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Abstract

Shear tab connections are one of the most commonly used simple beam-end framing connections. Simple connections are
designed to resist shear forces at ambient temperature. This study aims at identifying the key parameters that affect the
behavior of composite beams with shear tab connections under fire. Large axial forces are generated during a fire event due
to the thermal expansion of the materials. These forces, which are not considered in the design, could lead to connection
failure. In this study, finite element (FE) models are developed in Abaqus and validated against experimental data available
in the literature. The strength degradation of the steel material at elevated temperatures is accounted for using retention fac-
tors. Concrete damage plasticity is implemented to model the concrete behavior at high temperatures. FE simulations are
then performed to investigate the effect of different parameters on the behavior of shear tab connections in composite beams
subjected to fire. The main parameters are: load ratio, concrete slab temperature, shear tab thickness, setback distance, bolt
diameter, in addition to the creep in the concrete and the partial composite action. This proposed research provides more
guidance on the effect of thermally induced forces and deformations of shear tab connections with composite beams. It also
provides the basis for developing simple methods of analysis.

Keywords Shear tab - Composite action - Concrete damaged plasticity - Finite element simulations - Fire temperatures -
Concrete creep

excessive deformations and rotations that make the behavior
more complex. Due to the thermal expansion, large axial
forces develop in the beam and in the connection. These

1 Introduction

Composite beams are formed of a concrete slab and a steel

beam acting as one member. The composite action between
steel and concrete can be established using shear studs which
are welded to the top flange of the steel beam. Different types
of steel connections are used to connect the steel beam to the
column. Shear tab connections are simple steel connections
that are widely used in steel buildings, and they play a cru-
cial role in maintaining the stability of steel structures under
gravity loading. In a fire event, since the thermal expansion
of the steel is larger than that of the concrete [Eurocode 2
(2004), Eurocode 3 (2005)], the composite beams undergo
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forces are first compressive at the heating stage before turn-
ing into tensile forces at the cooling stage, which might lead
to connection failure.

The behavior of composite beams at elevated tempera-
tures has been studied recently by some researchers, but their
behavior with shear tab connections under fire is still not
very well addressed. Previous studies performed by Wald
et al. (2006) on the behavior of a steel concrete compos-
ite floor with shear tab connections subjected to fire have
shown that failure occurs in the shear tab due to the large
axial forces present along with buckling at the bottom flange
of the beam. Additional analytical studies were performed
by Garlock and Selamet (2010) to assess the behavior of
composite beams with shear tab connections. But their work
did not include the concrete slab and its flexural stiffness
was accounted for using linear springs attached to the top
flange of the beam. It was found out that the connection
was able to sustain the loads generated during the heating
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phase. However, during the connection failed during due to
the large axial forces present. Previous researchers (Allam
et al. 2002; Wang and Yin 2006; Yu et al. 2009; Burgess
et al. 2012) studied the performance of different types of
steel joints in steel frames under fire. It was found out that
large compressive forces are generated during heating, then
at extremely high temperatures catenary action develops in
the beam causing tensile forces. Furthermore, Agarwal et al.
(2014) studied the failure modes of composite floor systems
in a ten-story steel building subjected to fire. Results showed
that excessive deflections occur in the composite beam along
with large rotations at its end. And as the beam flange comes
into contact with the column flange, large axial forces are
generated in the beam and thus leading to connection failure.

Moreover, Pakala and Kodur (2016) conducted experi-
mental and numerical studies to investigate the effect of the
concrete slab on the behavior of subframe assemblies with
double angle connections exposed to fire. Two assemblies
were analyzed, one with the concrete slab and the second
without the concrete slab. The presence of the concrete slab
enhanced the rigidity of the connection and it prevented
local and lateral torsional buckling of the steel beam by
providing a lateral restraint. Selden et al. (2014, 2016) per-
formed full scale experiments on composite beams with
shear tab connections subjected to fire loading. Fracture of
the shear tab at the toe of the weld occurred during cool-
ing. Three-dimensional (3D) FE models were performed by
Fischer and Varma (2015, 2017) to study the behavior of
composite beams with simple connections subjected to grav-
ity loads and different fire scenarios. The parameters varied
included the duration of the fire, the fire resistance rating
of the beam, the deck type and the connection type. It was
found out that bolt shear fracture was the controlling limit
state for composite beams with simple connections along
with a flat concrete slab, while fracture of the shear tab was
observed in beams with a metal deck. Furthermore, Hosseini
et al. (2014) and Qiang et al. (2018) studied the post-fire
status and failure mode of steel beam to tubular column and
extended endplate connections, respectively.

Creep in the concrete is considered a long term time
dependent behavior. Tarantino and Dezi (1992) developed a
numerical model for the viscoelastic analysis of composite
beams at ambient temperature, and then a numerical analysis
was performed to study the effect of the main parameters on
the response. It was found that the creep stresses generated
in the concrete slab are gradually transferred to the steel
beam’s top flange, which causes an increase in the deflec-
tion. Gernay and Franssen (2012) developed a mathematical
formulation for the explicit strain in concrete (excluding the
creep strain). They assumed that the creep strain depends on
the stress and the temperature and not on the time. Another
important factor which affects the behavior of composite
beams is the percentage of composite action in the beam.
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This factor was studied in part 1 by Wang et al. (2016a,
b) as experimental studies were conducted accompanied
by numerical studies in part 2 by Wang et al. (2016a, b).
It was concluded that the partial composite action induces
larger interface slip between the steel beam and the concrete
slab and higher deflection when compared to full compos-
ite action at high temperatures (above 500 °C). Despite the
previous research efforts, large gaps still exist in understand-
ing the response of shear tab connections with composite
beams subjected to fire temperatures. The thermal axial
force demands, deflection demands, and failure modes are
not adequately determined.

In this paper, FE models of composite beams with shear
tab connections subjected to fire temperatures are developed
and validated against experimental studies conducted by
Selden et al. (2014). A heat transfer analysis is performed to
predict the temperature distribution in the composite beam.
Additional FE models are developed to conduct a parametric
study to identify the major parameters that affect the behav-
ior of composite beams with shear tab connections under
fire. This includes the geometrical components of the con-
nection, in addition to the creep effect in the concrete as per
the proposed model by Gernay and Franssen (2012). Finally,
the effect of composite action (full vs. partial) on the per-
formance of composite beams with shear tab connections in
fire is investigated.

2 FE Modeling of Shear Tab Connections
with Composite Beams

This section describes the development of the FE model in
Abaqus. Results from the FE model with shear tab connec-
tion are compared with those obtained from the experimen-
tal study conducted by Selden et al. (2014, 2016).

2.1 Development of the FE Model
2.1.1 Geometry of Connection Components

The composite beam consists of a W10 X 22 steel beam
with a lightweight concrete slab. The slab has a thickness
of 89 mm and an effective width of 914 mm. Composite
action between steel and concrete is established using shear
studs of diameter 12.7 mm spaced at 152 mm, yielding a
partial composite action of 37%. The composite beam is
connected to the W14 x 109 column with a single shear tab
connection (6.35 mm X 114 mm X 152 mm) that is welded to
a thick plate which is connected to the column. The weld is
6.35 mm thick and 152 mm long. The shear tab is connected
to the beam using two 19 mm (3/4 in.) diameter A325 bolts.
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2.1.2 Geometric and Force Boundary Conditions

First, pretensioning of the bolts is applied. Then, a verti-
cal load of 156 kN (35 kips) is applied monotonically at
the mid-span of the beam. This load is held constant while
applying heating to the desired temperature, followed by the
cooling step. During the pre-tensioning step, the bolts are
restrained against any translation to ensure contact between
the bolt head and nut, and the base material. This boundary
condition is then deactivated in the loading step. Also, the
top and bottom faces of the column are fixed against trans-
lation and rotation throughout the analysis. In addition, a
lateral restraint is applied to the composite beam during the
analysis to prevent lateral torsional buckling.

2.1.3 Loading Conditions

Transient analysis is performed to predict the response of the
studied composite beam under heating and cooling cycles
of a fire. First, the concentrated load of 156 kN (35 kips) is
applied at the mid-span of the composite beam. Then, heat-
ing is applied as obtained from the heat transfer model, after
that the beam is cooled down back to ambient temperature.

2.1.4 Material Properties

2.1.4.1 Steel Material All steel materials are represented by
an idealized bilinear model. The mechanical properties for
the steel beam and column at ambient temperature are: the
yield stress Fy= 394 MPa (57.1 ksi), and the ultimate stress
F,=541 MPa (78.6 ksi) which are in accordance with the
experimental data performed by Selden et al. (2016). The
shear tab used is made of A36 steel with yield stress F, =317
(46 ksi) MPa and ultimate stress F, =448 MPa (65 ksi).
For the A325 bolts used, the ultimate stress F, =930 MPa
(135 ksi) is included in the model. Also, the weld with
electrode strength Fpyx =756 MPa (110 ksi) is included
in the model. The yield and ultimate stresses used for the
shear studs are Fy=350 MPa (51 ksi) and F;=450 MPa
(65 ksi), respectively, according to the structural welding
code (American Welding Society AWS 2010). To represent
the behavior of all materials at elevated temperatures, reten-
tion factors are used to estimate the mechanical properties
of material (including the elastic modulus, E). For the base
material, retention factors proposed by Hu et al. (2009) are
used, while for the bolts and the weld the retention factors
used are obtained from AISC specifications (AISC 2010)
and Eurocode 3 (2005), respectively. The model presented
in the final report by the European Commission (1997) is
used to represent the strength degradation of the shear studs
at high temperatures. Figure 1 shows the strength retention
factors for the steel base material, bolts, shear studs and
weld used in the FE model.
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Fig.1 Strength retention factors K, for structural steel, structural
bolts, shear stud, and weld material at elevated temperatures

2.1.4.2 Concrete Material The concrete compressive
strength at ambient temperature used in the model is
f’.=54.4 MPa (7.7 ksi) as per Selden et al. (2016). The
behavior of concrete is modeled in Abaqus using concrete
damage plasticity (CDP) model. The CDP model is devel-
oped by Lee and Fenves (1998), and uses the concept of
isotropic damaged elasticity in combination with isotropic
tensile and compressive plasticity to represent the inelastic
behavior of concrete. The failure of concrete is assumed to
be governed by two failure modes: (1) concrete crushing in
compression, or (2) concrete cracking in tension. The con-
crete stress—strain variation under compression and tension
is used in Abaqus for each given temperature. The concrete
model available in Eurocode 4 (2005) is used to represent
the compressive and tensile strengths of concrete at elevated
temperatures.

2.1.5 Model Discretization

Eight-node brick elements with reduced integration (C3D8-
R) are used to mesh the different components present in the
Abaqus model. A finer mesh is used near the connection and
in regions of high stresses. In addition, the segment of the
beam near the point load application is subject to a refined
mesh, as well as the areas surrounding the shear studs. A
mapped meshing technique is adopted to discretize bolts
and the adjacent areas to account for stress concentration
in these regions.

Contact between different materials is modeled using sur-
face to surface interaction with a finite sliding coefficient.
A friction coefficient of 0.3 is used model friction between
the contact surfaces, as per Morovat et al. (2018). Finite
sliding allows for separation, sliding, and rotation of the
contact surfaces. A sacrificial plate is placed between the
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column and the beam to protect the column from the fire
temperatures. Tie constraint is used to connect the weld to
each of the shear tab and the sacrificial plate. For the con-
nection between the shear studs and the slab, a constraint is
created to model the studs as the embedded region and the
concrete slab as the host region. The shear studs are con-
nected to the beam’s top flange using a tie constraint. Also,
a tie constraint is defined to model the interaction between
the column flange and the sacrificial plate.

2.1.6 Analysis Procedure/Heat Transfer Analysis

As stated earlier, transient analysis is performed. The tem-
perature distribution along the beam depth is obtained from
heat transfer analysis. In the heat transfer analysis, the tem-
perature at specified locations in the beam is set equal to the
values recorded in the experiment conducted by Selden et al.
(2014), then the temperature in all locations is derived from
the heat flux generated in the beam. The maximum tempera-
ture reached in the model occurs at the bottom flange and is
equal to 600 °C. The temperature dependent thermal con-
ductivity values for concrete and steel available in Eurocode
2 (2004) and Eurocode 3 (2005), respectively, are used. The

Fig.2 Temperature variation
along the composite beam’s
cross section a Heat transfer
results at the end of heating and
b FE model versus experiment
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temperature distribution in the composite beam at the end of
the heating phase is shown in Fig. 2a. Figure 2b shows that
the temperatures obtained by heat transfer analysis are close
to the temperatures measured in the experiment. The output
from the heat transfer model is extracted and applied as a
thermal load on the composite beam in the stress analysis
model.

2.2 FE Predictions Versus Experimental Results

The FE results of the shear tab connection with composite
beam are compared to the experimental data available in
the literature (Selden et al. 2014). Figure 3a and b show the
deflection as a function of temperature and the load—deflec-
tion response, respectively, for the experiment and the FE
predictions. It can be seen from Fig. 3a and b that the FE
model predicts with reasonable accuracy the deflection-tem-
perature and load—deflection responses, respectively.
Figure 3c and d show a comparison of the actual deformed
shape of the shear tab connection during the cooling phase
of the experiment against the FE results. Fracture of the
shear tab at the toe of the weld occurs in FE simulation, as
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shown in Fig. 3. Therefore, the FE model is capable of pre-
dicting the failure mode of the connection as well.

3 Shear Tab Connections with Composite
Beams: Evaluations of Demand

This section presents the key parameters that impact the
behavior of shear tab connections in composite beams at
elevated temperatures. FE models of composite beams with
shear tab connections are developed in Abaqus and used to
conduct a series of parametric studies on the behavior of
shear tab connections under fire.

3.1 Description of the Composite Beam Model

In this parametric study, the beam used is a W16 X 36 span-
ning between two W14 x90 columns. The concrete slab
thickness is 91 mm. The beam ends are attached to the col-
umns using shear tab connections bolted to the beam web
and welded to the column flange, as shown in Fig. 4. The

bolt diameter is 25.4 mm (1 in.) and the setback is 20.3 mm
(0.8 in.). The material properties for the bolts, weld and
base material at ambient temperature are the same as the
ones used in the FE model described in the previous sec-
tion done to reproduce the experiment performed by Selden
et al. (2014). The concrete compressive strength at ambient
temperature is assumed to be 35 MPa (4.95 ksi). The column
segment used is 3.05 m long and assumed pinned at its top
and bottom ends. A uniformly distributed load is applied to
the beam.

The top and bottom faces of the column are braced
against translation and rotation in all directions during
the analysis. Also, the composite beam is braced against
lateral displacement along its length. Transient analysis
is performed, as the temperature increases from 20 °C up
to the desired temperature, and then drops back to 20 °C
while keeping the applied load. The bottom flange of the
beam reaches an ultimate temperature of 650 °C, while
the web and the connection are heated up to 400 °C. Only
part of the column which is aligned with the connection
as shown in Fig. 4 is heated, while the remaining part
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Fig.4 Layout of the connection assembly used in the parametric study

is assumed to be isolated to prevent thermal expansion
of the column and consequently generating additional
axial forces in the column. The slab is heated up to a
temperature of 300 °C, except otherwise modified as per
the parametric study. The choice of the magnitude of the
temperature and its distribution is close to the tempera-
tures obtained in the experiment conducted by Selden
et al. (2014), what makes this temperature variation a
good idealization of a real fire. The composite beam mod-
eled is assumed to have full composite action between
the concrete slab and the steel beam, except in Sect. 3.2.9
where the percentage of composite action is the studied
parameter. Partial composite action is modeled using the
same procedure presented in Sect. 2.1.5 for developing the
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Setback distance W 14x90

Heated part 1

validation model. In the case of full composite action, a
tie constraint is created to connect the concrete slab with
the steel beam’s top flange.

3.2 Effect of Key Parameters and Connection Details

The parameters examined are beam length, load ratio, slab
temperature, initial cooling temperature, slab thickness,
setback distance, bolt diameter, concrete creep effect, and
degree of composite action. Table 1 presents a summary
of the geometrical properties and loading conditions for
each FE simulation performed in Abaqus.
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stages: (1) Beam length: a axial force and b mid-span deflection, (2)
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3.2.1 Beam Length

The effect of the beam length on the connection behavior
is studied. Beams having a length of 6.10 m (20 ft), 9.15 m
(30 ft), and 12.20 m (40 ft) are selected. The load ratio used
for all beams is 0.33 (33% of the nominal plastic moment).
Figure 5a and b show the variation of the axial force in the
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beam and the mid-span deflection with respect to the beam
bottom flange temperature, respectively. The 6.10 m long
beam survived the heating and the cooling stages, while the
9.15 m and the 12.20 m beams failed in the heating stage at
a temperature of 560 °C and 530 °C, respectively. The failure
of the connection occurs in the weld. At a temperature of
360 °C for the 12.20 m span, the beam bottom flange comes
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in contact with the column flange, resulting in an increase
in the axial compressive force and a decrease in the deflec-
tion as shown in Fig. 5a and b. For the 9.15 m beam length,
contact occurs at a later stage of the heating phase (at a tem-
perature of 460 °C) leading to an increase in the axial force.

It is found out that the longest beam (12.20 m) has a lower
flexural stiffness, as it produces a larger deflection compared
to the two other beams. This analysis shows that increasing
the span length results in an increase in the deflection. This
causes the contact between the beam bottom flange and the
column to take place, resulting in a larger axial force and
leading to failure of the weld.

3.2.2 Load Ratio

The load ratio is defined as the ratio of the maximum
moment generated in the beam due to the applied uniform
load to the nominal plastic moment capacity of the com-
posite beam cross section, Mp, at ambient temperature. The
moment developed in the beam at its mid-span is assumed
to be equal to wi /8’ where w is the uniform load applied and
[ is the span length. The span length of the beam is 6.1 m
(20 ft), which is considered a typical span for beams used in
composite construction. The load ratios used in the analysis
are 0.25, 0.50 and 1.00.

Figure 5c and d show the axial force and the mid-span
deflection as a function of temperature, respectively, for the
three load ratios. It is observed from Fig. 5Sc that increasing
the load ratio from 0.25 to 0.5 does not produce a signifi-
cant change in the axial force, and failure did not occur for
both beams. Also, it can be seen from Fig. 5d that the beam
with a load ratio of 1.0 develops the largest deflection. This
initiates contact between the beam and the column at a tem-
perature of 520 °C. Consequently, the axial force increases
rapidly until failure occurred at a temperature of 600 °C. In
conclusion, increasing the load ratio to 1.0 causes failure
of the weld.

3.2.3 Slab Temperature

The effect of the concrete slab temperature on the behavior
of the composite beam is studied by using the following
values for the slab temperature: 20 °C, 300 °C, and 500 °C.
The span of the beam studied is 6.10 m. The load ratio in
composite beams ranges between 0.45 and 0.55 according to
the Steel Construction Institute SCI (2006), so the load ratio
used in the analysis is 0.5. The axial force and the mid-span
deflection as a function of temperature are shown in Fig. Se
and f, respectively, for 20 °C, 300 °C and 500 °C. It can
be seen from Fig. Se that for a slab temperature of 20 °C,
contact occurs between the beam and the column causing
the axial force to be the largest among the three cases. Fail-
ure did not occur in any of the three beams. When the slab

temperature remains 20 °C, the concrete stiffness does not
change while the stiffness of the steel beam decreases due to
the increase in temperature causing the plastic neutral axis
(PNA) to move upward. As a result, the flexural stiffness of
the composite section is decreased, and consequently the
deflection in this case is the largest. It can be concluded
that as the maximum concrete slab temperature decreases,
the deflection increases and causes contact between the
beam and the column to occur at an early stage leading to
an increase in the axial force. If contact had not occurred,
the axial force would have been the lowest in the case of the
20 °C slab temperature.

3.2.4 Initial Cooling Temperature

To study the effect of the initial cooling temperature on the
response of a composite beam with shear tab connection,
a 6.10 m long beam with a load ratio of 0.5 is modeled.
Three values of the initial cooling temperature (ICT) are
considered: 400 °C, 500 °C and 650 °C. The variation of the
axial force and the deflection with temperature are shown
in Figs. 4b and 6a, respectively. It can be seen from Fig. 6a
that the beam with 650 °C ICT develops the largest tensile
axial force through the cooling phase. The three beams sur-
vived heating and cooling and did not fail. Increasing ICT
produces larger deflections at mid-span due to the additional
loss of stiffness at higher temperatures (see Fig. 6b). When
the ICT is 650 °C, contact between the beam and the column
occurs right before the end of the heating, but it did not pro-
duce a significant effect on the maximum axial compressive
force.

3.2.5 Slab Thickness

To study the effect of the thickness of the concrete slab,
three cases are considered: (1) 66 mm (2.6 in.), (2) 91 mm
(3.6 1in.), (3) 114 mm (4.5 in.). For the 66 mm thick slab, the
plastic neutral axis (PNA) is located in the top flange of the
steel beam, while in other cases (91 mm and 114 mm) the
PNA is located in the concrete slab. As shown in Fig. 6c,
the axial force is approximately the same in the three beams
until the contact occurs in the beam with 66 mm thick slab at
a temperature of 610 °C. As a result, the axial force reached
in this beam is the largest among the three cases. Failure
did not occur in any of the three beams. It can be seen from
Fig. 6d that the beam with the 66 mm slab experiences the
largest deflection. Hence, increasing the concrete slab thick-
ness affects the deflection response of the composite beam,
and consequently it affects the axial force due to the con-
tact which occurs between the beam’s bottom flange and
the column.
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Fig. 6 Effect of different parameters during heating and cooling stages: (1) Initial cooling temperature: a axial force and b mid-span deflection,
(2) Concrete slab thickness: ¢ axial force and d mid-span deflection, (3) Setback distance: e axial force and f mid-span deflection

3.2.6 Setback Distance

The setback is assumed to be equal to the distance between
the edge of the beam flange and the column flange (see
Fig. 4). To study the influence of the setback distance
on the behavior of the shear tab connection, three values
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of the setback are considered: (1) 12.7 mm (0.5 in.), (2)
20.3 mm (0.8 in.), and (3) 25.4 mm (1 in.).

For a setback of 12.7 mm, contact occurs between the
beam flange and the column flange at a temperature of
440 °C, as shown in Fig. 6e. This contact causes the axial
force to increase leading to fracture of the shear tab at the
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toe of the weld. For the 20.3 mm setback, contact still occurs
between the beam and the column but at a higher tempera-
ture (640 °C). When the setback distance is 25.4 mm, no
contact occurs and consequently the maximum axial force in
the connection is lower than other cases. It can be seen from
Fig. 6f that the deflection is the same in the three cases until
the contact occurs for the beam with 12.7 mm setback. The
beams with setback values of 20.3 mm (0.8 in.) and 25.4 mm
(1 in.) survived heating and cooling and no failure occurs.
So the large setback prevents the contact between the beam
and the column resulting in lower forces in the connection.

3.2.7 Bolt Diameter

The effect of the diameter of the shear bolts is examined
by using two different bolt diameters: 19 mm (3/4 in.) and
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25.4 mm (1 in.). The span of the beam considered is 6.10 m
and the load ratio is 0.5. Figure 7a and b show the axial force
and the deflection as a function of temperature, respectively,
for each bolt diameter. It can be seen from Fig. 7a that when
the bolt diameter is 25.4 mm (1 in.), the axial compressive
force is larger than that when the bolt diameter is 19 mm
(3/4 in.). During the cooling phase, the tensile force is larger
for the case when the bolt diameter is 19 mm (3/4 in.). This
force causes failure of the weld to occur at a temperature of
400 °C. The beam with a bolt diameter of 25.4 mm (1 in.)
survived the heating and the cooling phases and no failure
occurs. The deflection in the beam with 19 mm (3/4 in.) bolt
diameter is larger than the case where 25. 4 mm (1 in.) bolts
are used, as shown in Fig. 7b. Contact occurs between the
beam’s bottom flange and the column flange at a temperature
of 560 °C for the beam with 19 mm (3/4 in.) bolts diameter.
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Fig.7 Results obtained by varying diameter of the bolts: a axial force, b mid-span deflection, ¢ shear force in the 19 mm diameter bolt, d shear

force in the 25 mm diameter bolt
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No contact is observed for the beam with 25.4 mm (1 in.)
bolts.

The variation of the shear force in the lower bolt in the
connection with respect to temperature is shown in Fig. 7c
and d for the 19 mm (3/4 in.) and 25.4 mm (1 in.) diameter
bolts, respectively. The estimated bolt shear strength as a
function of temperature is also shown in each figure. The
shear strength of the bolt is calculated according to the AISC
specifications (AISC 2010). Figure 7c shows that for the
19 mm (3/4 in.) bolt, the maximum shear force of 110 kN is
reached at a temperature of 200 °C. For the 25.4 mm (1 in.),
the maximum shear force of 160 kN is reached a temperature
of 300 °C, as shown in Fig. 7d. It can be seen that no shear
failure is predicted in the bolts for the two values of the
bolt diameter. It can be concluded that increasing the bolt
diameter results in lower deflections and prevents failure of
the connection.

3.2.8 Effect of Creep in the Concrete

Thermal creep strain develops in the concrete when sub-
jected to compression at elevated temperatures. Creep is
implicitly included in the stress—strain relationship of con-
crete available in Eurocode 4 (2005). However, the drawback
of the implicit model is that the creep strain is irreversible.
That is, when a concrete specimen is cooled down, the creep
strain is recovered, which does not reflect the true behavior.
For this purpose, Gernay and Franssen (2012) developed a
stress—strain relationship for concrete, where the total strain
term does not include the creep strain. The model proposed
by Gernay and Franssen (2012) is shown below:

G 28exp

£(T) N [1+ <Sm>z] (1)

€1

where f_(T) is the compressive strength of the concrete
at temperature T, €., denotes the explicit strain (excluding
the creep strain) and ¢, is the strain corresponding to peak
stress. €., is a function of the peak stress strain values avail-
able in Eurocode 2 (1995, 2004). The creep strain is then
obtained by subtracting the explicit strain proposed by Ger-
nay and Franssen (2012) from the implicit strain available
in Eurocode 4 (2005).

In order to model the creep in the concrete, a user subrou-
tine that includes the creep strain is developed and included
in the Abaqus model. The limitation of including a creep
subroutine in Abaqus is that the CDP could not be used
to model the concrete material. As a result, the concrete
is modeled as plastic and analyzed by assuming it has the
same strength in tension and in compression. Consequently,
having tension in the concrete does not provide accurate
results. Therefore, the composite beam studied is designed
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so that the PNA is located in the steel beam, and all the
concrete section is in compression. To evaluate the accu-
racy of assuming the concrete as plastic, the results obtained
when modeling the concrete as plastic are compared to those
obtained when modeling the concrete using CDP, excluding
the creep effect in concrete. No significant difference was
noticed in the axial force and the deflection between the two
models (CDP and plastic), thus the concrete material can be
modeled as plastic.

To study the effect of creep in the concrete on the behav-
ior of composite beams under fire, a comparison between
implicit and explicit concrete models is performed. The
implicit model uses the stress strain relationship available
in Eurocode 2 (2004), where the creep strain is implicitly
included as a part of the total concrete strain. The explicit
model uses the formulation proposed by Gernay and Frans-
sen (2012) which presents a relationship between the stress
and the explicit strain [see Eq. (1)]. In this case, the sub-
routine that includes the creep strain is implemented in the
Abaqus model. The modulus of elasticity used in the model
is the one proposed by Gernay and Franssen (2012). The
span length of the beam is 6.10 m, the slab thickness is
63 mm (2.5 in.) and the steel beam used is a W16 X 36. The
temperature distribution is uniform all over the cross section
and it is equal to 550 °C. It can be seen from Fig. 8a that
there is no significant difference in the axial force between
the results of the two models. This is due to the fact that the
axial force developed in the steel beam is much larger than
that developed in the concrete slab since the thermal expan-
sion of the steel is larger than that of the concrete [Euroc-
ode 2 (2004), Eurocode 3 (2005)]. Also, contact between
the beam bottom flange and the column occurs around a
temperature of 515 °C. Fracture of the weld is observed in
both models at a temperature of 450 °C during the cool-
ing phase. Figure 8b shows that the deflection increases as
the temperature increases until reaching a temperature of
515 °C. Then, the deflection decreases during the cooling
phase. The decrease in deflection in the cooling phase is
larger for the implicit model. This is because in the implicit
model the creep strain is recovered during the unloading
(cooling) step. While in the explicit model, only the elas-
tic strain is recovered since the creep strain is irreversible.
This leads to larger permanent deflections in the explicit
model. The results agree with the findings of Gernay and
Franssen (2012) as there is a significant difference between
implicit and explicit concrete models in the cooling phase. It
is found from this analysis that the concrete creep increases
the deflection of the composite beam.

3.2.9 Partial Versus Full Composite Action

To study the effect of the partial composite action, a beam
with 38% composite action is modeled in Abaqus and



International Journal of Steel Structures (2020) 20(3):817-832

829

0
100 200 300 400 %500 6
-100 \
Z  -200 L
< Cooling N
3 300 \
s \
S 400
8
Z -500
Explicit
-600 P Contact
= Implicit
-700
Bottom Flange Temperature (°C)
(a)
400
= 38% partial
-~ .
-~ composite
200 \\ e [yl composit
2 o X
3 100 200 300 400 QOO 600 700
5 -200
E N
= Cooling
£ 400 N\
< \
-600 /Jv\
Contact
-800
Bottom Flange Temperature (°C)
(©)
600
b T) = 38% partial
400 e S 3 composite
200 N\\ e F1]]
2 \ composite
£ N
8 100 200 300 40N 500 600 700
-
g -200 \
= Coolin,
£ 4400 \\ &
< Contact ‘\
-600 \A\
\
-800
-1000
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compared with one having full composite action. For the
partial composite beam, shear studs of 19 mm (3/4 in.) diam-
eter are used at a spacing of 381 mm (15 in.). The beam is
W16 x36 with a 91 mm (3.6 in.) thick concrete slab. The
beam span is 6.10 m and the load ratio is 0.5. The diameter
of the bolt used in the connection is 19 mm (3/4 in.). The
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force and d mid-span deflection, (3) Composite action for beams with
25.4 mm diameter bolts: e axial force and f mid-span deflection

axial force and the mid-span deflection versus temperature
are shown in Figs. 6d and 8c, respectively. The maximum
axial force in the partial composite beam is slightly greater
than that with full composite action, as shown in Fig. 8).
It can be seen from Fig. 8d that the deflection in the par-
tial composite beam is larger than the deflection in the full
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composite beam. This is due to the fact that the flexural
stiffness of the full composite beam is larger than that of the
partial composite beam. Contact between the beam and the
column occurs at a temperature of 540 °C and 560 °C for
the partial and full composite beams, respectively. Moreover,
the failure mode (fracture at the weld) is the same in the two
beams.

The same analysis is repeated with the diameter of the
bolt used is 25.4 mm (1 in.) instead of 19 mm (3/4 in.) in
the two beams. It can be seen from Fig. 8e that there is not
a significant difference in the axial force for the full and
partial composite beams. Contact between the beam and the
column occurs after reaching a temperature of 600 °C. Also,
the deflection of the partial composite beam is larger than
that of the full composite one, as shown in Fig. 8f. Both
beams survived the heating and cooling phases and did not
fail. In conclusion, the partial composite beam encounters
larger displacement at elevated temperatures. However, the
axial force and the failure mode are the same for beams with
full and partial composite action. This conclusion agrees
with the experimental studies performed in part 1 by Wang
et al. (20164, b), where experimental tests were performed
on partial and full composite beams.

4 Characterization of the Behavior

In the heating phase, the compressive axial force in the beam
increases as the temperature increases due to the restrained
thermal expansion in the beam web. A typical variation of
the axial force in the beam with respect to the connection
temperature is shown in Fig. 9. The behavior of the com-
posite beam during the heating phase can be divided into
four segments. At the start of the heating phase, the axial
compressive force increases at a constant rate until beam
web buckling occurs. In the second stage, the web area
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Fig.9 Typical variation of the axial force with respect to temperature
of the shear tab
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contributing to the axial force is reduced due to buckling
of the beam web. Consequently, the axial force increases in
this stage but at a lower rate. Then in the third stage, yield-
ing of the beam web occurs. The yielding of the beam web
limits the compressive axial force since the tangent modulus
of elasticity of the steel affects the axial force in this case.
Before the end of the heating phase, contact occurs between
the beam bottom flange and the column flange resulting in
an increase in the axial force until the end of heating. Dur-
ing the cooling phase, the composite beam tends to contract
causing the axial compressive force to decrease. At a certain
temperature, the axial force turns into a tensile force due to
the continuous cooling. Before the end of the cooling phase,
the rate of increase of the axial force decreases due to the
reduction in the thermal expansion values.

5 Conclusions

The results of the study on the behavior of shear tab con-
nections with composite beams subjected to fire are pre-
sented and discussed in this paper. FE model is developed
and validated against experimental data mentioned in the
literature. The temperature distribution across the depth of
the composite beam is obtained from heat transfer analysis.
A series of 3D models of composite beams with shear tab
connections are then developed and used to investigate the
key parameters that affect their behavior under fire. The fol-
lowing points are concluded from this research:

e The FE model reasonably predicts the deflection and
the load-deformation response of the composite beam
with shear tab connection at elevated temperatures, when
compared to experimental results. However, fracture
modeling is not included in the simulation.

e The parametric study performed shows that among the
factors evaluated, the ones that affect the axial force
demand on the shear tab connection are: load ratio, initial
cooling temperature, slab temperature, and bolt diameter.

e The results show that as the beam undergoes a large
deflection, contact is initiated between the beam’s bottom
flange and the column flange (starting from a temperature
of 350 °C) causing an increase in the axial force. The
increase in the axial force could reach 400 kN and might
lead to failure. Increasing the slab temperature, the slab
thickness, or the bolt diameter reduces the deflection and
consequently avoids the contact between the beam and
the column.

e The setback distance is an important factor that affects
the response of composite beams with shear tab connec-
tions. Increasing the setback reduces the possibility of
having contact between the beam and the column flange.
As a result, the thermal-induced axial forces in the con-
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nection decreases. A small setback distance (12.7 mm) is
not recommended since it initiates the contact at an early
stage of the fire (bottom flange temperature of 450 °C),
which can lead to fracture of the shear tab at the toe of
the weld.

e Thermal creep in the concrete has a major effect on the
deflection response of the composite beam. Including the
creep effect in the concrete affects the deflection response
for temperatures above 250 °C. Larger deflections occur
during the cooling phase due to the unrecovered creep
strain. The large deflections can cause contact to occur
between the beam and the column, resulting in larger
axial forces. Note that the effect of creep in the steel is
not included in the analysis.

e Partial composite action induces larger deflection, but it
has no significant impact on the forces in the beam nor
on the failure mode.

e The parametric study performed provides a characteriza-
tion of the variation of the thermal axial force in the shear
tab connection with composite beam during heating and
cooling cycles of the fire. The thermal axial forces devel-
oped in the composite beam are compressive during the
heating phase and could reach around 1200 kN. Then
during the cooling phase, the thermal forces turn into
tensile forces and can reach around 400 kN. These large
axial forces cause failure the connection and thus affect
the stability of the structure, so they should be taken into
consideration in the design standards. The study reported
in this paper can be used to develop simplified methods
of analysis to predict the thermal axial forces demand in
shear tab connections with composite beams.

e The purpose of this study is to provide a better under-
standing of the behavior of composite beams with shear
tab connections subjected to fire temperatures and not to
suggest design recommendations. Additional FE simula-
tions are required to better examine the thermal effect of
creep in the steel and in the concrete, including the cases
where the PNA is in the concrete slab and part of the
concrete is subjected to tension.
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