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ABSTRACT

The Eurocodes recognise robustness as a way to ensure the structural integrity of a building
frame subjected to an unforeseen event and therefore to avoid a so-called “progressive
failure” mode in extreme loading situations. However few practical guidelines exist nowadays
which would allow a designer to design a structure accordingly.

Within the European RFCS ROBUSTFIRE project, the behaviour of steel and composite car
parks subjected to localised fire leading to a column loss was investigated. Under such a
scenario, the beam-to-column joints play a key role in the global structural response. Indeed,
these joints, initially loaded in bending, may be subjected to elevated temperatures and to
combined axial load “N” and bending moment “M”.

In this paper, a methodology to predict the mechanical response of bolted composite beam-
to-column joints at elevated temperatures under M-N is presented and validated through
comparison to experimental tests conducted at the University of Coimbra.

1. INTRODUCTION

The Eurocodes recognise robustness as a way to ensure the structural integrity of a building
frame subjected to an unforeseen event (explosion, impact ...) and therefore to avoid a so-
called “progressive failure” mode in extreme but exceptional loading situations. However few



experience and practical guidelines exist nowadays which would allow a designer to design a
structure accordingly.

Within the European RFCS ROBUSTFIRE project, the behaviour of steel and composite car
parks subjected to localised fire leading to a column loss was investigated, and practical
design guidelines were derived. To reach this goal, experimental, numerical and analytical
developments were carried out.

Under such a scenario, the beam-to-column joints play a key role in the global structural
response. Indeed, these joints, initially loaded in bending, may be subjected to elevated
temperatures and to combined axial load “N” and bending moment “M”.

Within the above mentioned project, a methodology to predict the mechanical response of
bolted composite beam-to-column joints at elevated temperatures under M-N is proposed;
this methodology will be presented and discussed in the present paper.

This methodology is founded on an analytical method able to predict M-N resistance
interaction curves for joints and which is in full agreement with the Eurocode model
recommended for the joint characterisation, i.e. the component method.

Also, the validation of the proposed model through comparisons against experimental results
obtained from six tests performed at the University of Coimbra on a composite steel-concrete
beam-to-column frame under fire is introduced in the paper. The tested composite frame was
subject to mechanical (bending and axial forces) and thermal actions (constant temperature
equal to 500°C or 700°C). The objective of these tests was to observe the combined bending
moment and axial loads in the heated joint when catenary action develops in the frame
during the column loss due to a localized fire.

The paper will first summarise the conducted experimental test campaign and then present
the developed analytical method, with its validation through comparisons of its predictions
against experimental evidences.

2. EXPERIMENTAL TESTS

Seven beam-to-column sub-frames (see Figure 1) were tested at the University of Coimbra:
one reference test at ambient temperature; five tests at 500°C or 700°C; and a demonstration
test, for which the sub-frame was subject to an increase of the temperature up to the failure
of the column. The effect of the axial restraint to beam coming from the unaffected part of the
building was also studied. The main objective of the experimental tests was to observe the
combined bending moment and axial load in the heated composite steel-concrete joint after
the loss of the column. The effect of the localised fire (that led to the column loss) was
simulated by the application of elevated temperatures in the composite joint zone.

2.1 Experimental program

A typical open car park structure was specially designed for the European ROBUSTFIRE
project [Demonceau et al, 2013]. This building was defined as the most common as possible
in order to obtain, at the end of the project, general design rules for such structures, ensuring
sufficient robustness under fire conditions. The selected structure was a braced open car
park building with eight floors of 3 m height, composite slabs, composite beams and steel
columns. The tested sub-frame was selected from the fifth floor of this car park building;
however, because of the laboratory dimensions, the beam length was reduced from 10 m in
the real building to 3 m in the tested sub-frame. In this paper, the six tests performed under
constant temperatures (tests 1 to 6) are presented and the obtained results are used to
calibrate the proposed analytical model. The objective of these tests was to derive: i) the joint
properties at 20°C, 500°C and 700°C (no axial restraint to the beam), and ii) the joint M-N
curves at 500°C and 700°C under variable axial loads (full or actual beam axial restraints).



2.2 Sub-frame and testing setup

The sub-frame was defined by two unprotected composite beams IPE 550 steel cross-
sections, grade S355, and one unprotected HEB 300 cross-section steel column, grade S460
(Fig. 1). The hydraulic jack at the column top applied the mechanical loading, whereas the
hydraulic cylinder located at the column base simulated the progressive loss of the column.
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Fig. 1 - General layout, longitudinal view

The joint configuration is representative of usual joint typologies used in open composite
steel-concrete car park structures (see Figure 2); bolts M30, grade 10.9, and a steel end-
plate 15 mm thick, S355, were used ([Demonceau et al, 2013] and [Haremza et al, 2013]). In
order to ensure the composite behaviour of the beam-to-column joint, ten steel rebars of
diameter 12 mm were placed in the composite slab (five at each side of the column). The
composite slab (1 mm thick steel sheeting and reinforced concrete C25/30) had 900 mm
width and 130 mm of total thickness. The steel beam was fully connected to the composite
slab by 22 shear studs [Haremza et al, 2013].
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Fig. 2 — Configuration of the tested beam-to-column joints



2.3 Description of the loading sequence

Each test, from test 1 to test 6, was divided into 3 main steps (see Figure 3): step 1 -
application of an initial hogging bending moment in the joint, step 2 - heating of the joint zone
up to 500°C or 700°C (except for test 1 at 20°C), and step 3 - simulation of the loss of the
column and increase of the sagging bending moment up to the failure of the joint.

In step 1, the internal loads in the joint were simulated as in the real car park. A hogging
bending moment equal to -450 KNm was applied to test 1 at ambient temperature. According
to Eurocode 1 part 1.2 (EN 1991-1-2, 2002), effects of actions under fire may be deduced
from those determined in normal temperature design, by calculating a reduction factor ny
(53% in this case). The resulting hogging bending moment considered in tests under
elevated temperatures was -236 kNm. During step 2, temperatures increased with a linear
rate of 300°C/hour, up to the target temperature in the beam bottom flanges: 500°C for tests
2 and 4, and 700°C for tests 3, 5 and 6. Steel temperatures were increased using Flexible
Ceramic Pad (FCP) heating elements (concrete was not heated). The heated zone was
defined by a length of 0.6 m of the beam to each side of the joint, the bolts and 1 m of
column [Haremza et al, 2013]. Temperatures were kept constant throughout step 3, for which
the progressive loss of the column was simulated. Then, the vertical load at the column top
was increased in the downward direction, in order to increase the sagging bending moment
in the joint and to reach the joint failure.

The effect of the beam axial restraint coming from the unaffected part of the building was
studied, and three different restraints stiffness’s were considered (Figure 3). When no
restraint was applied (tests 1, 2 and 3), the beams were free to deform axially. For the total
beam axial restraint (tests 4 and 5), a steel beam with profile HEB 300, linked from the end of
the tested beams to strong walls was used (see Figure 1). The actual axial restraints to the
beams (spring restraints in test 6) provided by the part of the building not directly subject to
the fire were simulated using hydraulic cylinders, with a spring stiffness equal to 50 kN/mm.
The total as well as the actual restraints at their extremities were pinned and allowed the
rotation.
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Fig. 3 - Outline of the tests 1 to 6



2.4 Material tests

For calibration of the proposed analytical model against the test results, material tests were
performed to determine material properties of the steel joint components and concrete slab
[Haremza et al, 2013]. Mechanical properties of the beam, the column and the end-plate
were defined by steady-state tensile coupon tests performed at ambient and elevated
temperatures (500°C and 700°C). Figure 4 presents the stress-strain curves from the tensile
tests performed at 20°C, 500°C and 700°C: a) the flanges of the IPE 550 steel beam (S355J0
+ M) and the end-plate (S355J2), and b) the flanges of the HEB 300 steel column (S460M).
Each curve is compared with Eurocode curves [EN1993-1-2, 2005]; it can be observed that
Eurocode provides secure results except for high strength steel S460 under 500°C.

Mechanical properties of the bolts M30, grade 10.9 were defined by steady-state tensile
coupon tests at ambient and elevated temperatures (200°C, 400°C, 500°C, 600°C, 700°C
and 800°C). Figure 5 presents the stress/strain curves for each temperature. Tests showed
that yield and ultimate stresses increased at 200°C before decreasing at higher temperature
[Haremza et al, 2013]. The Young’'s modulus decreased with temperature, and the ductility
was significantly increased from 600°C.
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Fig. 4 - Comparisons of stress-strain curves obtained from Eurocode 3 part 1.2 (EC), and
tests performed at 20°C, 500°C and 700°C for steel: a) S355J0 + M - IPE 550 (flange-F) and
S355J2 from the end-plate (E); b) S460 - HEB 300 (flange-F)
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2.5 Experimental test results
2.5.1 Temperature results

Tests 2 to 6 were performed under constant temperatures: bottom flanges reached 500°C in
tests 2 and 4, and 700°C in tests 3, 5 and 6. Figure 6 depicts the temperature evolution
during tests 2 and 6 - at 200 mm from the connection (in the bottom flange, web and top
flange), at the column centre, in bolt row 4, and in the concrete rib in contact with the steel
beam near the joint. The reduced beam web thickness allowed a faster temperature
increase; because beams top flanges were shielding by the concrete slab and heated only by
heat transfer, steel temperatures were much lower than the ones measured in the bottom
flanges and webs [Haremza et al, 2013]. In all the tests, concrete temperatures did not rise
above 300°C.
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Fig. 6 - Evolution of the temperatures during a) test 2 at 500°C, b) test 6 at 700°C

2.5.2 Mechanical results and failure modes

Figure 7 depicts, for each test, the evolution of the bending moment versus a) the rotation of
each connection, and b) the time. The joint rotation was estimated using the vertical
displacements measured at: i) 1500 mm from the end-plate, and ii) at the column top. The
reaction loads at the beams supports were used to calculate the bending moment.

In step 1, the initial hogging bending moment was applied: -501 kNm for reference test 1,
and -236 kNm for tests 2 to 6. At the beginning of the heating phase (step 2), the column
reaction load increased under thermal expansion effects and reached a maximum value: the
minimum hogging bending moments reached around -500 kNm in tests 3, 5 and 6 (under
700°C), and around -357 kNm in tests 2 and 4 (under 500°C). Finally, this reaction load
decreased because of the degradation of steel properties at elevated temperatures.

Under sagging bending moment (step 3), concrete crushing in compression was the first
failure mode observed, due to the joint rotation and the resulting high compressive strain at
the upper concrete surface. Bolts failures also happened later in the bottom bolt rows in tests
1, 2 and 6, because of higher tensile forces under sagging bending moment [Haremza et al,
2013]. The steel end-plates deformed in the bottom and centre part in all the tests, and
showed a high ductility [Haremza et al, 2013]; Figure 8 shows, as an example, the final
deformations of test 6 (700°C and spring axial restraint).

The evolution of the bending moment at the joint versus the beam axial load is presented in
Figure 9 for tests 4, 5 and 6. During the heating phase (step 2), due to the thermal



expansions of beams, the beams ends moved in the outward direction, and compression
loads were applied by the restraints. After the column loss (step 3), the axial restraints
increased the compression loads because beams ends continued to move outwards.
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Fig. 8 - Deformations of the joint at the end of test 6 (700°C — spring axial restraint)
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3. ANALYTICAL METHOD

This section presents an analytical method developed at the University of Liege to predict the
resistance of steel or composite joints submitted to both an axial force and a bending
moment at elevated temperature. The model was developed in [Cerfontaine, 2004] (see also
[Cerfontaine and Jaspart, 2005]) for steel joints at ambient temperature. It was extended to
composite joints in [Demonceau, 2008] (see also [Demonceau and Jaspart, 2010]), in which
a formula giving the resistance of the “new” component “concrete slab in compression” was
introduced. Within the Robustfire project, this model was extended to elevated temperature.

3.1 M-N interaction curve for joint resistance

When a joint is subjected to both bending moment and axial load, its resistance is
represented by an interaction curve that can be evaluated following the procedure presented
herein. The proposed analytical model is based on the component method (method
recommended in the Eurocodes for the design of joints) and on the assumption that all
components activated at failure are fully ductile, meaning a plastic redistribution of the forces
is considered within the joint without any displacement limitations.

The joint is divided into different rows (Figure 10) that can be activated in tension (T) or in
compression (C). The resistance of each row can be calculated using the component method
(i.e. using the rules from [Eurocode 3-1-8, 2005], [Eurocode 4-1-1, 2004] or from
[Demonceau, 2008] for the component “concrete slab in compression”), knowing that this
resistance is given by the weakest component involved in the row. These rows are listed
below for the considered joint, with the corresponding components:

Row 1 (C): upper part of the slab in compression - concrete slab + column web

Row 2 (T): slab reinforcement in tension

Row 3 (C): lower part of the slab in compression - concrete slab + column web

Row 4 (C): top flange in compression = beam flange and web + column web

e Row 5 (T): bolt row in tension > column flange + end-plate + bolts + beam web +
column web

e Row 6 (T): bolt row in tension - column flange + end-plate + bolts + beam web +
column web

e Row 7 (T): bolt row in tension > column flange + end-plate + bolts + beam web +
column web

e Row 8 (T): bolt row in tension - column flange + end-plate + bolts + beam web +
column web

e Row 9 (C): bottom flange in compression = beam flange and web + column web

For given bending moment and axial force, a row will be activated or not depending on the
position of the neutral axis and whether the upper rows are in tension or in compression. In
any case, the following equilibrium equations have to be fulfilled:

N = Z Fi

activated rows i
M = Z Fi . hi
activated rows i
Where:
e F; is the force sustained by row i; it is taken positive in tension.

e h; is the distance from row i to the reference axis, positive for upper rows (the
reference axis is arbitrary chosen at mid-height of the beam profile in Figure 10)
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Based on the previous considerations, the whole resistance curve can be established as
follows. Considering first that the upper rows are in tension, the activated rows can easily be
determined for any chosen position of the neutral axis (at the very top of the joint, between
two successive rows or at the very bottom). Knowing the activated rows, the corresponding
loading (M,N) can be computed using the equilibrium equations given just above. Indeed, all
activated rows are supposed to sustain a force equal to their resistance (plastic distribution)
while the other ones sustain a force equal to zero. One particular point of the resistance
diagram can thus be determined for each position of the neutral axis. The same can be done
for lower rows in tension. Finally, the whole interaction curve is established. Figure 11 shows
the nominal M-N resistance curve of the considered joint at ambient temperature and Figure
12 gives the position of the neutral axis corresponding to each particular point of the
interaction curve.
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The same procedure can be applied at elevated temperature provided the temperature
distribution in the joint is known. Each component resistance is then simply evaluated based
on the material resistance at its given temperature.

3.2 Validation of the analytical model against experimental tests

The aim of these analytical predictions is to be compared to the loading of the tested joints at
failure. Consequently, the ultimate joint resistance should be predicted instead of the nominal
resistance. That is why all safety factors were taken equal to 1,0 and the material ultimate
resistances were considered instead of the yield resistances. The component temperatures
were estimated based on the measurements made during the tests (they had to be
extrapolated from the measure points which were not necessarily at the component
locations).

The material resistances at elevated temperatures were evaluated based on the Eurocode
rules and material tests when available (see Section 2.4). The slab reinforcement remained
at relatively low temperature during the tests and the ambient-temperature nominal
resistance was thus considered (anyway, it is not activated under sagging moment). For
concrete, the decrease in resistance with temperature was also given by the Eurocode but
the ambient-temperature resistance was deduced from tests on concrete cubes at 20°C.

For each test, the loading M+N of the joint at failure has been identified. This loading
corresponds to one particular point on a (M,N) diagram and can be compared to the
analytically predicted M-N interaction resistance (based on the temperature distribution
recorded at the moment the joint fails). As the temperature distribution during the tests was
not exactly the same in the right and left joints, one analytical resistance curve was
computed for each side.

Figure 13 and Figure 14 give examples of comparisons of the experimental resistances to
the analytical predictions for Test 5 and Test 6 respectively (for the other tests, similar results
are obtained [Haremza et al, 2012]).

For tests 4 and 5, two different analytical curves were predicted (see Figure 13). The first one
is the normal one, in which the resistance of the component “concrete slab in compression”
is computed considering a given effective width where the compression stresses mainly
develop close to the contact zone between slab and column flange. As the slab was
observed to be crushed along its whole width at the end of the tests, a second analytical
curve was determined considering the whole width of the tested specimen slab as effective.
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These comparisons show good agreement between experimental and analytical results,
which validates the model predicting the M-N resistance curve for joints at elevated
temperature.

4. CONCLUSIONS

Within this paper, investigations aiming at validating an analytical model to predict the M-N
resistance of joints at elevated temperatures have been presented.

The proposed analytical model is based on the component method, method recommended in
the Eurocodes for the characterisation of the joint mechanical properties. The comparisons of
the analytical predictions to the experimental results have demonstrated the accuracy of the
proposed method.

For the validation, the temperatures of the different joint components were extracted from the
test measurements. In an actual design, the realisation of a 3D thermal analysis through an
appropriate numerical tool is still needed. A perspective to the presented work is to propose
one day a full analytical procedure, including the estimation of the component temperatures,
in the image of what is already proposed for a specific joint configuration in [Demonceau et
al, 2009].
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