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Abstract

In the present study, a nonlinear three-
dimensional finite element analysis has been
used to analyze composite steel-concrete beams
subjected to BS476 fire test, utilizing (ANSYS
V.10) code. The analysis includes thermal and
structural parts. In the thermal analysis, eight-
node isoparametric brick elements (thermal
solid) have been used to model the concrete slab
and the steel beam. In the structural analysis,
eight-node  isoparametric  brick  elements
(reinforced concrete solid) have been used to
model the reinforced concrete slab. The
reinforcement is assumed to be smeared
throughout the concrete elements. Eight-node
isoparametric brick elements (structural solid)
have been used to model the steel beam, while
the shear connectors are modeled by truss (spar)
elements and nonlinear spring elements to resist
slip and uplift separation between the steel beam
and concrete slab. The nonlinear behavior of the
surface between the steel and concrete is
modeled using interface elements. Material
nonlinearity due to cracking and crushing of
concrete, yielding of steel beam and reinforcing
bars and temperature dependent material
properties are considered in the analysis. The
nonlinear equations of equilibrium

are solved by an incremental-iterative technique.
The Newton-Raphson method is used as a
nonlinear solution algorithm with a temperature
criterion to monitor convergence in the thermal
analysis and a force criterion in the structural
analysis. The numerical integration has been
conducted using Gauss quadrature rule.
Parametric study is carried out to study the
influence of several important parameters
including concrete compressive strength, steel
section yield stress, degree of shear connection,
concrete slab thickness and the effect of applied
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1. Introduction

The aim of the use of composite construction is
to achieve a higher level of performance than
would have been when the two materials
functioned separately [1]. By about 1950 the
development of shear connectors to connect the
slab to the beam had made the construction
practicable [2]. Composite beams may be the
most common form of composite elements in
steel frame building construction and have been
the major form for steel

bridges [1]. As a basis, composite beams are
defined as, “elements resisting only flexure and
shear that comprise two components connected
together by a series of discrete connectors”. The
generic form of a composite beam comprises the
combination of a solid concrete slab attached to a

steel section (normally [ shape), Fig.1.
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2. Finite Element Formulation

2.1 Thermal Analysis

In the present study, three dimensional
isoparametric solid elements are used to model
the concrete and steel sections, Fig.2, The
element has 3-D thermal conduction capability
and has eight corner nodes with a single degree
of freedom (temperature) at each node. The
element is applicable to a  3-D steady-state or
transient thermal analysis. The integration rules
used are 8 (2x2x2) points and 4 (2x2) points,
Fig.3. Three methods are available to do a
transient analysis: full, mode superposition and
reduced [4]. The full method is adopted in the
present study. For nonlinear thermal analysis, the
ANSYS program allows a choice from three
solution options: the full option, the quasi option
and the linear option [4]. In this study, the full
option is used which corresponds to the default
full Newton-Raphson algorithm with a
temperature criterion to monitor convergence in
the analysis.
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2.2 Structural Analysis

In the current study, three dimensional
isoparametric solid elements are used to model
the reinforced concrete. The element has eight
nodes with three degrees of freedom at each
node: translations in the x, y and z directions.
The reinforcement is assumed to be smeared
throughout the element.

Three dimensional isoparametric solid elements
are used to model the steel section. The element
has a plasticity capability and defined by eight
nodes having three degrees of freedom at each
node: translations in the x, y and z directions.

A three dimensional point to point contact
element is used to model the nonlinear behavior
of the surface between the concrete slab and the
steel beam, which may maintain or break
physical contact and may slide relative to each
other. Also, the element is capable of supporting
only compression in the direction normal to the
surfaces and shear (Coulomb friction) in the
tangential direction. The element is defined by
two nodes and has three degrees of freedom at

= EFinife Rlement Analysis = - isE sarassanaas




each node: translations in the x,y and z
directions.

The three dimensional spar elements are used to
represent shear connectors in resisting uplift
separation. The element has two nodes with three
degrees of freedom at each node, (translation in
X, y and z-directions). The element is a uniaxial
tension-compression element and has a plasticity
capability. The element is not capable of carrying
bending loads (moments). The stress is assumed
to be uniform over the entire element.

~ Figure (4) 3. node 1o node contadt eloment [4]

Nonlinear unidirectional spring element with
nonlinear generalized force-deflection capability
is used to resist slip. The element has two nodes
and a longitudinal capability (uniaxial tension-
compression element) with up to three degrees of
freedom at each node: translations in x, y and z
directions. No bending or torsion is considered.

The 8 (2x2x2) points Gauss quadrature
integration is used in the structural analysis. The
modified Newton-Raphson method is use as a
nonlinear solution algorithm with a force
criterion to monitor convergence in the analysis.

3. MODELING OF MATERIALS

3.1 Concrete Material Modeling

In the present work, a linear elastic
brittle fracture model is used to represent the
concrete behavior. Both cracking and crushing
failure modes are considered. The failure or
fracture criterion of concrete under multiaxial
stress state developed by Willlam and Warnke
[5] is used.
3.2 Reinforcement Modeling
The stress-strain curve for steel is generally
assumed to be identical in tension and
compression [6]. The Von Mises yield criterion
with a bilinear isotropic work hardening rule is
used to model the steel reinforcement.

3.3 Steel Beam Modeling

The steel beam is modeled using Von Mises
yield criterion with an elastic perfectly plastic
behavior.

3.4 Interface Modeling

Two combined interface models are used. The
first interface is capable of supporting only
compression, in the direction normal to the
interface surface, and shear (Coulomb friction) in
the tangential direction. The second is used to
represent the normal and tangential (dowel)
stiffness of the crossing connectors.

4. Mechanical Properties At Elevated

Temperatures .
The structural effects of a fire on the behavior of
a composite structure are caused by:
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a) Changes in the mechanical properties of steel
and concrete. Both steel and concrete materials
become weaker and more flexible at high
temperatures.

b) Temperature induced strains.

In this study, the material properties used mainly
follow the guidance given in Eurocode 3 Part 1.2
[7] and Eurocode 4 Part 1.2 [8].

5. Verification Of Results

Analysis of simply supported composite beams
tested by Smith and Thomson [9] and [10] in
accordance with BS 476: Part 8: 1972 fire test

[11] is carried out.

5.1 Thermal Analysis

The thermal analysis is carried out using the
finite element method utilizing ANSYS 10.0
software to compute the temperature distribution
history in the beams subjected to the standard
ISO temperature-time curve given by the
following equation [11]:

[T-T-=345logeBt+ 1) |1 |

where

t = time of test in minutes

T = furnace temperature in ° C at

time t

T- = initial furnace temperature (reference

temperature) in °C
The beams are exposed to heat on their underside
with reference temperatures of 11 and 15 °C for
beams Bl and B2, respectively, with the
temperature increasing according to Eq. (1) for 6
hours.
By taking advantage of symmetry of geometry
and loading, one half of the beam has been
modeled for the thermal analysis, considering
insulating the surface at the line of symmetry.
Half the beam is modeled using 1216 elements,
as shown in Fig.7. The concrete slab is modeled
using 988 eight node brick elements; whereas the
steel beam is modeled using 228 eight node brick
elements.
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The thermal properties of the materials at the
various temperatures used in the analysis of the
composite beams B1 and B2 are as given in in
Eurocode 3 Part 1.2 [7] and Eurocode 4 Part 1.2
[8]. Eurocode 1 Part 1.2 [12] recommends
constant convective heat transfer coefficient of
25 W/m" K.

The beams Bl and B2 were heated under load
for 40 and 23 minutes, respectively. The
computed relations between temperature and
time at different depths in the beams as well as
the experimental results are shown in the
following figures, Fig.8, 9, 10, 11, 12, 13, 14, 15,
16 and 17:
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Figure (14) Finite element and experimental
temperature distribution at the mid- helght of web
of composite beam B2
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Figure (15) Finite element and experimental

temperature distribution at the upper flange of
composite beam B2

From these figures, it is clear that the
temperature decreases towards the top surface of
the concrete slab; also it is seen that the
temperature in the steel beam is higher than that
in the concrete slab.

These figures show that the predicted
temperatures are in very good agreement with
the experimental values which confirm the
validity and accuracy of the thermal analysis
model and the program used.

Contour plots of the temperature distribution
through Bl and B2 after 6 hours of heating are
shown in the following figures:
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Figure (16) Finite element and experimental

temperature distribution at 100 mm depth of

_concrete slab of composite beam B2
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Figure (19) Contour plot of temperature

distribution in beam B2 afier 6 hours of heating

5.2 Structural Analysis

Beams Bl and B2 were analyzed by the finite
element to compute mid span deflections of the
loaded beams during standard fire exposure. The
beams were subjected to imposed load applied
by four concentrated loads and then to a standard
time-temperature curve, Eq.l, with a reference
temperature of 11 and 15 °C for beams B1 and
B2, respectively. BS476: 1972[11] permits the
test load to produce stresses lower than the

specimen. Beam Bl was tested using a non-
composite load, i.e. equivalent to a simply
supported load for a design stress of 165 MPa.
The total imposed load was 132.45 kN applied at
1/8, 3/8, 5/8 and 7/8 along the span and the
material properties used are given in Table 1.
Beam B2 is identical to B, except that the
present test was carried out using the full design
stress of 180 MPa. The total imposed load is
249.20 kN applied by four concentrated loads at
1/8, 3/8, 5/8 and 7/8 along the span. The material
properties are the same as those shown in Table
1, with the difference is that the yield stress of
the steel section is 299 MPa for the web and 273
MPa for the flanges. Fig.20 shows the boundary
conditions used for the beam analysis. Due to
symmetry of geometry and loading, half of the
beam is analyzed. The analysis is carried out
using the same mesh used in the thermal
analysis. The reinforced concrete slab of the
beam is idealized using 988 eight node brick
elements and the steel reinforcement is assumed
to be smeared throughout the elements. The steel
beam is idealized using 228 eight node brick
elements. The interface between the concrete
slab and the steel beam is idealized by 120 two
node contact elements.

maximum permissible value

the beam

Concrete

Table | Material Properties used in analysis of beam B1 and B2 [9], [10]

Definition

Pa) Elastic Modulus(

Poisson’s Ratio

Compressive Strength(MPa)

Tensile Strength(MPa)

24

Elastic Modulus(MPa)

200000

Steel Reinforcement

Poisson’s Ratio

0.3

Yield Stress(MPa)
for top and bottom

460

Modulus(MPa) Strain Hardening

6666.67

Elastic Modulus(MPa)

200000

Structural Steel

Poisson’s Ratio

0.3

Yield Stress(MPa)

281

Stud Shear

Connector
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Elastic Modulus(MPa)

200000

Poisson’s Ratio

Yield Stress(MPa)

us(MPa) Strain Hardening Modu
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Shear connectors are idealized by 16 link
elements to resist uplift separation, they are
attached to the nodes at the top surface of the
steel beam and the bottom surface of the concrete
slab. The effect of dowels passing through the
interface between the top flange of the steel
beam and the concrete slab is modeled by 16
nonlinear spring elements to resist slip, Thus the
total number of elements used for half of the
beam is 1368 elements. The fire resistance is
defined as the time at which the maximum
deflection is in excess of L/30 [11].
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Figure (22) Finite element and experlmental
results for mid span deflection with time far
beam B2 '

Figure (20) Boundary conditions used in the
structural analysxs of one half of comp051te
beams.

The computed results of the mid deflection with
time for the composite beams B1 and B2 loaded
by different loads along with the experimental
results are presented in Figs.21 and 22,
respectively.

Failure of beams Bl and B2 is defined by the
L/30 deflection criterion. The results show that
the fire resistance decreases with the increase in
applied load of beams B1 and B2 when subjected
to standard fire, due to the decrease in the
strengths of the steel and concrete.
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Figure (21) Finite element and experimental
results for mld span deﬂectlon with time for
“beam B1 =
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It is seen from the results that, there is a good
agreement  between the computed and
experimental results, which confirms the validity
and accuracy of the structural analysis model and
the program used, and the variation between the
computed and experimental values in Fig.22
during the first 18 minutes is expected, because
the experimental deflection values of B2 are
much lower than those for beam Bl during the
same period, even thought (as mentioned
previously), the latter is applied by a lower load,
thus this variation may be due to variations in the
loading conditions applied in the laboratory.

6. Parametric Study

A parametric study was performed to investigate
the influence of several important parameters on
the behavior of composite steel-concrete beams.
In this section, the simply supported steel-
concrete composite beam B1 has been selected to
carry out the parametric study. The beam was
first analyzed to verify the validity of the
analytical results with respect to the experimental
data. The parameters considered are concrete
compressive strength, steel section yield stress,
partial connection, concrete slab thickness and
applied load. In each case, one parameter has
been changed, while the other parameters are
kept constant.

6.1 Effect of Concrete Compressive

Strength
The effect of the concrete compressive strength
is studied and the results are shown in Fig. 23.
When the concrete compressive strength is
increased from 24 MPa to 30,40 and 50 MPa, the
fire resistance is found to increase by 11.4, 17.1
and 22.8%, respectively.
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6.2 Effect of Steel Section Yield Stress
The effect of steel section yield stress on the
behavior of composite beams is shown in Fig.
24. The results reveal that the fire resistance of
the composite beams increases by 25.7 and
48.5% with the increase in the yield stress from
281 to 350 and 400 MPa, respectively, and
decreases by 11.4% when the yield stress
decreases to 250 MPa. This is due to the
increased portion of the applied load carried by
the steel which is affected more severely by fire
than the concrete.
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‘Figure (25) Effect of degree of connection on the

fire resistance of beam B1
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Figure (24) Effect of steel section yield stress on
the fire resistance of composite beam B1

6.4 Effect of Concrete Slab Thickness

In order to show the effect of concrete slab
thickness on the fire resistance of composite
steel-concrete beam, beam Bl which had a
concrete slab thickness of 130 mm has been
analyzed with different concrete slab thicknesses
of 150 and 100 mm, and the results are shown in
Fig. 26.

The fire resistance is increased by 12.5% when
using a concrete slab thickness of 150mm, in
comparison with 130mm slab thickness, and is
decreased by 11.4% when a slab thickness of
100mm is used.

6.5 Effect of Applied Load

When the composite beam is loaded using a non-
composite load, i.e. equivalent to a simply
supported design stress of 165 MPa, the fire
resistance is 35 minutes, as shown previously in
the verification part. While when the composite
beam is tested at full design stress of 180 MPa,
its fire resistance is reduced to 22 minutes, i.c. a
decrease in the fire resistance of 37% occurs.

6.3 Effect of Partial Connection

The effect of partial connection is investigated
by reducing the number of connectors. As
expected, in comparison with the degree of
connection used in the analysis, the effect of
62.5% and 50% connection tend to reduce the
fire resistance of the beam. The reduction is
11.4% and 20%, respectively Fig. 25
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7. Conclusions

Based on the results of the finite element analysis
of the composite steel-concrete beams subjected
to BS476 fire test [11], the following conclusions
are drawn:

1. Comparison of the computed results
with the available experimental data
confirms the accuracy and validity of
the finite element method, materials
models, constitutive relations and the
computer program to predict the
behavior of composite steel-concrete
beams under fire.

2. When heating is applied to the bottom
surface of the composite beam, the
temperature decreases towards the top
surface of the concrete slab, and the
temperatures in the steel beam are
higher than that in the concrete slab due
to the low thermal conductivity and
high specific heat of the concrete.

3. An increase in the concrete compressive
strength causes an appreciable increase
in the fire resistance of the composite
beams. An increase in the compressive
strength from 24 to 30, 40 and 50 MPa
causes an increase in the fire resistance
of 11.4, 17.1 and 22.8%, respectively.

4. The yield stress of the steel beam
section has a large influence on the
behavior of composite beams under fire,
and the results show that increasing the
yield stress from 281 to 350 and 400
MPa increases the fire resistance by
25.7 and 48.5 %, respectively.

5. Under fire, the fire resistance of the
composite beam deceases by 11.4% and
20% when the number of shear
connectors reduced by 37.5% and 50%
respectively.

6. The fire resistance of composite steel-
concrete beams exposed to standard fire
is influenced by the concrete slab
thickness, it increases by 12.5% when
the slab  thickness is increased to
150mm from 130mm, and decreases by
11.4% when decreased to 100mm
thickness

7. An increase in the applied load causes
an increase in the mid-span deflection
and then a decrease in the fire resistance
of the beam.
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