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The Behavior of Joint Between Steel Beam and Concrete-Filled
Steel Tube Column Under Fire

Abstract:

The results of a numerical study on the fire resistance of the joint between
the steel beams, as well as the concrete-filled steel tube column (CFSTC)
are provided utilizing the ABAQUS program. The analytical approach has
been implemented, which comprises three steps of the sequential analysis,
including fire analysis and heat transfer analysis, in addition to stress analysis
for predicting the joint’s behavior under a fire loading. They include models of
the nonlinear 3D finite element of heat transfer, together with stress analysis.
These illustrative models were validated by conducting a comparison between
the data of the numerical output with the current experimental results in
the literature. This test involves the reverse channel test, i.e., the joint’s test
against a fire. The conducted test is among different tests of fire; 10 tests that
are available in the literature. The results showed good agreement when the
numerical results were compared to the experimental results. Consequently,
the models of the finite element can predict the joint’s behavior under a fire
loading.

Keywords: Finite element, ABAQUS, Concrete-filled steel tube, CFSTC,
Steel tube, Fire, High temperatures, heat flux, Eurocode.
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1. Introduction

The CFSTCs were utilized amid the twentieth century, and most recently it
has been popularly implemented in constructing bridges and high-rise
buildings. This is because of its efficient structural performance. It exploited
the combined effect advantage amid steel tube, as well as the concrete core
working together. A steel tube can strict / restrict concrete, thereby increasing
the compression strength, and simultaneously concrete inside the given
steel tube can resist deformation with local buckling, enabling utilization
of cross-sections that are thinner. Such composite sections can provide a
sequence of features, including higher earthquake resistance, higher load-
bearing capacity, thinner cross-section, more attractive appearance, faster
construction technology, as well as more efficient fire resistance without
the existence of external protection. Thus, the above-mentioned features
potentially made CFSTCs a better alternative used by structural engineers
and designers [1,2].

The CFSTCs can efficiently operate due to their higher fire resistance compared
with hollow-steel columns’ resistance. In many cases, they do not require any
external side fire protection. When the steel tube is exposed to fire, it expands
more rapidly than the compared concrete core and, therefore, it can carry
a larger amount of an applied load. Thus, the heat flux can be transferred
gradually from the given steel tube to concrete infill; the steel tube’s rising
temperature is moderately slow. This is because concrete infill can absorb
heat from the wall of the steel tube, thereby reducing the steel tube’s high
temperatures. In the wake of a specified time of fire exposure (i.e., between
3020- min), the stiffness, as well as the strength of the steel tube started to
rapidly decrease due to high temperature.

Consequently, the load has been transported gradually to concrete core. The
steel tube currently functions as concrete protection only from the fire direct
exposure, maintaining effective performance. By time, concrete strength
started decreasing until failure occurred; this is because of compression
strength or global buckling. Fig 1 shows this evolution regarding axial
displacement, which has been measured at the column’s top end with time

[].
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Figure 1: CFSTC's typical behavior subject to raised temperatures [1]

Joints are critical elements of any building structure and fire resistance is
an important safety requirement in building design. However, although
there have been extensive research studies about joint behavior at ambient
temperatures [3,4] and member and frame structural behavior under fire
conditions [5,6] that led to the development of the rational structural fire
engineering design methods, a few studies were conducted about joint
behavior in fire. Two factors might have contributed to the lack of studies
about joint behavior in a fire, including the complexity of the investigated
topic, as well as the simplistic treatment of joints in the design of fire resistance

[3].

In previous studies, Elsawaf and Wang [7] conducted a numerical simulation
using ABAQUS software to numerically model the behavior of joints between
the steel beam and CFSTC under fire. Validation of the finite element model
(FEM) was achieved by comparing the simulation and experimental results
for the two fire tests studying cooling behavior. One of the tests used a fin
plate connection and the other tests used a reverse channel connection. The
FEMs give good agreement with the results of the tests.

This paper aims to validate the numerical output data, together with the
obtained experimental results of the structural behavior utilizing failure
modes, the development of deflections, in addition to the forces in beams.

2. Previous Experimental Studies

The experimental results of the test validated the obtained numerical results
based on a previously conducted study because laboratories, which are
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specialized in this field, are not available at university. In the test of the joint
against fire, which has been carried out at the University of Manchester in
the UK, a number of tests were conducted to examine ten varied types of
joints according to [3]. Accordingly, test No. 10 (i.e., the Reverse Channel
Test) was chosen to validate finite-element modeling’s feasibility as the test
results showed a potential to be advanced into a robust connection, which
is characterized by strength, high stiffness, rotational capacity, as well as
ductility.

The conducted tests of fire resistance were performed in the furnace, whereby
Test No. 10 formed a frame that comprises 2 columns of 193.7X5mm
concrete-filled tubes; the beam was 178x102x19UB of 1812mm length.
Fig 2 shows that the beam has been connected to columns. The reverse
channel section flanges 152x89 have been welded to the tube’s wall. The
8mm- thickness endplate has been welded to the given beam on two sides,
then bolted to the reverse channel using four (2 by 2) M20 grade 8.8 bols,
and no fire protection was detected on the given joints [3].

The relationships of the input temperature-time are shown in Fig 3 for the
beam’s flanges and the web, as well as steel tube, with connection zone,
in addition to filled concrete. The average yield strength, the ultimate
strength, together with the elastic modulus of steel members are listed in
Table 1 at ambient temperatures utilized in the conducted experimental test.
The average concrete cube strength recorded 46.2 MPa, whereas concrete
density recorded 2305 kg/m?3.

At room temperature, the loads were gradually applied to the beam, and any
obvious deformation was not observed at this stage in the specimen to avoid
the steel beam'’s lateral torsion buckling before the occurrence of the beam'’s
large deflection. After 23.1 minutes of fire ignition, the furnace has been
turned off, and after 29.7 minutes of the conducted test, beam deflection
began to slowly decrease. After 56 minutes, however, beam deflection began
to slowly increase again. After 158 minutes, the door of the furnace was
opened. After 320 minutes, the test has been completed without the frame's
failure and fracture. The given loads were maintained successfully during
the conducted test due to the absence of large deflection in the given steel
beam [3].
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Figure 2: Geometrical details of the reverse channel connection [3]
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Figure 3: Time-temperature relationships [3]

Table 1: Mechanical property values of various steel members.

Component i Yildarongth e Ulimer

(MPa) (MPa) (%)

Beam Web 206606 352 493 32.1

Beam Flange 206378 309 477 34.9

Tubes 200001 406 539 29.5

End plate 200000 355 561 32.6

Reverse channel web 192280 397 562 27.1

Reverse channel flange 207811 351 561 32.6
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3. Numerical Analysis

Many finite element programs (FEA) exist, which are capable of solving various
simulations. These are utilized for conducting various analyses of static, heat
transfer, dynamic, electrical response, and so on. Time, as well as cost tests,
are also provided. The selected program, in this paper, is ABAQUS/Standard
6.12 as ABAQUS/Standard can provide automatic and direct user’s control
of time step, an extensive range of contact, as well as nonlinear materials’
options, effective for analyzing the dynamic, static, electrical, and thermal
response of linear, as well as non-linear models.

Moreover, three-dimensional numerical models were generated by means of
the ABAQUS program for simulating the joint test (i.e., the reverse channel
test) against fire based on the conducted experimental tests in [3]. The joint
test (i.e., the reverse channel test) modeling in ABAQUS is shown in Fig 4.

The finite-element model is shown in Fig 5. Half of the given model was
molded only as it is symmetric about the vertical axis through the beam’s
mid-span. The use of a given symmetry boundary condition at the beam’s
mid-span saves useful computation time; it also provides similar results
regarding the full frames.

Figure 4: Modeling in ABAQUS of the joint (i.e., reverse channel) modeling
3.1 An Analytical Approach

Three-dimensional numerical models were created for simulating the track
of the experimental tests. The track involves an analytical approach, which
comprises 3 sequential analytical steps, including fire analysis and heat
transfer analysis, as well as stress analysis.
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3.1.1 Fire Analysis

Many building codes designate a universally agreed temperature-time
curve, being defined in ISO-834 Standard Fire [8] and characterized by gas
temperature, which has continuously increased at a reduced rate with time.
This curve is a standard pattern used in laboratories to test the structural
element’s resistance against fire; it does not mimic a real-life fire. The curve
of the standard ISO 834, based on EC1 Part 12- Section 3.2.1[9], can be
calculated by this Eq. as follows:

0,=20+345 log10 (8t+1) (1)

, where 0_ refers to the temperature of the gas in the fire compartment [°C],
t refers to time [min].

The ASTM EI1915] 88-] (i.e., Standard Methods of Fire Tests of Building
Construction and Materials) is the curve of the typical temperature-time,
calculated by this approximated Eq. as follows:

0 5= 20 +750[1—exp(-3.79533vt)]+170.1v¢ 2)

, where 0_ refers to the temperature of the gas in the fire compartment [°C],
t refers to time [hrs.].

Fig 5 shows two-nominal temperature-time curves.
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Figure 5: Different types of the fire curve [8]
3.1.2 Heat Transfer Analysis

The model of the heat transfer has been designed to achieve the distribution
of the temperature at a given time during which the member’s fire resistance
is verified. Because the materials’ thermal properties depend on heat transfer,
the obtained results are extremely nonlinear [1].
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The structural member’s heat transfer is separated to two parts, including the
first part, which is (net heat flux), i.e., heat transfer from a fire to the unprotected
surface, where convective, as well as radiation heat transfer mechanisms,
are combined. The second part involves conductive heat transfer in the
given structural element, evaluated by using the heat conduction equation as

shown in Fig 6.
Convected
Heat
Wall T
Conducted a
Heat
\N T
o~~~ adiant
(- “ S T
""\/\,\’>
v\,\’\—\*

Figure 6: Structural member’s heat transfer [1]
On the surfaces that are exposed to a fire, the given net heat flux (h__), based
on EC1 Part 12- Section 3, comprising convective heat flux (h__ ), as well as
radiation heat flux (h__ ) as follows:

et,r

nef,c)

]:lnet: hnet,c+hnet,r 5 (W/l’IlQ) (3)

Convective heat transfer involves heat transfer between the places by the
fluids” movement. The process, which is heat transfer by mass transfer, is in
natural or free convection. The component of the net convective heat flux is
determined by this equation:

Rnete=0tc(8g — O ), (W/m?) 4)

, where a_ refers to the heat transfer coefficient by equivalent convection to
25[W/m?K].

6, refers to the temperature of the gas in a vicinity of a fire unprotected
member, [°C].

0 _ refers to the member’s surface temperature, [°C].
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Radiation involves the energy transfer to a given body via absorption or
emission of electromagnetic radiation. Thus, thermal radiation spreads
through the given vacuum.

The net radiation heat flux h_ can be determined by this equation:
hnet;= @ emer S[(0:+273)*-(Om+273)4], (W/m?) (5)

, where ®@ refers to a configuration factor equivalent to 1, ¢_ refers to the
member’s surface emissivity, which is equivalent to 0.7, &, refers to the fire
emissivity, equivalent to 1, o refers to the Stephan-Boltzmann constant,
equivalent to 5.67X(108-)W/m? K4, 6_ refers to the member’s surface
temperature [°C], and 6 refers to the fire environment’s effective radiation
temperature [°C]

Conduction involves heat transfer from one given point to another point
because of the difference in temperature. The given conductive heat transfer
amid the contact surfaces can be identified by:

q=k (6, — 0p) (6)

, where q refers to heat flux for each unit area that crosses an interface
on one given surface from point A to point B on another, 6, signifies the
points’ temperatures on the surfaces of the slave [°C], 6, signifies the points’
temperatures on master surfaces[°C], k refers to the conductance of the gap.

3.1.3 Stress Analysis

Nonlinear stress analysis has been performed simultaneously with the
analysis of heat transfer so that the complete structural response is obtained
(deformation, strain, and stress history) of the CFSTCs. Stress analysis has
been performed via ABAQUS (2012) [10]. Structural analysis is obligatory
to determine the column’s fire resistance, in which, the previously computed
temperature distributions, together with fire exposure time were taken as a
starting point. The stress, as well as strain solution, were identified for each
time step with the time, at which, the column'’s collapse occurred, under a
specified applied load [1].

3.2 Material Parameters

The properties of the material and the stress-states were influenced by high
temperatures. In this study, the mechanical properties of the high temperature
were utilized as stated in Eurocode.
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3.2.1 Thermal Properties
3.2.1.1 Concrete and Steel at High Temperatures

Eurocode 2 Part 1.2 (CEN 2004a) has been chosen in Section 3.3 [11],
in addition to Eurocode 3 Part 1.2 (CEN 2005b) in Section 3.4 [12]. They
describe the concrete and steel thermal properties at elevated temperatures,
correspondingly. After the use of formulation of every thermal property of the
concrete and steel based on Eurocode (2,3), a curve between the temperature
and the thermal properties was drawn as shown in Figs 7 -15.
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Figure 7: Thermal elongation of concrete at Figure 8: Steel thermal elongation at
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3.2.2 Concrete Mechanical Properties at High Temperatures
3.2.2.1 Concrete at High Temperatures

These properties are the behavior of the concrete mechanical properties
at elevated temperatures based on EC2 Part 1 -2 in Section 3.2.2.1[11];
taken from the given mechanical behavior from stress-strain relationships
according to Fig 16, and is calculated using these equations:

Strain Range (g_,) Stress(c_,)
p _ 350,9 : fc,é'
< cd —
€.0=<€Eqp foro [2 " (:c,e )] (7)
c1,0

€ <€ <c¢ For a numerical purpose, the descending branch must
cl,0 cO cul,0

be implemented. Linear models or non-linear models are allowed.

Two parameters define the equation models: compressive strength (f ) of a
specified temperature, strain (€ _, ) equivalent to (f_ ). The parameters’ values
are achieved for every ’rempercn"ure via the oppliéoﬁon of reduction factors
as illustrated in Table 3.1 of EC2 Part 12- in Section 3.2.2.1 according to
Fig 17, including the ultimate strain value (€, ). Regarding the given elastic
part, the specified elastic modulus, as well as the Poisson’s ratio have been
determined, Poisson’s ratio took a value equivalent to 0.2. Thus, the concrete
elastic modulus has been computed at every temperature. As shown in Fig
18, the behavior of concrete (the stress-strain curve) at every temperature of
a 31 MPa compressive strength of concrete.

/
/

fC.O -_----,-E\

N

£
&c1.0 Ecut @

Figure 16: The mathematical model of concrete stress-strain relationships under
compression at elevated temperatures [11]
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[

3.2.2.2 Steel Mechanical Properties at Elevated Temperatures

These properties represent the structural steel mechanical behavior at elevated
temperatures based on EC3 Part 12- in Section 3.2.1(1,2) [12]. As shown
in Fig 19, the overall stress-strain curve has been utilized to demonstrate
resistances to compression or tension, and it is obtained based on these
equations:
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Fig 19: Stress-strain relationship of structural steel at elevated temperatures
[12].

, whereby { is the effective yield strength, and f_ is the proportional limit,
whereas E_| refers to the linear elastic range slope, ¢_, refers to the strain
at a proportional limit, and ¢ , is the yield strain, as well as ¢, is the yield
strength’s limiting strain, in addition to ¢, which refers to the ultimate strain.
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Table 3.1 inthe EC3 Part 1 -2 in Section 3.2.1[12] illustrates these parameters’
reduction factors f, f ; and E_ of a given temperature. Fig 20 illustrates the
variation for the reduction factors with the temperature.
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Figure 20: Reduction factors of stress-strain relationships of the structural steel at
elevated temperatures [12]

Regarding the given elastic part, the specified elastic modulus, as well as
the Poisson’s ratio have been determined, where Poisson’s ratio took a value
equivalent to 0.3. Thus, the steel elastic modulus at elevated temperatures
was taken based on Table 3.1 in the EC3 Part 1 -2 in Section 3.2.1[12]. The
steel behavior (the stress-strain curve) at every temperature of tensile strength
of 350 MPa is shown in Fig 21.
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Figure 21: Curves of stress-strain at high temperatures of a350 MPa steel [12]
3.3 Element Types

The ABAQUS element library comprises many elements, whose names can
be defined in a given set of specific symbols, each of these symbols performs
a particular function. The elements’ names, therefore, differ by changing
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these symbols. In this study, the symbols in the implemented elements are
described in Fig 22.

T T
'_heat transfer convection / diffusion
The solid (or continuum ) elements ; \\ for heat transfer applications
in Abaqus can be used for linear | adifferent integration scheme is used
analysis and for complex nonlinear \ for tetrahedral and wedge el
analysis involving contact, plasticity, L_number of nodes
and large deformations . —Three- dimensional

(a)
iy
The sokid i I / \ heat transfer convection / diffusion
in ‘;Sb‘;' ugoéazoz’:n::e"; ::r ﬁ?;':ts \ for heat transfer applications
anal si: and for complex nonlinear a different integration scheme is used
YSIS & ! P o \ for tetrahedral and wedge elements.

analysis involving contact, plasticity, \ umber of nodes
and large deformations . Three- dimensional

(b)

Figure 22: The description of the naming elements in ABAQUS, including (a)
Solid elements (b)Truss elements.

For this work, three-dimensional solid elements (C3D8T) have been utilized
for modeling steel tubes, concrete slabs, beams, concrete cores, bolts, as
well as channel flanges. Three-dimensional solid elements (C3D6T) have
been utilized for modeling the endplate of the beam and the channel’s web.
Moreover, three-dimensional truss elements (T3D2T) have been utilized for
modeling the reinforcement of the rebar. Fig 23 demonstrates the way the
model’s different regions and parts have meshed.

Bolt

t

Steel Concrete Beams Channel's End Plate
Tubes Core

Figure: 23 Meshing of different regions and parts of the model
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3.4 Contact Constraints and Interactions

Several formulations of the constraint and interactions are provided by
ABAQUS, and every contact (i.e., constraint and interactions) comprises
numerous types. Only the implemented types in the study are described in
this section.

3.4.1 Contact Interactions

Contact interactions that are on the three key factors depend on choosing a
specific tracking approach, the contact discretization, along with assigning
the roles of “master” and “slave” to contact surfaces [10]. Contact interactions
were utilized in this study by selecting the main factors, i.e., the ‘Small
sliding’, as well as the ‘surface to surface’ at the contact pair simulations in
accordance with the ABAQUS manual recommendations for simulating the
given contact interactions in between the steel tubes — the concrete cores, the
Bolt head — the Web Channel, the Bolt Shank — the Bolt holes, the Nut — End
Plate, as well as Web Channel — the End Plate.

3.4.2 Contact Constraints

There are many kinds of this type of contact, and one of these kinds was
utilized in this study as described below:

3.4.2.1 Tie Constraint

Two surfaces are connected, and every node on the first surface slave has
similar values of freedom degrees with the nearest point on the master
surface. Regarding the surface elements, which are connected to the
beam surface, offset distances in between the specified surface elements
and the given beam are utilized in the constraints’ definition, including the
rotational degrees for the beam’s freedom. A node-set can be specified as
constrained; it contains the slave nodes irrespective of distance to the given
master surface. Therefore, this kind is utilized in mechanical, and coupled
temperature-displacement, or heat transfer simulations [10]. Tie constraint
has been utilized in this study in between the concrete Slabs — the Beams,
and the Steel Tubes — the Channels Flanges.

3.5 Properties of Contact

There are many properties of contact. The selected contact’s thermal and
mechanical properties are described as follows:
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3.5.1 Mechanical Contact Properties

Mechanical interaction in between the contact surfaces’ parts has been
modeled with the use of two factors: 1) The normal behavior was implemented
as the formulation of the hard contact. The hard contact’s relationship with the
contact pressure has been transmitted among contact surfaces, without any
penetration of a slave surface onto a master surface at constraint locations,
where any pressure value transfer is allowed when surfaces are in contact
[10]. 2) The tangential behavior, including a specific friction model as one
part of the surface. Therefore, the Coulomb friction model has been utilized
with 0.3 as a constant friction coefficient [1,14,15].

3.5.2 Thermal contact properties

In the implemented numerical model, thermal interaction at the parts’
surfaces, showing thermal resistance at the border between these parts were
considered. ABAQUS permits heat flow crosswise the interface by using
radiation or conduction. Both heat transfer modes are, generally, present
to a limited degree. Based on the sensitivity analysis results, the constant
value of 200 W/m2 K gap conductance at the border between the given
steel tube and the concrete core was recorded, whereas 2000 W/m2 K gap
conductance was recorded at the border between the steel parts [1].

4. Model Validation

ABAQUS program has been implemented to produce the FEM. The model
accuracy is evaluated in this section by comparing the results obtained from
the finite element analysis with the results obtained from the laboratory fire
tests.

4.1 Test of Joint Against Fire

The model of three-dimensional numerical has been advanced by the
ABAQUS program. The test in its second stage was corroborated by
comparing the obtained results with the experimental results of the fire
resistance test for the joint against fire based on the literature. Moreover, the
utilized joint specimen in the validation stage has been tested at the University
of Manchester in the UK. The joint characteristics were similar to [3]. Fig 24
displays the conducted comparison between the obtained numerical results
versus emerging experimental results of a deformation model of the beam
and joint, with a fire test picture. Accordingly, no failure has been observed in
the given test specimen, as well as the numerical model. Fig 25 demonstrates
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a good comparison regarding the numerical and experimental displacement
by the temperature. This is in agreement with the finding of Y.C. Wang (2013).
I ) T :

=

Figure 24: Comparison between the numerical and the experimental shape in
the restrained beam by reverse channel connection (Test 10) [3]
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Figure 25: Comparison between the numerical-Elsawaf and Wang [7],
numerical-current study and the experimental results of the mid-span deflection
in the restrained beam by reverse channel connection [3]

5. Summary and Conclusion

The results of the conducted numerical study regarding fire resistance of the
joints between the steel beams and the CFSTC are provided in this paper,
utilizing the ABAQUS program to validate the numerical simulation model
throughout the given cooling stage. Based on the results, good agreement has
been observed for the obtained experimental results, as well as the vertical
deflection—temperature relationships of beam and frames’ final deformed
shapes. Consequently, FEMs can predict the joints’ behavior exposed to fire
loads (the teat of the reverse channel). Also, Eurocode has been implemented
to calculate the variables, which yielded good results regarding the CFST
columns fire resistance compared to the results of the experimental fire tests.
Further studies can investigate a multi-floor frame so that the frame behavior
is analyzed with similar joints.
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