = strain of the sted rebars.
£.. = strain of the concretein tension.

To simplify the numerical solution of
the problem the six parameters of
deformation in equations (1) can be
addressed as unknown function of
problem. Therefore, six equations are
required to solve the problem two of
them are kinematics and four are
equations of equilibrium.

1. Kinematic equation reating the
reinforcing bars and the concrete in

tension, in terms of strains,
dsy

o —(2)
dx

2. Kinematic equation rdating the
strain of the lower fiber of the dab
and the one of sted profile in terms
of strains and curvature

= Ege— Epx

ds2

Z=£s_£r+X' - (3)

where, d= distance between the two
centroid and y = curvature of the
section.

3. Equation of equilibrium of the
concrete in tension subjected to bond
stresses

T M, (4)

where T,. = resultant of the tensile
stresses acting on the concrete in

tension (it is applied at the centroid
of the effective area, because it is
affected by constant leved of tensile
strain); & diameter of sted rebar,
n..= number of reinforcing bars; and
T, = bond stress corresponding to
thedlip 5 4.

4. Equation of trandational equilibrium
of the concrete dlab subjected to

interaction force due to shear
connectors (Fig.1-b)
F.=F (5)

5. Equation of translational equilibrium
of the sted beam profile under the
interaction force transferred by shear
connectors (Fig.1-b)

F,.=F (6)

6. Equation of rotational equilibrium of
the composite section as a whole
M=M,+M_+Fd  --—-- (7

These eguations together with the

constitutive relations can be combined

into one differential equation in terms of

interface dlip (s) or the axial force (F).

The solution can be achieved by finite

differences. However, the nonlinear

behavior becomes difficult to be
considered. A viable technique is by the
use of finite eements. This procedure is
used in this study with the hep of

ANSYS.

3. Case Study

The simply supported inverted composite

sted-concrete beam tested and reported

in Ref. [12 ] was sdected for the
analysis using the finite dement software

ANSYS. This beam was loaded by one

concentrated load at mid span. The

geometry and loading conditions for this
case study is detailed as follows:

3.1 Beams And Materials

A typical composite cross section for

building construction is considered, as

shown in Fig. (2). The sted component
of the cross section is a Standard HEB
with profile height 180 mm, flange width

180 mm, flange thickness 14 mm and

web thickness 85 mm. The ratio of

width over thickness, both for the flange
and the web, fulfils the limits given by
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Eurocode 4 [11] for the Class 1 sted
sections; thus the profile can be
classified as compact, so that full plastic
moment and a relevant rotation capacity
can be developed.

The concrete slab is 800 mm wide
and 120 mm thick, four sted reinforcing
bars @14 mm are provided. Transverse
reinforcement has been also used to
reduce local damages due to the action of
the shear connectors. Specific tests have
been carried out in order to define the
stress-strain  relationships for structural
and reinforcing sted.

Four tests on standard sted specimens
extracted from the profile have been
performed, and five bars 600 mm long
have been tested. The mechanical
properties of the sted components are
summarized in Table 1.

Three cubic 150x150x150 mm
concrete specimens have been also tested
for each beam, to evaluate the concrete
mean compressive strength that was
30M Pa.

Casting and curing conditions fitted
the real executing pprocesses;
subsequently, specimens have been
carefully turned upside down before
tests, as shown in Fig.(3), to simulate the
mechanical behavior of continuous
composite beams at the internal supports
[13, 14].

A single force has been applied at the
beam mid-span using 140 mm wide stedl
plate in order to spread the load and to
reduce local stresses. Web dtiffeners of
the profile have been installed both at the
supports and under the applied load.

3.2 The Shear Connection
Headed studs have been provided to
ensure the mechanical interaction
between the sted profile and the concrete
dab required to develop the composite
action. They are really the most common
devices, since they are cheap and can be
installed using fast and reiable welding
techniques.

In particular, Fe37k studs, diameter
16 mm, have been used; the arrangement
of the shear connectors is given in the

following, and shown in Fig.( 3) for three

test beams:

- The beam Type A is characterized by
20 shear studs on a single row,
uniformly distributed along the beam
(spacing 190 mm);

- The beam Type B is characterized by
20 shear connectors, spaced 190 mm,
but  concentrated at the ends on two
rows, in order to redlize a wide zone
with constant interaction (shear)
force;

- The beem Type C has 8 shear
connectors 515 mm spaced, uniformly
distributed along the beam.

The beams Type A and B have the
same design interaction leve, but the
arrangement  of connectors is  quite
different; the beam Type C is designed
according to partial interaction
performance. In order to design the
specimens and to define the number of
connectors provided at the concrete slab-
sted profile interface, Euro code 4
provisions have been considered using
partial safety factors equal to 1.

The strength of the shear connectors
depends on local complex phenomena of
interaction between the concrete and the
embedded sted stud; therefore the code
provisions suggest setting the ultimate
load as the minimum value between the
strength of the stud and the resistances of
the surrounding concrete. In this case the
strength of the shear studs is 60kN. Such
a load has been also checked by a push-
out test carried out according to
Eurocode 4 [11] provisions, obtaining an
ultimate load of 73.75 kN.
3.3TheTest Set-Up
The experimental tests was carried out
using an dectro-hydraulic actuator that
applied a single force at the mid-span;
the displacement control of testing was
adopted, so that softening branches of
the structural response could be fully
analyzed (and visualized).

Many measuring devices were used
to record both global parameters, such as
rotations and deflections, and local
parameters such as strains, dips and
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curvatures. To this end potentiometers
and inductive transducers were installed
to measure the deflection at the mid-
gpan, the rotations at the supports, the
crack width in the slab and the dips at
the interface between the dab and the
sted profile. The set-up of the measuring
devices is shown in more details in Figs.
(4 and 5).

4. Finite Element M odel

Software, dement types and mesh
construction

Advances in computational methods and
software have brought the finite e ement
method within reach of both academic
researchers and engineers in practice by
means of genera-purpose nonlinear
finite dement analysis packages, one of
the most used ones nowadays being
ANSYS [10]. The program offers a wide
range of options regarding eement types,
material behavior and numerical solution
controls, as wel as graphics user
interfaces (known as GUIs), auto-mesh
and sophisticated postprocessors and
graphics to speed the analysis.

The finite dement types considered in
the modd are as follows:

-Elastic-plastic shdl (SHELL 43 and
SOLID 65) dements for the sted
section and the concrete slab,

-Nonlinear springs (COMBIN 39) and
contact point to point52 (LINK 8).
These eements are used to simulate the
behavior of the shear connectors in
resisting the horizontal shear between
the concrete slab and the sted flange.
-Reinforcing bars, both longitudinal and
transverse are modeded as smeared in
layers throughout the solid 65 (concrete
dlab) finite dements.

The dement SHELL 43 is defined
by four nodes having six degrees of
freedom at each node The dement is
well suited to mode nonlinear, flat or
warped, thin to moderatdy thick shdl
structures. The six degrees of freedom at
each node are trandations of the nodes in

X, Y, and z-directions and rotations about
the noda x, y, and z-axes. The
deformation shapes are linear in both in-
plane directions. The dement allows for
plasticity, creep, stress stiffening, large
deflections and large strain capabilities
[10]. The dement SOLID 65 is used for
three dimensional modding of solids
with or without reinforcing bars (rebars
capability). The dement has eight nodes
and three degrees of freedom
(trandations) at each node. The concrete
is capable of cracking in three orthogonal
directions, crushing, plastic deformation,
and creep [10]. The rebar are capable of
sustaining tensile and compressive
forces, but not shear, being also capable
of plastic deformation and creep.

The dement COMBIN 39 is a
unidirectional dement (or nonlinear
spring) with nonlinear generalized force-
deflection capability that can be used in
any analysis. The dement has a large
displacement capability for which there
can be two or three degrees of freedom at
each node. The dement is defined by
two nodes and a generalized force
deflection curve.

LINK 8 is a gpar (or truss) dement
which may be used in a variety of
engineering applications. This dement
can be used to modd trusses, sagging
cables, links, springs, etc. The 3-D spar
dement is a uniaxia tension-
compression eement with three degrees
of freedom at each node translations of
the nodes in x, y, and z-directions. As in
a pin-jointed structure, no bending of the
dement is considered. Plasticity, creep,
swelling, stress iffening, and large
deflection capabilities are included. This
eement is used to simulate the behavior
of shear connectors which works as
stirrups in resisting the vertical shear at
concrete layer and transfer normal force
between the concrete and sted flange.
The dement is defined by two nodes and
generalized force-deflection curve and
has longitudinal or torsional capability.
The longitudinal option is a uniaxial
tension-compression eement with up to
three degrees of freedom (trandlations) at
each node.
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For non-linear solution, ANSYS
employs "Newton-Raphson” approach to
solve nonlinear problems. In this
approach, the load is subdivided into a
series of load increments. The load
increments can be applied over several
load steps [10].

A typical finite dement mesh for the
composite beam is shown in Fig (6). The
distribution of shear connectors is
meaningful parameter considered in the
experimental program. This issue has a
relevant interest since the European code
[11] allows designing the interaction
degree between the components in the
composite beams.

Experimental results  highlight
relevant aspects related to the behavior
of composite beams under negative
moment such as deflections, cracking,
strength, and ductility. Each one of these
need detailed analyses and suitable
modeling approaches. In the following,
the results are briefly discussed and
compared to  simple theoretical
calculations.

5. Material Modeling

The modding of the behavior of
composite beams needs taking into
account the nonlinear  constitutive
reationship of the materials (concrete,
structural sted, reinforcing sted) and the
interaction phenomena (bond between
rebar and concrete, force-dip law of
connectors).

Von Mises vyidd criterion with
isotropic hardening rule (multi-linear
work hardening material) is used to
represent the sted beam (flanges and
web) behavior. The stress-strain relation
is linearly dastic up to yidd, perfectly
plastic between the dastic limit (£,) and
the beginning of strain hardening and

follows the constitutive law for the
strain-hardening branch [15],

a=fFEh(£—Ehfl(1—Eh —h ) _(8)

#(f -1y

where f,. and f, are the yidd and
ultimate tensile stresses of the sted
component respectively, E;, and &5 are
the strain hardening modulus (i.e,

3500MPa) and the strain at strain
hardening of the sted component
respectively.

Von Mises vyidd criterion with
isotropic hardening rule is also used for
the reinforcing sted bars. An dastic-
linear work hardening material s
considered, with tangent modulus being
equal to 1/10000 of the eastic modulus,
in order to avoid numerical problems.
The values measured in the experimental
tests for the material properties of the
sted components (sted beam and
reinforcing bars) are used in the finite
element analyses.

The concrete dlab  behavior is
modeled by a multi-linear isotropic
hardening reationship, using Von Mises
yied criterion coupled with an isotropic
work  hardening assumption. The
uniaxial behavior is described by a
piece-wise linear total stress-total strain
curve, starting at the origin, with positive
stress and strain values considering the

concrete compressive strength
(ff = 0.8fcu) corresponding to a

compressive strain of 0.2%. The stress-
strain curve also assumes a total increase
in strain of 0.05 in the compressive
strength up to the concrete strain of
0.35% to avoid numerical problem due
to an unrestricted yieding flow. The
concrete  dement  shear  transfer
coefficients considered are S, =0.2

(open cracks) and f.=0.6 (closed

cracks). Typical values range from O to
1, where O represent’s a smooth crack
(complete loss of shear transfer). The
default value of 1 represent’s a rough
crack (no loss of shear transfer). The
default value of 0.6 is used as the stress
relaxation coefficient (a device that helps
accelerate convergence when cracking is
imminent). The crushing capability of
the concrete dement is disabled to
improve convergence.

The concrete tensile strength and
Poisson’s ratio are assumed as 1/10 of its
compressive  strength and 0.2
respectively. The concrete dastic
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modulus is evaluated according to
Eurocode 4[11], i.e:
1

E, = 9500(f', + 8)"/3 (_) %9

24

where, ¥ is equal to 24 kN/m®,

The modd allows for any pattern of
stud distribution to be considered, for
instance the conventional  uniform
arrangement and a triangular spacing
scheme where the stud distribution
follows the nominal dastic shear force
diagram [16]. In all analysis, the
number/spacing of studs adopted in the
experimental programmers is utilized.
The load-dlip curves for stud to be used
in the analysis were obtained from
available push-out tests by defining a
table of force values and rdative
displacements (slip) as input data for the
nonlinear springs. These springs are
modeled at the sted-concrete interface,
as shown in Fig. (7).

51 Application Of
Numerical Control
Concentrated loads are incrementally
applied to the modd by means of point
loads applied at mid-line of concrete
nodes on a width of 140mm. The
tolerance associated with convergence
criterion and the load step increments are
varied in order to solve potentia
numerical problems.

Two limits are established to define
ultimate load for each finite dement
investigation; a lower and an upper
bound, corresponding to concrete
compressive strain of 0.2% and 0.35%
respectively. These two limits define an
interval in which the composite beam
collapse load is located. A third limit
condition is referred to the stud failure
point, as defined from the push-out tests.

If the stud failure point is located
before the lower bound of concrete, then
the mode of failure of the composite
beam is considered as being stud failure.
Conversdy, if the stud failure point is
located after the upper bound of
concrete, the mode of failure is assumed
as being concrete crushing. For the

Load And

intermediate case, where the stud failure
point lies between the lower and upper
bounds of concrete, then the mode of
failure could be either of them.
6.Experimental-Theor etical
Comparison

6.1 L oad-deflection behavior
Experimental load-deflection curves are
reported in Fig.(8), the theoretical results
are shown in Fig. (9). The test for the
beams Type A and B have been stopped
when the deflection was about 300 to
350 mm, while the theoretical results
indicate a deflection of about 220 to
240mm, due to clear local buckling
resulting in a torsional deformation of
the sted beam. The load-deflection curve
(experimental and theoretical) of the
beam Type C shows a loss of load and
deflection corresponding to the fracture
of the headed studs that marks the
collapse of the connection of the
composite system. Local buckling of the
sted profile took place too, but occurred
after the premature failure of the
connectors.

Both experimental and theoretical
load-deflection curves show an initial
apparent linear trend, after which the
reduction of the beam stiffness indicates
that yielding occurred. The strain gauges
attached on the sted profile and the
inductive transducers on the concrete
dlab allowed recording the development
of yieding process; it started in the sted
flange under compression and then
reached the reinforcement rebars under
tension.

The comparison between the load-
deflection curves shows a basic
agreement between the three curves up
to the yielding load. When yidding fully
develops, the post-éastic behavior seems
to be dependent upon the arrangement of
the shear connectors. Local buckling
fully developed after yidding of the
reinforcement, but the load-deflection
curves show an increasing trend even if
buckling started due to the sted strain
hardening stage.
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As the deformation level increases,
the load capacity of the beams starts to
decrease and a softening branch starts.
The latter is steeper in the case of the
beam Type B rather than in the case of
the beam Type A. This effect is probably
due to the stronger restraint of the shear
connectors to the sted profile when the
uniform distribution is realized, while
the absence of devices in a wide zone
across the mid-span leads to a greater
sensitivity to torsional effects for the
beam Type B. The maximum measured
strains were about 1%.

6.2 Ductility

The beam ductility |l could be evaluated
as the ratio beween the ultimate
deflection and the deflection at the
yidding dy. The ultimate deflection
could be set according to two different
criteria: the deflection at the maximum
load (dm) and the last deflection
measured (du) that corresponds for
beams A and B to a loss of load of about
7%. For the beam Type C the ultimate
condition is assumed at the connection
failure, therefore (dm) and (du) are
coincident. The values of ductility (mm)
and (mu), respectively corresponding to
the two criteria , are summarized in
Table2.

Considering the maximum load
condition the result is about the same for
all three specimens. If the ultimate
condition is assumed, the same ductility
is obtained for the beams type A and B,
even if the post-éastic behavior and the
yidding process are quite different, with
much lower ductility of the beam type C
limited by the connection failure
Moreover the distribution of connectors
aong the beam which influences the
zone subjected to the maximum
interaction force. The distribution of
shear connectors that has been chosen for
the beam Type B leads to a higher length
of the concrete slab subjected to the
maximum interaction level than in the
beam Type A. The effect of this stress
condition is a greater spreading of

yidding in the slab, when the uniform
distribution of the shear connectors
issued, the zone of the slab subjected to
the maximum interaction force is more
limited and the yidding is localized
around the mid-span. Figs. (10 and 11)
show the yidded zone at mid-span
respectively for the beams Type A and B
at a very high deformation level. For the
beam Type C the plastic zone is larger
than the extension observed for the beam
type A, but the development of plastic
processes was limited by the failure of
the connectors.

6.3 Profile-dab dlips

The loca measures of dips at the
concrete slab-sted profile interface are
largely influenced by the connecting
device. Fig.(12) reports the distribution
of the measured interface dips for each
beam, at about 50% of the profile-
yielding load. It is easy to recognize that
even if the beams Type A and B are
characterized by the same interaction
degree, dips at the interface are quite
different, mainly in the central region of
the beam, where shear connectors are not
provided in the case of the beam B.
When the beam Type C is considered,
dips are by far greater than in the other
beams, since in this case the shear
connection has been designed ensuring a
relative small partial interaction.

Fig.(13) reports the distribution of
the interface dlips measured after
yidding of the beams. The plots confirm
the above remarks and furthermore point
out that shear connectors are more
stressed in the case of the beam type C,
while the behavior of the beam Type B
agrees with that beam A at the support
region, where shear connectors have
been provided. The relation between the
applied load and the dlip at the two ends
of the beams (left and right support) is
shown in Fig. (14). The comparison of
the curves shows again the agreement of
the measured dlips for the beam type A
and B, while the beam type C has much
larger slips even for low loads. When the
load increases the high levd stress in the
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end connectors of the beam type C is
evident; the failure occurred at a dlip of
about 10 mm that corresponds nearly to
the experimental ultimate slip capacity of
the studs.

6.4 Profile-dab uplifts

Further results in terms of rdative
displacements  between  the  two
components of the cross section are
shown in Fig. (15), the plot gives the
differential deflection measured aong
the beam Type B. In particular the
results recorded by the mechanical
displacement  transducers installed
both in the connected region (MSC 4
and 6) and in the region where
connectors have not been installed
(MSC 1 and 2). It is possible to observe
that the connection governs the value of
this local parameter, since differential
deflections are quite negligible when the
connected region is considered, while

they strongly increase when the
unconnected part of the beam is
examined.

Furthermore, it is worth noting that,
when the load increases, the differential
deflections assume positive and negative
values, confirming the torsional effects
due to local buckling, especially for the
beam type B.

7. Final Remarks

The results for the three beams are
not very scattered; the initial
experimental stiffness agrees for a short
range of load to theoretical uncracked
condition, but when cracking occurs the
beams stiffness decreases rather rapidly
due to progressive cracking of concrete
and subsequent increase in dip at
interface and yielding of sted.

The experimental stiffness is almost
between the composite cracked beam and
the dtiffness of sted profile Therefore
the comparison points out that the dlip of
the connecting devices influences the
behavior of beams aso at serviceability
limit state, so that the beam Type C is
characterized by the lowest stiffness.

The clear effect of the partia
interaction between the concrete slab and

the sted profile, even for beams designed
for full interaction, is probably reated to
the reduction of the dtiffness of
connectors; it is due to the cracking of
the dlab that modifies the local dowel
action of the studs. The interaction
degree is aso analyzed in terms of
moment  curvature reationship. In
Fig.(16) the experimental curvature of
the sted is plotted within the range
measured by the strain gauges and it is
referred to a cross section at a distance d
from the mid-span. The experimental
results are compared with the theoretical
values calculated by assuming full
interaction of the profile and the dlab,
moreover the experimental nonlinear
congtitutive reationship of the structural
and reinforcement sted have been used.

The theoretical modd is basically in
good agreement with the experimental
data; the effect of the connection
deformability is clearly shown by the
higher stiffness of the theoretical
behavior. For what concerns the
experimental strength of the beams, the
maximum moments are summarized in
Table 3, where the plastic moment of the
sted profile and of the composite section
is also reported, assuming the mean
value for the yidding stress of the two
types of sted and unitary partia safety
factors.

The plastic moment is aways
attained with the sted hardening process,
even for the beam type C where the
connection failed prematurely.

8. Conclusions

Experimental tests in Ref. [12] with
the analytic of investigations carried out
in this study on sted-concrete composite
beams have been presented. The results
highlighted the following aspects:

- The beams Type A and B, designed for
the same leve of high interaction,
show basically the same response in
terms of global parameters (rotations
and  deflections);  however  the
distribution of the dlips and the trend of
the differential deflections (uplift) at
the sted concrete interface are strictly
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dependent upon the arrangement of the
connectors,

- The yidded zone in the concrete slab
will be extended if shear connectors
are installed further apart from the
internal support regions in continuous
beams;

- The structural behavior of the beam
Type C, designed with reatively small
partial strength connection, is strongly
dependent upon the dlip capacity of the
connecting devices, since the collapse
of the system happens to be due to the
fracture of the connection;

- Local buckling develops even if the
sted cross section is compact and this
local buckling influences the beam
behavior in the large post-yieding
fidd;

- The beam stiffness is influenced by the
connection deformability even under
serviceability conditions, pointing out
that the reduction of the stiffness of the
shear connectors when the concrete is
cracked could not be negligible.

- The plastic bending moment of the
cross section has been always reached,
aso indicated in beam Type C,
probably due to over-strength of the
studs.
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Table 1: Mechanical properties of reinforcing steel and structural steel.

Yielding | Ultimate | Ultimate
Stress Stress Strain
(MPQ) (MPQ) (%)
Stedl 375 474 234
beam
Bars 540 635 14

Table 2: Ductility related parameters.

TypeA | TypeB TypeC
dy (mm) 24.9 24.9 25.3
dm(mm) 161 160 154
du (mm) 250 289 154
nmm 6.5 6.4 6.1
mu 10.0 11.6 6.1

Table 3: Plastic bending moment resistance of beams.

Mpi (KN.m) Mmax,exp. (kN.m)
Steel Composite | Type | Type | Type
profile A B C
182 216 261 | 253 | 248
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figure. (1) Structural model.
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Fig. ( 2) The cross section of the beams.
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Fig. (3) The load pattern and the arrangement of connectors (beams being inverted)
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Fig. (5) (a) Details of the measuring devices at mid-span.
(b) Steel-concrete interface slip measures.
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Fig.(6): Typical finite element mesh for composite beam.

Comeident

Concrete slab
nodes

>teel beam

Shear stids in a typical
composite beam.

Concrete slab
elements

Steel-concrete
mterface

| Steel beam
elements

shear studs in a typical composite
beam finite element mesh.

Slab

Y

Nonlmear shear

| X Interface ZI%\
| 1

Coupled
nodes (TTv)

= F

spring (stud)

Steel beam

Representation of the shear stud model.

Fig.(7): Modeling of shear connectors (longitudinal view).
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Fig. (8): Experimental mid-span load-deflection Fig. (9): Theoretical mid-span load-
curve. deflection for tested beams.

Fig. (10): The beam type A inthe Fig. (11): The beam type B in the post-yielding field.
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Fig. (12): The profile- slab slips before yielding.
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Fig. (13): The profile-slab slips after yielding
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Fig. (14): The slab-profile slips at support.
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Fig. (15): The differential deflection (uplift).
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Fig. (16): Experimental moment-curvature relationships compared with the
cracked section behavior.
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