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I. Introduction

The objectives of Work Package 2 (WP2) are to acquire the required knowledge on: A) the behavioural
response of the individual frame structural elements directly affected by the localised fire, and B) the
resultant reduction of carrying capacity of: i) the heated column in compression and bending; ii) the
heated beam subject to bending and axial force (membrane effects); and iii) the heated beam-to-column
joints subject to bending and axial force (membrane effects). To reach this goal, experimental,
numerical and analytical developments were carried out, with the aim, at the end, to derive behavioural
models for elements at two different levels: a “sophisticated level” (FEM models) and a “simplified”
level (models for designers).

As an outcome of WP2, the present deliverable (DII) is about the experimental tests, and the
development of sophisticated behavioural models, which are of particular importance as they are the
only ones able to follow as closer as possible the reality. Experimental tests and sophisticated models
can be considered as references in research, they are of full confidence for parametrical studies, and the
models can be used as a direct design tool for complex structures, for which the use by the designer of
simplified behavioural models would be questionable.

Seven experimental tests were performed within the present project, with the main objective to observe
the combined bending moment and axial loads in the heated composite steel-concrete joint after the loss
of the column due to a localised fire. The behavioural responses of columns, beams and joints were
studied at a sophisticated level, and this document describes in detail the following: i) a column
benchmark example about a steel sub-frame subject to a natural fire, and a simple behaviour study of a
column under elevated temperatures for the columns study; ii) a composite beam benchmark about
composite beams loaded at ambient temperature and under fire; iii) a component model in predicting
the response of joints under elevated temperature conditions (joint benchmark), and a sophisticated
thermal model to study the evolution of the temperature distribution within a composite beam-to-
column joint subjected to the standard fire curve.

The initial WP2 period was extended during the project, because of delays with the experimental tests
(as explained and justified in the 6-month reports). Nevertheless, during the new period (from
01/01/2009 to 30/06/2011), the WP2 objectives were fully contemplated.

The contractors involved in this WP2 were FCTUCOIMBRA, ULGG, ICST and ARECELORPROFIL.

I1. Experimental tests results

Seven experimental tests of composite beam-to-column joints subject to axial and bending loadings
under elevated temperatures were performed. The tested composite frame was subjected to mechanical
(bending and axial forces) and thermal loadings (constant temperature equal to 20°C, 500°C or 700°C;
or linear increase up to 800°C); the effect of the axial restraint to the beam was simulated. The two
dimension sub-frame was extracted from an actual composite open car park building, keeping the real
cross-section dimensions of the beams (IPE 550, S355) and the columns (HEB 300, S460), and using
bolts M30, cl 10.9 in the composite connection. The final deformation of the sub-frame of test 6 is
showed in Figure 1. The steel tests specimens were fabricated in the shop of ARECELORPROFIL in
Luxembourg.

Figure 1. Final deformation of the tested structure (test 6)

A document dedicated to the experimental tests was prepared (Haremza et al., 2012a - see Annex A):
the testing arrangement, the thermal and mechanical loadings, the beam axial restraints to the beams
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and the instrumentation of the sub-frames are described; the tensile coupon tests results are presented,
and the seven sub-frame tests results are discussed in detail (for each test, global behaviour of the joint
is described, and additional detailed results are provided for each loading step); finally, the comparison
between the seven experimental tests is performed, and the effects of the temperature or the axial
restraint to the beam are highlighted.

III. Behavioural response of the columns

The behaviour of columns under elevated temperatures was studied within two sophisticated studies: a
benchmark example about a steel sub-frame subject to a natural fire, and a simple behaviour study of a
column under elevated temperatures for the columns study.

Il 1. Column benchmark

The column benchmark example was about a natural fire test on a fully loaded, two dimensional,
unprotected steel framework carried out in a purpose-built compartment in Cardington (Franssen et al.,
1995). The main objective of this work was to validate the utilisation of the finite element programs that
were used during the present project for FEM simulations of steel structures subjected to fire. Three FE
programs were used: i) the specialized homemade finite element software dedicated to the analyses of
structures subjected to fire, SAFIR (Franssen, 2005), used by the University of Liege (ULGQ), ii) the
commercially available program Abaqus (2007) used by the University of Coimbra (FCTUCOIMBRA)
and 1iii) the homemade finite element program ADAPTIC (Izzuddin, 1991), used by the Imperial
College of London (ICST).

A document dedicated to the column benchmark was prepared (Haremza et al., 2010 - see Annex B)
and presents the detailed comparisons between the three finite element programs results. The influence
of the model definition, axial restraint to beam, frame continuity, thermal expansion and non-uniform
temperature were analysed by the three programs, and were discussed. First, a thermal analysis was
performed with SAFIR and Abaqus (ADAPTIC only deals with structural analysis) to obtain
temperature distributions in the beam and the column. The results obtained by SAFIR and Abaqus
showed a very good correlation. Then, for the structural analysis, results of the three programs for the
reference frame and for each study case were compared; Figure 2 shows a) the beam vertical
displacement and b) the axial force in the beam. Good correlations between the three FE programs
Abaqus, SAFIR and ADAPTIC were shown, and they were validated for analysis of steel structures
subjected to fire.
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Figure 2. a) Vertical displacement of the beam; b) Calculated axial force in the beam

I11.2. Behaviour study of a steel column subject to a localised fire

The purpose of this study was to show that the column completely loses any resistance once the
localised fire develops around it, so that for the ROBUSTFIRE project studies, the column loss could be



assumed by the total removal of the column. The studied steel column is 3 m height, HEB 300 steel
cross-section, class S460.

A document dedicated to the behaviour study of the column subject to elevated temperatures was
prepared (Haremza et al., 2012b - see Annex C). Two alternative studies were developed: i) the column
behaviour was analysed under constant temperatures, using the Eurocode 3 parts 1.1 and 1.2, and a
numerical model; and ii) the column behaviour was analysed under localised fire, using the method
described in Franssen (2000). It was shown that around 600°C, the column is not able anymore to
support the column axial force design value for the fire situation Nggg20c (2713 kN), and no residual
resistance was observed.

IV. Behavioural response of the beams

A composite beam benchmark example was performed, in which composite beams were studied based
on the paper published by Huang et al., 1999. The latter selected two test programmes (one for ambient
condition and one for fire condition) and compared these test results with the simulation results
obtained from their in-house software VULCAN (Bailey, 1995). At ambient temperature, two simply-
supported composite beam tests (Tests A3 and AS) conducted by Chapman and Balakrishnan (1964)
were considered. For the elevated temperature conditions, two fire tests (Tests 15 and 16) on simply-
supported composite beams conducted by Wainman and Kirby (1988) were referred to. Within this
project, the structural behaviour of the tests was simulated using the commercially available program
Abaqus (2007) and the homemade FE program ADAPTIC (Izzuddin, 1991). A document dedicated to
the behaviour study of the composite beams at ambient and elevated temperature was prepared (Fang et
al., 2010 - see Annex D): the corresponding response predicted by ADAPTIC, Abaqus, VULCAN and
the test results were detailed and good correlation was observed (Figure 3 shows the comparison of
temperature-deflection response for Tests 15 and 16), but small discrepancies existed between the
numerical results and the test results, particularly for Test 16 at elevated temperature. These differences
were due to the difficulties in building a perfect simple support condition in the furnace at elevated
temperatures (Huang et al., 1999). Additionally, three concrete-steel interactions were considered,
namely, zero interaction, partial interaction and full interaction, respectively.

04 04 ——
s -
e N\\_

50 \ s -50 \
_ e = \
£ \ \-
£ o~ £ NS N
=~ -100 P = -100
8 g AR
8 \ < N ;
T 150 g 150 o

c
\ 2 \
o 2 200
5 200 — Test z — Test |
= —— ADAPTIC i = ——ADAPTIC
—+—ABAQUS 250 —+—ABAQUS \
250 —o— VULCAN \ —3—VULCAN
300 . . . . . . . . — 300 ; T 1
i 100 200 300 400 500 600 700 800 900 E 100 200 300 400 S0 600 700 800
Beam bottom flange temperature (°C) Beam bottom flange temperature ("'C)
a) b)

Figure 3. a) Comparison of temperature-deflection response for Test 15; b) Comparison of deflection-temperature
response for Test 16

Further to the benchmark study, composite beams with additional axial restraints were considered. For
A3 and A5 (ambient cases), five levels of axial stiffness were assumed, namely, axially rigid, EA/L,
0.5EA/L, 0.2EA/L, and simply-supported, respectively, where EA/L is the axial stiffness of the bare
steel beam (221.8kN/mm). With respect to Test 15 and Test 16 (elevated temperature cases), the
restraining conditions of axially rigid, 0.2EA/L and simply-supported were assumed, where in these two
tests EA/L was 254kN/mm. Good comparisons were achieved between the results obtained from
ADPATIC and Abaqus.

V. Behavioural response of the joints

Two sophisticated models of joints were developed with the WP2: a component model (the ‘joint
benchmark’), developed to predict the response of joints under elevated temperature conditions, and a
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thermal finite element model of a composite beam-to-column joint submitted to the standard
temperature-time curve (ISO 834).

V.1. Joint benchmark

A component model in predicting the response of joints under elevated temperature conditions was
proposed; this model was established in ADAPTIC (Izzuddin, 1991) employing spring and rigid link
elements (the spring assembly for half of the joint model is illustrated in Figure 4). A document was
prepared (Fang et al., 2011 - see Annex E) with the aim at validating the reliability of the proposed
component model in predicting the response of joints under elevated temperature conditions: the
modelling assumptions, the joint fire test and the component joint modelling are described in details.
Failure of the joint in the component-based model is associated with tensile failure of the lowest bolt-
row, where the elongation exceeds the allowed value of 25mm which is determined as one of the joint
failure criteria for this study (see Annex E). Results from the ROBUSTFIRE joint tests were used for
comparison, and good correlations were observed for test 2, but for tests 3 and 6 the initial stiffness is
overestimated. The bending capacities were well predicted for all the three tests.
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Figure 4. Frame model with joint components

V.2. Joint thermal finite element model

A thermal finite element model of a composite beam-to-column joint subject to the standard
temperature-time curve (ISO 834) was developed. The studied joint links two IPE550 beams to a
HEB300 column, and is the same as the one designed for the reference car park structure, investigated
in the present project (the resistance of the joint is studied in Deliverable III (Haremza et al., 2012c),
section II). A 12cm thick solid concrete slab is considered here instead of a composite slab. The
temperature analysis was performed with the finite element software SAFIR (Franssen, 2005 and 2008),
and Figure 5 shows the joint model.

Figure 5. Joint model

A document dedicated to the joint thermal finite element model was prepared (Comeliau et al., 2012 -
see Annex F) and the numerical model and the temperature distribution are described in details. Such
simulations could be carried out for other limit conditions corresponding to particular fire scenarios or
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for other joint configurations. The temperature of the different joint components at any moment during
the fire can be deduced from these analyses, which is necessary to evaluate the joint resistance. Indeed,
the material resistances decrease with the increase in temperature.

VI. Concluding remarks

Within this work package 2, behavioural models for beams, columns and joints were derived at two
different levels: the FEM models (sophisticated level) and the designer’s models (simplified level).

Seven experimental tests were performed on a composite steel-concrete beam-to-column frame under
mechanical (bending and axial forces) and thermal loadings (constant temperature equal to 20°C, 500°C
or 700°C). The tests results were analysed in detail, and they allowed the calibration of the sophisticated
joint benchmark (component model in predicting the response of joints under elevated temperature
conditions), as well as the simplified joint model (analytical method predicting the resistance of steel or
composite joints submitted to both an axial force and a bending moment at elevated temperature - see
Deliverable III (Haremza et al., 2012c¢), section II). Additionally to the joint benchmark, a sophisticated
thermal model studied the evolution of the temperature distribution within a composite beam-to-column
joint subjected to the standard fire curve.

The behavioural response of the heated beams and columns was studied: i) the column benchmark was
performed by three FE programs SAFIR, ADAPTIC and Abaqus, and results were compared to
experimental results described in Franssen et al. (1995); ii) a simple study of the columns subject to
localised fire was detailed, and it was shown that the column loss can be assumed by the total removal
of the column; and finally, iii) the composite beam benchmark was developed using ADAPTIC
(Izzuddin, 1991) and Abaqus (2007), and models were calibrated against experimental results from
Huang et al. (1999). Good consistency of the results obtained from the three software’s SAFIR,
ADAPTIC and Abaqus was showed. Moreover, the influence of various parameters on the response of
the elements (acting forces, axial restraint to beam, distribution of temperatures, level of temperatures,
...) was investigated in these models, and the so-validated tools for the investigation of the structural
components are used in WP3 when investigation the sub-structures and the structures at the simplified
and sophisticated levels (see Deliverables IV and V, in Fang et al., 2012a and 2012b).
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| Introduction

.1 Composite steel-concrete open car park building

During the European project ROBUSTFIRE, a standard open car park structure
(Figure 1) was specially designed for the project (Gens, 2010). This building
was chosen to be the most general possible in order to obtain, at the end of the
project, general rules on the design of such structures that ensure sufficient
robustness under fire conditions The selected structure is a braced open car
park structure with eight floors of 3 m height, composite slabs, composite
beams and steel columns. The steel beam sections are made with IPE, grade
S355, and steel column sections are made with HEB profiles, grade S460.

The experimental testing procedure performed within the ROBUSTFIRE project
was based on the experimental test performed at the University of Liege in 2007
by Demonceau (Demonceau, 2008), and outlined in the following section (§1.2).
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Figure 1: Steel composite open car park building

I.2 Outline of the test realised by Demonceau

The aim of the Demonceau test was to study the behaviour of a composite
structure subject to the loss of a column at ambient temperature (Demonceau,
2008). The tested sub-structure was extracted from an actual composite
building composed of three main frames spaced of 3 m, and three storeys
(Figure 2). The bottom storey was isolated from the internal frame, and the sub-
structure width was reduced according to the laboratory facilities.
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16m 11m

Figure 2: From the actual frame to the tested sub-structure (Demonceau, 2008)

The sub-structure test configuration is shown in Figure 3. Steel columns were
HEA 160, grade S355. Steel beams were IPE 140, grade S355, and 12 cm of a
reinforced concrete slab (C25/30) was fully connected to the steel beam. Flush
end-plate connections were used for all the beam-to-column connections. The
behaviour of the composite internal joint (Beam B — Column C) was studied
when the sub-frame was subjected to the loss of the column.
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Figure 3: Sub-structure configuration tested at the University of Liege (Demonceau, 2008)

The lateral restraints coming from the undamaged structure and influencing the
catenary action were computed through an elastic linear analysis. They were
placed at each side of the test in order to induce a symmetric response (Figure
4), and were simulated by two horizontal jacks, able to apply a maximum load of
160 kN (Figure 3). The restraint was assumed to be elastic during the entire

test.
K 2K 2K
@‘WM = w

Actual building Tested substructure

Figure 4: Symmetric response of the tested sub-structure (Demonceau, 2008)

The column in the centre was simulated at the beginning of the test by two
locked jacks (Figure 5a). During the test, the load path was the following: A)
Application of a uniformly distributed load on the beams (with steel plates and
concrete blocks) equal to 6kN/m, the maximum load safely applicable in the
laboratory. The purpose was to simulate the reaction of the concrete slab on the
main frame in the actual building; B) Progressive removal of the column by
unlocking the jacks (all the actions were applied statically to observe the physic
phenomena linked to the loss of a column in a frame and to be able to measure
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all the displacements, rotations, loads and strains). The free deflection of the
system was observed; C) Application of a vertical load with two jacks on the
column to increase the deformation (Figure 5b)).

0 [T (I
H\

E i a

a)
Figure 5: a) Column at the middle simulated by two locked jacks; b) Application of a vertical load
with two vertical jacks (Demonceau, 2008)
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The maximum vertical load applied by the vertical jack was 120-130 kN, with a
corresponding maximum deflection at the middle of around 750 mm.

1.3 Objectives of the tests performed at Coimbra

The main objective of the experimental tests was to observe the combined
bending moment and axial loads in the heated joint when catenary action
develops in the frame 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. According to previous experimental
works performed in real composite steel-concrete open car park buildings
subjected to fire, a majority of the temperatures measured in the beam bottom
flanges were lower than 500°C; however temperatures of 700°C were observed
in recent tests performed in France (Jaspart et al., 2008), probably due to the
manufacture evolution of cars, with more combustible plastic materials as well
as higher petrol tank capacity. Seven beam-to-column sub-frames were tested
in 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 subjected 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: two tests without axial restraints to the beam; two tests with total axial
restraint to the beam; and three tests with realistic axial restraint to the beam.
Table 1 presents the objectives of each test.

Table 1: Objectives of the seven experimental tests of sub-frames subject to the loss of a
column

Test Objectives

Derivation of the joint M-N curve at ambient temperature — Realistic axial restraint to
T the beam. Due to testing problems, this test was performed without any axial beam
restraint (see §11.7.2.3), and only the joint properties at ambient temperatures were
derived.

T2 | Derivation of the joint properties at 500°C — No axial restraint to the beam

T3 | Derivation of the joint properties at 700°C — No axial restraint to the beam

T4 | Derivation of the joint M-N curve at 500°C — Total axial restraint to the beam

T5 | Derivation of the joint M-N curve at 700°C — Total axial restraint to the beam

T6 | Derivation of the joint M-N curve at 700°C — Realistic axial restraint to the beam

Demonstration of the real joint behaviour of a sub-frame subjected to the loss of a
T7 . : o ; .
column due to a localised fire — Realistic axial restraint to the beam
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I Experimental tests

II.1 Extracted sub-frame tested at Coimbra University

The two dimensions sub-frame was selected from the fifth floor of the typical
composite steel-concrete car park building (see Figure 1). Because of the
restrictions from the laboratory dimensions, the beam length was reduced from
10 m in the real building to 3 m in the sub-frame to be tested. Figure 6 presents
the seven beam-to-column sub-frames tested in Coimbra, including the
corresponding studied axial restraint to the beam.

% l s A "
T2 (500°C) T4 (500°C) T1(20°C)

G

T3 (700°C) T5 (700°C) T6 (700°C)
T1 (20°C) T7 (Fire - Dem.)

Figure 6: Seven experimental tests
II.2 Testing arrangement

Each sub-frame was defined by two unprotected composite beams with IPE 550
steel cross-sections, grade S355, and one unprotected HEB 300 cross-section
steel column, grade S460 (Figure 7). A reaction frame perpendicular to the
plane of the sub-frame supported the hydraulic jack at the column top, which
was linked by a pin to the top of the column. The column base was hinged and
fixed to a reinforced concrete footing. The two vertical supports of the beams
ends were columns HEB 220 cross-sections, each being laterally restrained by
four diagonals HEB 140 cross-sections. These members were all bolted at the
base on two steel footings. The two steel footings and the concrete footing
corrected the irregularities of the floor and were secured in vertical position by
Dywidag bars passing through the laboratory strong floor. The three footings
were also connected horizontally using steel profiles. When the axial restraint to
the beam was simulated, the beam restraints were connected to the two strong
walls via horizontal HEB 300 cross-section beams, reinforced by bracing
diagonals (linked to the strong wall by Dywidag bars passing through the 5 m
wall). The column was restrained: i) at the top of the joint (lateral restraint in
Figure 8), and ii) at the bottom column (column restraint in Figure 7). This
restraints system allowed vertical displacements of the column, and prevented
any horizontal displacement or rotation in the plane or out of the plane of the
sub-frame.
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Figure 7: General layout, longitudinal view
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Figure 8: General layout, lateral view

[1.3 Joint configuration

Figure 9 shows the composite joint, which is representative of usual joint
typologies used in open composite steel-concrete car park structures. Bolts
M30, cl. 10.9, and a steel end-plate of 15 mm thick, S355, were used. 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 joint was designed by the coordinator of the
ROBUSTFIRE project, the University of Liege (Demonceau, 2009).
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Figure 9: Tested joint

1.4 Composite slab reinforcement and studs

The composite slab was of steel deck and light-weight in-situ concrete
composite floor, and had 900 mm width, 1 mm thick steel sheeting and
reinforced concrete C25/30. Note that the studied joint was a main joint (main
beam linked to the flanges of the column). In practice, the ribs of the steel
sheeting should be installed parallel to the beam span. But in the laboratory, the
ribs were positioned perpendicularly to the beam in order to facilitate the
concreting. Nevertheless, difficulties were experienced during concreting and
the average total slab thickness was 130 mm instead of the 120 mm defined by
Gens (2010) and shown in Figure 10.
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Figure 10: Composite slab and steel rebars

In practice, the ten 12 mm rebars should only be added to the mesh of the slab
in the joint zone. In the laboratory, these rebars also worked as longitudinal
rebars along the entire slab, and constructional longitudinal (8 mm diameter)
and transversal rebars (6 mm diameter) were added notably to respect the
maximum spacing defined by Eurocode 4 part 1.1 (EN 1994-1-1:2004). The
steel beam was fully connected to the composite slab by 22 shear studs

10



ROBUSTFIRE Project — Experimental tests — v2(1)

(diameter = 19 mm; height = 100 mm). The beam was not composite all along
its length (Figure 7); in order to apply the initial hogging bending moment in the
sub-frame, a steel beam was considered to apply the restraints to the vertical
displacements of the beams ends (see §l1.6.1.2). This structural consideration
was accepted because the reduced slab length was sufficient for the anchorage
of the steel rebars included in the behaviour of the composite joint.

II.5 Description of the loading sequence

11.5.1 Tests 1to 6

Each test, from test 1 to test 6, was divided into 3 main steps (see Figure 11):
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.

Step 1 Step 2
§1T4, T5 % [
T2, T3, T??“ i
. Te W%ME
Hogging bending moment Fire (Except for test 1 at 20°C)
Step 3
L ) N Lo 1200 VN
% ~IN T1:20°C ME ? T2,T4:500°C ?
T2,T4:500°C T3,75,T6:700°C
T3,T5,T6:700°C
Loss of the column Sagging bending moment

Figure 11: Outline of the tests 1 to 6

Step 1 simulated the internal loads in the connection as in the real car park
structure; a hogging bending moment equal to -450 kNm was applied in the joint
for the test 1 at ambient temperature; this value was calculated in a simple 2D
model in Abaqus (2007), considering the loads at the service limit state (SLS)
defined during the design of the car park building (Gens, 2010). According to
Eurocode 1 part 1.2, effects of actions under fire may be deduced from those
determined in normal temperature design, by calculating the reduction factor ny,
resulting in a target hogging bending moment of -236 kNm for tests 2 to 7:
Gy + 0.5Q4 1

., = = 2 0
i = 1356, 150, 22000

where G, = 26.4 kN/m and Q. ; = 26.7 kN /m.

The load to be applied by the jack was deducted from the bending moment
calculation of an equivalent cantilever beam subjected to a single load at its
end: M=F x L.

During step 2, temperatures increased with a linear rate, up to reach 500°C in
tests 2 and 4, and 700°C in tests 3, 5 and 6, in beam bottom flange (see

11
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§l1.6.2.1). Finally, temperatures were kept constant during the entire step 3, for
which the progressive loss of the column was simulated (by removing the
cylinder from the column base, see I1.6.1). 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. During the increase of
the sagging bending moment, the column was assumed to be completely failed.

1.L5.2 Test7

The loading sequence and the loads values were chosen in order to reach: i)
the buckling of the bottom column due to the increase of temperatures (Figure
7, steel profile HEB 140, S355); ii) the progressive collapse of the sub-frame
after the loss of the column. As shown in the Figure 12, the following load path
was planned: step 1 - application of an initial hogging bending moment in the
joint (-236 kNm, see §l1.5.1); step 2 - application of a constant load (+250 kN) at
the column top; step 3 - heating of the joint zone and the bottom column
respectively up to 400°C and 800°C; step 4 - heating of the joint zone up to the
failure of the sub-frame.

Step 1 Step 2
% F = 250kN
bk E
4, 4,
Hogging bending moment Mechanical loading (250 kN)
Step 3 Step 4

800°C (column base centre)

Heating of the bottom column up its Heating of the joint up to the total failure of
failure the sub-frame

Figure 12: Outline of the test 7

The mechanical loading of the sub-frame in steps 1 and 2 was applied at the
column top by the hydraulic jack, and was kept constant during the entire test.
The realistic value of the compression load in the column as in the real car park
building should be 2713 kN (according to a 2D numerical model performed in
Abaqus (2007), in fire situation). However, the jack capacity was limited to 1000
kN, and the steel section of the lower part of the column was reduced from HEB
300 to HEB 140 for the experimental test. The load to be applied should be
sufficient to reach the buckling of the bottom column under high temperatures:
the critical temperature of the steel profile HEB 140 (1.3 m long and steel S355)
was calculated equal to 696°C under 250 kN of compression load.

In step 3, the temperature was increased up to: i) 800°C in the bottom column in
order to reach the critical temperature of the steel profile and the complete loss
of the column; ii) 400°C in the joint (measured in the beam bottom flanges). The

12
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joint temperature was limited in order to avoid the joint failure once the column
fails, it was based on the previous tests results. Finally, in step 4, after the
column loss, the joint temperature was increased up to the failure of the sub-
frame. The load at the column top (250 kN) and the temperature in the bottom
column (800°C) were kept constant.

1.6 Loading definition

1.L6.1 Mechanical loading

11.6.1.1 The hydraulic jack at the column top

The mechanical loading at the column top was applied by the Servosis

hydraulic jack (Figure 13), which has a capacity Fmax. = 1000 kN and a
maximum stroke Amax. = 280 mm.

Figure 13: Hydraulic jack at the column top

The hydraulic jack was controlled in term of load during the application of the
hogging bending moment (step 1) and the increase of temperatures (velocity of
0.08 Tm/s). In tests 2 to 6, in step 2 (heating), the jack applied a constant load
equal to 0.1 Tf at the top of the column, in order to let the column free to expand
under elevated temperatures (this load should not influence the behaviour of the
structure). Under sagging bending moment (step 3), the jack was in
displacement control (according to the test, the velocity was equal to 0.01
mm/sec, 0.02 mm/sec or 0.03 mm/sec. The hydraulic jack stroke (4max = 280
mm) was increased in tests 1, 3, 5, 6 and 7 under the sagging bending moment.
The load applied by the hydraulic jack had to be removed from the sub-frame,
and the following phases were performed:

1. Except for the test 7, some steel bars were put at the column base in
order to fix the vertical position of the sub-frame (Figure 14a). It was not
possible to do the same for the test 7, and two steel profiles were put at
each side of the slab and were linked to the ground by dywidag bars in
order to fix the vertical position of the sub-frame (Figure 14c);

13
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2. The column was gradually unloaded (and the vertical displacement of the
sub-frame remained constant);

3. Some steel plates were inserted between the jack pin and the column top
(Figure 14c);

Figure 14: Increase of the hydraulic jack stroke

In order to define the required capacities of the load cells, displacement
transducers and hydraulic jack, preliminary numerical simulations were
performed and estimated the global behaviour of the sub-frames to be tested in
the laboratory. The non-linear finite element package Abaqus (2007) was used
to perform the structural model. Beam and shell elements were used to model
beam/column, and concrete slab respectively (Figure 15). A static general
analysis was performed with thermal and mechanical loadings. No initial
imperfections were applied, but geometrical and material non linearities were
taken into account. Materials temperature dependent properties were defined
according to Eurocode 3 part 1.2 and Eurocode 2 part 1.2. The thermal
expansion coefficient was defined constant equal to 1.4 x 10° /°C and 1.8 x 10°
/°C for steel and concrete respectively.
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Figure 15: Simplified model of the sub-structure to be tested
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11.6.1.2 The beams vertical displacements restraints

Figure 16 shows the beam support, which restrained any vertical displacements
of the beam end, in order to apply the hogging bending moment at the joint
during steps 1 and 2. A load cell and a cylinder were located on the beam top
flange in order to measure the reaction loads and to apply the initial pre-loading
(see §11.6.1.3). This system of support allowed the free horizontal displacement
of the beams thanks to two pins.

Load Cell 40tom§5 Actuator RCS-302

A e W W loff . (Capacity: 293 kN;
} Stroke: 62mm)

IPE 550

19

HEB 14

HEB 220 [[[

]

STEEL FOOTING

Figure 16: Beam support (vertical displacement restrained using steel bars)
11.6.1.3 The application of the joint hogging bending moment

The initial hogging bending moment was introduced to the sub-frame using the
hydraulic jack at the top of the column (Figure 17): i) any vertical displacement
of the beams ends was restrained at the supports (see Figure 16), and a pre-
load was applied, using the cylinders, in order to keep constant the beam
position (the column was free at the base); ii) the hydraulic jack increased the
vertical load at the column top and pulled the column upwards; iii) the support at
the column base was put in contact; iv) the load at the column top was
decreased and transferred to the column base support.

|

Z Z Pre-loading at the beams supports (using the cylinders)
X Loading at the column top (hydraulic jack): a tensile load was applied
B B by the jack.
Y~ X Application of the column base support (cylinder)

A

|

—T —X Decrease of the tensile load at the jack and transfer of the load to the
B B column base support

Figure 17: Initial hogging moment in the joint
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11.6.1.4 Progressive loss of the column in tests 1 to 6

Figure 18 shows the hydraulic cylinder located at the column base (except for
the last test 7), which simulated the loss of the column. This cylinder kept a
constant vertical displacement of the column during the application of the initial
loads and the increase of temperatures, and was finally taken out by decreasing
the oil pressure in order to simulate the column loss. During the heating phase
(step 2) of tests 2 to 6, the axial load in the column was varying because of the
thermal expansion of the column, and the oil pressure in the cylinder was
adapted to keep the constant vertical position. Once the axial load decreased
due to loss of resistance, the four vertical bars (Figure 18) prevented, as far as
possible, the vertical displacements in the upwards direction.

The smaller steel profile HEB 140 cross-section was used at the bottom column
in order to facilitate the concreting: the composite sub-frame could be located at
the floor level, as shown in Figure 19.

1 BEAM OF THE
REACTION FRAME

Load cell :
Cylinder
|

Figure 19: Specimens after the concreting of the composite slabs, at the floor level
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1.L6.2 Thermal loading
11.6.2.1 Tests2to 6

Steel temperatures were increased using Flexible Ceramic Pad (FCP) heating
elements. The heated zone consisted of a length around 0.6 m of beam at each
side of the joint, of the bolts and of 1 m of column (Figure 20).

Figure 20: Heated connection zone using Ceramic Pad Heating elements

The FCP heating elements were positioned in alternation on the beam web and
the column web, with one element on one side, the next one on the other side,
etc... (Figure 21). The elements were connected to the 6 channels of the 70
kVA transformer (Figure 23a, b). One FCP element has a power of 2.7 kW, and
four FCP elements can be connected to each channel, with maximum 24
resistances can be connected to the transformer. The control of temperatures
was automatic thanks to the programmer, which is connected to the
transformer: the heating rate and the target temperature were defined (Figure
23c). Six thermocouples (one at each channel) were connected to the
programmer and controlled the evolution of the temperatures in six points of the
sub-frame. They were located in the beams bottom flanges, at 25 cm from the
connection. Rock-wool was used for thermally insulating the heating elements,
as shown in Figure 22.

17
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Figure 22: Thermal insulation of the ceramic pad heating elements (rock-wool of density
128kg/m°)

Target temperature

2

2

g Heating rate

2

£

ﬁD

0 Time (hour)
c)

Figure 23: a) 70 kVA transformer; b) cable connections (from the FCP elements to the
transformer and from the thermocouples to the programmer)

A slow heating rate (around 300°C/hour) was used for tests 2 to 6; this heating
rate is far from the ISO 834 nominal curve but allowed a better control of the
sub-frame behaviour. When the temperature reached 500°C or 700°C in the
beam bottom flanges, the increase of the temperature was stopped and
temperatures remained constant until the end of the test.

18
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11.6.2.2 Test 7

In the demonstration test, the lower part of the column was also heated, as
shown in Figure 24.
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Figure 24: Heated zones

The evolution of the temperature for the joint zone (4 channels of the
transformer) was automatically controlled by the programmer (step 3 - first
increase up to 400°C with a slow heating rate equal to 200°C/hour, then step 4 -
increase up to 800°C with a heating rate equal to 300°C/hour). The heating of
the bottom column was not controlled by the programmer (manual mode) and
the bottom column was heated at around 260°C/hour, up to 800°C. Six
thermocouples controlled the evolution of the temperatures. Four were located
in the beams bottom flanges, at 20 cm from the connection (C1 to C4 in Figure
24), and two at the bottom column, on the flange near the column lower part
center (C5 and C6 in Figure 24). All the electrical elements were protected by
rock-wool, as shown in Figure 25.

Figure 25: Thermal insulation of the ceramic pad heating elements (rock-wool of density
128kg/m°)
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[1.7 Beam axial restraints

The effect of the axial restraint to the beam coming from the unaffected part of
the building was studied, and three different restraints stiffness’s were
considered: tests 2 and 3 - no axial restraint to the beam; tests 4 and 5 - total
axial restraint to the beam; and tests 1, 6 and 7 - realistic axial restraint to the
beam. When no restraint was applied, the beams were free to displace and
were not linked to the strong walls.

I1.7.1 Total restraint

The beam was totally restrained in the axial direction by a steel profile HEB 300
that linked the end of the tested beams to strong walls. Each restraint was
pinned and allowed the rotation. The axial force was deduced from the strains
measured by five strain gauges: two on the top flange, two on the bottom flange
and one on the web; in order to know the reaction force direction, the restraint
rotation was deducted from the vertical displacements measured by

Figure 26: Total axial restraint to the beam

1.7.2 Spring restraint
11.7.2.1 The spring restraint in the real car park building

The realistic axial restraint to the beam provided by the part of the building not
directly affected by the localised fire and the loss of the column was initially
estimated by a simple elastic analysis performed in Abaqus (2007): five column
loss locations at the fifth floor were simulated; Figure 27 presents the
configuration of the loss of the middle column. A horizontal unitary load was
applied at the beam-to-column connection level at the end of the sub-frame
subjected to the loss of the column, and the displacement was measured. Table
2 presents the computed lateral restraint K of the equivalent single spring for
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each loss of the column configuration. The smaller computed lateral restraint K
of the equivalent single spring was 64.4 kN/mm. During the tests, two springs
were applied at each beam ends to have symmetric deformations. The stiffness
of each spring was equal to two times the stiffness of the equivalent single
spring calculated in Abaqus: 2K (128.8 kN/mm).

Figure 27: Lateral restraints to beam — configuration 3

Table 2: Calculated lateral stiffness

Stiffness of the equivalent Stiffness of each spring of
Sub-frame : .
single spring - K the test - 2K
1 91.158 kN/mm 182.315 kN/mm
2 78.431 kN/mm 156.862 kN/mm
3 64.392 kN/mm 128.783 kN/mm
4 78.431 kN/mm 156.862 kN/mm
5 91.158 kN/mm 182.315 kN/mm

11.7.2.2 The spring restraint in the laboratory

In the laboratory, the spring restraints were simulated using hydraulic cylinders.
The two restraints were working separately using two separated hydraulic
circuits, composed by a cylinder to apply the load at the sub-frame and a
hydraulic pump to adapt the oil pressure in the cylinder. The cylinder had the
ability to work in tension (max. load of 435 kN) or in compression (max. load of
933 kN). The hydraulic pump had a maximum capacity of 500 bars, which
limited the load that could be applied by the system to 654 kN in compression
and 304 kN in tension. Figure 28 shows the spring restraint made with the
double acting long stroke cylinder and a system of transversal bars and steel
plates (in order to invert the cylinder from compression to tension).
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Figure 28: Spring restraint (left)

Even the smaller value of the spring stiffness calculated in the real building (129
kN/mm) would lead to a very low displacement (2.6 mm) under the maximum
load able to be applied by the hydraulic circuit (654 kN). So the spring stiffness
considered for the tests was reduced to 50 kN/mm. Displacements were
measured in the spring direction by two displacement transducers for each
restraint (D021 and D022 in Figure 28). The considered displacement (at the
gravity centre of the steel beam section) was the average between the two
measured values. Taking into account this value, the pressure in the cylinder
(measured by pressure transducers) was manually modified in order to adjust
the spring stiffness. The following expression gives the spring axial load:

F[N] = A[cm?] x p[bars] x 9.81[N/(bars X cm?)]

Where A is the cylinder effective area (133 cm? in compression and 62 cm? in
traction) and p is the measured pressure in the cylinder.

11.7.2.3 Special note about the spring restraint behaviour during the tests

Three tests should have been performed with spring axial restraint to beam: test
1 at ambient temperature, test 6 at elevated temperature (700°C) and finally the
demonstration test 7. In order to simplify the test 1 (20°C), it was assumed that
the spring restraints should only apply the tensile loads once the column loss
happened and the catenary action developed. This assumption was based on
the fact that the test was performed at ambient temperature without any thermal
expansion of the beams, and no compression loads should be developed at the
beams ends. An initial tensile load was applied in the springs in order to allow
the beginning of the control. However, after the column loss (step 3), the beams
ends were moving outwards instead of moving inside like it was planned, and
the spring restraints should had worked in compression, but this was not
possible because it was not planned. This was only after the failure of two bolts
that one beam end begun to apply tensile forces at the restraint. In conclusion,
the reference test could be considered as performed without any restraint to the
beam. The spring was linked to the beam at the gravity centre (GC) of the steel
beam section (IPE 550) but not at the GC of the CO section: so when the beam
rotated, the measured displacements at the GC of the steel beam end showed
an outward movement (Figure 29). Tests 6 and 7 were performed with the
spring restraints working in compression for the most part of the test.
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na <«—Axial displacement at the neutral axis (na)

<«—NMeasured axial displacement

Figure 29: Rotation of the beam end and displacement outwards of the geometrical centre of
the steel beam section

[1.8 Instrumentation of test specimens

11.8.1 Load cells

Figure 30 presents the measured reaction loads for each test. Load cells F1
and F2 were placed at the top of each beam because they were considered to
apply the initial hogging bending moments (see §11.6.1.2). The load cell F3 was
located at the bottom of the column (see Figure 18 in §l1.6.1.4); the load cell F-
HJ was included in the hydraulic jack at the column top and measured the
applied load; load cells F4 and F5 were added to the lateral restraint of the
bottom column (see §ll.2). The reaction loads from the axial restraints to beams
were measured by: i) pressure transducers in case of the spring restraints; ii)
strain gauges in case of the total restraints (for which the stresses and then the
axial loads can be deducted).
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Tests 2 and 3

Tests 4 and 5

F-HJ

Wy L Lef
}J\f}\“ﬂ 1

R - Right
F%? U PgNNM_E

F = Load cell
F5%«F4 HJ = Hydraulic Jack
F3 P = Pressure transducer
(tensile and compression)

F—H]J<$
R - Right ;@A P2 [
Rrees

F = Load cell
HJ = Hydraulic Jack

F3 P =Pressure transducer
(tensile and compression)

}J%fm UX1 L- Left

Tests 1 and 6

Test 7

Figure 30: Load cells, pressure transducers and strain gauges to measure the reaction loads
1.8.2 Displacement transducers

Around 30 displacement transducers were used in order to measure the
displacements and deformations of the specimen (Figure 31) and to check the
residual displacements of the auxiliary structures, such as footings, frames,
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etc... Displacement transducers of 200 mm, 100 mm and 50 mm, and wire
transducers of maximum deflection 1000 mm were used.

STEEL FOOTING ‘

Figure 31: Displacement transducers

11.L8.3 Thermocouples

Around 90 (or 70 for tests 4, 5 and 6) thermocouples of K type with two 0.7 mm
wires measured the temperature in the elements: end-plates, bolts, beams,
column, and composite slab. The thermocouples of the beams were applied as
shown in Figure 32 at 250 mm, 500 mm and 1000 mm from the end-plate. In
test 7, as the heated zone of the beam was reduced, and the bottom column
was heated, the arrangement of thermocouples was slightly different. Figure 33
shows, as an example, the thermocouples located on the steel members of the
test 5. Some thermocouples were also located in the composite slab as
described in Figure 34.

HEB 300
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D
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c BA[ s ap
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o~ :;‘? 24;—«1 ~
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e
130 1R

N T A

Figure 32: Instrumentation (thermocouples) of the heated zone for tests 2, 3, 4, 5 and 6
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Figure 33: Thermocouples at the steel beams, column and joint of the test 5
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Figure 34: Thermocouples in the composite slab

1.8.4 Strain gauges

Around 50 strain gauges were stocked on the beam axial restraints on flanges
and web of the HEB 300 profiles to measure the strains and to derive the
stresses and the axial load from the total beam restraint (Figure 35). For the
reference test 1 at ambient temperature, strain gauges were located into bolts,
at 50 cm from each beam end, on the column web and on the steel rebars in

the composite slab (Figure 36).
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TESTS 4and 5
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Figure 35: Strain gauges at the beam axial restraints (tests 4 and 5)
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Figure 36: Strain gauges used for the test 1 at ambient temperature

[1.9 Control tests

Control tests were performed in order to determine material properties of the
steel joint components and concrete slab for the calibration of the numerical and
analytical models against the test results.

11.9.1 Mechanical properties of steel from beams, columns and end-
plates

Mechanical properties of the steel from the beam, the column and the end-plate
were defined by 38 tensile coupon tests. From the steel profiles, the coupons
were extracted from the webs and flanges, and three tensile tests were
performed for each, at 20°C, 500°C and 700°C. In the case of the steel end-
plate, only two coupons were performed and tested at ambient temperature.
Steady-state tests were considered, for which the coupon was heated up to a
specific temperature and then tested in tension (constant displacement speed).
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Figure 37 shows the testing furnace and some steel coupons before and after
the tests at 20°C and 700°C.

Figure 37: Testing furnace and steel coupons before or after the tests

11.9.1.1 Steel S355 from beam IPE 550

Figure 38 and Figure 39 show the stress-strain curves from the tensile tests
performed at 20°C, 500°C and 700°C, respectively for steel coupons extracted
from the web and the flange of the IPE 550 steel beam (S355). Table 3
presents the yield strength Re (MPa), the tensile strength Rm (MPa) and the
elongation after fracture A (%) for each test, defined according to NP EN 10002-
1: 1996 and NP EN 10002-5: 1991.
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Figure 38: Stress-strain curves at 20°C, 500°C and 700°C for steel S355 - IPE 550 (flange)
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Figure 39: Stress-strain curves at 20°C, 500°C and 700°C for steel S355 - IPE 550 (web)
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Table 3: Tensile tests results — Beam IPE 550 (S355)

Reference Temp. Yield strength Tensile strength | Elongation after
(°C) Re (MPa) Rm (MPa) fracture A (%)

S355W*_20_T1 20 425 535 30

S355W_20_T2 20 435 540 31.9
S355W_20_T3 20 437 541 31.4
S355F*_20_T1 20 403 517 32

S355F_20_T2 20 387 516 33

S355F_20_T3 20 397 517 324
S355W_500_T1| 500 357 447 23.7
S355W_500_T2| 500 412 440 225
S355W_500_T3| 500 363 433 30.1
S355F_500_T1 500 437 445 31.6
S355F_500_T2 500 318 429 31.6
S355F_500_T3 500 334 432 27.7
S355W_700_T1| 700 140 142 65.9
S355W_700_T2| 700 190 190 68.6
S355W_700_T3| 700 151 153 59.5
S355F_700_T1 700 170 171 52.5
S355F_700_T2 700 173 175 44 1
S355F_700_T3 700 164 166 49.9

*W = Web; F = Flange
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200

100
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300 A
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11.9.1.2 Steel S355 from end-plate 15 mm thick
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Figure 40: Stress-strain curves at 20°C for steel S355 — End-plate 15 mm thick

In Figure 40 are depicted the stress-strain curves from the two tensile tests
performed at ambient temperature of the S355 steel end-plate. Table 4 presents
the yield strength Re (MPa), the tensile strength Rm (MPa) and the elongation
after fracture A (%) for each test, defined according to NP EN 10002-1: 1996.
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Table 4: Tensile tests results — End-plate 15 mm thick (S355)

Reference Temp. Yield strength Tensile strength | Elongation after
(°C) Re (MPa) Rm (MPa) fracture A (%)
S355E_20_T1 20 359 544 32.7
S355E_20_T2 20 356 551 32.7
* E = End-plate

11.9.1.3 Steel S460 from column HEB 300

Figure 41 and Figure 42 show the stress-strain curves from the tensile tests
performed at 20°C, 500°C and 700°C, respectively for steel coupons extracted
from the web and the flange of the HEB 300 steel column (S460). Table 5
presents the yield strength Re (MPa), the tensile strength Rm (MPa) and the
elongation after fracture A (%) for each test, defined according to NP EN 10002-
1: 1996 and NP EN 10002-5: 1991.
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Figure 41: Stress-strain curves at 20°C, 500°C and 700°C for steel S460 - HEB 300 (flange)
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Figure 42: Stress-strain curves at 20°C, 500°C and 700°C for steel S460 - HEB 300 (web)
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Table 5: Tensile tests results — Column HEB 300 (S460)

Reference Temp. Yield strength Tensile strength | Elongation after
(°C) Re (MPa) Rm (MPa) fracture A (%)
S460W*_20_T1 20 500 579 25.6
S460W_20_T2 20 520 569 26.4
S460W_20_T3 20 491 566 24.8
S460F*_20_T1 20 513 595 26.5
S460F_20_T2 20 517 599 26.8
S460F_20_T3 20 517 603 28.3
S460W_500_T1| 500 382 430 31.3
S460W_500_T2| 500 368 436 26.8
S460W_500_T3| 500 356 397 28.5
S460F_500_T1 500 284 315 27.2
S460F_500_T2 500 307 345 21.2
S460F_500_T3 500 284 315 21.2
S460W_700_T1| 700 186 190 48.3
S460W_700_T2| 700 209 21 52.3
S460W_700_T3| 700 163 164 53.7
S460F_700_T1 700 137 137 42.8
S460F_700_T2 700 132 134 40.7
S460F_700_T3 700 136 137 41.1
*W = Web; F = Flange

11.9.2 Mechanical properties of M30 grade 10.9 bolts

Mechanical properties of the bolts M30 10.9 were defined by 15 tensile coupon
tests (Figure 43). Three tensile tests were performed at ambient temperature,
and two tests were performed at each temperature equal to 200°C, 400°C,
500°C, 600°C, 700°C and 800°C. Steady-state tests were performed. Table 6
presents the yield strength Rpo.29 (MPa), the tensile strength R, (MPa) and the
elongation after fracture A (%) for each test, defined according to NP EN 10002-
1: 1996 and NP EN 10002-5: 1991.
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Figure 43: Stress-strain curves of bolts M30 10.9 at 20°C, 200°C, 400°C, 500°C, 600°C, 700°C

and 800°C
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Table 6: Tensile tests results — Bolts M30 10.9

Reference Temp. | Yield strength | Tensile strength Elongation after
(°C) Rp0.2% (Mpa) Rm (MPa) fracture A (%)
B_20_T1 20 870 1035 15.1
B_20_T2 20 733 733 18
B_20_T3 20 995 1052 15.5
B_200_T1 200 935 1086 14.2
B_200_T2| 200 973 1107 14.8
B_400_T1 400 804 868 17.9
B_400_T2| 400 761 813 16.7
B_500_T1 500 497 554 23.2
B_500_T2| 500 520 561 22.7
B_600_T1 600 279 305 42
B_600_T2| 600 317 360 41.7
B_700_T1 700 102 115 68
B_700_T2| 700 95 108 54
B_800_T1 800 33 65 80.4
B_800_T2| 800 86 117 73.4
* B = Bolt

11.9.3 Compression test of the slab concrete

Compression tests on 24 concrete blocks were performed. Three tests were
performed after 7 days, 14 days, 28 days (Figure 44) and then the day each
test. The concrete properties C25/30 at 28 days were confirmed according to
NP EN 206-1 2007: i) the average of each three tests cube strength (fex cube =
35 MPa) was higher than the C25/30 characteristic cube strength plus 1
(31 MPa) and was smaller than the C30/37 characteristic cube strength plus
one (38 MPa); ii) each individual value was higher than the C25/30
characteristic cube strength minus 4 (26 MPa).

45
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Figure 44: Evolution of the concrete resistance in compression

lll Experimental results

In this section, the global joint behaviour and the detailed results are given for
each experimental test. But first, section Ill.1 describes how the rotations, the
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reaction loads and the bending moments were deducted from the measured
values of displacements and loads.

lll.1 Rotations, loads and bending moments definitions
lll.1.1 Rotations
I11.1.1.1Rotations at the joint and column rotation

As shown in Figure 45, the rotation was estimated using the vertical
displacements measured at the beams mid-spans (D002 and D008) and at the
column (D000 and D028). The joint rotation could not be exactly measured near
the connection because of the elevated temperatures at the joint zone.

1500

4 Hﬁ D002“ DOO8; 7@”
D028f 1D000

s e

Figure 45: Estimated rotation of the joint using the measured displacements

The following expressions were used to estimate the rotation (calculated at the
front of the connection steel end-plate), taken into account the eventual column
rotation. A slight difference was made in the calculation between tests 1 and 2
and the others, because the displacement D028 was not measured in tests 2
and 3:

Tests 2, 3:
D000-D002 +
Xconnection, L = atan <1500mm+Dbeam,h,L) x 1000 — Xcolumn [mrad] >0 for M
D000-D030 +
®connectionr = atan <1500mm+DbeamthR) X 1000 + @;p1umn [Mrad] >0 forM

Tests 1,4, 5,6, 7:

(D028+D000/2)—D002
1500mm+Dpeam,h,L

Qconnectionl = atan( ) X 1000 — @pjymn [mrad] > 0 for M*

(D028+D000/2)—D030
1500mm+Dpeam,h,R

Xconnection,R = atan( ) X 1000 + acorumn [mrad] > 0 for M*

Where Dyeamnror1 iS the horizontal displacement estimated at the end of the
steel beam axis according to the measured displacements:

Tests 2, 3:

D005+D006

D007+D010
Dbeam,h,L = 2 and Dbeam,h,R =

(see Figure 46)
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Figure 46: Position of the displacement transducers D005, D006, D007 and D010 at the beam
ends —tests 2, 3

Tests 1,4, 5,6, 7:

D005+D006

D001+D007
DbeamhL 2 and DbeamhR

(see Figure 47 and
Figure 48)

P
Displacement transducer
HJ = Hydraulic Jack

Daaa D(](M
A <Ipoos L - Left R - Right D“m
FAnn D008 DOOTZY,  AAA—
2 D005 D007
D=

Figure 47: Position of the displacement transducers D001, D005, D006 and D007 at the beam
ends —tests 1,5,6, 7
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Figure 48: Position of the displacement transducers D001, D005, D006 and D007 at the beam
ends —test 4

For tests 1 to 6, the column rotation a,,;,mn Was calculated according to:

D016

Acolumn = atan <h ) X 1000 [mrad] (rotation > 0 in the clockwise)

x—DHj

Where D016 (mm) and Dyy (mm) are the displacements measured by the
displacement transducers at the bottom of the column and by the hydraulic jack,
and hy (mm) is the distance between the transducer D016 and the pin at the
column top (Figure 49). This distance varies for some tests (see Table 7)
because of the increase of the jack length capacity, with steel plates collocated
between the column pin and the hydraulic jack (§11.6.1.1).
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Table 7: Distance h, between the transducer D016 and the column top for each test

Test hy (mm)

T From O to _3h37min: 2964;
From 3h37min to the end: 3099
T2 Not used
T3 From O to flh50min: 3250;
From 4h50min to the end: 3350
T4 2951 mm
T5 From O to §h04min: 1964;
From 5h04min to the end: 3084

From 0 to 4h55min: 2710;
T6 | From 4h55min to 7h39min: 2847;
From 7h39min to the end: 2981
T7 Not used

Figure 49: Measured displacements for the calculation of the column rotation

For test 7, the column rotation was estimated by:

D000—-D028 . . .
Acotumn = ~rgor [mrad] (rotation > 0 in the clockwise)

111.1.1.2Rotations at the beams ends

The rotations of the end-plates at the beams ends were calculated to be used in
the projection of the restraint forces (tests 1, 4, 5, 6, 7) according to the beam
axis (§lll.1.2). The measured horizontal displacements shown in Figure 46,
Figure 47 and Figure 48 were used:

Tests 1, 5,6, 7:
D006—D005

290mm
D007-D001
290mm

Apeaml = atan( ) %X 1000 [mrad]

Apeamp = atan( ) x 1000 [mrad]

Test 4:

D005-D006
290mm

Apeaml = atan( ) %X 1000 [mrad]

D007-D001
290mm

Qpeamp = atan( ) x 1000 [mrad]

I11.1.1.3Rotations of the axial restraints to beams
The rotations of the beam axial restraints are shown in Figure 50 (spring

restraints) and Figure 51 (total restraints). Rotations were calculated using the
vertical measured displacements:

34



ROBUSTFIRE Project — Experimental tests — v2(1)

Tests 4 and 5 (total restraints):

D022-D021
429 mm

Qrestr, = atan( ) X 1000 [mrad] >0

D023-D024

Qrestr,R = atan( 429 mm

Tests 1, 6, 7 (spring restraints):

) x 1000 [mrad] >0

D029-D031
650m

D030 D010
Arestr,p = Atan (— ——— >< 1000 [mrad]

D031 D029 D030 D010

Figure 50: Springs rotations, evaluated by the measured vertical displacements D031 and D029
on the left, and D030 and D010 on the right — Tests 1, 6, 7

Qrestr = atan( ) %X 1000 [mrad] >0

Figure 51: Restraint rotations, evaluated by the measured vertical displacements D021 and
D022 on the left, and D023 and D024 on the right — Tests 4 and 5

ll.1.2 Loads
I11.1.2.1Reaction loads at the beams supports

The reaction loads F; and Fy at the beams supports left and right respectively
were calculated based on i) the load measured by the load cell F1 or F2
(§l1.8.1); ii) the load applied by the hydraulic jack; and iii) the load cell F3 at the
base of the column. In tests 1 to 6, during step 1 (hogging bending moment)
and step 2 (temperatures), the two load cells F1 and F2 situated at the top of
the beams measured the reaction loads at the two beam supports. The self-
weight (SW) of the sub-frame was not measured by the load cells and had to be
added to the reaction loads calculations:

Fp steps1-2 = Fiinitiar + F1 + >

Frsteps1-2 = Foinitiar + F2 + >

Where Fjjnitiai @and F, 001 @re the initial loads measured during the pre-
tension of the steel bars at the beam supports, before the beginning of the test.
After the column loss and during the increase of the sagging bending moment
(step 3), the beam supports were unloaded in tests 1, 3, 5, 6 and 7, and the
load cells F1 and F2 stopped to measure. The total load in the column (sum of
the loads measured by the hydraulic jack Fy; and by the load cell F3) was used
to estimate the reaction loads in the beam supports, assuming a symmetrical
behaviour between left and right. For tests 2 and 4, the supports were not
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unloaded, which increased the support rigidity (see §l11.3 and I11.5). The reaction
load at the beam supports was equal to the total load in the column, reduced by
the two reaction loads F1 and F2:

_ FH]+F3—F1—F2 _ FH]+F3—F1—F2
Fi steps = -, and Fpsteps = -,

where F3 is null after the loss of the column.

In test 7, the reaction loads F; and F; at the beams supports left and right were
calculated as:

Fyj+Fs

Fyj+F;
Fp test7 = > and Fptest7 =

2

Note that in tests 1, 4, 5, 6 and 7, the vertical components of the axial restraint
loads were included in the equilibriums (see §l11.1.2.2).

111.1.2.2Reaction loads from the axial restraints to beams

The restraint loads can be projected according to the horizontal and vertical
axis, as shown in Figure 52, with:

Frestr,vertical = Frestr X Sin(arestr) and Frestr,horiz = restr X Cos(arestr)-

Frestr,nL

resfriv,L

Figure 52: Projection of the spring forces according to the vertical and horizontal axis

The beam axial force used for the M-N behaviour of the joint is considered to be
the load measured at the end of the beams, and the projection of the restraint
load in the beam direction is given by (Figure 53):

Frestr,axiaI,L orR = Frestr,L orR X COS(Oﬁbeam, LorR+ Olrestr,L or R)

where FrestrL or r IS the l0oad applied by the restraints, dpeam, L or r IS the beam
rotation at the end, and avestrL or R IS the restraint rotation, and were defined
previously.

Frestr,L

restr,axial,L

Figure 53: Projection of the restraint loads according to the beam axis
ll.1.3 Bending moments

The bending moment at the joint was calculated based on the reaction loads: i)
at the beams supports; ii) at the beams ends, from the axial restraints for tests
1,4,5,6and 7:

MLeft = FL,stepsl—Z or step 3 X LL + Frestr,v,L X Lrestr,L + Frestr,h,L X Z],

MRight = FR,stepsl—Z or step 3 X LR + Frestr,v,R X Lrestr,R + Frestr,h,R X Zg
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Where F| stepsi-2 or step3 @Nd Frstepsi-2 or step3 @re the reaction loads at the

beam supports defined previously, L, and L, are the distances between each
beam support and half of the column flange thickness:

trL,HEB300
5 Xle, LR

LL,R = Lpeam + by +
Where Lj.q.nm is the total length of the steel beam profile (3000 mm), ¢, is the
end-plate thickness (15 mm), t¢; yrp300 iS the column flange thickness (19 mm),
and x;.z and x,;,; are the measured distances of the part of the steel profile out
of the beam support (Figure 54), given in Table 8.

7<§ Lres(r,R

LRight e.R

plate,joint 7@

3000mm

Xle.L Lieft

4

Lrsgrss

plate, extremity

A

Figure 54: Horizontal distances considered in the bending moment calculation

Table 8: Dimension values for each test

Test | L. (mm) Lg (mm) dx. (mm) | dxg(mm) |dv,in.(mm)| dv,ing(mm)
T1 2815 2819 160 156 290 290
T2 No No No No No No
T3 No No No No No No
T4 2813 2813 172 167 280 285
T5 2815 2819 160 156 290 290
T6 2827 2823 153 157 285 285
T7 2815 2813 160 152 290 300

Frestrvr @nd Froq 1 r are the vertical projections of the load in each restraint,
and Fyegern @nd Froqrp g @re the horizontal ones (in case of a spring restraint,
the load can be noted Fy,pory). Lrestr iS the distance between half of the
column flange thickness and the application point of the restraint force (Figure
54).

Lyestr, = Ly, +dxg, + dvy,

Lyestrg = Lr + dxg + dvg

Where dx;, and dxy are the constant distances between each beam support and
the displacement transducers D013 on the left side and D014 on the right side
(Figure 55 and Table 8), and dv is the variable distance between the
displacement transducer D013 or D014 and the application point of the spring
force on each side:

dv, = dVin; + Dpeampn  @Nd  dvg = dVing + Dpeamnr

where dv;, | r are the initial distances values, measured in the laboratory (Table
8), and Dyeqm n Lanar Was defined previously.
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Figure 55: Definition of the horizontal distances from the beam support to the application point
of the spring force

z; and zy are the vertical distances between the application point of the spring
force and the joint (Figure 56):
Zy, = D028 — X, and R = D000 — XR

where D028 and D000 are the vertical displacements measured at the joint, and
Xy, and xg are:

dxy,+d dxg+d
X = —="L % D013 and xgp = =2 "Rx D014
dXL dXR
T oR02 0% 7

Figure 56: Vertical distance between the application point of the spring force and the joint
[11.2 Results of test 1 (reference test at ambient temperature)

The global behaviour of the joint during the test is described in the following
section, then the step by step behaviour is detailed, for each loading step, and
finally, additional data a presented.

lll.2.1 Joint behaviour (entire test)

The evolution of the total vertical reaction load (F +Fgr) versus the vertical
displacement of the joint, and the bending moment versus the rotation are
depicted in Figure 57 and Figure 58. Step 1 corresponds to the hogging
bending moment; step 3 corresponds to the sagging bending moment, and a
transition phase is defined between hogging and sagging bending moments
(see §llIl.2.2).
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Z 400 1 oncrete crushing
g 300 - in compression
@
200 -~ . ,
% Two bolts failed in
2 08 ] . tension
S Ny Vertical displacement (mm)
b)) r o T T T T T T T T T T T 1
T: 30 g 410 30 50 70 90 110 130 150 170 190 210 230
E Step 1 (M)
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Figure 57: Vertical reaction load (FL+FR) s vertical displacements of the column
800 .
+ ——— M-Rotation L - step 1
200 Step 3 (M") otation L - step
600 - — - M-RotationR-step 1
£ 500
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o | | .
g 20 30 40 50 60 70 g0~~~ M-RotationR-step3
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Mleft,min =-501 kNm
Mright,min =-488 kNm

Figure 58: Bending moment vs rotation at the joint

Concrete crushing in compression was the first failure observed, but this failure
was really progressive and cannot be identified on the force-displacement /
moment-rotation curves. Around 30 mrad of rotation, it could be observed that
the concrete from the composite slab was crushed on the entire slab width. One
first bolt suddenly failed after 148 mm of joint vertical displacement and the
applied load reduced from 503 kN to 351 kN. The corresponding bending
moment was reduced from 707 kNm to 494 kNm, and the rotation increased
from 47.5 mrad to 49 mrad on the left side because of the sudden slight rotation
of the column once the bolt failed (despite the horizontal restraints at the bottom
column shown in Figure 59). The deformation of the left side of the joint and the
one of the right side began to differ, notably because of the slight column
rotation. A second bolt failed under a load equal to 393 kN, with a vertical
displacement equal to 173 mm (that corresponded to 600 kNm of bending
moment and 59 mrad of rotation on the left side).
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Hydraulic jack

Column
restraints. g i
— |

Figure 59: Final deformation of the sub-frame: view from the back side

Figure 60 presents the final deformations of the joint at the end of the test, after
the failure of the two bolts. The failed bolts were identified: i) in the bottom bolt
rows - because of higher tensile forces under sagging bending moment, and ii)
in the left connection due to a slight asymmetric joint deformation. Due to high
stresses/deformations, a crack at the base of the steel end-plate, just above the
weld, was observed at the end of the test. Moreover, a new localised
deformation mode was observed at the steel end-plate centre. This end-plate
deformation should happened because of the joint configuration: i) 4 bolt rows
and quite a high space between the rows 2 and 3 (260 mm), ii) the end-plate
(15 mm) was thinner than the column flange (19 mm), and iii) an initial
deformation noticed just after the bolts pre-loading (0.6 mm was measured for
the reference test). Moreover, it seems that the beam web was pulling the end-
plate (due to the effect of the deformation under sagging bending moment), and
the deformation of the end-plate was amplified where the end-plate was not
linked by bolts to the column flange: in the bottom part and in the centre of the
end-plate.

Local deformation of
the end-plate centre

19 mm 50 mm

Figure 60: Deformations of the joint (view from the back side)
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Finally, the test was stopped at 75 mrad and 68 mrad of connection left and
right rotations. The deformation of the sub-frame at the end of the test is shown
in Figure 59, and Figure 61 shows the rotations at the joint left and right sides
versus time, as well as the column rotation. The difference between the
rotations right and left comes from the slight column rotation on the right side (-6
mrad) once the bolts failed.

80 & v
~ 1. | Step3 (M) 2" bolt failure /| 75 mrad
70 1= -gl
60 A= | o) 68 mrad
e Q |QI st .
® Q .o 17 bolt failure —Rot_L
€ 20 1% 12 -
g 40 - |§: ROt_R
B 30 | = Rot_Column
ia N ]
[~ |
20 - 1
| 1
10 4
T Time (hour)
O T i ; I L I N I T I I T T 1
10 s 1 15 2 25 3 35 4 45 5 -5s-6mrad

Figure 61: Rotations at the connections (L-Left and R-Right); and column rotation

Projections of the spring’s forces along the beam axis are depicted in Figure 62.
The springs restraints were only applied during step 3: i) first, an initial load of
around 38 kN was applied in order to facilitate the beginning; ii) after, the beam
ends were moving outwards instead of moving inside and springs should had
worked in compression, but they could not as explained in §11.7.2; iii) finally, two
bolts failed on the joint left side: this end-plate deformed more and the left beam
end suffered less displacements than the right beam end, so the springs were
activated in tension on the right side for the last 30 minutes of the test. This test
is considered performed without axial restraints to the beams.

10 Time (hour)
0 1 + T T T 1 ’fl T 1

-10

F-HJ
D-HJ
F1 L - Left R - Right F2, _ Femr
4

U LSS A .
I Eé Doozi iDooa é% I
D028 D000 1

F5mF4
F3

L

Step 3 (M)

D = Displacement transd
F = Load cell
HJ = Hydraulic Jack

restraints (kN)

F_sp_L_Axial

Beam axial loads at the spring

Sten 1 (M")

——F_sp_R_Axial

-100

Figure 62

: Projections of the spring forces along the beam axis direction — T1
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ll.2.2 Step by step behaviour: step 1 - Initial hogging bending
moment

The initial hogging bending moment was introduced to the sub-frame using the
hydraulic jack at the column top, as shown in Figure 63. In this test, the column
base support was not put after the application of the hogging bending moment
because no temperatures (step 2) were applied and the column was assumed
to fail at ambient temperature. The transition phase between the hogging and
sagging bending moments (steps 1 and 3) was made by: i) decreasing the load
at the jack up to zero; ii) removing the pre-loads at the supports (F1 = F2 =0,
see §l1.6.1.2); and iii) an initial load into the springs restraints was introduced at
the beginning of the step 3 (around 38 kN) in order to have a better initial
control of the oil pressure in the cylinders.

e e IR S W

A

F =351kN

g

Step 1 - Application of the
hogging bending moment

Transition phase - Decrease of the load
at the jack and application of the initial
loads in the spring restraints

F =38.8 kN F =37.8 kN
N Yo

Figure 63: Application of the hogging moment in the joint

Figure 64 presents the evolution of the vertical displacements measured near
the beam-to-column joint. Table 9 presents the values of displacements and
reaction loads at the end of the step 1.

Time (hour) | : — D028

-1 0 0,1 0,2 0,3 O,F 0, 0,6 0,7 ——DO000
2 3 !
c D _HJ
g Step 1 (M) | -
g 7 - | ——D002
8 X
L | — D008
B —-11 - - Transition
T £
g £-13 - | phase
® -15 - |
L] X
£ -17 - !
S 19 -
':":) 4mm . H*@ﬁ: L - Left R - Right ;@“ﬂ
o -21 | %WV ;{%7"3002; jpo08 7%7“ W“E
" 23] / |/\ T E:DOOO ia

. | F5 D = Displacement transducer|
-25 - 1 1 F = Load cell

HJ = Hydraulic Jack

Difference of 6 mm between Dy, and
D028 because of the clearances at the
hydraulic jack pins

Unloading of the load at  Small residual difference
between D028 and the
hydraulic jack (0.9 mm)

the column top and at
the beam supports

Figure 64: Vertical displacements near the beam-to-column joint in step 1 (hogging bending

moment)
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Figure 65 presents the comparison between the loads measured at the column
top (Fny) and the sum of the reaction loads measured at the beam supports
(F1+F2). Before loading the joint, the end of each beam was vertically
restrained and an initial load was measured by the load cells F1 and F2,
respectively equal to -121.9 kN and -124.8 kN, at which the self-weight of the
sub-frame was added (see §l1.6.1). The total initial load was equal to -280.2 kN.
At the end of the step 1, the hogging bending moment applied to the connection
was equal to around -485 kNm on the right side and -499 kNm on the left side.

Table 9: Displacements and loads (step1)

} NNA—«E

Step 1 (25 min)
Step 1 - Initial hogging bending Displ.
moment Load (kN) | (mm)
Column base (F3 and D0O00) 0 -18.1* -~
Beam mid-span Left (D002) — -11 g L ﬁD HJﬁR -~
Beam mid-span Right (D008) —-- -11.8 %V“ [:Uzé% 5007} DOOSF
Beam Support Left (FLeﬂ) -177.8 - oo F5 F4DO(E))O D|5p|acem1:nt transducer
Beam support Right (Frignt) -172.7 -—-- o L?—iil?jrcaeuullc Jack
Spring left (Fsp.) 0 —
Spring right (Fspr) 0 —
Hydraulic Jack (Fy, and Dy,) -351.2 247 |, _
Hogging bending moments at Mies = -499 kNm Average value between by the wire transducers
the joint Mgt = -485 kNm D000 and D028
Time (hour)
$ T T I.h> T T : 1 F_HJ
-25 0,1 0,2 0,3 0,i 0,5 0,6 : 0,7 F_L+F R
?Zf- 75 S 1 (M I : e
g tep 1 (M) | s
S -125 - —
- I QO
c 1 O
2 -175 - ! v
3 | |
(] ! ' F-HJ
£ 225 i ! o HJFEE
Q | L - Left R - Right F
e | v D00Z; D008
2 _6 | 3”_«/\/: 55%7 D028 DOOO
! | F5=F4 D= Dlsplacement transducer
-325 - I/ 4 Transition | 11 = Hydrauic Jack
/ phase !
{
-375 - / :

Initial compression loads
at the beam supports and
addition of the self-weight

UnloadiAg of the load
at the column top and
at the beam supports

Figure 65: Load applied by the hydraulic jack compared to the sum of the reaction loads at the

supports

l.2.3 Step by step behaviour: step 3 - Loss of the column and
sagging bending moment

Figure 66 shows the evolution of the vertical loads measured by the hydraulic
jack Fuyy at the column top; by the load cells F{+F, at the top of the beam
supports; and the vertical components of the spring forces. The test was
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stopped two times at the beginning because of the spring restraints being
working in compression (see §ll.7.2.3). The concrete crushing is really
progressive, without any sudden failure. It was observed that the concrete
crushed against the column flanges around 2h03min (2.05h), and the entire
slab width failed around 3h18min (3.3h). Even though, the load at the column
top, Fny, continued to increase. The increase of the jack stroke (of 135 mm) was
performed after the concrete failure, around 3h36min (3.61h). Each failure of
bolt (Figure 67a) was really sudden, with a loud noise. The first bolt failed at
4h14min (4.23h): the vertical load at the jack reduced from 502 kN to 350 kN
(Figure 66). The second bolt failure occurred at 4h35min (4.59h), and the load
suddenly reduced from 393 kN to 300 kN. At the end of the test, the concrete
crushing at the end of the left slab was observed (Figure 67b). This failure
happened under sagging bending moment, and should be due to the concrete
compression struts created on the last row of the shear studs because the slab
was stopped before the end of the beam. Perhaps this failure corresponded to
the sound heard around 3h09min (3.15h), which seemed to come from the
concrete slab. The crack in the steel end-plate was not registered on this curve
and should happen only after the bolts failures, once deformations of the end-
plate increased.
Observation: sound that seems to come from the

concrete slab extremity at 3h09min (3.15h) >

Failure of the concrete slab extremity (left side)? First bolt failure

Concrete crushed oncrete crushed anng (4h14mm)
against the column entire slab width at 2" b oltf ilure (4h35min)
flange at 2h03min 3h18min (3.3h)
550 -, \ \ \Z /
! F_HJ
[}
= 450 1 F1+F2
é |
»n 350 - : N F_sp_v_R+L
S . Step 3 (M")
£ 250 1
S ! Crack in the steel
§ 150 Two stops end-plate (left-
o | of the test back)?
K] 50 4 Time (hour) F-Hy
E 1 T T T T T T T T T D-HJ
L S00% 1 15 2 25 3 / 3,5 43 45 5L-L§5 R - Right E
] i l D00 jpoos .
-150 ! Increase of the jack 5% ZEDOZS DOOO 7%7
| Iength capaC|ty E5=F4 D = Displacement transducer
F = Load cell
250 1! (+135mm) HJ = Hydraulic Jack

Figure 66: Evolution of the vertical loads during the step 3 (increase of sagging bending
moment)
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L!ront-m L!c!—r4

a) TEST 1 (failed) )

Figure 67: a) the two bolts failed; b) Concrete crushed at the end of the composite slab (left
side)

The evolution of the composite joint deformation is shown in Figure 68. The
rotation of the column increases in the opposite direction of the connection side
where bolts from the bottom row failed: the column rotation suddenly increased
on the right direction (Figure 69).

3h54min — Front side

4h41min — Back side End of the test — Back/left side
Figure 68: Evolution of the joint failure
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Figure 69: Column rotation a) vs time (step 3); b) at the end of the test (view from the back)

Finally, the test was stopped after 5h21min. Figure 70 shows the evolution of
the vertical displacements measured by the hydraulic jack Dynj, by the wire
transducers D000 and D028, and by the displacement transducers at mid-span
of the beams (D008 and D002). The control of the hydraulic jack at the column
top was made in term of displacement, and around 3h36min (3.6 h), the velocity
was changed from 0.01 mm/sec to 0.02 mm/sec. The decrease at the end of
the test corresponds to the unloading of the load at the column top. The rotation
of the column is also showed by the change of rate for the measured
dispalcements D000 and D028 from 4h14min.

240 ——D028
[}
. 2207 Step 3 (M) —— D000
g 200 7. D_HI
£ 180 - ——DO002
5 160 9 —— D008
2 140
5 1
v 20 - :
§.§100 1!
g 80 1 : F-HJ
E 60 - : D-HJ|
.:2: 40 : % . L - Left R - Right : E
T I DOO! D008 I
§ 20 : . D%’ 2iDoz Doooi 7%?4
0 : T T T T T ITIme (!'IOUI') T T f5sF4 D = Displacement transducer
! F = Load cell
-20 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 HJ = Hydraulic Jack

Figure 70: Vertical displacements near the beam-to-column joint during the entire test

Figure 71 shows the evolution of the total reaction loads during the entire test: i)
the measured loads at the beam supports, F1+F2 (in step 3, the load cells F1
and F2 did not measure anymore the real reaction loads because of the
unloading of the support system (see § 11.6.1)); ii) the hydraulic jack load Fpy;
and iii) the reaction loads from the spring restraints. Just after the first bolt
failure (on the left side), the column slightly rotated in the right direction, and the
beam right end began to displace in the inside direction: the spring restraint
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(right side) began to work in tension (maximum load at the end of the test: 91
kN).

600 - ! ¥
- ig: Step 3 (M) F_HJ

500 1= F1+F2
=400 |7 |5 Fsp,L
=300 |22 - - - FspR
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S 200 - I%.
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! ! D002 D008
-200
: D% D028 DOOO
-300 -+ ! F5mF4
J ! D = Displacement transducer
400 4 ! F = Load cell
HJ = Hydraulic Jack

Figure 71: Evolution of the loads during the entire test

Figure 72 shows the evolution of the bending moment at the joint left and right
sides versus time.
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Figure 72: Bending moments at the connections left and right
11l.2.4 Additional data
I11.2.4.1Strain gauges results

The results of the strain gauges presented in this section were not used during
the joint behaviour study, but they could be used in future works, as the
calibration of finite element models against the tests. Figure 73 and the
equation hereafter present the loads in bolts versus time:

F=eXEXA;

where ¢ is the measured strain, E is the elastic Modulus equal to 205 869 mm?
(estimation from the tensile coupon tests results in §0), and As = 561 mm? is the
bolt section. The first bolt to fail was instrumented (with a strain gauge inside),
but it did not measured well; the second bolt failed was not instrumented. The
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bolt with the higher load in the chart corresponds to the bolt on the connection
right, row 4. The elastic limit corresponds to 523 kN (black horizontal line), and
the measured loads upper this value cannot be taken into account. Moreover,
the strain gauges limitation in bolts corresponds to 0.5% (or 577.5 kN — blue
horizontal line).

e i i ——Fholt L-Front - row 1
600 : ' l ——— F holt L-Front - row 2

. ! ! ) . ! 2 _:_f‘/_ ~ —— F bolt L-Front - row 3
500 | T Ty

= a1 F bolt R-Back - row 2

N |

e S N = _

A00 = : ; F bolt R-Back - row 3
b i I || | =n=n- F bolt R-Back - row 4
300 2 e :
: Vo —-—--1st bolt failure (LEFT - front)
200 P A i = 2nd bolt failure (LEFT - behind)
i R W s v : Strain gauge limitation
100 A g ,1 S S Elastic limit
o LT L L | LT

0 0.5 1 15 2 25 3 35 4145 5 55

-100 v Time (hour)

Figure 73: Loads into bolts calculated from the measured strain

Figure 74 shows the measured strains in 5 points on the column web,
corresponding to the level of each bolt and of the steel rebars. The hogging
bending moment was applied at 18min (0.3h — red curve), and the compression
was well developed on the web bottom part, whereas tensile loads were more
or less equals at the level of the two bolts from rows 1 and 2. However, under
sagging bending moment (from 1h to 5h), a smaller tensile strain was measured

at the level of bolt from row 4.
Compression Tensiorl

. Rebars

——0.3h

—+—1h

+ Row 1

—+—2h

--&- 3h
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--®- sh
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Figure 74: Measured strains on the column web

Figure 75 and Figure 76 show the strain measured at 500 mm from the end-
plate on the web and on the bottom and top flanges of the steel beam. The
sagging bending moment cannot be estimated based on the strains because
the concrete component in compression was not measured.
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Figure 75: 500 mm from the connection left
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Figure 76: 500 mm from the connection right

Figure 77 and Figure 78 show the strain measured into the steel beam at 2500
mm from the end-plate (beams ends), on the web and on the bottom and top

flanges.

49



ROBUSTFIRE Project — Experimental tests — v2(1) — Test 1

200 - - —
I H 7 a b
oA
150 - B :
A ' [
PR ¥ E b s BB-R-1S SG-BBR-18_ _SG{BBR-17
100 -+ i v i
Ll T eIy L !
F Y g —M\:erlr_r&\, BB-R-14 G-BBR-16
I [ |
9 S0 - i Time (hour) i BB-R-17 SG-BBR-14 G-BBR-15
‘E A 1 FRONT BACK
Z 0 . : M- BB-R-18
[ 55
E 50 4 BB-R-16
- —— - 1st bolt failure (LEFT - front)
-100 - ;
----- 2nd bolt failure (LEFT - behind)
-150 -
=200 -
Figure 77: 2500 mm from the connection right
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Figure 78: 2500 mm from the connection left
I11.2.4.2 Additional displacements measured during the test

The rotations of the springs are shown in Figure 79.
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Figure 79: Spring rotations (L = left; R = right)
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Figure 80 and Figure 81 show the evolution of, respectively, the bending
moment at the joint and the total reaction load, versus the beam axial load
(measured at the spring restraint and projected in the beam direction, Fep ax).
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Figure 81: Vertical force at the column Fy; vs vertical displ. measured at the column top (Dy,)

Figure 82 presents the evolution of the total vertical reaction load (F_+FRr)
versus the joint rotation.
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Figure 82: Vertical load at the column F, vs rotation at the connection

The horizontal displacements measured at the beam ends are shown in Figure
83. The estimated horizontal displacements at the neutral axis of the steel
beams Dpeamn,L and R (S€€ §ll1.1.1.1) are represented by the black curves, and it
can be observed that the left beam displaced in the outward direction, whereas
the right side began to displace in the inward direction, then after the bolt
failure, it displaced in the inward one.
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Figure 83: Horizontal displacements at the end of the left beam

Figure 84 presents the displacements of the beams out of the plan, measured
by the two displacement transducers D025 and D026 at the beam ends, and by
the two transducers D003 and D009 on the beam webs, initially situated at 1500
mm from the end-plate. The largest out of the plane displacement was
measured at the bottom column (D015 = 23.5 mm).
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Figure 84: Evolution of the displacements measured out of the plan

[11.3 Results of test 2

The global behaviour of the joint during the test is described in the following
section, then the step by step behaviour is detailed, for each loading step, and
finally, additional data a presented.

111.3.1 Joint behaviour (entire test)
I11.3.1.1 Temperature results

Figure 85 presents the temperatures evolution during the entire test 2 in the
right and left beams (at 200 mm from the connection), in the column centre, in
the bottom bolt row, and in the concrete. Around 40 min., during step 2, the
temperature increase rate was modified from the maximum rate to 300°C/hour,
which created a peak in temperatures curves. Finally, 500°C was reached in the
beam bottom flanges, whereas the temperature increased faster in the web
because of the reduced thickness. Temperatures in beams top flanges were
much lower because they were only heated by heat transfer from web, which
was reduced by the composite slab protection. During step 3, the temperature
was well kept constant in the beam bottom flanges. Concrete temperatures did
not rise above 200°C, and the temperature increase due to conduction in the
column above the composite slab was very limited (maximum 114°C was
measured in the column flange at 100 mm from the concrete slab). At the end of
the test, maxima temperatures measured in the joint were: 407°C in bolts heads
(row 4), 397°C in end-plates, 469°C in the column web and 398°C in column
flanges. The temperatures of the right beam (web and top flange) needed to be
increased more than on the left beam to maintain the 500°C in the beam bottom
flange, perhaps due to differences in the thermal insulation. The evolutions of all
measured temperatures are detailed in §l11.3.3.
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Figure 85: Evolution of the temperatures during test 2
111.3.1.2Bending moments variation and failure modes

The evolution of the total reaction load versus the vertical displacement of the
joint, and the bending moment versus the rotation are depicted in Figure 86 and
Figure 87. The hogging bending moment was initially reached during step 1
(around -200 kNm), followed by a variation of this moment during the increase
of temperatures in step 2. At the beginning of step 2, reaction loads increased
due to the thermal expansion of the structure. After a while, these reaction loads
decreased because of the steel properties degradation due to high
temperatures (Figure 86). In step 3, the loss of the column was really
progressive as the hydraulic jack at the column top imposed a constant
displacement rate, and the vertical load at the column top increased up to the
failure of the joint under sagging bending moment. Concrete crushing in
compression was the first failure observed, but this failure was really
progressive and cannot be seen on the load-displacement or moment-rotation
curves (Figure 87). The sagging bending moment reached a maximum value of
565 kNm (500°C). One first bolt suddenly failed after 74 mrad of connection
rotation and the sagging bending moment reduced from 528 kNm to 348 kNm.
Then a second bolt failed and the bending moment decreased at 200 kNm.
Finally, the test was stopped at 85 mrad of connection rotation; a third bolt
suddenly failed after the end of the test.
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Figure 87: Bending moment at the joint vs rotation of the connections

Figure 88 shows the deformation of the joint at the end of the test: the test was
stopped at 250 mm of vertical displacement, and 85 mrad of connection
rotation. No difference of rotation between left and right sides could be
highlighted because the column rotation was not measured in the test; however,
it seemed that the column remained in the vertical position. The failed bolts
were localised: i) in the bottom bolt rows - because of higher tensile loads under
sagging bending moment, ii) in the left connection due to a slight asymmetric
joint deformation. The steel end-plates mainly deformed in the bottom and
centre parts and showed a high ductility; the left end-plate slightly deformed on
the top, under hogging bending moment. The crushed concrete slab is shown in
Figure 89, and the final sub-frame deformation is shown in Figure 90.
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Figure 90: Final deformation of the sub-frame at the end of the test
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1ll.3.2 Step by step behaviour: step 1 - Initial hogging bending
moment

The initial hogging bending moment was introduced in two phases: i) phase 1:
the hydraulic jack at the top of the column increased the load; ii) phase 2: the
column base support (cylinder) was positioned (Figure 91).

jiva ki
e .y
~ F =135.48kN
Phase 1: Application of the 6.50mm
hogging bending moment X 7$X
<E§= 115.24kN
8.00mm
Phase 2: Application &
of the column support % s

Figure 91: Initial hogging moment in the connection

Figure 92 shows the displacements and loads measured by the displacement
transducers (in green) and the load cells (in red).

F-HJ } E
D—HJ“
F1 L - Left R - Right EZ

) D002 DOO8;
o I Lo 7%7
;DOOO

Ltot 3 D = Displacement transducer
F = Load cell
HJ = Hydraulic Jack

Figure 92: Main displacements and loads measured during the test

During the phase 1, the load and displacement of the jack were increased up to
reach the loads at the beam supports that would create the hogging bending
moment Mg; 4=236.4kNm.

Figure 93 presents the evolution of the vertical displacements measured near
the beam-to-column joint. The displacement transducer located at mid-span of
the left beam (D002) was trapped at the beginning of the test and the
displacement evolution versus time was estimated by the dashed green curve.
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Figure 93: Vertical displacements near the beam-to-column joint during the application of the
initial loads (hogging bending moment)

The hydraulic jack was stopped after 5 min and the evolution of the load and the
displacement at the column top was not visible anymore, but was estimated by
the dashed orange curve. During the phase 2, the cylinder at the column base
increased the load (in order to enter in contact with the column), and slightly
modified the displacement of the column joint (increase of the hogging bending
moment) as well as the reaction load at the column top (see Table 9). The
variation of displacement during the phase 2 at the hydraulic jack was
registered and observed at the beginning of the step 2 (application of
temperatures), when it was connected again. However, the apparent load was
initialized (equal 0), so the real decrease of the load in the hydraulic jack was
not known, but was estimated according to the static equilibrium of the reaction
loads: F1+F, = Fyy + F3, including the slight difference AF observed between the
hydraulic jack value and the load cells values at the end of the phase 1. Table
10 presents the values of displacements and reaction loads during the step1, at
the end of each phase, 1 and 2.

Table 10: Displacements and loads measured just after the application of the hogging bending
moment and the column base support

Phase 1 - Hogging bending Phase 2 - Column
moment (2min) support (23min)
STEP 1 - Initial loads Load (kN) Displ. (mm) | Load (kN) | Displ. (mm)
Column base (F3 and D0O0O0) 0.00 -6.50* +30.92 -8.00*
Beam mid-span (LEFT — D002) -—-- -4.14 - -4.96
Beam mid-span (RIGHT — D008) - -4.02 - -4.98
Beam support (LEFT — F1) -66.71 - -72.30 -
Beam support (RIGHT — F2) -68.86 - -73.77 -
Hydraulic Jack (F-HJ and D-HJ) -135.48 -9.07 -115.24%** -10.50
Hogging bending moment at Miest = -187.74 KNm Miese = -203.48 kNm
the connection Miight = -193.82 kNm Miight = -207.62 KNm

* Measured by the wire displacement transducer at the bottom column D000

** Estimated value (not measured: the jack measures were stopped after 5 min)
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Figure 94 presents the comparison between the sum of the loads measured at
the column (FHJ+F3) and the sum of the reaction loads measured at the beam
supports. Before loading the joint (phase 1), the end of each beam was
restrained and an initial load was measured by the load cells F1 and F2,
respectively equal to -51,1kN and -50,8kN, which gives the total initial load
equal to -101.9kN.
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Figure 94: Load applied by the hydraulic jack compared to the sum of the reaction loads at the
supports

111.3.3 Step by step behaviour: step 2 - Temperatures (500°C)

The second loading step consisted to increase slowly the temperature of the
heated zone until 500°C in the beam bottom flanges (at a distance 20 cm from
the joint). The thermal expansion of the beams was completely free.

111.3.3.1Evolution of the temperatures

Figure 95, Figure 96 and Figure 97 show the evolution of the temperatures in
the beam at respectively 20 cm, 50 cm and 1 m from the end-plate. During the
step 3, the temperature was well kept constant in the beam bottom flanges, but
was increased on the right and decreased on the left beams webs. Indeed, the
thermocouples connected to the controller only controlled the temperature in the
bottom flanges, and the temperature in the web depended of the intensity with
which the electrical power was sent to the FCP elements; as the web was
thinner than the flanges, the temperature did not evolve in the same way.
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Figure 95: Evolution of the temperatures (T) in the beams at 20 cm from the connection during
the test 2 (R = right; L = left)
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Figure 96: Evolution of the temperatures (T) in the beams at 50 cm from the connection during
the test 2 (R = right; L = left)
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Figure 97: Evolution of the temperatures (T) in the beams at 1 m from the connection during the
test 2 (R = right; L = left)
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Figure 98 shows the evolution of the temperatures of bolt heads at each side of
the joint. Table 11 shows that temperatures measured at the head of the bolt,
inside the bolt (around 3 cm from the head) and at the end-plate surface were
much closed, at three different moments of the test: at the end of the increase
of the temperatures during the step 2, at the end of the step 2, and at the end of
the test. The differences (diff.) between the connections left and right are
showed. The evolution of temperatures in the column is presented in Figure 99.
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Figure 98: Evolution of the temperatures (T) in the bolts heads during test 2 (R = right; L = left)

Table 11: Main temperatures measured along the test at the connection zones

TEMPERATURES
Stop of the increase End of step 2 End of the test
(2h12min) (3h17min) (6h44min)

Diff. Diff. Diff.
Left | Right | (%) |Left Right | (%) |Left Right | (%)
Boltheadrow 1 [268.2(245.3| 85 |313.1|314.4|-0.4|330.4 | 345.8 | -4.7
Bolt head row 2 |349.4|311.1| 11.0 | 361.3 | 363.2 | -0.5 | 378.1 | 396.6 | -4.9
Bolthead row 3 |[372.7|347.6| 6.7 |382.2|382.5|-0.1]3925|396.7|-1.1
Boltheadrow4 |368.3|336.7| 8.6 |[376.3 |363.2| 3.5 404 | 3755 | 7.1
Bolt Inrow 1 278.5(240.9| 13.5 | 315.5(310.9| 1.5 | 3335 |344.7 | -34
Bolt In row 2 365.5|315.7| 13.6 | 373.2 | 363.2 | 2.7 | 385.3 | 396.0 | -2.8
Bolt In row 3 384.6(365.1| 5.1 |387.4|384.9| 0.6 | 395.0|396.0|-0.3
Bolt In row 4 440.6 (357.1| 19.0 | 393.1|348.3 |11.4|406.4 | 352.1 | 13.4
End-Platerow 1 |271.4|2519| 7.2 |316.8 |320.3|-1.1|335.9|349.0| -3.9
End-Plate row 2 |353.7(298.6| 15.6 | 376.0 | 357.3 | 5.0 | 395.3 | 387.3 | 2.0
End-Plate row3 |358.9(341.8| 4.8 |383.6 |379.5| 1.1 | 397.3 |3955| 0.5
End-Platerow 4 |351.2|330.2| 6.0 |375.4|361.5| 3.7 | 394.1|374.0| 5.1
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Figure 99: Evolution of the temperature during test 2 in the column

The maxima temperatures registered into the composite slab at the end of the
test were equal to 200°C in the concrete, 278°C in the steel sheet, 96°C in the
steel rebar and 196°C in the head of the shear stud connector. It was also
observed that the increase of temperature due to conduction in the column

above

the composite slab was very limited, with a maximum measured

temperature equal to 114°C in the column flange at the end of the test. Table 12
details the main temperatures measured in beams and column.

Table 12: Main Temperatures measured along the test in beams and column

TEMPERATURES
Stop of the increase End of step 2 End of the test
(2h12min) (3h17min) (6h44min)

Left | Right | Diff. |Left Right | Diff. |Left Right | Diff.

(°C) | (5C€) | (%) [(°€) [(°C) (%) [(5€) [(°%C) | (%)
Top flange 20cm 223.11215.1| 3.6 |234.5|256.3| -9.3 |234.5|301.9]|-28.7
Web 20cm * 545.0577.9| -6.0 | 487.7 | 582.0 | -19.3 | 462.7 |637.2| -37.7
Bottom Flange 20cm ** 1491.8485.4| 1.3 |[504.7 | 503.2 | 0.3 |507.0 |502.1| 1.0
Top flange 50cm 160 [127.2| 20.5 | 161.3 | 154.1| 4.5 172.1 |198.3|-15.2
Web 50cm 4246 |377.5| 11.1 | 382.0 | 429.5 | -12.4 | 354.3 |514.1| -45.1
Bottom Flange 50cm *** (375.0|389.5| -3.9 |394.6 | 407.8 | -3.3 | 403.8 |438.0| -8.5
Top flange 1m 31.3 | 36.1 | -15.3 | 423 | 474 | -12.1 | 61.2 | 71.2 | -16.3
Web 1m 475 | 54.1 | -139 | 746 | 83.3 | -11.7 | 105.7 |130.4|-23.4
Bottom Flange 1m 49.1 | 60.9 | -24.0 | 83.7 | 100.8 | -20.4 | 124.9 |156.0| -24.9
Column web centre 490.8 -—- 457.1 -—- 468.7 ---
Column flange centre 345.6 - 385.4 - 398.3

* Average of the three temperatures measured in the web (574.1; 561.3; 499.7 after 2h12min)
** Average of the two temperatures measured in the flange (481.8 and 501.8 after 2h12min)
*** Average of the two temperatures measured in the flange (375.9 and 374.1 after 2h12min)
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111.3.3.2Evolution of the displacements and loads

Figure 100 shows the variation of the vertical displacements of the joint (D000),
of the beams mid-span (D002 and D008) and of the column top (Hydraulic
Jack). The displacement DOO0 was measured using a wire transducer at the
bottom column, and decreased much faster than the other displacements, from
-8 mm at the beginning of the step to +4.6 mm at the end of the step 2 (see
Table 13). The variation of displacement was around 6 mm for each transducer
D002 and D008, 9 mm at the hydraulic jack and 13 mm at the wire transducer.
The cylinder at the column base began to lose oil and let the sub-frame to
slowly drop.

10 ~

Hydraulic Jack

— - —-End of STEP2

0,8 1,3

]

1 | Downwards

! D008
5 ! D002

! ——— D000

| ---- End of STEP1

1 _Time (hour)

]

3

(]

]

]

F-HJ E
D-HJ
1 E1 L-Left R - Right 2

|

|

| y
. D002 D008 ; ﬁ
yﬂ Lo/2

~ ‘ioooo

|

|

Vertical Displacement (mm)
o

-10 -

L

Ltot F3 D = Displacement transducer

F = Load cell
A HJ = Hydraulic Jack
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Table 13: Main reaction loads and displacements during the step 2

Begin of Stop of the | End of
STEP 2 - Temperatures step 2 Max. Lo‘ad increase step 2
23min) |120™ | oh19min) | (3h17min)

TEMP | Beam bottom flange LEFT - 20cm 235 407.3 491.8 504.65
(eC) [Beam bottom flange RIGHT - 20cm 26.85 418.7 485.4 503.2
Beam support LEFT (FL) -72.30 -118.60 -104.47 -80.83

Beam support RIGHT (FR) -73.77 -124.09 -110.56 -85.25

Load | Total reaction Load (FL+FR) -146.07 -242.69 -215.03 -166.08
(kN) | Column base (F3) -30.20 -128.02 -98.88 -51.70

Column top (F-HJ) -115.24 | -115.27 | -114.88 | -117.72

Total reaction column -147.02 -243.29 -213.76 -169.42
Beam mid-span LEFT (D002) -4.96 -4.07 -1.69 0.77
Displ. | Beam mid-span RIGHT (D008) -4.98 -3.70 -1.44 0.98
(mm) | Column base (D000) -8.00 -2.60 1.20 4.60
Column Top (D-HJ) -10.50 -7.73 -4.63 -1.68

Figure 101 compares the evolution of the reaction loads in the two beam
supports (F_L+FR) to the reaction loads in the entire column (Fn+F3), and Figure
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102 presents the temperatures evolution in the beams during the step 2. At the
beginning of the temperatures increase, the joint zone tended to expand and
reaction loads increased. The maximum load measured in the column was
243.29 kN, and happened around 400°C in the bottom flange. The
temperatures increase stopped around 2h12min (2.2h), and the displacements
continued to go downwards (Figure 100) due to the cylinder at the column base
that was losing oil.

0 1 ' ' T T ' I Time (hour)
0?1 0,8 1,3 1,8 2,3 2,8 3'I,3 FL+ED
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c 1 .
x=] !
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& -150 4 D-HJ@
|
: | 1 L-Left R - Right F2
1 | D002 Doosi
- - o i Liot/2 #%7
200 i I i . ‘EDOOO
| .
: I Ltot B3 E:B;zz\a(;ﬁmemtrans
-250 ! HJ = Hydraulic Jack

Figure 101: Comparison of the totél load into the column (Fy,+F3) with the total reaction load at
the two supports of the beam (F_+FRg)
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Figure 102: Evolution of the temperatures in the beams (20 cm from the end-plates)

The hogging bending moment increased during the heated phase, up to minima
values of -333.8 kNm on the left and -349.3 kNm on the right connections
(Figure 103).
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Figure 103: Evolution of the bending moment in the connections left and right

ll.3.4 Step by step behaviour: step 3 - Loss of the column and
sagging bending moment

In this step, the hydraulic jack at the column top was in displacement control:
velocity of 0.01mm/s, and target displacement of +250 mm (downward). When
the cylinder at the column base was removed (to simulate the column loss), the
hydraulic jack at the column top limited the displacements to 0.01 mm by
second, and the loss of the column was really progressive. The evolution of the
total reaction loads is shown in Figure 104. Note that the structural system at
the beams supports (see Figure 16 in section 11.6.1.2) was not unloaded after
the loss of the column: the beams supports continued to apply vertical loads,
measured by F4 and F.

The first failure that happened was the concrete crushing, but this failure was
really progressive and it is not visible on the chart; the curve seems to continue
without sudden failures. The separation between the concrete and the steel
sheeting, and the crushing of the concrete at the connection zone was visible
around 5h33min (5.56hour). The first bolt suddenly failed after 6h25min
(6.41hour), and the total load (F_+Fgr) reduced from 380 kN to 247 kN. Then the
load increased up to 381kN after 6h30min (6.5hour) before the second bolt
failure around 6h34min (6.57hour). These two bolts were localised in the bottom
row (row 4) of the connection left (see Figure 88). Finally the hydraulic jack
reached its maximum stroke (280 mm), and the test was stopped. The hydraulic
jack was stopped and the load was decreased in other to disconnect the jack.
During this decrease of the load, the joint displaced upwards; then the third bolt
(row 3 of the connection left) suddenly failed, which is not visible in the following
charts.
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Figure 105 shows the evolution of the vertical displacements measured by the
hydraulic jack at the column top, by the wire transducer D000 at the joint, and

Figure 104: Evolution of the loads during the step 3 (sagging bending moment)

by the displacement transducers at mid-span of the beams D002 and D008,

during the step 3. The final vertical displacement measured at the column top

was equal to 250 mm (the wire transducer registered a displacement 4% lower

at the end of the test, probably due to the slight displacement of the reaction

frame at the hydraulic jack base, or to imperfections in the vertical position of

the wire transducer). Table 14 presents the load and displacement values
measured during step 3, at the beginning, at the maximum total reaction load

and just before each bolt failures.
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Figure 105: Vertical displacements near the beam-to-column joint during the entire test
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Table 14: Main reaction loads and displacements during the step 3

Begin of First bolt Second
step 3 — Loss of the column stgep 3 Max. and failure b.OIt
(3h17min) | CM37MIN | (Ghosmin) | failure
(6h34min)
TEMP | Beam bottom flange LEFT — 20 cm 504.7 506.8 504.7 504.7
(2C) [Beam bottom flange RIGHT—20cm | 503.2 418.7 418.7 418.7
Beam support LEFT (F1) -80.83 -27.83 -44.61 -51.38
Load Beam support RIGHT (F2) -85.25 -28.81 -52.55 -61.58
(kN) Column base (F3) -51.70 0.00 0.00 0.00
Column top (F-HJ) -117.7 +458.13 +344.82 +257.02
FL+FR -166.08 +401.48 +247.66 +144.07
Beam mid-span LEFT (D002) +0.77 +62.96 +105.97 +115.11
Displ. | Beam mid-span RIGHT (D008) +0.98 +63.18 +105.62 | +113.86
(mm) | Column base (D000) +4.60 +125.10 +210.9 +227.6
Column Top (D-HJ) -1.68 +131.06 +218.82 +237.06

Figure 106 shows the evolution of the reaction loads during the entire test.
Some loads were still measured by F1 and F2 during step 3 whereas they
should have been unloaded (see §lll.1.2.1), and the load applied at the column
top was reduced by the two loads F{ and F, measured at the beam supports:
Frus+F3+F4+F5, with F1 and F, < 0.
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[} N ] Df Displacement transt
-50 IO I 7 . Ej:llfydrauhc.lad(
! I
-150 A !
!
! .
250 1 -

Figure 106: Evolution of the loads during the entire test

Figure 107 shows the evolution of the vertical displacements during the entire
test. The rotation of the connections is shown in Figure 108, and the last values
corresponded to 85 mrad. Figure 109 shows the evolution of the bending
moment at the joint left and right sides versus time. Finally, Figure 86 shows the
total reaction load (F_+FRr) versus the rotation.
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Figure 108: Rotations at the connections
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Figure 109: Bending moments at the joint vs time
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Figure 110: Total reaction load vs rotation at the connections

111.3.5 Additional data

The horizontal displacements measured at the beam ends are showed in Figure
111. The estimated horizontal displacements at the neutral axis of the steel
beams DpeamnL and R (S€€ §ll.1.1.1) are represented by the red curves; they
displace in the outward direction during the entire test.
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Figure 111: Horizontal displacements at the end of the beams

Figure 112 presents the displacements of the beams out of the plan, measured
by the two displacement transducers D003 and D009 on the beams webs,
(initially situated at 1500 mm from the end-plate); these displacements are
really small.
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Figure 112: Evolution of the displacements measured out of the plan

[11.4 Results of test 3

The global behaviour of the joint during the test is described in the following
section, then the step by step behaviour is detailed, for each loading step.

lll.4.1 Joint behaviour (entire test)
I11.4.1.1 Temperature results

Figure 113 presents the temperatures evolution during the entire test 3 in the
right and left beams (at 200 mm from the connection), in the column centre and
in the bottom bolt row on the right and left connection. The temperature
increase rate was 400°C/hour. At the end of the step 2, temperatures in the
beam bottom flanges of the right and left beams were different: 741°C on the
left and 612°C on the right. This difference happened because of a problem with
the FCP elements connections and was corrected around 4h20min.
Temperatures in beams top flanges were much lower because they were only
heated by heat transfer from web, which was reduced by the composite slab
protection. During step 3, once the bottom flanges temperatures were uniform,
the temperature of 700°C was well kept constant up to the end of the test. The
maximum concrete temperature measured in the slab was 216°C, and the
temperature increase due to conduction in the column above the composite
slab was very limited, with maximum 118°C measured in the column flange at
100 mm from the concrete slab. At the end of the test, maxima temperatures
measured at the joint were: 505°C in bolt heads, 529°C in beams end-plates,
568°C in column web and 483°C in column flanges. The evolutions of all
measured temperatures are detailed in §l111.4.3.
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Figure 113: Evolution of the temperatures during test 3
111.4.1.2Bending moments variation and failure modes

The evolution of the total vertical reaction load (Fiet + Frignt) versus the vertical
displacement of the joint is shown in Figure 114, and the evolution of the
bending moment versus the joint rotation is shown in Figure 115. The hogging
bending moment was initially reached during step 1 (around -400 kNm). At the
beginning of step 2, reaction loads increased due to the thermal expansion of
the structure. After a while, these reaction loads decreased because of the steel
properties degradation due to high temperatures. However, the bottom part of
the column web locally deformed under compression (Figure 116) from the
hogging bending moment. During step 2, a sudden decrease of the loads
happened due to the unloading of the beam supports F1 and F2 (see step by
step behavior, §l111.4.3). In step 3, the loss of the column was really progressive
as the hydraulic jack at the column top imposed a constant displacement rate,
and finally the vertical load at the column top increased up to the failure of the
joint under sagging bending moment. In order to a better characterization of the
elastic stiffness of the joint, an “unloading-reloading” was performed at the
beginning of step 3 (before the concrete crushing in compression). Concrete
crushing in compression was the first failure observed, but this failure was really
progressive and cannot be seen on the moment-rotation curves. The sagging
bending moment reached a maximum value of 359 kNm. No failure of the bolts
was observed during the test; however one bolt failed in tension in the bottom
bolt row of the left side during the cooling phase (see Figure 118). The test was
stopped at 311 mm of vertical displacement because of the uncontrolled
increase of the column rotation, and the stroke of the hydraulic jack was
increased after 100 mm of vertical displacement.
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Figure 114: Total reaction load vs vertical displacement measured at the column top (DHJ)
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Figure 116: Local buckling of the column web on the bottom part (level of the bolt rows 3 and 4)
under hogging bending moment

Figure 117 shows the rotations at the joint left and right sides versus time, as
well as the column rotation. The difference between the rotations right and left
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happened because the column rotated up to around 32 mrad in the opposite
direction of clockwise and created an asymmetric joint deformation (the lateral
restraints of the column at the base were not yet built (see Figure 7 in §l1.2)).
Finally, the test was stopped at 132 mrad and 75 mrad of connection left and
right rotations.
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Figure 117: Rotations at the connections and column rotation

The steel end-plates deformed in the bottom and centre parts and showed a
high ductility (Figure 118).

71 mm
Figure 118: Deformation of the joint at the end of the test

Figure 119 shows the final deformation of the sub-frame the day after the test. It
can be observed in Figure 120 that the bottom flange of the left beam slightly
deformed, and the deformation was located at the boundary between the
heated zone and the unheated part of the beam. The total rotation of the joint
included this small rotation of the beam, and the real left connection rotation
should be slightly smaller than calculated.
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Figure 120: Deformation of the beam bottom flange (left side) — Front view

ll.4.2 Step by step behaviour: step 1 - Initial hogging bending
moment

In this test, another way to apply the initial hogging bending moment was used
and is shown in Figure 121. An initial space between each beam and its support
was created, and the two cylinders located at the end of each beam were used
to increase the loads and close the spaces. However, it was really difficult to
obtain a perfect symmetry and to create exactly the same small space equal to
8 mm (necessary space to reach the target bending moment) at each side,
because of eccentricities and slight differences of self-weight between the two
beams. In order to obtain similar bending moments on the left and on the right,
the right support was elevated in order to have similar spaces, and bending
moments. However, this modification initiated the column rotation, later, under
sagging bending moment (step 3).
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Figure 121: Initial hogging moment in the connection

Figure 122 shows the displacements and loads measured by the displacement
transducers (in green) and the load cells (in red).
F-HJ
D-HJ
L - Left R - Right
D002ﬁ ;ooos
D000 14

= Displ. transducer
F3 F Load cell
HJ = Hydraulic Jack

Figure 122: Main displacements and loads measured during the test 3

Figure 123 presents the evolution of the vertical displacements measured
during step 1. The initial values correspond to the position of the sub-frame at
the beginning of the test, relative to the beam supports. Figure 124 shows the
measured reaction loads, and the initial loads corresponded to the self-weight of
the sub-frame. The two loads F; and F, applied by the cylinders at the beams
ends were increased progressively, which created the different levels in the
charts. Figure 125 shows the concrete cracks developed under hogging
bending moment.
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Figure 123: Vertical displacements near the beam-to-column joint
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Figure 124: Measured reaction loads during the step 1

Figure 125: Initial concrete cracks under the initial hogging bending moment (step 1)
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11.4.3 Step by step behaviour: step 2 - Temperatures (700°C)
111.4.3.1Evolution of the temperatures

Figure 126, Figure 127 and Figure 128 show the evolution of the temperatures
in the beam at respectively 20 cm, 50 cm and 1 m from the end-plate of the
beam. Temperatures in the beam bottom flange right was lower than 700°C at
the beginning of the step 3, but the difference was rapidly corrected.
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Figure 126: Evolution of the temperatures (T) in the beams at 200 mm from the connection
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Figure 127: Evolution of the temperatures (T) in the beams at 500 mm from the connection
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Figure 128: Evolution of the temperatures (T) in the beams at 1 m from the connection

Figure 129, Figure 130 and Figure 131 show the evolution of the temperatures
at the head and at the shank of the bolts at each side of the joint, and at the
end-plate surfaces. For each row, the three measured temperatures (bolt head,
bolt shank and end-plate) were quite closed.
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Figure 129: Evolution of the temperatures (T) in the head of the bolts
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Figure 130: Evolution of the temperatures (T) in the bolts shanks
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Figure 131: Evolution of the temperatures (T) in the end-plates

The evolution of temperatures in the column is presented in Figure 132.
Temperatures varied between 300°C at the top web and 600°C at the center
web during the step 3.
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Figure 132: Evolution of the temperatures in the column

The maxima temperatures measured in the composite slab (16 cm from the
column flange) were: 216°C in the concrete, 272°C in the steel sheet, 95°C in
the steel rebar and 200°C in the head of the shear connector.

Table 15 presents the values of temperatures measured at the minimum
hogging bending moment, at the decrease of the loads (1h48min — see
following §l111.4.3.2) at the end of step 2 and at the end of the test; differences
(diff.) between connections left and right are showed.
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Table 15: Temperatures details

Min. Hogging
bending moment

Localised max load

End of the step 2

End of the Test

1h24min (1.4h)

1h48min (1.8h)

3h02min (3.04h)

7h01min (7.03h)

Diff. Diff. Diff Diff.
Left |Right | (%) |Left |Right |(%) |Left |Right |(%) |Left |Right |(%)
Top fl. 20cm --- 1121.0| --- --- 1156.3| --- --- |237.8| --- --- 12823 --
Web top 20cm |357.0(257.0| 28.0 |512.1|321.0| 37.3 |577.2|471.1| 18.4 |508.6|537.0| -5.6
Web centre 20
cm 419.5(313.7| 25.2 {606.6|400.1| 34.0 |764.3|608.4| 20.4 |629.4 |665.3| -5.7
Web bott. 20 cm [ 406.4|318.5| 21.6 |599.5(431.0| 28.1 |787.1|663.0| 15.8 |677.6|722.2| -6.6
Bottom fl. 20
cm* 336.2|268.5| 20.2 |510.0|396.1| 22.3 |741.5|611.7| 17.5 |676.2|683.4 | -1.1
Top flange 50 cm | 117.6 | 103.8 | 11.7 |174.8|125.7| 28.1 |205.8|186.8| 9.2 [252.2|220.5|12.6
Web centre 50
cm 389.9|276.8| 29.0 |563.7|361.9| 35.8 |549.2 (532.6| 3.0 [557.4|545.6| 2.1
Bott. fl. 50 cm* | 248.1|413.6|-66.7 | 356.5|603.7 | -69.3 | 534.8 |580.9| -8.6 |592.9|615.7 | -3.9
Top flange 1 m 22.3| 26.5|-18.8| 27.1| 30.9|-14.0| 52.0| 52.8| -1.5 | 86.9| 80.6| 7.2
Web centre 1 m 29.1| 33.0|-13.4| 40.5| 444 -9.6 97.9/102.6| -4.8 |156.6|151.2| 3.4
Bott. fl. 1 m 26.8| 29.5|-10.1| 38.9| 45.4|-16.7|105.1|124.8|-18.7|187.4|191.4|-2.1
Col. web centre |[326.3 --- |468.6 --- |583.0 --- |567.8 ---
Col. fl. centre 187.7 --- 1292.9 --- 1499.5 --- 1482.6 ---
Bolt head r-1 - |189.2| --- --- |281.6| -- - |319.1| --- - |377.8| ---
Bolt head r-2 203.8| 294|-44.3|308.3|416.5|-35.1|463.3|388.1| 16.2 |462.7|440.4| 4.8
Bolt head r-3 243.7 |1404.8|-66.1|380.7 |561.8|-47.6 |1619.4492.7 | 20.5 |505.4|494.8| 2.1
Bolt head r-4 242 (327.3|-35.2386.6|472.5|-22.21639.9|490.2| 23.4 |{494.4| 479 3.1
Bolt Inr-1 151.6|184.8|-21.9|218.3|275.5|-26.2 |335.1|317.1| 5.4 |367.7| 374|-1.7
Bolt Inr-2 2186 -- - |3169| --- -~ |461.2| --- - |467.7| --- -
BoltInr-3 313.3|484.1|-54.5|446.7 |626.6 | -40.3 6431480.9| 25.2 {505.5|493.9| 2.3
Bolt Inr-4 283.9|524.2 |-84.6 |432.2 |607.8 | -40.6 |651.4 | 466.4 | 28.4 |496.5|476.4| 4.0
End-plate r-1 1559| 181|-16.1(229.5| 271|-18.1(375.2|308.6| 17.8 |400.3(367.1| 8.3
End-plate r-2 229.8270.5(-17.7 |338.1|387.1|-14.5532.2|374.4| 29.7 |512.1426.2|16.8
End-plate r-3 248.2 1336.6 |-35.6 |372.8|495.3|-32.9 |601.3|489.3 | 18.6 |528.6|484.4| 8.4
End-plate r-4 245(288.2|-17.6 |378.2|437.6 | -15.7 | 630.4| 491| 22.1 |498.8 |465.5| 6.7

111.4.3.2Evolution of the displacements and loads

At the end of the step 1, the hydraulic jack was not unloaded, and continued to
apply a vertical load in the upwards direction: the column was in suspension at
the top instead of being supported at the base. It was not observed during the
test because the apparent load was initialized (equal 0), and it was asked to the
jack to maintain the load constant during the step 2 (force control). In reality, it
was asked to the jack to maintain the tensile force at the top of the column
equal to 283 kN (Figure 133). During the heating, the structure began to expand
and to be supported by the cylinder at the column base, releasing loads at the
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top of the column (at the jack). In order to keep constant the load in the jack, the
stroke had to displace in the upward direction (Figure 134).

Thew deformation under hogging bending moment was increasing too much
and the loads were slightly decreased at: i) the beams supports around
1h24min. However, instead of a slight reduction, the hydraulic pump removed
too much oil pressure in the two small cylinders at the beams supports, which is
showed by the sudden decrease of the loads (A in Figure 133); then a certain
level of oil pressure was increased again; ii) the jack (decrease of 50kN) (B).
The sub-frame reached its maximum resistance capacity at 1h48min (C); after
this point, all the loads began to decrease because of the material capacities
decreasing (maximum temperature equal to 606°C in the left beam web, and
506°C and 396°C in beams bottom flanges left and right). Finally, at 2h05min
(D), the hydraulic jack reached its displacement capacity (jack completely
closed — see Figure 134) and the loads decreased. Table 16 presents all the
values of temperatures, loads and displacements (step 2) for each point from A
to D.

Increase of loads at

the COIum? base Time (hour) Total load cells F1 + F2
0 | . . T T T T T T —— Hydraulic jack + F3
0 ANL6 1,8 22 24 26 28 3, —F1
-50 - g F2
iy ——F3

6
1
1
1
1
1
1
1
1
1
1

_-100 ~ —— Hydraulic Jack

g F-HJ

=-150 - ! D-HJ

.‘3 m Hi@:/; L ;ﬁLeﬁ R- Right F*gﬂ

=-200 -% D00 D008

§ : ptep|2 : D000 %4
©-250 -+ (Temp) - ! D = Displ. transducer
o ! ‘\D: No more displacement F3| F = Load cell

o«

-300 - upward at the J:ack HJ = Hydraulic Jack
! .

350 T~ C: Maximum :
: resistance capacity

-400 1
A Sudden decrease ot B: Decrease of 50 kN

the loads F, and F; at at the jack (column top)
beam supports

Figure 133: Reaction loads
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Figure 134: Vertical displacements near the beam-to-column joint during the increase of
temperatures

Table 16: Main reaction loads and displacements during the step 2

Begin A: Hogging B: Modif. of | C: Local | D: Min End of
STEP 2 - Temperatures | of the | bending moment | the load at the Max displ. at the
step 2 too high jack load the jack step2
. 37min . 1h28min 1h48min | 2h05min | 3h02min
Time (0.62h) | 1h24min (1.4h) (1.47h) (1.8h) | (21h) | (3.04h)
Beam bottom
flange LEFT - 21.75 336.2 371.75 510 709 741.45
TEMP 20cm
(°C) Beam bottom
flange RIGHT - | 25.25 268.45 291 396.1 485.9 611.7
20cm
Beam support
LEFT (F1) -138.6 -168.5 -122 -133.9 -96.4 -30.1
Beam support
RIGHT (F2) -145.6 -162.7 -120.9 -160.7 -122 -33.2
Total reaction
Load Load (F1+F2) -284.2 -331.2 -242.9 -294.6 -218.4 -63.3
(kN) Col. base (F3) -10.7 -96.5 -3 -72.4 -0.7 -0.3
Col. top (F-HJ) | -283.2 -283.1 -251.8 -233.3 -233.2 -105.2
Total reaction col.
(F-HJ+F3) -293.9 -379.6 -254.8 -305.7 -233.9 -105.5
Beam mid-span
LEFT (D002) -8.82 -11.26 -15.82 -14.78 -14.5 -14
Beam mid-span
Displ. RIGHT (D008) -8.2 -10.14 -17 -15.92 -15.74 -13.54
(Mm) | col. base (D000) | -14.7 12.6 -15.9 -13.1 153 | -18.3
Col. top (D-HJ) | -19.99 -20.71 -22.8 -22.01 -27.19 -27.89

Figure 135 presents the evolution of the bending moments during the increase
of temperatures.
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Figure 135: Evolution of the bending moment in the connections during the steps 1 and 2

lll.4.4 Step by step behaviour: step 3 - Loss of the column and
sagging bending moment

Figure 136 shows the evolution of the vertical displacements measured by the
hydraulic jack at the column top, by the wire transducer DOOO at the joint, and
by the displacement transducers at mid-span of the beams D002 and D008,
during the step 3. The hydraulic jack measured a final vertical displacement
equal to 311 mm (the wire transducer registered a displacement 8% lower at
the end of the test, probably due to the slight displacement of the reaction frame
at the hydraulic jack base, or to imperfections in the vertical position of the wire
transducer). whereas the wire transducer registered a displacement equal to
287 mm. The horizontal displacement measured at the column base (D016) and
used for the rotation calculation is also presented.

350 Modification of the jack
Step 3 (M%) target displacement

300

. IDownward -Ri
250 - | L - Left R - Right Wﬂ
: Modification of the D002 jpoos /3!
loading velocity D000 7%%%
Displ. transducer [“5o4e
Load cell F3
= Hydraulic Jack
150 -

I

I

I

I
200

: Unloading - reloading

I

I

I

Measured displacements (mm)

100
D002
50 ——DO008
Time (hour) ——D000
0 T T 1 .
6 6.5 ] D Hydraulic Jack
-50 ——DO016

Figure 136: Vertical displacements near the beam-to-column joint during the entire test

The evolution of the loads measured by the load cells during the loss of the
column and the increase of the vertical load is shown in Figure 137. The first
failure that happened was the concrete crushing, but this failure was really
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progressive. The maximum load reached by the jack was 253 kN. No bolts
failed during the test. Figure 138 shows the evolution of the bending moment at
the joint left and right sides versus time. Figure 139 and Figure 140 present the
evolution of respectively the reaction load versus the rotation, and the bending
moment versus the vertical displacement of the joint.
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-100

-150 -

Figure 137: Evolution of the loads during the step 3 (sagging bending moment)
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Figure 138: Bending moments (M) at the connections left and right
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Figure 139: Total reaction load vs rotation at the connections
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Figure 140: Bending momen

t in the left connection vs vertical displacement measured at the
column top by the hydraulic jack

The horizontal displacements measured at the beam ends are showed in Figure
141 The estimated horizontal displacements at the neutral axis of the steel

beams Dbeam,h,L and R (See

§l11.1.1.1) are represented by the black curves; during

step 3, because of the column rotation, the left and right beams ends displaced
respectively in the outwards and inwards directions.
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Figure 141: Horizontal displacements at the end of the beams

[11.5 Results of test 4

The global behaviour of the joint during the test is described in the following
section, then the step by step behaviour is detailed, for each loading step, and
finally, additional data a presented.

111.5.1 Joint behaviour (entire test)
I11.5.1.1 Temperature results

Figure 142 presents the temperatures evolution during the entire test 4 in the
right and left beams (at 200 mm from the connection), in the column centre, in
bolts from row 3 and in concrete. Around 1h, during step 2, the temperature
increase rate was modified from the maximum rate to 400°C/hour, which
created a peak in temperatures curves. Finally, 500°C was reached in the beam
bottom flanges, whereas the temperatures increased faster in the beams webs
because of the reduced thickness. Temperatures in beams top flanges were
much lower because they were only heated by heat transfer from the web,
which was reduced by the composite slab protection. However, a problem
occurred in the right beam: the temperatures values were varying with quite
high oscillations. It should probably be due to a deficient contact in a
thermocouple of control (see §l1.6.2). During step 3, the temperature was well
kept constant in the beam bottom flanges, mainly in the left beam. Concrete
temperatures did not rise above 200°C. At the end of the test, maximum
temperatures measured at the joint were: 371°C in bolt heads, 389°C in beam
end-plates, 430°C in column web and 372°C in column flanges. The evolutions
of all measured temperatures are detailed in §lI1.5.3.
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Figure 142: Evolution of the temperatures during test 4
I11.5.1.2Bending moments variation and failure modes

The evolution of the total reaction load versus the vertical displacement of the
joint, and the bending moment versus the rotation are depicted in Figure 143
and Figure 144, whereas Figure 145 shows the evolution of the bending
moment at the joint versus the beam axial load (measured at the restraint and
projected in the beam direction, Frestrax)-

The hogging bending moment was initially reached during step 1, followed by a
variation of this moment during the increase of temperatures in step 2. This
initial hogging bending moment reached -226 kNm on the left and -229 kNm on
the right connections respectively. At the beginning of step 2, reaction loads
increased due to the thermal expansion of the structure. After a while, these
reaction loads decreased because of the steel properties degradation due to
high temperatures: the minimum hogging bending moment reached -372 kNm
on the left and -379 kNm on the right connections (which correspond to a
vertical load at the column (F+F3) equal to -275 kN). In step 3, the loss of the
column was really progressive as the hydraulic jack at the column top imposed
a constant displacement rate, and in order to a better characterization of the
elastic stiffness of the joint, an “unloading-reloading” was performed before the
concrete crushing in compression. The maximum total vertical reaction load
(439 kN) was reached for a rotation of 20 mrad, a vertical displacement of 60
mm, and axial restraint compression loads equal to 1045 kN and 1019 kN on
the left and right sides. The axial restraints were connected to the beams since
the beginning of the test. During step 1, the reaction loads and displacements
created by the application of the initial hogging bending moment were not
sufficient to create axial forces to the beams. During steps 2 and 3, the beams
ends were moving outwards and the restraints worked in compression.
Concrete crushing in compression was the first failure observed, but this failure
was really progressive and cannot be identified on the force-displacement /
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moment-rotation curves; the concrete was crushed against the column flange
(Figure 146) around 79 mm of vertical displacement (total reaction load of 430
kN, bending moments around 730 kNm, and rotations around 25 mrad); and
around 148 mm of vertical displacement, the concrete from the composite slab
was crushed on the entire slab width (total reaction load of 357 kN, bending
moments around 750 kNm, and rotations around 50 mrad). Finally bending
moments of 768 kNm and 746 kNm were reached on the left and right
connections respectively, for which corresponded rotations respectively equal to
41 mrad and 42 mrad (or 123 mm of vertical displacement; a total vertical
reaction load (F_+FRr) equal to 387 kN; and axial restraints loads equal to 1080
kN and 1055 kN on the left and right sides respectively).

800 - Step 3 (M") ——— M-Rotation-L - step 1
2 700 B S T - - — M-Rotation-R - step 1
T E 600 v —— M-Rotation-L - step 2
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g 49.- 300 - - - - M-Rotation-R - step 3
w @
£ £ 200 -
-
c 8 100 -/
g ! .
] o h . . . . . . Rotlatlon (Imrad)I
-1900 10 20 30 40 50 60 70 80 90
Step 1 (M)
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2300 ep 2 (Temp.)
laco $M|eﬁymin =-372 KNm
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Figure 143: Bending moment vs rotation at the connection (the different gradient of colors
define the different steps)
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Figure 144: Total reaction load (F_+ FRr) vs vertical displ. measured at the column top (Dy,)
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Figure 145: Bending moment vs axial forces at the

connections (Fresirax)

Figure 146: Concrete crushed against the column flange

Figure 147 shows the rotations at the joint left and right sides versus time, as
well as the column rotation. The column rotation was very small (2.4 mrad)
thanks to the lateral restraints of the column (see Figure 7 in §ll.2). The test was
stopped at 83 mrad and 89 mrad of connections left and right rotations.
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Figure 147: Rotations at the connections (Rot_Connection Left and Right) and column rotation

The test was stopped because the maximum vertical displacement was reached
by the jack: the vertical displacement of the joint was 246 mm. During the
cooling phase, the final deformation was maintained by the hydraulic jack, and
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two bolts failed. The two failed bolts were located in the fourth row of the
connection right (see Figure 148). The steel end-plates deformed in the bottom
and centre part and showed a high ductility. The final deformation of the sub-
frame is shown in Figure 149.

_ Al -RIGHT
Two bolts
failed

LFront-r4 LBack-r4
TEST 4 (deformed)

RFront-r4 RBa!—rl

TEST 4 (failed)

W

S = B

Figure 149: Final deformation of the sub-frame

Due to the high compression forces from the total restraint to the beam,
combined to thermal expansions and sagging bending moment, local
deformations happened: the two webs from beams left and right slightly locally
buckled (Figure 150); the steel web of the column (level of rows 1 and 2) locally
buckled (Figure 151a); the left side of the column deformed just behind the slab
(Figure 151b); the right beam flanges locally buckled (Figure 152). Figure 151¢c
shows the column flanges on the bottom part slightly deformed under tensile
loads (under sagging bending moment).
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a) b)

Figure 150: Local buckling of the beam webs: a) right beam, view from the back, b) left beam,
view from the back

Figure 151: a) Local buckling of the column web (view from the front side); b) local deformation
of the column flange left side (at the level of the concrete slab), view from the back; c) local
deformation of the column flange at the bottom part

Figure 152: Local buckling of the flanges from the right beam (view from the back)

1l.5.2 Step by step behaviour: step 1 - Initial hogging bending
moment

Figure 153 presents the evolution of the vertical displacements measured near
the beam-to-column joint during the step 1. The initial hogging bending moment
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was applied in three phases (see §ll.5): i) the beams were restrained at the
supports and the column was free at the base; ii) phase 1: the hydraulic jack
increased the vertical load at the column top and pulled the column upwards; iii)
phase 2: the column base support (single acting cylinder) was set up; iv) phase
3: the load at the column top was completely transferred to the sub-frame
supports. During the phase 2 (set up of the column base support), the cylinder
increased the load at the column base, and slightly modified the displacement
of the column joint as well as the reaction load at the column top (see Figure
154).
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_ -l 03 04 05 06 07 08 )09 DO00
€ 2 Step 1. (M) | Step 2 D008
% 4 . (Temp) D_H)
t 5 D002
£
S -6
S -7
a -8
2 9
5 -
E -10 R - Right ;@Aﬂ g
s -11 jpoos T%J
E 12 D000 14
-13 FéfI_D\sz\achmenttransducer
-14 HJ_= Hydraulic Jack

Difference of 4mm
between Dy, and D000
and D028 because of
the clearances at the
hydraulic jack pins
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Phase 2: Phases\ Unloading of the
Application of the  load at the column top
column support

Figure 153: Vertical displacements near the beam-to-column joint during the application of the
initial loads (hogging bending moment)

Figure 154 presents the comparison between the sum of the loads measured at
the column (Fuy+F3) and the sum of the reaction loads measured at the beam
supports (F_+FRr). Before loading the joint, the end of each beam was vertically
restrained and an initial load (-117 kN) was measured by the load cells F1 and
Fa.
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Figure 154: Load applied by the hydraulic jack compared to the sum of the reaction loads at the
supports

111.5.3 Step by step behaviour: step 2 - Temperatures (500°C)

The second loading step consisted to the slow increase (around 400°C/hour) of
the temperature in the heated zone, until reaching 500°C in the beam bottom
flanges (at a distance of around 20 cm from the joint). Increasing slowly allowed
a better control of the sub-frame behaviour. The hydraulic jack at the column
top was in force control; in order to allow free thermal expansion of the column
top, a constant load of 0.1 Tf was imposed (see §l11.6.1.1).

111.5.3.1Evolution of the temperatures

Figure 155, Figure 156 and Figure 157 show the evolution of the temperatures
in the beams at respectively 20 cm, 50 cm and 1 m from the end-plate. Note
that a problem occurred in the right beam: the temperatures values are varying
with quite high oscillations. The problem should probably be due to a deficient
contact in a thermocouple of control (see §l1.6.2).

Figure 158, Figure 159 and Figure 160 show the evolution of the temperatures
at shank and at head of the bolts at each side of the joint, and at the end-plates
surface.
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Figure 155: Evolution of the temperatures (T) in the beams at 20 cm from the connection during

the test 4 (BR = beam right; BL = beam left)
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Figure 156: Evolution of the temperatures (T) in the beams at 50 cm from the connection during

the test 4 (BR = beam right; BL = beam left)
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Figure 157: Evolution of the temperatures (T) in the beams at 100 cm from the connection

during the test 4 (BR = beam right; BL = beam left)
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Figure 158: Evolution of the temperatures (T) in the shank of the bolt during the test 4 (CR =
connection right; CL = connection left)
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Figure 159: Evolution of the temperatures (T) in the head of the bolts during the test 4 (CR =
connection right; CL = connection left)
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Figure 160: Evolution of the temperatures (T) in the end-plates during the test 4 (CR =

connection right; CL = connection left)
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The evolution of temperatures in the column is presented in Figure 161;
temperatures at the column centre (T-Col-1 to 3) are higher than at the web
ends (top — T-Col-7, or bottom — T-Col-4/5).
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Figure 161: Evolution of the temperatures in the column during the test 4

The evolution of temperatures in the composite slab is depicted in Figure 162,
and measured points are shown in Figure 34, section 11.8.3 (p24).
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Figure 162: Evolution of the temperatures in the composite slab during the test 4
111.5.3.2Evolution of the displacements and loads

In Figure 163 are compared the evolution of the reaction loads in both beams
supports (F +Fgr) with the reaction loads at the column (F3 + Fy;). At the
beginning of step 2, the reaction loads increased due to the thermal expansion
in the heated zone. The reaction loads reached a maximum value (-271 kN). At
this moment, the temperatures in the beams bottom flanges were equal to
433°C on the left and 404°C on the right beams (Figure 164). The following
decrease of the loads should be due to the reduction of the steel mechanical
properties.
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Figure 163: Comparison of the total load into the column (FHJ + F3) with the total reaction load
at the beams supports (F1 + F2)

1000 -+ =

| Step 2 MRS I

£ 900 (Temp) T AN
/, ° Ss ~

2 800 i WESE NN
- | 77 N \.L\
s 700 1!
h o~ |
% E‘— 600 - :
c € 500 '
- S :
g N 400 14
2 1
S 300 1! ==
[}

[}
g 200 4
()} |
= 100 4! -

0 Time (hour) !
08 1 12 14 16 18 2 22 24 26 28

Figure 164: Evolution of the temperatures (T) in the beams at 20 cm from the connection during
the step 2 (BR = beam right; BL = beam left)

Figure 165 shows the vertical displacements measured during step 2 below the
joint (D000 and D028), at the beams mid-span (D002 and DO08) and at the
hydraulic jack located at the top of the column.
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Figure 165: Vertical displacements near the beam-to-column joint during the increase of
temperatures

At the beginning of step 2, the column section below the joint was moving
downwards (transducers D000 and D028). The column was supported at the
base by a cylinder, and in order to check if the cylinder kept its position constant
during the increase of the temperatures, the vertical movement of the column
base was measured by two wire transducers (D031 and D032, see Figure 166).
During the heating, the pressure of the cylinder was regularly adapted in order
to keep D031 and D032 as much as possible constant (Figure 167); however,
D000 and D028 measured vertical displacements of the joint in the downwards
direction. One reason could be that the steel bars where the wire transducers
D000 and D028 were connected could be hot and perhaps slightly deformed in
the downward direction (under self-weight).

Load cell (F5) Load cell (F4)

Load cell (F3)

ire transducer

Wire transducer D032

D031

Figure 166: Wire transducers (D031 and D032) at the column base support (back view)
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Figure 167: Vertical displacements measured near the beam supports (D013 and D014) and at
the column base (D031 and D032) during the increase of temperatures

The thermal expansion of the column can be deduced from the vertical
displacements measured at the column top (Dny) and at the joint (D000/D028).
As shown in Figure 168, from the beginning to the end of the step 2, the column
top (Dny) displaced upwards of 1.35 mm, and the joint displaced downwards of
2.9 mm (average value). Finally, the dilatation was estimated as the addition of
both dilatations, i.e. 4.25 mm of dilatation.
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Figure 168: Total dilatation of the column during step 2

The evolution of the bending moment during the increase of temperatures is
shown in Figure 169.
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Figure 169: Evolution of the bending moment in the connections (Left and Right) during the
steps 1 and 2
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1l.5.4 Step by step behaviour: step 3 - Loss of the column and
sagging bending moment

The step 3 corresponded to the loss of the column and the increase of the
sagging bending moment in the joint. Before the loss of the column, the
hydraulic jack at the top of the column was changed to displacement control
(velocity equal to 0.02 mm/sec); the cylinder at the base was progressively
removed; and finally, the displacement at the top of the column was increased
(increase of the joint sagging bending moment) up to the failure of the joint.
Note that the structural system at the beams supports (see Figure 16 in section
11.6.1.2) was not unloaded after the loss of the column: the beams supports
continued to apply vertical loads, measured by F¢ and F».

Figure 170 shows the evolution of the vertical loads measured by the hydraulic
jack (Fny+F3) at the top of the column, by the load cells (F1+F2) at the top of the
beams supports, and by the vertical components of the restraints loads
(F restr v r+L); the load applied at the column top was reduced by the two loads
F1 and F, measured at the beam supports: Fy+F3+F4+F;,, with F1 and F, < 0.
The evolution of the slab deformation and cracks is shown in Figure 171. The
concrete crushed against the column flanges around 4h06min, and finally the
entire slab width failed (5h). The concrete crushing against the column flanges
correspond more or less to the maximum load Fu;. The concrete also crushed
at the ends of the composite slab: this failure happened under sagging bending
moment, and should be due to the concrete compression struts created on the
last row of the shear studs because the slab was stopped before the end of the
beam.

Concrete crushed against the column
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separated from the  of the composite beams at 4h06min along the entire
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Figure 170: Evolution of the vertical loads during the step 3 (loss of the column and increase of
the vertical load)
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Figure 171: Evolution of the concrete crushing

Figure 172 shows the evolution of the vertical displacements measured i) by the
hydraulic jack Duy; ii) by the wire transducers D000 and D028, and iii) by the
displacement transducers at mid-span of the beams (D008 and D002). The
maximum displacement measured by the hydraulic jack was 246 mm.
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Figure 172: Vertical displacements near the beam-to-column joint during the entire test

Figure 173 presents the reaction loads measured during the test 4: at the
hydraulic jack (Fny), at the column base (F3), at the beams ends (F1 and F»),
and finally at the axial restraints to the beams (Frestrranda L) (S€€ §lII.1).
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Figure 173: Evolution of the loads during the entire test

Figure 174 shows the evolution of the bending moment versus time at the

connections during the entire test.
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Figure 174: Bending moments at the connections left and right

Figure 175 and Figure 176 present the evolution of the total
versus the joint rotation and the beam axial load respectively.

reaction load
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Figure 176: Total reaction load (F_+ Fg) vs axial forces at the joint (Frestrax)

111.5.5 Additional data

The evolution of the vertical and horizontal components of the axial restraint

loads, Fspv and Fspn, are showed in Figure 177.

restraints are shown in Figure 178, with maximum
mrad on the right.

The rotations of the axial
38 mrad on the left and 35
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Figure 177: Projections of the restraints loads along the horizontal (h) and vertical (v) axis
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Figure 178: Axial restraints rotations (L = left; R = right)

The horizontal displacements measured at the beam ends are showed in Figure
179. The estimated horizontal displacements at the neutral axis of the steel
beams Dpeamn.L and R @re represented by the black curves (see §llI.1).
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Figure 179: Horizontal displacements at the beams ends

Figure 180 presents the displacements of the beams out of the plan, measured
by the two displacement transducers D025 and D026 at the beam ends, and by
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the two transducers D003 and D009 on the beams webs, initially situated at
1500 mm from the end-plate.
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Figure 180: Evolution of the displacements measured out of the plan

Figure 181 presents the measured displacements of the auxiliary’s structures
(steel and concrete footings and strong beams connected to the strong walls).

Step 3 (M")

Measured displacements of the
auxiliary structure (mm)
N
Sten 1 (M)

-6 -

Figure 181: Measured displacements of the steel and concrete footings, and of the strong
beams linked to the walls (see Figure 31 in §l1.8.2 for the position of the displacement
transducers)

l11.6 Results of test 5

The global behaviour of the joint during the test is described in the following
section, then the step by step behaviour is detailed, for each loading step, and
finally, additional data a presented.

111.6.1 Joint behaviour (entire test)

I11.6.1.1 Temperature results

Figure 182 presents the temperatures evolution during the entire test 5 in the
right and left beams (at 200 mm from the connection), in the column centre and
in bolts from row 4. One modification for this test was the position of the four
FCP elements on bolts: instead of being located on the end-plate, they were
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placed on the column flanges (see §l1.6.2). The objective of this modification
was to observe if the position of these elements would influence the local
deformation of the end-plate centre; obviously, as presented after, the FCP
elements position had no influence and the end-plate deformed in the same
way. The temperature increase rate was 300°C/hour in the beam bottom
flanges. These bottom flanges reached 700°C, whereas the temperature
increased faster in the right beam web because of the reduced thickness; the
left beam web did not increased so much because one FCP element located on
the web burned and stopped working at the beginning. Temperatures in beams
top flanges were much lower because they were only heated by heat transfer
from web, which was reduced by the composite slab protection. During step 3,
the temperature was well kept constant in the beam bottom flanges. Around 7h,
the deformation of the sub-frame created openings at the thermal isolation
which reduced the temperatures in the beams bottom flanges; the transformer
machine increased electrical power sent to the FCP elements, which made
increased some temperatures at beams webs, and column. Concrete
temperatures did not rise above 200°C, with maximum 100°C measured at the
top of the slab. At 7h, maximum temperatures measured at the joint were:
502°C in bolts, 500°C in beam end-plates, 533°C in column web and 495°C in
column flanges. The evolutions of all measured temperatures are detailed in
§111.6.3.

1000 - ;
I R = Right; L = Left
900 +

G |

.g-|‘ [}

o 800 1 Beam top flange 20cm L

‘?B' 700 - : - — = Beam top flange 20cm R

- [}

a ! Beam web centre 20cm L

€ 600 !

2 \ - - - Beam web centre 20cm R
500 1 Beam bottom flange 20cm L
400 4 i - = — Beam bottom flange 20cm R

! Col flange centre L
300 1,

. Col web centre
200 - Col flange centre R

[}
100 1| - == Bolt-row4R

0 ) : Time (hour) Bolt-row 4 L
0 1 2 3 4 5 6 7

Figure 182: Evolution of the temperatures during test 5
111.6.1.2Bending moments variation and failure modes

The evolution of the total reaction load versus the vertical displacement of the
joint, and the bending moment versus the rotation are depicted in Figure 183
and Figure 184. Figure 185 shows the evolution of the bending moment at the
joint versus the beam axial load (measured at the restraint and projected in the
beam direction, Frestrax). The hogging bending moment was initially reached
during step 1, followed by a variation of this moment during the increase of
temperatures in step 2. This initial hogging bending moment reached -392 kNm
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on the left and -393 kNm on the right connections. These values are higher than
it should be (target bending moment: -236 kNm) and increased when the
column base support was applied (see step by step behavior in §111.6.2). At the
beginning of step 2, reaction loads increased due to the thermal expansion of
the structure. After a while, these reaction loads decreased because of the steel
properties degradation due to high temperatures: the minimum hogging bending
moment reached -499 kNm on the left and -490 kNm on the right connections
(which corresponds to a vertical load at the column equal to -376 kN). In step 3,
the loss of the column was really progressive as the hydraulic jack at the
column top imposed a constant displacement rate, and in order to a better
characterization of the elastic stiffness of the joint, an “unloading-reloading” was
performed around 3h56min, before the concrete crushing in compression. The
maximum total vertical reaction load (435 kN) was reached for a rotation of 20
mrad, a vertical displacement of 61 mm, and axial restraint compression loads
equal to 1528 kN and 1518 kN on the left and right sides. The axial restraints
were connected to the beams since the beginning of the test. During step 1, the
loads and displacements created by the application of the initial hogging
bending moment were not sufficient to create axial forces to the beams. During
steps 2 and 3, the beam ends were moving outwards and the restraints worked
in compression. Concrete crushing in compression was the first failure
observed, but this failure was really progressive; around 69 mm of vertical
displacement, the concrete was crushed against the column flange (Figure
186a, b), around 108 mm of vertical displacement (rotation of 35 mrad on the
left connection), half of the concrete slab was crushed on the front, and around
156 mm of vertical displacement, the concrete from the composite slab was
crushed on the entire slab width (Figure 146c¢). During the concreting of test 5, a
support situated near the column (back side) fell down, which created a higher
thickness of the slab on this side (the slab thickness on the extreme front side
was 60 mm, whereas the slab thickness on the extreme back side was 100
mm). Maxima sagging bending moments were reached: 827 kNm and 898 kNm
on the left and right connections respectively, for which corresponded rotations
respectively equal to 45 mrad and 50 mrad (or 138 mm of vertical displacement;
a total vertical reaction load (FL+FR) equal to 325 kN; and axial restraints loads
equal to 1640 kN and 1668 kN on the left and right sides respectively). The jack
length capacity was increased after the concrete crushing against the column
flanges.
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Figure 183: Bending moment vs rotation at the connection
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Figure 184: Total reaction load (F_+ FR) vs vertical displ. measured at the column top (Dy,)
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Figure 185: Joint bending moment vs axial forces at the joint (Frestrax)
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Figure 186: Concrete crushed: a) and b) against the column flanges (4h42min); c) at the end of
the test

The test was stopped because the maximum vertical displacement was reached
by the jack: the vertical displacement of the joint was 337 mm. No bolts failed
during this test; the steel end-plates deformed in the bottom and centre part and
showed a high ductility (see Figure 187). The final deformation of the sub-frame
is shown in Figure 188.
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Figure 188: Final deformation of the sub-frame

Local buckling under compression loads of beams webs was not observed;
however, due to the web thermal expansion under elevated temperatures, the
beam bottom flange deformed (Figure 189a). Moreover, the right beam bottom
flange straitened (Figure 189b). Due to the high compression forces (total
restraint to the beam) combined to hogging and sagging bending moments,
local bucklings happened: at the steel web of the column (level of rows 3 and 4)
under hogging bending moment (Figure 190a); at the right beam top flange
under sagging bending moment (Figure 190b).
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a) b)
Figure 189: Local deformations of the beams: a) slight deformation out of the plane — left beam,
b) shrinkage of the bottom flange — right beam

a) b)
Figure 190: Local buckling a) of the column web at the bottom part (view from the front side), b)
of the top flange from the right beam (view from the back)

Figure 191 shows the rotations at the joint left and right sides versus time, as
well as the column rotation. The column rotation was very small (6 mrad) thanks
to the lateral restraints of the column (see Figure 7 in §ll.2). The test was
stopped at 122 mrad and 126 mrad of connection left and right rotations. The
joint rotation calculation included any beam rotation or deformation: Figure 192
and Figure 189b show the eventual formation of a plastic hinge at the border
between the heated zone and the cooler part of the right beam (more visible

than for the left beam).
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Figure 191: Rotations at the connections (Rot_Connection Left and Right) and column rotation

Figure 192: Beam rotation near the joint

11.L6.2 Step by step behaviour: step 1 - Initial hogging bending
moment

Figure 193 presents the evolution of the vertical displacements measured near
the beam-to-column joint during the step 1. The initial hogging bending moment
was applied in three phases: i) the beams were restrained at the supports and
the column was free at the base; ii) phase 1: the hydraulic jack increased the
vertical load at the column top and pulled the column upwards; iii) phase 2: the
column base support (single acting cylinder) was set up; iv) phase 3: the load at
the column top was completely transferred to the sub-frame supports.

Figure 194 presents the comparison between the sum of the loads measured at
the column (Fny+F3) and the sum of the reaction loads measured at the beam
supports (F_+FRr). Before loading the joint, the end of each beam was vertically
restrained and an initial load (-125 kN) was measured by the load cells F1 and
Fo.
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Figure 194: Comparison between the load applied by the hydraulic jack at the top of the column
and the reaction loads at the beams supports

111.6.3 Step by step behaviour: step 2 - Temperatures (700°C)

The second loading step consisted to the slow increase (around 300°C/hour) of
the temperature in the heated zone, until reaching 700°C in the beam bottom
flanges (at a distance of around 20 cm from the joint). Increasing slowly allowed
a better control of the sub-frame behaviour. The hydraulic jack at the column
top was in force control; in order to allow free thermal expansion of the column
top, a constant load of 0.1 Tf was imposed (see §l11.6.1.1).
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111.6.3.1Evolution of the temperatures

Figure 195, Figure 196 and Figure 197 show the evolution of the temperatures
in the beams at respectively 20 cm, 50 cm and 1 m from the end-plate.
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Figure 195: Evolution of the temperatures (T) in the beams at 20 cm from the connections

during the test 5 (BR = beam right; BL = beam left)
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Figure 196: Evolution of the temperatures (T) in the beams at 50 cm from the connections

during the test 5 (BR = beam right; BL = beam left)
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Figure 197: Evolution of the temperatures (T) in the beams at 100 cm from the connections
during the test 5 (BR = beam right; BL = beam left)

Figure 198, Figure 199 and Figure 200 show the evolution of the temperatures
at shank and at head of the bolts at each side of the joint, and at the end-plates
surface.
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Figure 198: Evolution of the temperatures (T) in the shank of the bolt during the test 5 (CR =
connection right; CL = connection left)
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Figure 199: Evolution of the temperatures (T) in the head of the bolts during the test 5 (CR =
connection right; CL = connection left)
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Figure 200: Evolution of the temperatures (T) in the end-plates during the test 5 (CR =
connection right; CL = connection left)

The evolution of temperatures in the column is presented in Figure 201;
temperatures at the column centre (T-Col-1 to 3) are higher than at the web
ends (top — T-Col-7, or bottom — T-Col-5).
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Figure 201: Evolution of the temperatures in the column during the test 5

The evolution of temperatures in the composite slab is depicted in Figure 202,
and measured points are shown in Figure 34, section 11.8.3 (p24).
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Figure 202: Evolution of the temperatures in the composite slab during the test 5
111.6.3.2Evolution of the displacements and loads

In Figure 203 are compared the evolution of the reaction loads in both beams
supports (F_+Fr) with the reaction loads at the column (F3+Fy,). At the
beginning of step 2, the reaction loads increased due to the thermal expansion
in the heated zone and reached a maximum value (-376 kN). At this moment,
the temperatures in the beams bottom flanges were equal to 425°C on the left
and 429°C on the right (Figure 204). The following decrease of the loads should
be due to the reduction of the steel mechanical properties. The oil pressure was
adapted in the cylinder at the column base during the step 2; once the reaction
loads decreased, the oil pressure in the cylinder was reduced; however, instead
of a slight reduction, the hydraulic pump removed too much oil pressure, which

117




ROBUSTFIRE Project — Experimental tests — v2(1) — Test 5

is showed by the sudden decrease of the loads; then a certain level of oil

pressure was increased again.
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Figure 203: Comparison of the total load into the column (FHJ + F3) with the total reaction load

at the beams supports (FL + FR)
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Figure 204: Evolution of the temperatures (T) in the beams at 20 cm from the connection during

the test 5 (BR = beam right; BL = beam left)

Figure 205 shows the vertical displacements measured during step 2 below the
joint (D000 and D028), at the beams mid-span (D002 and DO08) and at the
hydraulic jack located at the top of the column.
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Figure 205: Vertical displacements near the joint during the increase of temperatures

At the beginning of step 2, the column section below the joint was moving
downwards (transducers D000 and D028). The column was supported at the
base by a cylinder, the vertical movement of the column base was measured by
a wire transducer (D031, see Figure 206). During the heating, the pressure of
the cylinder was regularly adapted in order to keep D031 as much as possible
constant (Figure 207); however, D000 and D028 measured vertical
displacements of the joint in the downwards direction. One reason could be that
the steel bars where the wire transducers D000 and D028 were connected
could be hot and perhaps slightly deformed in the downward direction under the
self-weight.
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= 2

Figure 206: Wire transducer (D031) at the column base support
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Figure 207: Vertical displacements measured near the beam supports (D013 and D014) and at
the column base (D031) during the increase of temperatures

The thermal expansion of the column can be deduced from the vertical
displacements measured at the column top (Dny) and at the joint (DO00/D028).
As shown in Figure 208, from the beginning to the end of the step 2, the column
top (Dny) displaced upwards of 8.52 mm, and the joint displaced upwards of
4.25 mm (average value). Finally, the dilatation was estimated as the difference,

i.e. 4.27 mm of dilatation.
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Figure 208: Total column dilatation during the step 2

The evolution of the bending moment during the increase of temperatures is

shown in Figure 209.
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steps 1 and 2
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11.6.4 Step by step behaviour: step 3 - Loss of the column and
increase of the sagging bending moment

The step 3 corresponded to the loss of the column and the increase of the
sagging bending moment in the joint. Before the loss of the column, the
hydraulic jack at the top of the column was changed to displacement control
(velocity equal to 0.03 mm/sec); the cylinder at the base was progressively
removed; and finally, the displacement at the top of the column was increased
(increase of the joint sagging bending moment) up to the failure of the joint.
Note that the structural system at the beams supports (see Figure 16 in section
[1.6.1.2) was unloaded, after the loss of the column, by loosening the nuts.

Figure 210 shows the evolution of the vertical loads measured by the hydraulic
jack Fyy at the top of the column, by the load cells F1+F2 at the top of the
beams supports and by the vertical components of the axial loads. The
evolution of the slab deformation and cracks is shown in Figure 211. First the
concrete crushed against the column flanges around 4h42min, then half of the
concrete slab was crushed at 5h04min (on the front), and finally the entire slab

width failed (5h30min).
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Figure 210: Evolution of the vertical loads during the step 3
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Figure 211: Evolution of the concrete crushing

Figure 212 shows the evolution of the vertical displacements measured i) by the
hydraulic jack Dyy; ii) by the wire transducers D000 and D028, and iii) by the
displacement transducers at mid-span of the beams (D008 and D002). The
maximum displacement measured by the hydraulic jack was 337 mm.
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Figure 212: Vertical displacements near the beam-to-column joint during step 3
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The hydraulic jack stroke was increased once during this test, around 5h05min
(see §l1.6.1.1, p13); no bolt failed. Figure 213 shows the deformed end-plates

after disassembly the tested frame.

a) Beam right
Figure 213: Deformed end-plates after disassembly the tested frame

b) Beam left

Figure 214 presents the reaction loads measured during the test 5: at the
hydraulic jack (Fuy), at the column base (F3), at the beams ends (F1 and F»),
and finally at the axial restraints to the beams (Frestrrand L) (S€€ §lI1.1).
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Figure 214: Evolution of the loads during the entire test 5

Figure 215 shows the evolution of the bending moment versus time at the
connections during the entire test.
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Figure 215: Bending moments at the connections left and right

Figure 175 and Figure 176 present the evolution of the total reaction load
versus the joint rotation and the beam axial load respectively.
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Figure 216: Total reaction load (F_+ FR) vs rotation at the joint
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Figure 217: Total reaction load (F_+ Fr) vs axial loads at the joint (Fiestrax)

111.6.5 Additional data

The evolution of the vertical and horizontal components of the axial restraint
loads, Fspv and Fsppn, are shown in Figure 218. The rotations of the beam axial
restraints are shown in Figure 219.

1800 - : F re_R_h
1600 F re_ L h

1400 - ——F_re_R_v

1200 -

Step 1 (M)

—F_re_L v

1000 -
800 -

restraints (kN)

600 -

400 -+

Reaction forces at the beam

200 -+
0 : e, Time (hour)

U T T T T U T T 1 T T T T T

0051152 253 35445 555665775

Figure 218: Projections of the axial restraints loads along the horizontal (h) and vertical (v) axis
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Figure 219: Axial restraints rotations (L = left; R = right)

The horizontal displacements measured at the beam ends are showed in Figure
220. The estimated horizontal displacements at the neutral axis of the steel
beams Dpeamn.L and R @re represented by the black curves (see §llI.1).
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Figure 220: Horizontal displacements at the end of the beams

Figure 221 presents the displacements of the beams out of the plan, measured
by the displacement transducer D015 at the bottom column, by the two
displacement transducers D025 and D026 at the beam ends, and by the two
transducers D003 and D009 on the beams webs, initially situated at 1500 mm
from the end-plate.

126



ROBUSTFIRE Project — Experimental tests — v2(1) — Test 5

10 A

o | --- D026
S 5355 6 65 7 75
\

,5

Time (hour) |

| X

Measured displacements out of
the plan (mm)
o

Step 3 (M") |

e R e

Figure 221: Evolution of the displacements measured out of the plan

Figure 222 presents the measured displacements of the auxiliary’s structures
(steel and concrete footings and strong beams connected to the strong walls).
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Figure 222: Measured displacements of the steel and concrete footings, and of the strong
beams linked to the walls (see Figure 31 in §11.8.2 for the position of the displacement
transducers)

[11.7 Results of test 6

The global behaviour of the joint during the test is described in the following
section, then the step by step behaviour is detailed, for each loading step, and
finally, additional data a presented.

1l.7.1 Joint behaviour (entire test)
[11.7.1.1Temperature results

Figure 223 presents the temperatures evolution during the entire test 6 in the
right and left beams (at 200 mm from the connection), in the column centre, in
the bolts from row 4 and in the concrete in contact to the column flange. In step
2, the temperature increase rate was 300°C/hour in the beam bottom flanges,
and they reached 700°C, whereas the temperature increased faster in the beam
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and column webs because of the reduced thickness. Temperatures in beams
top flanges were much lower because they were only heated by heat transfer
from web, which was reduced by the composite slab protection. During step 3,
the temperature was well kept constant in the beam bottom flanges. From 6h,
the deformation of the sub-frame created openings in the thermal isolation
(mainly on the right side); the transformer machine increased the electrical
power sent to the FCP elements to keep constant the temperature in the beams
bottom flanges, which made increase some temperatures of the right beam web
and top flange, and the column. Temperatures measured in concrete reached:
around 300°C in the part in contact with the column, and maximum 396°C in the
concrete rib in contact with the beam. At 10h30min, maxima temperatures
measured at the joint were: 566°C and 695°C in left and right bolts, 582°C and
705°C in left and right end-plates, 798°C in column web, and 571°C and 653°C
in left and right column flanges. The evolutions of all measured temperatures
are detailed in §l11.7.3.
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Figure 223: Evolution of the temperatures during test 6
I11.7.1.2Bending moments variation and failure modes

The joint behaviour for each loading step is presented in following figures (step
1 — Initial hogging bending moment; step 2 — Temperatures; and step 3 — Loss
of the column and increase of the sagging bending moment). Figure 224 and
Figure 225 show the evolution of the bending moment at the joint versus the
joint rotation and the beam axial load Frestraxr ana L from the axial restraints. The
evolution of the total reaction load (F_+Fgr, defined in §lll.1.2) versus the vertical
displacement measured at the column top is presented in Figure 226. The
hogging bending moment was initially reached during step 1, followed by a
variation of this moment during the increase of temperatures in step 2. This
initial hogging bending moment reached -228 kNm on the left and -234 kNm on
the right connections. At the beginning of step 2, reaction loads increased due
to the thermal expansion of the structure; the reaction loads reached a minimum
value (F_+Fr = -343.5 kN) and the minima hogging bending moments reached -
489 KNm on the left and -479 kNm on the right connections; the corresponded
axial loads were -68 kN and -58 kN (compression loads). At this moment, the
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temperatures in the beams bottom flanges and in the beams webs were equal
to, respectively, 450°C and 600/650°C. After that, these reaction loads

decreased because of the steel properties degradation due to high
temperatures.
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Figure 224: Bending moment vs rotation at the connection (the different gradient of colors

define the different steps)
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Figure 226: Total reaction load (F_+ FR) vs vertical displ. measured at the column top (Dy,)

In step 3, the loss of the column was really progressive as the hydraulic jack at
the column top imposed a constant displacement rate. Concrete crushing in
compression was the first failure observed under sagging bending moment, but
this failure was really progressive; first concrete cracks were observed near the
column flange (at 82 mm of vertical displacement and 198 kN of total reaction
load), then the concrete crushed against the column flanges around 94 mm of
vertical displacement and 205 kN of reaction load (Figure 227a), and finally the
entire slab width failed (at 131 mm of vertical displacement, 200 kN of reaction
load and rotations of 42 mrad on the left and 50 mrad on the right connections -
Figure 227b). Figure 227c shows the concrete completely crushed at the end of
the test.

Figure 227: Concrete crushed: a) against the column flanges; b) along the entire slab width; ¢)
at the end of the test (front view)

The restraints were connected to the beams since the beginning of the test.
During step 1, the loads and displacements created by the application of the
initial hogging bending moment were not sufficient to create axial loads to the
beams. During steps 2 and 3, the beam ends were moving outwards and the
restraints worked in compression. The “unloading-reloading” that permits to a
better characterization of the elastic stiffness of the joint was not performed at
the beginning of step 3 because of the difficulties to manually control the
restraints at the beams ends.
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The maximum vertical reaction load Fy; was 208 kN, and corresponded to axial
restraints to beams of 274 kN and 267 kN on the left and right sides
respectively, and to a vertical displacement of 111 mm (which corresponded
more or less to the concrete crushing of the slab). From this maximum, the
increase rate of the axial loads from the restraints began to decrease. The
maximum axial load at the restraints was not reached because of the capacity
limitations of the hydraulic pump material (max. 300 kN in compression — see
§l1.7.2.2): loads had to be kept constant during 2 hours, instead of increasing up
to a maximum and then decreasing (as in tests 4 and 5). Finally, tension loads
developed for the last 30 minutes of the test (see §11.7.2.3).

Maxima sagging bending moments of 357 kNm and 356 kNm were reached on
the left and right connections respectively, for which corresponded 149 mm of
vertical displacement and a total vertical reaction load (F_+Fgr) equal to 198 kN.
At this maximum sagging bending moment, the joint rotations and the beam
axial loads were equal to 49 mrad on the left and 55 mrad on the right, and 305
kN and 297 kN on the left and right sides respectively. The forces in the spring
restraints left and right were different and the bending moments were affected.

The first decrease of the vertical load Fyy (from 190.9 kN to 184.8 kN, for 166
mm of vertical displacement, and rotations of 56 mrad and 62 mrad on the left
and right connections) indicated the failure of the concrete slab at the back side:
Figure 228 shows two pictures taken before and after the concrete failure.

Figure 228: Concrete crushing on the back side of the slab at vertical displacement equal to: a)
158 mm; b) 214 mm

The day after the test, the failure of three bolts was observed: two bolts at the
bottom bolt row of the right connection and one bolt at the bottom bolt row of the
left connection (Figure 229). One bolt failure (probably the first one) was
registered and the load suddenly decreased from 161.3 kN to 130.3 kN at 230
mm of vertical displacement; around 600°C was measured in the bolts from row
4; the rotations left and right were equal to 77 mrad and 84 mrad respectively.
At this moment, the column rotation in the clockwise direction began to increase
much faster, which leaded to conclude that the failed bolt was localised in the
bottom row of the right connection (in order to facilitate the column rotation in
the clockwise), probably on the back side (where a small dust cloud was
observed near the joint). The two other bolts failures are not visible in the charts
and were not observed during the test. The steel end-plates deformed in the
bottom and centre part and showed a high ductility (Figure 229). The test was
stopped because the maximum vertical range was reached and the column
base touched the concrete footing (Figure 230): the vertical displacement of the
joint was 509 mm. The jack length capacity was increased two times: after the
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concrete crushing against the column flanges (at 101 mm of vertical
displacement), and at 312 mm of vertical displacement. At the end of the test,
the vertical position of the column top was maintained constant by the hydraulic
jack during the cooling phase.

Figure 230: Final deformation of the sub-frame

Figure 231 shows the rotations at the joint left and right sides versus time, as
well as the column rotation. The column rotation was very small (10 mrad)
thanks to the lateral restraints of the column (see Figure 7 in §l1.2). The test was
stopped at 165 mrad and 184 mrad of connections left and right rotations. The
joint rotation calculation includes any beam rotation or deformation: Figure 232
shows the eventual formation of a plastic hinge at the border between the
heated zone and the cooler part of the right beam (more visible than for the left
beam).
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Figure 231: Rotations at the connections (Rot_Connection Left and Right) and column rotation

Figure 232: Beam rotation near the joint

Finally, Figure 233 shows the evolution of the loads in the spring restraints
according to the average displacement measured at the geometrical centre of
the steel beam section (see §l1.7.2.2): the spring stiffness of 50 kN/mm was well
respected up to the load of 200 kN, then the stiffness slightly decreased, and
finally, at 300 kN, no more stiffness was applied during 2 hours; once the
horizontal displacements at the beams ends began to go inward, the 50 kN/mm
were applied again. At the end of the test, the rotation was higher on the right
side than on the left side: respectively 184 mrad and 165 mrad. However, the
right beam end reached less displacements at the restraints because of the
higher deformation of the end-plate (see Figure 229); this is why the tensile
loads were smaller at the right spring restraint (31 kN) than at the left one (98
kN). Consequently, the bending moment was higher at the right connections
than at the left connection: respectively 118 kNm and 65 kNm.
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Figure 233: Displacement vs load at the two spring restraints

ll.7.2 Step by step behaviour: step 1 - Initial hogging bending
moment

The initial step reproduced the internal loads in the connection as in the real car
park building (see §11.5.1, p11): hogging bending moment in the joint equal to
Mg g = ngiMgg = 2364 kNm. In the laboratory, the initial hogging bending
moment was introduced to the sub-frame using the hydraulic jack at the top of
the column (Figure 234): i) the beams were restrained at the supports and the
column was free at the base; ii) phase 1: the hydraulic jack increased the
vertical load at the column top and pulled the column upwards; iii) phase 2: the
column base support (single acting cylinder) was set up; iv) phase 3: the load at
the column top was completely transferred to the sub-frame supports.

e vt

=187.7kN

Phase 1: Application of the e
hogging bending moment 3‘%& WWE

Phase 2: Set up of the
column base support pongfe== PT@”M%

Phase 3: Unloading of the s [oteem
load at the column top %@7 ﬁé%fN%

7%7R = 169.24kN

Figure 234: Initial hogging moment in the connection

Figure 235 presents the evolution of the vertical displacements measured near
the beam-to-column joint during the step 1. During the phase 2 (set up of the
column base support), the cylinder increased the load at the column base, and
slightly modified the displacement of the column joint as well as the reaction
load at the column top.
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Figure 235: Vertical displacements near the beam-to-column joint during the application of the
initial loads (hogging bending moment)

Figure 236 presents the comparison between the sum of the loads measured at
the column (Fuy+F3) and the sum of the reaction loads measured at the beam
supports (F_+Fr). Before loading the joint, each beam end was vertically
restrained and an initial load (-134.5 kN) was measured by the load cells F4 and
Fo. Table 9 presents the values of displacements and reaction loads at the end
of the step 1.
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Table 17: Displacements and Loads (step1)

End of step 1
( after 36min)
Step 1 - Initial hogging bending Displ.
moment Load (kN) | (mm)
Column base (F3 and D000) -169.2 -5.9* D';JHJ
Beam mid-span Left (D002) — -4.3 1 L-Left R Right
Beam mid-span Right (D008) — -4.4 Dooziws DOOO 00 %4
Beam support Left (F o) -80.7 -—=- D = Displacement transducer
Beam support Right (Frignt) -83.0 - Tl = iyl Jack
Spring left (Fsp.) 0 o
Spring right (Fspr) 0 —
Hydraulic Jack (Fyy and Dyy) +1.0 -7.07 ‘A o bt e wire traned
H i - _ verage value pbetween Dy the wire transaucers
E\Z%g:g? bending moments at I\A/Z:z:t - _22233 l:(l;l\lrpn D000 and D028

At the end of the step 1, the hogging bending moment applied to the connection
was around -228 KNm on the right side and -234 kNm on the left side, which
corresponded to 51% and 52% of the actual bending moment (52.5% was the
target value).

11l.7.3 Step by step behaviour: step 2 - Temperatures (700°C)

The second loading step consisted to the slow increase (around 300°C/hour) of
the temperature in the heated zone, until reaching 700°C in the beam bottom
flanges (at a distance of around 20 cm from the joint). Increasing slowly allowed
a better control of the sub-frame behaviour. The hydraulic jack at the column
top was in force control; in order to allow the thermal expansion of the column
top as free, a constant load of 0.1 Tf was imposed; the behaviour of the
structure should not be affected by this small load.

I11.7.3.1Evolution of the temperatures

Figure 237, Figure 238 and Figure 239 show the evolution of the temperatures
in the beams at respectively 20 cm, 50 cm and 1 m from the end-plate. During
the following step 3 (loss of the column and increase of the sagging bending
moment), the temperature was well kept constant in the beam bottom flanges,
but was increased or decreased in the webs. Indeed, the temperature control
was made in the bottom flanges, and the temperature in the web depended of
the power with which the electric current was sent to the FCP elements: as the
web was thinner than the flanges, the temperatures evolved in different ways
(increased or decreased faster). Temperatures in the beam left and in the beam
right had slightly different evolutions during the step 3. This could be explained
by the lack of thermal isolation: because the rock-wool is not extensible,
openings were observed in the rock-wool interfaces due to the large
deformations of the joint (Figure 240). With these openings, additional power
was needed by the FCP elements to maintain constant the temperature in the
beams bottom flanges.
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Figure 237: Evolution of the temperatures (T) in the beams at 20 cm from the connection during
the test 6 (BR = beam right; BL = beam left)
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Figure 238: Evolution of the temperatures (T) in the beams at 50 cm from the connection during
the test 6 (BR = beam right; BL = beam left)
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Figure 239: Evolution of the temperatures (T) in the beams at 100 cm from the connection
during the test 6 (BR = beam right; BL = beam left)
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Figure 240: Openings in the thermal isolation at the beam bottom flange under high
deformations

Figure 241, Figure 242 and Figure 243 show the evolution of the temperatures
at head and at shank of the bolts at each side of the joint, and at the end-plates
surface. For each row, the three measured temperatures (bolt head, bolt shank
and end-plate) were similar (Table 19).
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Figure 241: Evolution of the temperatures (T) in the shank of the bolt during the test 6 (CR =
connection right; CL = connection left)
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Figure 242: Evolution of the temperatures (T) in the head of the bolts during the test 6 (CR =
connection right; CL = connection left)
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Figure 243: Evolution of the temperatures (T) in the end-plates during the test 6 (CR =

connection right; CL = connection left)

The evolution of temperatures in the column is presented in Figure 244;
temperatures at the column centre are higher than at the web ends (top or
bottom). Column flanges reached around 600°C, whereas the column web
centre reached up to 800°C at the end of the test.
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Figure 244: Evolution of the temperatures in the column during the test 6

The evolution of temperatures in the composite slab is depicted in Figure 245,
and measured points are shown in Figure 34, section 11.8.3 (p24). The

maximum

temperatures measured into the composite slab at the end of the test

were equal to 396°C in the concrete, 112°C in the steel sheet and 182°C in the
steel rebar.
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Figure 245: Evolution of the temperatures in the composite slab during the test 6

Table 18 and Table 19 detail the main temperatures measured in beams,
columns and joint at three different moments of the test: at the end of the
increase of the temperatures during the step 2 (stop of the increase), at the end
of the step 2, and finally at the end of the test. The differences between left and
right sides are calculated (“Diff. (%)”); the signal -* means that the temperature
in the left side was lower than the temperature in the right side.

Table 18: Main Temperatures measured in beams and column

Stop of the increase of End of step 2 End of the test
the temp. (2h52min) (3h19min) (10h36min)
. Diff. . Diff. . Diff.
Left | Right (%) Left | Right (%) Left | Right (%)

T-B-1 (Bottom
flange 20 cm)
T-B-3 (Web 20 cm) [ 907.4 {1045.7| -15.2 | 791.5 | 871.3 | -10.1 [ 597.2 | 922.5 | -54.5
T-B-4 (Top flange

708.5| 7076 | 0.1 |703.7|7115| -1.1 (6973 | 6804 | 2.4

315.1 13479 | -10.4 | 301.3 | 326.6 | -8.4 [299.3 | 470.6 | -57.2

20 cm)

T-B-5 (Bottom 635 |650.8 | 2.5 |597.6|617.4| -3.3 | 6089|5943 | 2.4
flange 50 cm)

T-B-7 (Web50cm) | 8048 | — | — | 674 | — | — |5093| — | -
T'B'8 (TOp ﬂange 2477 . o 2257 . —_— 2099 — _—
50 cm)

T-B-9 (Bottom 954 | 937 | 18 [1196|117.8| 1.5 |184.3|180.8 | 1.9
flange 1m)

T-B-10 (Web 1m) 82 90 -9.8 |100.4 | 110.8 | -10.4 | 148.1 | 176.4 | -19.1
T-B-11 (Top flange
1im)

T-Col-2 (Column
web centre)
T-Col-1/3 (Column
flange centre)

475 | 513 | -80 | 556 | 604 | -8.6 | 823 | 109.3 | -32.8

861.3 --- 670.3 --- 556.1 -

586.6 | 687.2 | -17.1 | 641.7 | 566.5 | 11.7 | 481.8 | 647.8 | -34.5
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Table 19: Main Temperatures measured at the connection zones

Stop of the temp. End of the test
increase (2h52min) | End of step 2 (3h19min) (10h36min)
Diff. Diff. Diff.

Left Right |[(%) |Left Right (%) Left |Right | (%)
T-C-4 (bolt pin row
1) 359 | 4455 | -241| 392.8 | 3921 0.2 [440.8| 564.9 | -28.2
T-C-3 (bolt pin row
2) 488.5| 599 |-22.6| 510.6 | 507.4 0.6 [526.7|647.8 | -23.0
T-C-2 (bolt pin row
3) 579.6 | 669 |-154| 616.7 | 615.1 0.3 [548.1]556.1| -1.5
T-C-1 (bolt pin row
4) 563.3 | 631.2 | -12.1| 597.8 | 641.7 | -7.3 [514.1|481.8 | 6.3
T-C-8 (bolt head row
1) 380.6 | 450.7 | -18.4 | 399.6 398 04 | 434 | 568.3 | -30.9
T-C-7 (bolt head row
2) 544.8 | 651.7 | -19.6 | 513.2 511 0.4 |528.31694.9|-31.5
T-C-6 (bolt head row
3) 641.7 | 728.3 | -13.5| 6205 | 619.8 0.1 |566.2| 596 | -5.3
T-C-5 (bolt head row
4) 605.2 | 677.4 | -11.9| 597.7 | 596.9 0.1 |552.2|5446| 1.4
T-C-12 (End-plate) | 459.6 | 550.8 | -19.8 | 462.5 | 460.3 0.5 ]486.2|635.5|-30.7
T-C-11 (End-plate) | 601.9| 710 |-18.0| 582 578.1 0.7 [569.2]705.5 | -23.9
T-C-10 (End-plate) | 634.2 | 733.7 | -15.7 | 623.9 | 621.2 04 | 582 | 661.6 |-13.7
T-C-9 (End-plate) 605.4 | 688.2 | -13.7 | 609 607.4 0.3 |555.4| 562 | -1.2

I11.7.3.2Evolution of the displacements and loads

In Figure 246 are compared the evolution of the reaction loads in both beams
supports (F_+Fgr) with the reaction loads at the column (F3 + Fy,). At the
beginning of step 2, the reaction loads increased due to the thermal expansion
in the heated zone. Around 2h03min, the reaction loads reached a maximum
value (-343.5 kN). At this moment, the temperatures in the beams bottom flange
and in the beams web were equal to, respectively, 450°C and 600/650°C
(Figure 247). The following decrease of the loads should be due to the
reduction of the steel mechanical properties.
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Figure 246: Comparison of the total load into the column (Fy,+F3) with the total reaction load at
the beams supports (F_+Fg)

141



ROBUSTFIRE Project — Experimental tests — v2(1) — Test 6

1100 -
1000 -
900
S 800 -
(-1}
< 700
S 600 -
% 500 -
§ 400 -
£ 300 -
200

100 A

Temperatures in the steel

Time (hour)

0,5 1 1,5 2 2,5 3 3,5 BOTTOM FLANGE

Figure 247: Evolution of the temperatures (T) at 20 cm from the connection during the step 2
(BR = beam right; BL = beam left)

Figure 248 shows the vertical displacements measured during step 2 below the
joint (D000 and D028), at the beams mid-span (D002 and D008) and at the
hydraulic jack located at the top of the column.

51 — - B
1 ep | A - _Ri
= 3 4 Downwards (Temp) W §1Dot);{eﬂ R R&ih(;%%;ﬂ W—'E
[}
£ 14 Time (hour) | porer | 1o "
‘2 -1 0_5: 1 1,5 5 F3 ’[:):E)ci]zzliﬁlmenttransducer
g 3 | HJ = Hydraulic Jack
g M
o - -
o
——D_HIJ
5 7 - -
B9 | —— D028
e [
211 - : ——D000
[}
——DO002
13 1 Upwards
15 4! i ——D008

Figure 248: Vertical displacements near the beam-to-column joint during the increase of
temperatures

At the beginning of step 2, the column section below the joint was moving
downwards (transducers D000 and D028). The column was supported at the
base by a cylinder, and in order to check if the cylinder kept its position constant
during the increase of the temperatures, the vertical movement of the bottom
column was measured by a wire transducer (D004, see Figure 249). During the
heating, the pressure of the cylinder was regularly adapted in order to keep
D004 constant (Figure 250); however, DO0O0 and D028 measured vertical
displacements of the joint in the downwards direction. One reason could be that
the steel bars where the wire transducers were connected could be hot and
perhaps slightly deformed in the downward direction under the self-weight.
Finally, once the reaction loads reached their maximum and began to decrease,
the column base was slightly displaced in the upwards direction (Figure 250).
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Figure 249: Wire transducer (D004) at the column base support
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Figure 250: Vertical displacements measured near the beam supports (D013 and D014) and at
the column base (D004) during the increase of temperatures

The measured displacements D013 and D014 (depicted in Figure 250) showed
that the beams ends slightly separated themselves from their supports, with a
maximum gap equal to 3 mm (during step 1). The beams were not anymore in
contact with the supports and were just in contact with the load cell at the top
(top support).

Around 2h18min, the vertical displacement at the column top (Dny) increases
faster (upwards), from -9.2 mm to -14.2 mm. The thermal dilatation of the
column can be deduced from the vertical displacements measured at the
column top (Dny) and at the column base (D004). As shown in Figure 251, from
the beginning to the end of the step 2, the column top (Dny) displaced upwards
from -7.1mm to -14.2 mm (i.,e. 7.1 mm), and the column base displaced
upwards from -7.7 mm to -9 mm (i.,e. 1.3 mm). Finally, the dilatation was
estimated as the difference between D004 and Dy, i.e. 5.8 mm of dilatation.
This result was confirmed by a simple numerical model in Abaqus; this model
only took into account the column; no effects due to the beam or concrete slab
were modeled. The temperatures measured in the centre, top and bottom of the
web and of the flanges were directly applied in the model. The thermal dilatation
was equal to 6.8 mm, which showed that the measured dilatation (5.8 mm) is
acceptable, regarding to the simplifications of the numerical model. Table 20
details the measured values at four moments of the step 2.
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Figure 251: Total column displacements due to thermal expansion

Table 20: Main reaction loads and displacements during the step 2

Begin of Max load St?grg:he End of
step 2 ! . step 2
(36min) (2h33min) increase (3h20min)
(2h53min)
Beam bottom flange LEFT - 20 cm 25.2 460.5 708.5 703.7
TEMP | Beam web LEFT - 20 cm 256 616.5 907.4 791.5
(°C) |Beam bottom flange RIGHT -20 cm | 25.3 460.3 707.6 711.5
Beam web RIGHT - 20 cm 26 703.1 1045.7 871.3
Reaction load Beam support Fleft -80.7 -173.4 -78.5 -62.4
Reaction load Beam support Fright -83.0 -170.1 -82.5 -66.3
Total reaction Load (FL+FR) -163.7 -343.5 -161.0 -128.6
Load | Column base (F3) -169.2 -343.2 -179.6 -128.5
(kN) | Column top (F-HJ) 1.0 1.0 0.9 3.8
Total reaction column -168.2 -342.2 -178.7 -124.7
Axial load at the spring Fsp,L 0.0 67.5 64.5 47.4
Axial load at the spring Fsp,R 0.0 58.2 53.4 40.6
Beam mid-span LEFT (D002) -4.3 -5.4 -4.2 -4.2
Displ. | Beam mid-span RIGHT (D008) -4.4 -4.8 -3.2 -3.2
(mm) | Joint (average D000/D028) 6.2 -6.0 6.8 7.4
Column Top (D-HJ) -7.1 -9.0 -13.6 -14.2

The loads and rotations at the spring restraints during the step 2 are presented
in Figure 252 and Figure 253. The rotation was so small that the vertical
component is equal 0 (Fspy = 0).
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Figure 252: Horizontal (h) and vertical (v) projections of the spring loads during the step 2
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Figure 253: Spring rotations (L = Left; R = Right)

The evolution of the bending moment during the increase of temperatures is
shown in Figure 254.
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Figure 254: Evolution of the bending moment in the connections (Left and Right) during the
steps 1 and 2

lll.7.4 Step by step behaviour: step 3 - Loss of the column and
sagging bending moment

The step 3 corresponded to the loss of the column and the increase of the
sagging bending moment in the joint. Before the loss of the column, the
hydraulic jack at the top of the column was changed to displacement control
(velocity equal to 0.02 mm/sec); the cylinder at the base was progressively
removed; and finally, the displacement at the top of the column was increased
(increase of the joint sagging bending moment) up to the failure of the joint.
Note that the structural system at the beams supports (see Figure 16 in section
11.6.1.2) was unloaded, after the loss of the column, by loosening the nuts.

Figure 255 shows the evolution of the vertical loads measured by the hydraulic
jack Fyy at the top of the column, by the load cells F1+F2 at the top of the
beams supports and by the vertical components of the spring restraints loads.
The evolution of the slab deformation and cracks is shown in Figure 256. First
concrete cracks were observed near the column flange at 4h41min (4.68h),
then the concrete crushed against the column flanges around 4h50min, and
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finally the entire slab width failed (5h21min — 5.35h). From that moment, the
load at the column top, Fy, decreased; and the maximum load corresponded to
the crushina of the concrete slab.
Concrete crushed along
the entire slab width Observation: sound and small dust cloud near the

(Figure 256 — 5h21min) joint at the back part; small piece of concrete fell at

Failure of the the front - Bolt failure (6&?4min)
Concrete crushed against concrete — back N

the column flange (Figure side (5h51min)

256 — 4h50min) /
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Figure 255: Evolution of the vertical loads during the step 3
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Figure 256: Evolution of the concrete crushing
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The hydraulic jack stroke was increased two times during this test: first around
4h56min, then around 7h52min (see §l11.6.1.1, p13).

In tests 1 and 2, it was observed that, once a bolt from a connection fails, the
rotation of the column increases in the opposite direction. The column rotation is
depicted in Figure 257; at 6h44min (1% bolt failure), the increase rate of the
rotation (in the clockwise direction) was modified. It can be concluded that a bolt
from the bottom row of the connection right failed. Figure 258 shows the bolt
failure on the reaction load chart.
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Figure 257: Column rotation and measured load at the column left restraint F5 (step 3)
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Figure 258: Evolution of the loads: at the column top (Fy,) and at the column left restraint (F5)

Figure 258 also illustrates the evolution of the horizontal reaction load F5
measured at the bottom column restraint. Between 9 and 10 hours, the vertical
load applied by the jack at the column top was increased locally: this increase of
rigidity was due to the horizontal restraint, which was trapped by the column;
the horizontal restraint displaced downwards with the column, up to escape at
10h, and come back to the horizontal position (the horizontal reaction load F5 is
varying in the same time).

Figure 259 shows the evolution of the vertical displacements measured i) by the
hydraulic jack Duy; ii) by the wire transducers D000 and D028, and iii) by the
displacement transducers at mid-span of the beams (D008 and D002). The
maximum displacement measured by the hydraulic jack was 509 mm. The wire
transducers D000 and D028 stopped measuring at 8h and 8h24min
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respectively, because they reached their maximum capacities; the dashed part
of the curves represents the estimation of the displacements, which was a linear
estimation based on the rate of displacement imposed by the hydraulic jack
(0.02 mm/sec).
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Figure 259: Vertical displacements near the beam-to-column joint during step 3

Figure 260 shows the deformed end-plates after disassembly the tested sub-
frame. The end-plate (15 mm thick) bended between the bolt rows 2 and 3; note
that the high 260 mm space was defined during the design of the joint
(Demonceau, 2009), in order to consider two bolt rows resisting to the shear
loads and the two other bolt rows resisting to bending.

BB - T
D = l =l
’ \
- - A

a) Beam right b) Beam left
Figure 260: Deformed end-plates after disassembly the tested sub-frame

Figure 261 depicts the loads measured during the step 3: i) the measured loads
at the beam supports, F1 and F2; ii) the reaction loads equals to Fy,y/2; and iii)
the horizontal and vertical reaction loads from the spring restraints. In step 3,
the load cells F1 and F2 did not measure anymore the real reaction loads
because the structural system at the beams supports (see Figure 16 in section
[1.6.1.2) was unloaded after the loss of the column by loosening the nuts, and
should be equal 0; but around 8 hours, once large displacements were
observed, F1 and F2 slightly increased due to the high rotations of the beams
ends, and the structural system at the beams supports was not unloaded
anymore.
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Figure 261: Measured loads at the beam ends (F; and F,), at the column (F,,/2) and vertical

and horizontal reactions at the springs

Figure 262 shows the evolution of the total reaction loads during the entire test,
and Table 21 details the main measured loads and displacements during the

step 3. Hydraulic system limitation
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Figure 262: Evolution of the loads during the entire test
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Table 21: Main reaction loads and displacements during the step 3

begin of |\ 10ad 1St_ bolt 2“‘_’| bolt |end of the
step 3., 5n04min fallure_ fallure_ 7h47mi test .
3h20min 5h51min [6h44min 10h37min
Beam bottom flange left 20cm 703.7 705.6 705 704.7 704 697.3
% {LBeam web left 20cm 791.5 641.3 628 605.1 [593.2 | 597.2
' < Beam bottom flange right 20cm 7115 | 7052 | 7039 | 702 |697.5| 680.4
Beam web right 20cm 871.3 | 704.8 | 705.8 | 731.2 | 842.3 | 922.5
Reaction load beam support Fex -62.4 -0.7 -0.7 -0.7 -2.1 -24.9
Reaction load beam support Fygnt | -66.3 -0.9 -0.9 -0.9 -0.7 -14.6
= Total reaction Load (F1+F2) -128.6 -1.6 -1.6 -1.6 -2.9 -39.5
< | Column base (F3) -128.5 -0.3 -0.3 -0.3 -0.3 -0.3
§ Column top (Fny) 3.8 209.0 190.9 130.3 [127.4 | 139.0
—! | Total reaction column -124.7 | 208.7 190.6 130.0 [127.1 | 138.7
| FspL 47.4 2749 | 310.8 | 308.4 |302.9| -994
Feor 40.6 268.0 | 297.1 2959 |288.6 | -31.3
Beam mid-span left (D002) -4.2 54.7 81.6 113.1 [149.6 | 246.7
g_’g" Beam mid-span right (D008) -3.2 55.2 81.7 112.9 [149.5| 248.2
a E Joint (average D000/D028) -7.4 113.4 170.2 | 2355 |310.5| 512.9
Column Top (Dyy) -14.2 110.3 166.3 | 230.3 | 306.2 | 508.3
Figure 263 shows the evolution of the bending moment versus time at the
connections during the entire test.
400 - . .
: | Step 3 (M")
300 - ~ : I l
200 - % E Step 2 | N
— — Tem M x = 357 KNm ~
ezi 100 59: E ene) : Ml:;:ax =356 kNm ~18 kNm
£ ' | Y- | | | Time (hour) 65 kNm
£ |1 2 3 4 5 6 7 8 9 10 11
E 100 1 e = 228 KNm
) , left
=§ -200 - 1 Miigh = -234 kN - = = Connection Right
c
@ -300 - ' Connection Left
|
|
-400 1 Miettmin = -489 kNm
500 4 Mightmin = -479 KNm

Figure 263: Bending moments at the connections left and right

Figure 264 and Figure 265 present the evolution of the total reaction load
versus the joint rotation and the beam axial load respectively.
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Figure 264: Total reaction load (F_+ FR) vs rotation at the connection
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Figure 265: Total reaction load (F_+ Fr) vs axial loads at the joint (Fiestrax)

111.7.5 Additional data

The evolution of the vertical and horizontal components of the spring restraint
loads, Fspyv and Fsppn, are showed in Figure 266: the spring loads were nearby
horizontal during the entire test (maximum value of the vertical component of
the loads: +14.5 kN, around 8h). The rotations of the spring restraints are

shown in Figure 267.
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Figure 266: Projections of the spring restraint loads along the horizontal (h) and vertical (v) axis
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Figure 267: Spring rotations (L = left; R = right)

The horizontal displacements measured at the beam ends are showed in Figure
268. The estimated horizontal displacements at the neutral axis of the steel
beams Dpeamn L and R @re represented by the black curves (see §lll1.1).
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Figure 268: Horizontal displacements at the end of the left beam

Figure 269 presents the displacements of the beams out of the plan, measured
by the two displacement transducers D025 and D026 at the beam ends, and by
the two transducers D003 and D009 on the beams webs, initially situated at

152




ROBUSTFIRE Project — Experimental tests — v2(1) — Test 6

1500 mm from the end-plate. The largest out of the plane displacement was
measured on the column base (D015 = 23.5 mm).

10

o (65}

Measured displacements out
of the plan (mm)
o)

-25

(Temp)

—— D015
D003
- - - D009
Y Time (hour) ——— D025

- - - D026

Step 3 (M")

Figure 269: Evolution of the displacements measured out of the plan

Figure 270 presents the measured displacements of the auxiliary’s structures
(steel and concrete footings and strong beams connected to the strong walls).
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Figure 270: Measured displacements of the steel and concrete footings, and of the strong
beams linked to the walls (see Figure 31 for the position of the displacement transducers)

Finally, Figure 271 shows the final deformation of the sub-frame.

Figure 271: Final deformation of the sub-frame the day after the test
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[11.8 Results of test 7 (Demonstration test)

The global behaviour of the joint during the test is described in the following
section, then the step by step behaviour is detailed, for each loading step, and
finally, additional data a presented.

111.8.1.1 Temperature results

The two dimension composite steel-concrete beam-to-column sub-frame was
subjected to the loss of the column due to a localised fire (see §11.5.2). Figure
272 presents the temperatures evolution during the entire test 7 in the right (R)
and left (L) beams (at 200 mm from the connection), in the column centre, in the
bottom column HEB 140, in bolts from row 4, and in the concrete rib in contact
with the steel beam near the joint. In step 3, the beams were heated up to
400°C in the bottom flanges, and joint components and column reached lower
temperatures; the bottom column reached its maximum resistance capacity
under 578°C (maximum 625°C measured in the web centre) and failed (at
2h40min). The temperature increase rate was 200°C/hour in the beam bottom
flanges and around 300°C/hour in the bottom column HEB 140. At the end of
the step 3, the temperature distribution in the bottom column was not uniform:
754°C at the top (at 394 mm from the centre), 815°C at the centre and 634°C at
the bottom (323 mm from the centre); the average temperature was 733°C. In
step 4, the temperatures in the beam-to-column joint were increased, up to
800°C in the beams bottom flanges (increase rate of 300°C/hour), and finally,
the entire sub-frame collapsed. Around 5h30min, temperatures in beam bottom
flanges stopped increasing and were equal to 786°C on the left and 787°C on
the right. At the end of the test (5h51min), maximum temperatures measured at
the joint were: 686°C and 669°C in left and right bolts, 702°C and 659°C in left
and right beam end-plates, 729°C in column web and 633°C and 608°C in left
and right column flanges. The maximum temperature measured in the shear
studs near the joint was 179°C, and the slab temperature reached 280°C at the
steel sheet and 110°C in the concrete in contact with the column. The last
sudden increase of temperatures corresponded to the increase of the hydraulic
jack stroke (the test was stopped but the temperature continued increasing).
The evolutions of all measured temperatures are detailed in §ll1.8.3.
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Figure 272: Evolution of the temperatures during test 7 (in beams at 200 mm from the
connection, in column centre, in bottom column HEB 140 (Col.-B), in bolts from row 4 and in
concrete rib in contact with the steel beam)

111.8.1.2Bending moments variation and failure modes

Figure 273 and Figure 274 show the evolution of the bending moment at the
joint versus the joint rotation, and the beam axial load FresiraxR and L- The
evolution of the total reaction load (F_+Fg, defined in §lll.1.2) versus the vertical
displacement measured at the column top is presented in Figure 275. The
evolution of the vertical displacements versus time is shown in Figure 276. The
hogging bending moment (-281 kNm) was initially reached during step 1
(Fny+F3 = -200 kN). During step 2, the hydraulic jack increased the load at the
column top up to reach +250 kN (see §l11.5.2); however, due to the clearances at
the column base (see §l11.8.2), the total load at the column (Fyy + F3) reduced
from -200 kN to -96 kN and consequently, the hogging bending moment was
reduced to -134 kNm. In step 3, temperatures increased, as well as reaction
loads under thermal expansion effects: they reached a maximum value of -359
kN (bending moments equals to -505 kNm), followed by a decrease due to the
loss of resistance at the column base. The failure of the column was really
progressive, and was defined as the moment at which the vertical reaction load
came back to its initial value at the beginning of the step 3 (95.6 kN). At the end
of the step 3, the total load was equal to +211 kN, and the column top dropped
of +25 mm. The sagging bending moment increased up to 300 kNm, and the
compression axial loads to the beams reached 61 kN on the left and 58.8 kN on
the right. The axial restraints were connected to the beams since the beginning
of the test. During steps 1 and 2, the loads and displacements created by the
application of the initial hogging bending moment were not sufficient to create
axial forces to the beams. During steps 3 and 4, the beam ends were moving
outwards and the restraints worked in compression.
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During step 4, the temperature in the joint increased under the constant load
(+250 kN) applied at the top of the column and reached 770°C in the beam
bottom flange: the concrete slab began to crush against the column flange; the
vertical displacement increased faster (Figure 276), and once the concrete slab
was completely crushed, beam bottom flanges temperature reached 800°C and
the sub-frame completely failed. The test was stopped at a vertical
displacement equal to 280 mm, at 150 mrad and 37 mrad of connection left and
right rotations, the total vertical reaction load was 104 kN, and axial
compression loads at the spring restraints were reduced from 266 kN to 222 kN
after the concrete crushing. The sagging bending moment was slightly
decreased from 290 kNm to 265 kNm on the left, and to 271 kNm on the right
connections.
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Figure 273: Bending moment vs rotation at the connection (the different gradient of colors
define the different steps)
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Figure 274: Joint bending moment vs axial loads at the joint (Frestr,ax)
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Figure 275: Total reaction load (F_+ Fr) vs vertical displ. measured at the column top (Dy,)
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Figure 276: Evolution of the vertical displacements during the entire test 7

Concrete crushing in compression was the first failure observed under sagging
bending moment; first concrete cracks were observed near the column flange
(left side — 5h20min), and finally the entire slab width was cracked (5h30min)
and failed. Figure 277 shows the concrete completely crushed at the end of the
test.
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Figure 277: Concrete crushing at the back side of the slab (end of the test) and beam
deformation

The maximum compression load in the beam right axial restraint was limited at
300 kN, by the capacity limitations of the hydraulic circuit material (see
§11.7.2.2); and the maximum measured load was 266 kN on the left side. Once
the sub-frame failed, the axial restraints to the beams decreased, but the test
was stopped before reaching tensile loads for security reasons. The day after
the test, the failure of three bolts from the left connection was observed: two
bolts at the row 4 and one bolt at the row 3, but the failures were not observed
on bending moment/rotation and load/displacement curves.

As the entire bottom column was heated, the column restraint at the base could
not be used: the column rotated up to around 60 mrad in the opposite clockwise
direction, and the joint deformation was not symmetrical (Figure 278). The steel
end-plates deformed in the bottom and centre part, and due to high
stresses/deformations, a crack at the base steel end-plate, just above the weld,
was observed. The rotation was begun by the bottom column deformation;
Figure 279 shows the final deformation of the sub-frame.

—— o

T

Enlnk T
Figure 278: Deformations of the joint (view from the front side)
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Figure 279: Final deformation of the sub-frame

Figure 280 shows the rotations at the joint left and right sides versus time, as
well as the column rotation. The column rotation reached 63 mrad and the test
was stopped at 150 mrad and 37 mrad of connection left and right rotations.
The hydraulic jack stroke was increased once during this test (5h50min), and
just a few moments after reloading the sub-frame, it collapsed and the test was
stopped. The joint rotation calculation included any beam deformation, as
shown in Figure 277 for the left beam.
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Figure 280: Rotations at the connections (Rot_Connection Left and Right) and column rotation

Finally, Figure 281 shows the evolution of the loads in the spring restraints
according to the average displacement measured at the geometrical centre of
the steel beam section (see §l1.7.2.2): the spring stiffness of 50 kN/mm was
mantained up to around 200 kN, then the stiffness slightly decreased.
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Figure 281: Displacement vs load at the two spring restraints
111.8.2 Step by step behaviour: steps 1 and 2 - Mechanical loadings

Figure 282 presents the evolution of the vertical displacements measured near
the beam-to-column joint during the steps 1 and 2. The initial hogging bending
moment was applied in three phases: i) the beams were restrained at the
supports and the column was free at the base; ii) the hydraulic jack increased
the vertical load at the column top and pulled the column upwards; iii) the
column base support was set up; iv) the load at the column top was completely
transferred to the sub-frame supports, and then increased up to reached +250
KN.
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Figure 282: Vertical displacements near the beam-to-column joint during the application of the
initial loads (hogging bending moment)

160



ROBUSTFIRE Project — Experimental tests — v2(1) — Test 7

Figure 283 shows the measured reaction loads and the load applied at the top
of the column by the hydraulic jack (Fny). Figure 284 shows the space at the
column base support at the end of step 1, and the steel plate that was located
to fill the gap. Nevertheless, clearances were not completely filled; at the end of
the step 2, the total load at the column reduced from -200 kN to -100 kN (see
red curve) due to the clearances at the column base support, and the hogging
bending moment was reduced. The two load cells F1 and F2 did not measured
the loss of load at the end of the step 2 (just as showed by the red curve —
Fhj+F3), and they were not considered for the reaction loads (see §ll1.1.2.1)
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Figure 283: Comparison between the load applied by the hydraulic jack at the top of the column
and the reaction loads at the beams supports

Figure 284: Base support of the column with the load cell F3 and the clearances: a) at the end
of the step 1 — Hogging bending moment; b) at the beginning of the step 2 — Loading at the
column top

Figure 285 shows the evolution of the bending moment versus time at the
connections during the steps 1 and 2.
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Figure 285: Evolution of the bending moment in the connections (Left and Right) during the

steps 1 and 2

111.8.3 Step by step behaviour: steps 3 and 4 - Loss of the column
and thermal loading

111.8.3.1Evolution of the temperatures

Figure 286, Figure 287 and Figure 288 show the evolution of the temperatures
in the beams at respectively 10 cm, 20 cm and 50 cm from the end-plate.
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Figure 286: Evolution of the temperatures (T) in the beams at 10 cm from the connection during

the test 7 (BR = beam right; BL = beam left)
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Figure 287: Evolution of the temperatures (T) in the beams at 20 cm from the connection during

the test 7 (BR = beam right; BL = beam left)
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Figure 288: Evolution of the temperatures (T) in the beams at 50 cm from the connection during

the test 7 (BR = beam right; BL = beam left)

Figure 289, Figure 290 and Figure 291 show the evolution of the temperatures
at shank and at head of the bolts at each side of the joint, and at the end-plates

surface.
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Temperatures in the bolt shanks
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Figure 289: Evolution of the temperatures (T) in the shank of the bolt during the test 7 (CR =
connection right; CL = connection left)
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Figure 290: Evolution of the temperatures (T) in the head of the bolts during the test 7 (CR =

connection right; CL = connection left)
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Figure 291: Evolution of the temperatures (T) in the end-plates during the test 7 (CR =

connection right; CL = connection left)
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The evolutions of temperatures in the main column and in the bottom column
are presented in Figure 292 and Figure 293 respectively.
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Figure 292: Evolution of the temperatures in the column (joint zone) during the test 7
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Figure 293: Evolution of the temperatures in the bottom column during the test 7

The evolution of temperatures in the composite slab is depicted in Figure 294,
and measured points are shown in Figure 34, section 11.8.3 (p24).
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Figure 294: Evolution of the temperatures in the composite slab during the test 7
111.8.3.2Evolution of the displacements and loads

In Figure 295, the evolution of the reaction loads in both beams supports
(Fq1+F2) is compared with the reaction loads at the column (Fy,+F3). The load at
the jack was constant, equal to 250 kN. At the beginning of step 3, the reaction
loads increased due to the thermal expansion in the heated zone: they reached
a maximum value (-359 kN). The following decrease of the loads is due to the
loss of the bottom column.
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Figure 295: Comparison of the total load into the column (FHJ + F3) with the total reaction load
at the beams supports (F1 + F2)

Figure 296 and Figure 297 show the vertical displacements measured during
step 3 and step 4 respectively: below the joint (D000 and D028), at the beams
mid-span (D002 and DO008), at the hydraulic jack located at the top of the
column, and at the column top (D004).
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Figure 297: Vertical displacements near the beam-to-column joint during the increase of

temperatures

Just a few moments after reloading the sub-frame (after the hydraulic jack
stroke increase), the sub-frame collapsed and the test was stopped. Three bolts
failed during the test, but the failures were not observed on the loading curves.

Figure 298 shows the evolution of the bending moment versus time at the
connections during the entire test. The bending moments of the right and left
connections are equal because they were calculated based on the vertical load
at the column.
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Figure 298: Evolution of the bending moment in the connections (Left and Right) during the test

For the two last tests (6 and 7), a pin at the top of the jack had to be added.
During test 6, the column remained vertical and the column rotation could be
estimated using the measured displacement D016, with the assumption that the
jack remained vertical just like the column. During the test 7, the column and the
jack rotated a lot. But due to a lack of instrumentation, the true rotation was not
measured, and was estimated using the following expression:

D000—-D028

) X 1000 [mrad] (rotation > 0 in the clockwise)
1500 mm

Aeotumn = atan(

Of course, this value is not accurate because: i) the two displacements D000
and D028 were measured using wire transducers, which did not remain
completely vertical due to the rotation of the column, and ii) the two bars welded
to the column and at which the wire transducers were connected could slightly
deform due to the effect of high temperatures.

fﬁ@f

h

] ‘ I
}_A”” | D016 ! NNA_“E
DO28$ /T —3D000

1500 mm

e

Figure 299: Measured displacements for the calculation of the column rotation

Figure 300 and Figure 301 present the evolution of the total reaction load vs the
joint rotation and the beam axial load respectively.
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Figure 301: Total reaction load (F_+ FRr) vs axial loads at the joint (Frestr ax)

111.8.4 Additional data

The evolution of the vertical and horizontal components of the spring restraint

loads, Fspyand Fsph, are showed in Figure 302. The rotations of the springs are
shown in Figure 303.
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Figure 302: Projections of the spring loads along the horizontal (h) and vertical (v) axis
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Figure 303. Spring rotations (L = left; R = right)

The horizontal displacements measured at the beam ends are showed in Figure
304. The estimated horizontal displacements at the neutral axis of the steel
beams Dpeamp.L and R @re represented by the black curves (see §llI.1).
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Figure 304: Horizontal displacements at the end of the left beam

Figure 305 presents the displacements of the beams out of the plan, measured
by the displacement transducer D015 at the bottom column, by the two
displacement transducers D025 and D026 at the beam ends, and by the two
transducers D003 and D009 on the beams webs, initially situated at 1500 mm
from the end-plate.
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Figure 305: Evolution of the displacements measured out of the plan

Figure 306 presents the measured displacements of the auxiliary’s structures
(steel and concrete footings and strong beams connected to the strong walls).
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Figure 306: Measured displacements of the steel and concrete footings, and of the strong
beams linked to the walls (see Figure 31 for the position of the displacement transducers)

IV Comparisons between the seven experimental tests

In order to simplify the comparisons between tests, only one connection from
each joint is taken into account, which is either the connection where bolts
failed, or, in case of no bolt failure, the connection the most deformed: left
connection for tests 1, 2, 3, 5 and 7, and right connection for tests 4 and 6.

IV.1 Summary results of tests 1to 6

Figure 307 shows the evolution of the connection bending moment versus the
joint rotation, and Figure 308 shows the total vertical reaction load at the column
versus the vertical displacement measured at the column top. The hogging
bending moment was initially reached during step 1, followed by a variation of
this moment during the increase of temperatures in step 2. As described in
section 11.5.1, this initial hogging bending moment should have reach -450 kNm
at ambient temperature (test 1) and -236 kNm for the tests at elevated
temperatures (tests 2 to 6). The target initial hogging bending moment was well
reached in tests 1, 4 and 6, but some difficulties were faced in the laboratory,
and this bending moment was higher of around 75% in tests 3 and 5, and lower
of 14% in test 2. At the beginning of step 2, reaction loads increased due to the
thermal expansion of the structure; the reaction loads reached a minimum value
and the minima hogging bending moments reached around -500 kNm in tests 1,
3, 5 and 6, and around -357 kNm in tests 2 and 4. After that, these reaction
loads decreased because of: i) the steel properties degradation due to high
temperatures (higher than 600°C in the webs of the steel beams) in tests 3, 4,
5, and 6; ii) the slight loss of the column support in test 2 due to oil losses in the
bottom cylinder.
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Figure 307: Joint bending moment vs rotation at the connection
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Figure 308: Total reaction load vs vertical displacement measured at the column top

Beams bottom flanges temperatures reached 500°C in tests 2 and 4, and 700°C
in tests 3, 5 and 6: Figure 309 shows the temperatures measured during test 2.
At about 40 min., during step 2, the temperature increase rate was modified
from the maximum rate to 300°C/hour, which created a peak in temperatures
curves. Finally, 500°C was reached in the beam bottom flanges, whereas the
temperature increased faster in the web because of the reduced thickness.
Temperatures in beams top flanges were much lower because they were only
heated by heat transfer from web, which was reduced by the composite slab
protection. During step 3, the temperature was well kept constant in the beam
bottom flanges. Concrete temperatures did not rise above 200°C.

The loss of the column was really progressive as the hydraulic jack at the
column top imposed a constant displacement rate. Concrete crushing in
compression was the first failure observed under sagging bending moment, but
this failure was really progressive; first the concrete crushed against the column
flanges (Figure 310a), and then the entire slab width failed (Figure 310b, c).
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Figure 309: Evolution of the temperatures during test 2

a)

Figure 310: Concrete crushed: a) against the column flanges; b) along the entire slab width; c)
at the end of the test (front view of test 6)

Bolts failures happened in tests 1, 2 and 6 (respectively under 47.5 mrad, 73.6
mrad and 83.3 mrad of connection rotation); the other tests were ended
because the maximum vertical displacement of the hydraulic jack at the column
top was reached. The failed bolts were identified in the bottom bolt rows,
because of higher tensile forces under sagging bending moment. An
“‘unloading-reloading” was performed at the beginning of the step 3 for tests 3, 4
and 5, and it allowed a better characterization of the elastic stiffness of the joint.
In tests 1 and 6, this “unloading-reloading” was not performed because of the
difficulties to manually control the spring restraints at the ends of the beams.

The evolution of the bending moment at the joint versus the beam axial load is
presented in Figure 311 for tests 1, 4, 5, 6, and 7. In the following comparisons
of the results, the test 1 is considered as performed without any restraint to the
beam (see §l1.7.2.3, p22). The restraints were connected to the beams since
the beginning of the test. During step 1, the loads and displacements created by
the application of the initial hogging bending moment were not enough to
develop axial loads to the beams. During step 2 and at the beginning of step 3,
the beam ends were moving outwards and the restraints worked in
compression; then compression loads decreased during step 3, and tensile
loads were reach at the end of the test 6.
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Figure 311: Joint bending moment vs axial loads at the joint

It was observed that the maximum axial compression load was reached: i) for a
vertical displacement of the joint varying between 100 mm to 210 mm (Figure
312); ii) once the concrete from the slab was crushed in compression in tests 4
and 5. In test 6, the maximum axial compression load was not reached due to
the limitation of the hydraulic system at 300 kN in compression (Figure 313), but
it can be assumed that the maximum value would correspond to the 1% bolt
failure.
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Figure 312: Vertical displacement measured at the column top vs axial loads
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Figure 313: Total reaction load vs axial loads at the joint

Table 22 summarizes the main results of each test: the failure modes, the local
deformations, the connection rotation at the end of the test and the symmetrical
or unsymmetrical behaviour of the joint defined by the column rotation; in tests 3
and 7, the column rotated and the joint deformation was not symmetrical. The
final deformation of the sub-frame of test 6 is showed in Figure 314.

et Aele) e

Figure 314: Final deformation of the tested structure (test 6)
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Table 22: Failure modes and local deformation of each test

Temp | Restraint Connection Col.
Test P rotation* | rotation* Failure modes Local deformations
(°C) | (kN/mm)
(mrad) (mrad)
. Concrete crushing in
Oin . .
com compression; failure of 2 End-plate bottom and
T1 20 .p., 74.9 -6 bolts in tension (left P
50 in . centre
tension side); crack at the end-
plate bottom (left)
Concrete crushing in
T2 | 500 0 84.8 Not compression; failure of 3 End-plate bottom and
measured . , . centre
bolts in tension (left side)
Concrete crushing in End-plate bottom and
compression; failure of 2 | centre; Column web
T3 | 700 0 132.4 33 bolts in tension (left side) | (bottom part); Beam
during the cooling phase left bottom flange
Concrete crushing in End-plate bottom and
compression; failure of 2 | centre; Column web
T4 | 500 Total 89.4 2 bolts in tension (right (top part); Beams
side) during the cooling webs; Column left
phase flange deformed
End-plate bottom and
centre; Column web
15 | 700 Total 1223 6 Concrete crus.hmg in (bottom part); Top
compression flange of the right
beam; Plastic hinge at
the right beam
comprassion; fllre of | E1G-Pate botom and
T6 | 700 50 183.5 10 p. . centre; Beams bottom
bolts in tension (2 on the flanges
right - 1 on the left) g
Column failure; Concrete
crushing in compression;
« | 400; failure of 3 bolts in End-plate bottom and
T 800 50 149.8 63 tension (left side); crack centre

at the end-plate bottom
(left)

* Rotations measured at the end of each test;

** Test 7 (demonstration test) is presented in §IV.2.

Finally, Figure 315 and Figure 316 show the final deformations respectively for
tests 1 to 3 (without axial restraint to the beam), and tests 4 to 6 (with axial
restraint to the beam). The steel end-plates deformed in the bottom and centre
part in all tests, even at ambient temperature, and showed a high ductility. Due
to high stresses/deformations, a crack at the base steel end-plate, just above
the weld, was observed at the end of the test 1 at ambient temperature.
Moreover, the localised deformation mode observed at the steel end-plate
centre should happened because of the joint configuration: i) 4 bolt rows and
quite a high space between the rows 2 and 3 (260 mm), ii) the end-plate
(15 mm) was thinner than the column flange (19 mm), and iii) an initial
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deformation noticed just after the bolts pre-loading (0.6 mm was measured for
the reference test). Moreover, it seems that the beam web was pulling the end-
plate due to the sagging bending moment (tensile loads at the bottom part), and
the deformation of the end-plate was amplified where it was not linked by bolts
to the column flange: in the bottom part and in the centre of the end-plate.

1 ﬂ.!ﬁ*‘n"’i‘
E—"" |

50 mm

Figure 315: Deformations of the connections for tests 1, 2 and 3

71 mm

Figure 316: Deformations of the connections for tests 4, 5 and 6

Figure 317 presents the bolts failed in tests 1, 2 and 6. It could be noticed that
the bolt failure in test 6 (at around 600°C) was characterized by a smoother
failure than in tests 1 or 2, for which temperatures (respectively 20°C and
around 400°C) were not yet sufficient to decrease the steel properties.

LFront-r4 LFront-r3 IEQ

+- 400°Gest »

ac -r4
TEST 1 (failed)

A\

Figure 317: Bolts failed in tests 1, 2 and 6
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IV.2 Summary results of the demonstration test (test 7)

The objective of the demonstration test was to reveal the real behaviour of the
sub-frame joint when subjected to a localised fire which leads to the loss of a
column. Four main loading steps were defined by: step 1 — Initial hogging
bending moment; step 2 — Mechanical loading (constant gravity load of 250 kN);
step 3 — 1% increase of temperatures and column loss (400°C in beams bottom
flanges and 800°C in the bottom column); and step 4 — 2" increase of
temperature and failure of the sub-frame. The bending moment/rotation,
load/displacement and bending moment/axial loads curves were presented in
Figure 307, Figure 308 and Figure 311, respectively. The hogging bending
moment was initially reached during step 1 (-281 kNm). During step 2, the
hydraulic jack increased the load at the column top up to reach +250 kN;
however, due to clearances at the column base, the total load at the column
reduced from -200 kN to -96 kN, and consequently the hogging bending
moment was reduced to -134 kNm. In step 3, the beams were heated up to
400°C in the bottom flanges, and joint components and column reached lower
temperatures (Figure 318); the bottom column was heated up to 800°C. First
reaction loads increased under thermal expansion effects and reached a
maximum value of -359 kN (bending moment equal to -505 kNm); then the
bottom column reached its maximum resistance capacity under 578°C and
failed. The failure of the column was really progressive, and was defined as the
moment at which the vertical reaction load came back to its initial value at the
beginning of the step 3 (95.6 kN). At the end of the step 3, the total load was
equal to +211 kN, and the column top dropped of 25 mm; Figure 319 presents
the evolution of the vertical displacements versus time. The sagging bending
moment increased up to 300 kNm, and the compression axial loads to the
beams reached 61 kN.

900 - )
Q! | Step 3 (1stincrease Beam top flange 20cm L
800 gt oftemp and loss of — - - Beam top flange 20cm R
ER the column) ) Beam web centre 20cm L
700 1 @, l N il Beam web centre 20cm R
qé- v 4 Beam bottom flange 20cm L
600 - K Vol /;‘ - - - Beam bottom flange 20cm R
: I / Col flange centre L
500 - ! I — - — Col web centre
= - = = Col flange centre R
400 - 3l Col.-B flange L
I_I
= 'EI = — - — Col.-B web centre
300 | ~—dl - - = Col.-B flange R
§:% Bolt-row 4 L
200 4 U I Bolt -row 4 R
| P Concrete
[}
100 1 i | | Step4 (2™
0 m 1 . . ] . . , . | increase O.f terr]p)
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Figure 318: Evolution of the temperatures during test 7 (in beams at 200 mm from the
connection, in column centre, in bottom column HEB 140 (Col.-B), in row 4 bolts and in concrete
rib in contact with the steel beam)
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Figure 319: Evolution of the vertical displacements during the entire test 7

During step 4, the temperature in the joint increased under the constant load
(+250 kN) applied at the top of the column and reached 770°C in the beam
bottom flange: the concrete slab began to crush against the column flange; the
vertical displacement increased faster (Figure 276), and once the concrete slab
was completely crushed, beam bottom flanges temperature reached 800°C and
the sub-frame completely failed. The test was stopped at a vertical
displacement equal to 280 mm, at 150 mrad and 37 mrad of connection left and
right rotations, the total vertical reaction load was 104 kN, and axial
compression loads at the spring restraints were reduced from 266 kN to 222 kN
after the concrete crushing. The sagging bending moment was slightly
decreased from 290 kNm to 265 kNm. The day after the test, the failure of three
bolts from the left connection was observed: two bolts at the row 4 and one bolt
at the row 3 (Figure 320a), but the failures were not observed on bending
moment/rotation and load/displacement curves. The steel end-plates deformed
in the bottom and centre part, and due to high stresses/deformations, a crack at
the base steel end-plate, just above the weld, was observed. Figure 320b
shows the final deformation of the sub-frame.

Figure 320: a) Deformations of the left connection, and b) final deformation of the sub-frame
(test 7)
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I\VV.3 Effects of the temperature

In the tests performed without axial restraint to the beam (tests 1, 2 and 3), the
maximum reaction load (Fmax) and the corresponding maximum bending
moment (M) decreased by 20% at 500°C, and by 50% at 700°C. Under
these maxima loads, the connection rotation (By:+max) Was more or less equal at
20°C and 500°C, but was increased by 97% at 700°C (Table 23).

Table 23: Comparisons of the results: maximum sagging bending moment M* ..., (tests 1, 2, 3)

No axial restraint T T2 T3 Diff. T1-T2 | Diff. T1-T3 | Diff. T2-T3
Temperature 20°C | 500°C | 700°C (%) (%) (%)
M max (KNm) 710.1 565.0 | 357.1 -20.4 -49.7 -36.8
Max. vert. load F,.x (kN) 504.4 401.5 252.0 -20.4 -50.0 -37.2
Vert. displ. (mm) 145.6 143.6 220.3 -1.4 51.2 53.4
Rotation Oy.max (mrad) 46.9 495 92.3 5.5 96.6 86.5

In test 1, just after the increase of the jack stroke (performed after the concrete
crushing), loads continued to linearly increase, and leaded to a maximum
sagging bending moment equal to 710 kNm, which is 21% higher than the
theoretical value calculated in Haremza et al. (2012), section Il (588 kNm).

Table 24 presents the initial stiffness of the load/displacement curves (Figure
308) estimated just after the column loss, or at the reloading curve in case that
the “unloading-reloading” was performed. It can be observed that the initial
stiffness of tests 3 and 6 (700°C) were much lower than the other ones, but the
reloading performed in test 3 showed a higher realistic stiffness (8 kN/mm);
unfortunately, the “unloading-reloading” could not be performed in test 6, and
the real stiffness is unknown. In comparison to the ambient temperature result
(test 1), the effect of the temperature affects the initial stiffness and decreases it
by 36% at 500°C (test 2) and by 49% at 700°C (test 3); the initial stiffness was
also decreased by 21% between tests 2 (500°C) and 3 (700°C).

Table 24: Initial stiffness of the load/displacement curve after the column loss

Temp. (°C) Restraint Initial stiffness Reloading stiffness

TEST (kN/mm) (kN/mm) (kN/mm)

T1 20 0; 50 15.7 ---

T2 500 0 10.1 ---

T3 700 0 2.6 8.0

T4 500 Total 13.9 18.5

T5 700 Total 11.3 12.3

T6 700 50 29 ---

T7 400; 800 50 10.9 ---

Average 11.2

Table 25 presents the maxima rotations corresponding to the 1% bolt failure
(tests 1, 2 and 6) or to the end of the test if no bolt failure was identified (tests 3,
4, 5, 7). In test 1, the first bolt failed for 49 mrad of rotation (503 kN); in test 2,
the first bolt failed at 74 mrad of rotation (352 kN), and no bolts were failed at
132 mrad of rotation in test 3 (311 mm of vertical displacement). In comparison
to test 1 at 20°C, the rotation was then increased by 55% at to 500°C (test 2),
and by at least 179% at 700°C (test 3). The rotation corresponding to the

181




ROBUSTFIRE Project — Experimental tests — v2(1)

maximum sagging bending moment By.max Was increased by 64% at the 1% bolt
failure in test 2 and by 53% in test 6.

Table 25: Maxima connection rotation for each test, and the corresponding values of the vertical
reaction load, axial load, sagging bending moment, and vertical displacement

Axial Vertical | Vert. | Axial |Bending| Max.
Temp. | restraint | reaction | displ. | load N | moment | Rotation
TEST (°C) | (kN/mm) | load (kN) | (mm) | (kN) (kNm) | (mrad)

T1 20 0; 50 502.5 1475 | -1.3 707.4 47.5 1st bolt failure
T2 500 0 375.1 215.5 0.0 527.9 73.6 1st bolt failure
T3 700 0 218.1 311.4 0.0 309.1 132.4 end of the test
T4 500 Total 253.8 245.8 | -588.0 592.6 89.4 end of the test
T5 700 Total 204.5 363.8 | -104.5 | 3511 122.3 end of the test
T6 700 50 161.0 229.5 | -293.6 | 3439 83.3 1st bolt failure

400; end of the test
T7 800 50 104.1 280.2 | -222.0 | 265.1 149.8 (3 bolts failed)

In tests 4 and 5, during the increase of the temperatures (step 2), the axial and
vertical loads increased more in test 5 than in test 4 (Figure 311), due to the
higher dilatations under 700°C. During step 3, for a same axial compression
load, the sagging bending moment in test 5 at 700°C was lower than in test 4
(500°C) because of the reduced steel properties. In test 5, under the maximum
bending moment reached in test 4 (746 kNm), the axial load from the restraint
was 58% higher. Table 26 shows that the maximum bending moment reached
in test 5 was 11% higher than in test 4; at this point, the vertical reaction load
was 5% lower in test 5, but the compression axial restraint was 66% higher; the
rotation and vertical displacement were respectively 22% and 15% lower in test
5. Test 5, under higher steel temperatures, reached higher bending
moment/axial restraint load than test 4 certainly because of the non-uniform
concrete slab thickness in test 5. Indeed, during the concreting of test 5, a
support situated near the column (back side) fell down, which created a higher
thickness of the slab on this side (the slab thickness on the front side was 60
mm, whereas the slab thickness on the back side was 100 mm). As the
concrete was only slightly heated, the concrete properties were not decreased
by temperature, and the compression resistance of the joint was increased by
the slab thickness, even under higher steel temperatures.

Table 26: Comparisons of the results: maximum sagging bending moment M.« (tests 4 and 5)

Total axial restraint T4 T5 Difference
Temperature 500°C | 700°C (%)
M’ max (KNm) 746.4 | 828.0 10.9
Vert. load F ., (KN) 355.6 | 336.5 -5.4
Axial load N (kN) -990.7 | -1646.7 66.2
Vert. displ. (mm) 154.7 | 132.2 -14.5
Rotation Oy.max (Mmrad) 54.9 43.0 -21.5

Tests 4 and 5 are also compared together in relation to the maximum vertical
reaction load (Table 27). It can be observed that both reached the same vertical
reaction load, under more or less the same vertical displacement and rotation,
but with more 47% of compression load from axial restraints in test 5 (700°C).
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Table 27: Comparisons of the results: maximum vertical reaction load F. (tests 4 and 5)

Total axial restraint T4 T5 Difference (%)
Temperature 500°C 700°C
M* (kNm) 719.6 756.6 5.1
Max vert. load F,.x (kN) 443.6 433.6 -2.3
Axial load N (kN) -1037.6 -1528.2 47.3
Vert. displ. (mm) 64.4 61.0 -5.2
Rotation 0g . (mrad) 20.6 19.9 -3.3

V.4 Effect of the axial restraints to the beams

Tests 2 and 4 were both performed under 500°C in the beams bottom flanges,
respectively without any axial restraint to the beam and with total axial restraint
to the beam. In test 4, the maximum reaction load was 11% higher (Table 28),
the vertical displacement under maximum reaction load was 55% lower, the
bending moment was 27% higher and the rotation was 58% lower than in test 2.

Table 28: Comparisons of the results corresponding to the maximum vertical reaction load F 4
(tests 2 and 4)

500°C T2 T4 Difference (%)
M* (kNm) no total
Max vert. load F, (kN) 565.0 719.6 27 .4
Axial load N (kN) 401.5 443.6 10.5
Vert. displ. (mm) 0.0 -1037.6 -
Rotation 6g,.x (mrad) 143.6 64.4 -55.2
M* (kNm) 495 20.6 -58.4

The maximum bending moment reached 565 kNm in test 2, whereas in test 4,
the maximum bending moment was increased by 32%, for a rotation only 11%
higher (Table 29).

In test 2, the first bolt failed at 74 mrad of joint rotation (216 mm of vertical
displacement). Under the same rotation in test 4, the total reaction load was
17% lower, the bending moment was 32% higher and the axial compression
load restraint was equal to 773 kN. So, due to the compression load from the
axial restraint to the beam, the joint was able to resist to a higher sagging
bending moment without any bolt failure. Indeed, the compression load from the
axial restraint combined with sagging bending moment, moved the neutral axis
of the connection downward, allowing the development of additional
compression loads in the concrete slab, and reduction of the tensile loads in the
bottom bolt rows. Once the concrete crushed against the column slab and along
the entire slab width, tests 4 and 5 were still able to continue to deform without
failure: between the maximum sagging bending moment and the end of the test,
the rotation increased by 113% in test 4 and by 184% in test 5.
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Table 29: Comparisons of the results: maximum sagging bending moment M* .« (tests 2 and 4)

500°C T2 T4 Difference (%)
Restraint no total
M’ max (KNm) 565.0 746.4 32.1
Vert. load F,.x (kN) 401.5 355.6 -11.4
Axial load N (kN) 0.0 -990.7 -
Vert. displ. (mm) 143.6 154.7 7.7
Rotation By.max (mrad) 49.5 54.9 10.8

Between tests 3 and 6, the maximum bending moment (Table 30) was not
affected by the axial restraint to the beam (difference of 0.5%); however, the
corresponding rotation was 40% lower in test 6. Between tests 3 and 5, the
maximum bending moment increased considerably (by 132%); the
corresponding rotation was 53% lower in test 5. The same conclusions can be
made for tests 5 and 6.

Table 30: Comparisons of the results: maximum sagging bending moment M* ..., (tests 3, 5, 6)

700°C T3 T6 T5 Diff. T3-T5 | Diff. T3-T6 | Diff. T5-T6
Restraint no 50 kN/mm | total (%) (%) (%)
M’ max (KNm) 3571 355.5 828.0 131.8 -0.5 132.9
Vert. load F,.x (kN) 252.0 198.0 336.5 33.5 -21.4 70.0
Axial load N (kN) 0 -297.3 -1646.7 - --- 453.8
Vert. displ. (mm) 220.3 148.7 132.2 -40.0 -32.5 -11.1
Rotation 8y.max (Mmrad) 92.3 55.1 43.0 -53.4 -40.3 -22.0

The effect of the axial restraint affects the initial stiffness and increases it by
83% at 500°C (from test 2 to test 4) and by 54% at 700°C (from test 3 to test 5).

V Final comments

The main objective of the experimental tests was to observe the combined
bending moment and axial loads in the heated composite steel-concrete joint
after the loss of the column due to a localised fire. 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. According to previous experimental
works performed in real composite steel-concrete open car park buildings
subjected to fire, a majority of the temperatures measured in the beam bottom
flanges were lower than 500°C; however temperatures of 700°C were observed
in recent tests performed in France (Jaspart et al., 2008), probably due to the
manufacture evolution of cars, with more combustible plastic materials as well
as higher petrol tank capacity. Based on these previous observations, five tests
were heated up to 500°C or 700°C; one reference test (test 1) was carried out at
ambient temperature, and finally a demonstration test (test 7) was performed,
for which the frame was subjected 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: tests 1, 2 and 3 - no axial
restraint to the beam; tests 4 and 5 - total axial restraint to the beam; and tests
6 and 7 - realistic axial restraint to the beam. The two dimension sub-frame was
extracted from an actual composite open car park building, keeping the real
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cross-section dimensions of the beams (IPE 550, S355) and the columns (HEB
300, S460), and using bolts M30, cl 10.9 in the composite connection.

T4 (500°C) T1(20°C)-
5

2, )

T2 (500°C)
T3 (700°C)
T1 (20°C)

T6 (700°C)
T7 (Fire - Dem.)

Figure 321: Seven experimental tests

In tests 1 to 6, a hogging bending moment was initially reached in the joint
during the first loading step, followed by a variation of this moment during the
increase of temperatures (step 2). In the third loading step, the column loss was
simulated (very progressive), and the sagging bending moment increased under
constant temperatures. The first failure observed in all the tests was the
concrete crushing in compression; some bolts from the bottom bolt rows failed
later in tension in tests 1, 2 and 6, under higher joint rotations. Finally, similar
localised deformations at the centre and bottom parts of the end-plate were
observed in all the tests. In the demonstration test 7, the bottom column (HEB
140, S355) failed under 578°C and 359 kN of axial load; then steel
temperatures in the joint increased to very high values (770°C in the beam
bottom flange) and the sub-frame resistance depended of the unheated
composite slab resistance under sagging bending moment (which reached
maximum of 200°C). Finally, the concrete crushed in compression (under 180
kN of axial load), and the entire sub-frame failed a very few time later, because
of the failure of three bolts in the bottom left row (around 600°C in the bolts).

From tests performed without axial beam restraint, the joint rotation capacity, as
well as the ductility, increased with the temperature, whereas the maximum
reaction load, and the corresponding maximum sagging bending moment,
decreased (by 20% at 500°C and by 50% at 700°C).

During the beam axial restraint tests, only compression loads were developed;
the main reason for that was the position of the restraint: not at the gravity
centre of the composite steel-concrete beam, but at the gravity centre of the
steel beam. The advantage of the compression axial loads was the capacity of
the joint to sustain a higher sagging bending moment without any problem of
bolt failure: the compression load from the axial restraint combined with sagging
bending moment, moved the neutral axis of the connection downward, allowing
the development of additional compression loads in the concrete slab, and
reducing tensile loads in the bottom bolt rows. The compression axial loads also
increased the joint rotation capacity and the ductility of the joint.

Additionally, it was observed that the initial stiffness of the load/displacement
curves decreased with the joint temperature and increased with the axial beam
restraints.
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| Introduction

The increase of the market shares for steel and composite car parks in Europe
is somewhat limited by the lack of information on how these structures behave
under exceptional localised fire. The objective of the European RFCS
ROBUSTFIRE project is to develop a general philosophy for the design of
robust structures against exceptional events and to derive practical design
guidelines for its application to car parks under localised fire. This project is
divided into five basic tasks: i) Definition of the problem and selection of the
appropriate investigation ways, ii) Study of the structural individual response of
the affected structural elements, iii) Study of the structural response under
selected fire scenario(s), iv) Derivation of design recommendations adapted to
the industrial request for design efficiency as well as for easy fabrication,
erection and control, and v) Application of the “event-independent” robustness
requirements on a case study. The task ii) is actually on progress, and three
approaches (experimental, numerical and theoretical) will be combined with the
aim to derive behavioural models for elements. The experimental and numerical
approaches will provide the required knowledge on the behavioural response of
individual frame structural elements directly affected by a localised fire. The first
results of the numerical part of the project are presented in this report by the
benchmark study on a steel structure subjected to fire.

A lot of numerical tools are available to model a composite structure subjected
to fire. Some of them are specialized programs dedicated to analyzing steel
structural behaviour in fire. According to Wang (Wang, 2002), the programs
being actively developed and used in major centres of steel structural fire
research in Europe are ADAPTIC, initially developed at the Imperial College of
London, UK (lzzuddin, 1991), FEAST, developed at the University of
Manchester, UK (Liu, 1994; Liu, 1996), VULCAN developed at the University of
Sheffield, UK, and SAFIR developed at the University of Liege, Belgium
(Franssen et al., 2000). The three first ones were initially developed as analysis
program of steel structures at ambient temperatures and were later extended to
analyse the behaviour of steel or composite structures in fire. SAFIR has from
the beginning been developed for structural analyses at high temperatures. His
predecessor is the computer program CEFICOSS (Franssen, 1987). This
program can be used for both thermal analysis and structural analysis at high
temperatures, but these two analyses cannot be coupled. These specialized
programs have generally been developed according to the needs of research
works, such as simulating particular experimental tests. Consequently, these
programs are not able to perform all the simulations or to simulate in detail local
and global behaviours. It is then necessary to choose the right program in
function of the numerical needs.

Commercial general finite element package, such as ABAQUS, has the ability
to simulate complex structural behaviour under fire conditions even though it
does not have special facilities to model structural behaviour in fire. All modes
of structural behaviour involved in fire can be simulated thanks to a large library
of finite elements which enables the creation of an efficient and detailed model,
in which relevant material properties at high temperatures are included (Wang,
2002). Temperature distributions in structures under fire can be obtained by
performing a heat transfer analysis. ABAQUS is able to simulate the detailed
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behaviour of connections in fire and user defined subroutines enable modelling
many of the special features of structural behaviour in fire.

This report presents a comparison between the finite element programs that will
be used during the ROBUSTFIRE project by three partners: i) the specialized
homemade finite element software dedicated to the analyses of structures
subjected to fire, SAFIR, used by the University of Liege (Belgium), ii) the
commercially available program ABAQUS used by the University of Coimbra
(Portugal) and iii) the homemade finite element program ADAPTIC, used by the
Imperial College of London (UK). The main objective is to validate the utilisation
of the SAFIR, ABAQUS and ADAPTIC programs for steel structures subjected
to fire. This benchmark example is based on the paper published by Franssen
in 1995 about a natural fire test on a fully loaded, two dimensional, unprotected
steel framework carried out in a purpose-built compartment in Cardington
(Franssen et al., 1995). This paper is reproduced in full in annex. The influence
of the model definition, axial restraint to beam, frame continuity, thermal
expansion and non-uniform temperature is discussed, and the differences
between the results of the three numerical software’s SAFIR, ABAQUS and
ADAPTIC are illustrated. The study cases are listed in Table 1. The
experimental results as well as the numerical results presented by Franssen
(Franssen et al., 1995) with the FE program CEFICOSS, the predecessor of
SAFIR, are also showed.

Table 1. Overview of the considered study cases

Parameter Study Cases

Reference structure  Modelling of a half structure with account of the symmetry

(8 V.1) (see Figure 4, § 111.4.2)
Model definition Complete Cardington structure modelling (see Figure 24,
(8V.2) §V.2)

Axial restraint to

a) Half structure without horizontal spring (see Figure

b 26(a), 8V.3)
eam
(§ V.3) b) Entire Cardington structure without horizontal springs
' (see Figure 26(b) - § V.3)
a) Beam analysed as a separate member (see Figure
Frame continuity 31,8Vv.4.1)
(8V.4) b) Column analysed as a separate member (see Figure

33,§V.4.2)

Thermal expansion . ) . .
Half structure without expansion coefficient (see Figure 4)

(8 V.5)
Non-uniform . ) o
temperature Half structure with uniform temperature within the cross-
sections (see Figure 4)
(8 V.6)
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Il Description of the benchmark study

The natural fire test reported by Franssen (Franssen et al., 1995) was carried
out by British Steel in collaboration with the Fire Research Station. The fully
loaded, two dimensional steel framework shown in Figure 1 was tested in fire in
a purpose-built compartment of typical size of office accommodation (floor area
of 50 m? and ceiling height of 3.9 m). Dimensions of this steel framework were
specified for a building of two or three storey in height. The beam, 4550 mm
long, with a universal beam section of 406 x 178 x 54, Grade 43A, was bolted to
two columns of 3530 mm tall, with a universal column section of 203 x 203 x 52,
Grade 43A. M20 grade 8.8 bolts were used to provide improved resistance to
loss in strength at high temperatures. Columns were pin jointed at the base and
extended above the beam.

Autoclaved aerated concrete blocks were built between the column flanges to
protect the web from fire, but there were only considered to give thermal
insulation (non-composite behaviour). A concrete slab, which has a cross-
section of 1200 x 150 mm, was also only represented because of its influence
on the temperature distribution in the beam (non-composite behaviour). Lateral
and sway instabilities were prevented by a subsidiary framework specially
designed for.

The loads, maintained constant throughout the fire test, were applied to the two
columns by a hydraulic jack and load cell placed between the top bearing plate
and the load reaction frame, and to the beam, at each four equal positions
along the span.

Tie Bar

prad
-
-
S

Stabilizing Frame

Figure 1. Schematic layout of the loaded frame used in the Cardington tests (Franssen et al.,
1995)

Due to the combination of ventilation openings and the thermal loading (timber
cribs), equivalent fire duration of 32.5 min was achieved in the test. The load
was removed after 22 min when it could no longer be applied with safety. At this
point the total deflection of the beam exceeded span/32. Plastic hinge
approximately 600 mm from each end of the beam and some plastic distortion
of the welded end plates at the top of the connection were formed. Maximum
temperatures over 777C and 606 were observed in the beam and in the
column, respectively, after 20 minutes.
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I Numerical Model

[11.1 Numerical tools

Several numerical analyses are detailed in this report, performed by the three
different finite element programs used by three partners in the ROBUSTFIRE
project: i) SAFIR (Franssen, 2005), used by the University of Liege; i) ABAQUS
(ABAQUS manual, 2007), used by the University of Coimbra; and iii) ADAPTIC
(Izzudin, 1991), used by the Imperial College of London. The results are
compared to the experimental results and to the numerical results obtained by
the software CEFICOSS (Franssen, 1987) and presented in the paper of
Franssen (Franssen et al, 1995).

[11.1.1 Finite Element Program CEFICOSS

CEFICOSS (Computer Engineering of the Fire design of Composite and Steel
Structures) is a special purpose finite element program developed in Liege,
Belgium (Franssen, 1987), for analysing the behaviour of structures in fire. This
program integrates thermal and structural analysis and is the predecessor to the
SAFIR program.

The 2D finite difference program (thermal part of CEFICOSS) is first used for
the calculation of temperatures in steel and composite steel-concrete building
members exposed to fire. The heat flow from the environment to the section is
assumed to be convective and radiative (Franssen et al., 1995). The structural
part of the CEFICOSS program is then used to model the tested frame using
beam finite elements.

[11.1.2 Finite Element Program SAFIR

SAFIR is a special purpose computer program for the analysis of structures
under ambient and elevated temperature conditions. The program, which is
based on the Finite Element Method (FEM), can be used to study the behaviour
of one, two and three-dimensional structures. The program (SAFIR) was
developed at Liege University, Belgium, and is today viewed as the second
generation of structural fire codes developed in Liege, the first generation being
the computer program CEFICOSS.

As a finite element program, SAFIR accommodates various elements for
different idealization, calculation procedures and various material models for
incorporating stress-strain behaviour. The elements include the 2-D SOLID
elements, 3-D SOLID elements, BEAM elements, SHELL elements and TRUSS
elements. The stress-strain material laws are generally linear-elliptic for steel
and non-linear for concrete.

With SAFIR, the analysis of a structure exposed to fire is made of several steps:

- The first step consists in predicting the temperature distribution inside the
structural members subjected to the fire, referred to as the “thermal
analysis”.

- Then, the so-called “torsional analysis” is necessary for 3-D BEAM
elements, where warping effects may occur and for which the warping
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function table and torsional stiffness of the cross-section are not
available.

- The last step, called the “structural analysis”, is carried out to determine
the response of the structure subjected to static and thermal actions.

[11.1.3 Finite Element Program ABAQUS

ABAQUS is an American general commercial finite element package. It
provides a complete and flexible solution for a large range of problems,
including the analysis of structures subjected to fire. Two types of analyses are
considered: i) the coupled thermal-stress analysis and ii) the static analysis. The
coupled thermal-stress analysis (i) requires the use of elements with both
temperature and displacement degrees of freedom, and in this study, beam
elements are used, which only have displacement degrees of freedom and no
temperature degree of freedom. So the static analysis (ii) is used with these
beam elements. A heat transfer analysis is first realised to obtain the
temperatures in beam and column cross-sections. The heat flow from the
environment to the section is assumed to be convective and radiative. These
first thermal results are then used in the static general analysis, where
temperature gradients in the beam cross-section elements are applied as
predefined temperatures (see §ll1.4.3).

[11.1.4 Finite Element Program ADAPTIC

ADAPTIC is the homemade non-linear finite element program of the Imperial
College of London (Izzuddin, 1991). The nonlinear analysis program ADAPTIC
can explicitly take into account both geometric and material nonlinearity as well
as the time variability of the response be used for analyzing structures of
interest. To study the extreme effects such as fire and blast loading, a new
method for integrated adaptive nonlinear analysis of steel frames was
introduced. The main advantage of the proposed method over conventional
nonlinear analysis is that both extreme loading events can be considered within
the same analysis. The resulting integrated approach can therefore be used to
study the behaviour of steel members and frames subject to scenarios of a blast
followed by fire, enabling the influence of the explosion on the fire resistance to
be evaluated.

[11.2 Mechanical and Thermal Material Properties

[11.2.1 Stress-Strain-Temperature Behaviour of Stee |

The steel stress-strain relationship at high temperatures is introduced in each
program according to the expressions given in the EN 1993-1-2:2005, and
illustrated in Figure 2. At ambient temperature, the yield stress f, considered by

Franssen to simulate the experimental test is 408 MPa. This value was not
experimentally measured, so five numerical simulations were carried out with
CEFICOSS, using five different values: 255, 306, 357, 408 and 459 MPa
(Franssen et al.,, 1995). The best numerical agreement with the test was
reached using this yield stress equal to 408 MPa (Figure 18, Figure 19 Figure
20).
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Figure 2. Nominal stress-strain relationship of steel at high temperatures

The elastic modulus considered is 210 GPa, which decreases at high
temperatures according to the reduction factor k., (EN 1993-1-2:2005). The

creep effect on the deformation of steel is included in the expressions of the EN
1993-1-2:2005. A Poisson ratio constant equal to 0.3 is used.

[11.2.2 Thermal Properties of Steel

The thermal expansion coefficient used in SAFIR, ABAQUS and ADAPTIC is
based on the value recommended in EN 1993-1-2:2005, which defines the steel
thermal elongation Al/l as a function of the temperature by the equations (2), (3)
and (4).

for20°C < @, <750°C: Al/1 =1.2x107°6, +0.4x107°67 -2.416x107* (2)
for 750°C < g, < 860°C: Al/l =1.1x107? 3)
for 860°C < g, <1200°C: Al/l =2x107°6, -6.2x10°° 4)

The conductivity and the specific heat of the steel at high temperatures are
defined according to the expressions given by the EN 1993-1-2:2005. The
convective heat transfer coefficient and the emissivity used by Franssen
(Franssen et al., 1995) and given by the EN 1993-10:1990 are respectively
equal to 25 W/m?K and 0.5. However, for the column flange facing the wall of
the fire compartment, the emissivity is taken equal to 0.3 to account for some
degree of radiative shadowing (Franssen et al., 1995).

[11.2.3 Concrete properties

In the thermal analysis, an elastic material law is assumed for the concrete as it
is not taking part in the structural resistance but only plays an insulating role.
The conductivity and the specific heat of the concrete slab are defined
according to the EN 1992-1-2:2004, with a density equal to 2400 kg/m®. The
concrete blocks insulating the column have particular properties: a density
equal to 677 kg/m® a constant specific heat of 1050 J/kgK, a thermal
conductivity given by 0.20 + 0.0004 8, W/mK and a moisture content of 25.7

kg/m® (Franssen et al., 1995). The concrete is not modelled in the mechanical
analysis.
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[11.3 Thermal analysis

The heat-transfer problem analysed in CEFICOSS, SAFIR and ABAQUS
involves conduction and boundary radiation. In these analyses, the
stress/deformation state is not studied, only the temperature field is computed
(ABAQUS Manual, 2007). With SAFIR, boundary conditions (i.e. temperatures
or heat fluxes) are imposed and the temperature is computed at each point of
integration of each finite element. The program ADAPTIC only deals with
structural modelling, and the temperature distribution curves across the cross-
section obtained from CEFICOSS will be directly adopted. The development of
the average combustion gas temperature measured in the fire compartment is
reproduced in Figure 3 (Franssen et al., 1995).

900

800 +

700 +

600 -

500 -

Figure 3. Temperature of the combustion gazes
[11.4 Mechanical analysis

Nonlinearities arise from large-displacement effects and material nonlinearities,
and are taken into account on the numerical models. Moreover, temperature
dependent material properties and nonlinear temperature gradient over the
cross-section are also considered. The energy associated to the shear
deformation of the system is not considered.

[11.4.1 Procedure adopted

In SAFIR, static or dynamic analyses can be performed for the mechanical
analyses. Different loading sequences can also be defined. A step-by-step
analysis is performed with the time as incremental factor. The temperature at
each point of the structures is known at each considered time by extracting this
information from the output files obtained for the different structural elements
through the previously performed thermal analyses. The following information
can be obtained for each iteration:

- Displacement at each node of the structure,

10
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- Axial and shear forces and bending moments at the integration points in
each finite element,

- Stains, stresses and tangent modulus at the integration points of each
finite element.

In ABAQUS, the mechanical analysis of the structure is realised by a static
stress procedure in which inertia effects are neglected. The method to solve the
nonlinear equilibrium equations used by this static general analysis is the
Newton’s method. A series of increments are realised in order to obtain the
solution. In each increment, equilibrium is obtained by iterations. The default
automatic incrementation scheme is used and increment sizes are chosen by
the program on the base of computational efficiency (ABAQUS Manual, 2007).

In ADAPTIC, dynamic analysis is adopted to predict both pre-buckling and post-
buckling (if applicable) behaviours of this frame.

[11.4.2 General modelling assumptions

Figure 4 presents the steel frame structure for which symmetry conditions are
taken into account. In order to apply these symmetry conditions at mid-span of
the beam, the axial displacement in the X-direction and the rotation around Z
were restrained. At the bottom of the column, the displacements in the
directions X and Y are restrained. As the concrete slab and the concrete blocks
in the column only provide thermal boundary conditions for the temperature,
they are not modelled in the structural analysis.

P1=552 kN
P2 P2=39.6 kN

A ‘ 2.4 KN/m

IR e

950

3582

3210,1
3085

Y

ZI—X% (mm)

Figure 4. Reference frame (case 1)

According to Cooke and Latham (Cooke and Latham, 1987), during the
experimental test, no relative rotation at the connection occurred and the
temperature around the connection remained lower than elsewhere in the
compartment during the fire. It is then allowed to suppose a rigid beam-to-
column connection. In order to represent the restraint offered by the secondary
steelwork, a bi-linear spring is modelled with nonlinear force-displacement
behaviour, as illustrated in Figure 5. Franssen (Franssen et al., 1995) defined
the following spring properties: an axial stiffness equal to 6700 kN/m and an
axial plastic load equal to 86 kN.

11
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Figure 5. Behaviour of the spring

In SAFIR, 2D beam elements are used with two integration points. Within the
cross-section, the concrete is not taken into account for the mechanical
analysis; accordingly, integration points are only met within the steel profiles.

In ABAQUS, Two dimension beam elements type B21 are used to define the
beam and the column, with three degrees of freedom per node (X, Y, 6,) -
Timoshenko beams. These elements have five integration points in the beam
element cross-section, as shown in Figure 6.

Figure 6. Default integration, cross-section of a beam used in ABAQUS

In ADAPTIC, cubic elasto-plastic 2D beam-column elements are adopted to
simulate the beam and the column. Numerical integration is performed over two
Gauss points. A number of monitoring areas are used at each Gauss section to
monitor material direct stress and strains. This beam-column element is
illustrated in the Figure 7.

Gauss Point
Y
A Mj
re"
| //f;//. F
| r::// — —
y V/ F )
1 Fa
- ,_,.,J 1\"[1 .
1
- _
X X
Element configuration Element forces

before and after deflection

Figure 7. Configuration and forces in local system of the beam-column element used in
ADAPTIC

12
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[11.4.3 Mechanical and Thermal Loading
[11.4.3.1Mechanical loading

The mechanical loads are applied at ambient temperature and maintained
constant during the fire (see Figure 4 - 8l11.4.2). They correspond to:

- the self-weight,
- avertical load on the column equal to 552 kN (P4),
- two vertical load on the beam equal to 39.6 kN (P>),

- auniform loading of 2.4 kN/m distributed along the beam to represent the
self-weight of the concrete slab.

[11.4.3.2Thermal gradient through the section

In SAFIR, there is one point of integration per steel finite element used for the
thermal analysis and the calculated temperatures can be directly used by the
structural part. For instance, 182 integration points are used for the steel beam
cross-section.

In ABAQUS, thermal loading can only be specified at specific points through the
section or by defining the value at the origin of the cross-section and specifying
the gradients (ABAQUS Manual, 2007). Thermal loading is specified as a
predefined field, as explained previously (see 8 I11.1.3). The predefined
temperature field affects temperature-dependent material properties: the elastic
modulus, the stress-strain behaviour and the thermal expansion will change in
function of the steel temperature. Column and beam have temperature
variations across their section, as defined by the previous heat transfer
analysis. In the static analysis, temperatures are specified at the three specific
points through the section (ABAQUS Manual, 2007): i) centroid of the top
flange; ii) centroid of the web and iii) centroid of the bottom flange. Only one
amplitude curve defining the evolution of the temperature in function of the time
can be introduced for each section type. The thermal gradients applied in the
beam and column cross-sections are shown in Figure 8. The amplitude curve
corresponds to the web temperatures for the beam and to the inner flange
temperatures for the column.

. . BEAM COLUMN
' Top flange / Outer flange ! 0.55 0.78
Web E 1 -5
0.97 0.96

}:30ttom flange / Inner ﬂangé:
Figure 8. Thermal gradient within the beam and column cross-sections in ABAQUS
Since ADAPTIC only deals with structural modelling, the temperature
distribution curves across the cross-section obtained from CEFICOSS are

directly adopted. In modelling with ADAPTIC, up to three independent
temperatures at three points can be considered over the cross-sections of the

13
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steel beam, thus allowing the use of a quadratic temperature distribution across
the cross-section (Figure 9).

P top flange

N web

|

__,_ _ -bottom flange

Figure 9. Temperature distribution in ADAPTIC across the cross-section
[11.4.3.3Temperature along the beam span

Because the measured temperatures of the combustion gases were slightly
lower in the vicinity of the beam-to-column connection (Franssen et al., 1995),
the beam has also a temperature variation along its length. In SAFIR, a
reduction function of the temperatures along the longitudinal beam axis, f(x),
with a sinusoidal shape (Figure 10), is taken into account (with a value of 0.90
6, at the beam/column interconnection and 1.00 g, at mid-span node of beam).

End Beam-Column Connection Midspan

T - - - - =

0.9 0.918 0.950 0.974 0.990 1.00

Figure 10. Coefficients of reduction of the temperatures along the beam used in SAFIR

In order to approximate this variation in ABAQUS, the half of the beam is
divided into five parts where the temperature along each length part is constant
(Figure 11).

Beam-to-

column
connection 0.918 G, 0.95 &, 0.974 6, 0.99 6, 1.00 &,

Mid-span

Figure 11. Temperature gradient along the beam span used in ABAQUS

In ADAPTIC, the temperature distribution along the length of the beam is
illustrated in Figure 12.

09T 10T

’/ﬁ/ \ \

Figure 12. Temperature distribution in ADAPTIC along the length

14
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IV Thermal results

IV.1.1 Finite elements and mesh discretization

The thermal analysis is performed to determine the distribution of temperatures
in an element. For complex structures, the sub-structuring technique is used,
i.e. the total structure is divided into several sub-structures and a thermal
computation is performed successively for each so-defined sub-structures. In
the present study, a thermal analysis is performed for each different type of
structural elements met within the considered structure, i.e. the beam with the
concrete slab and the column with the concrete between the flanges. The
concrete slab and the concrete blocks are modelled as they provide thermal
boundary conditions. In SAFIR, the thermal analyses are made using 2-D
SOLID elements to determine the distribution of the temperature within the
element cross-sections (Figure 13).

b) £

Figure 13. a) Beam and b) column cross-sections meshed in SAFIR

In ABAQUS, the two models (beam and column) are developed using 2D
deformable element DC2D4, a 4-node linear heat transfer quadrilateral, and are
simplified taken into account the symmetry of the section (Figure 14). The
concrete slab and the concrete blocks are linked to the steel profiles by a tie
constraint. The FE mesh is similar to the mesh used by Franssen (Franssen et
al., 1995) in CEFICOSS program.

T Tt

a) 777 b) 1 TTT1T

Figure 14. a) Beam and b) column cross-sections meshed in ABAQUS

15
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IV.1.2 Steel temperatures

Figure 15 a) and b) show the evolution of the temperatures in the flanges and at
mid-height of the web for the beam and column elements respectively, obtained
from the experimental test and from the programs CEFICOSS, SAFIR and
ABAQUS. The considered temperature for the air is reminded with the black
curve. Numerical results obtained by SAFIR show a good agreement with the
measured temperatures during the test, as well as with the temperatures
computed through CEFICOSS and ABAQUS. The differences between
temperatures calculated by CEFICOSS and by SAFIR are 1.30% for the beam
and 5.80% for the column. The differences between temperatures calculated by
CEFICOSS and by ABAQUS are 2.80% for the beam and 6.26% for the
column.
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900 + 900 -| —%— IN flange_Ceficoss
IN flange_ ABAQUS %
— — INflange_SAFIR
800 1 800 | ---m--- OUT flange_Test
) —e— OUT flange_Ceficoss V.
x- OUT flange_ABAQUS
700 + 700 | — — OUT flange_SAFIR
Web_Test
Web_Ceficoss
600 600 1 Web_ABAQUS 2 =
—_ —_ Web_SAFIR .
< 500 | e Alr / o
o & 500 1 -
2 - El
g ---a--- Bottom flange_Test g
g 400 - —x— Bottom flange_Ceficoss g 400
o — — Bottom flange_SAFIR K3
, Bottom flange_ ABAQUS 4 /0
300 -..m--- Top flange_Test 300 - Py A
—e— Top flange_Ceficoss vy
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Figure 15. Temperatures a) in the beam and b) in the column

Based on the considerations presented in 8l111.4.3.2, Figure 16 compares the
thermal loading applied in the mechanical analysis of ABAQUS (Applied) with
the temperatures obtained from the heat transfer analyses (Result). Because
the top flange of the beam shows the lower temperatures, good approximations
were preferred to the bottom flange and to the web. The same consideration is
made to the column.

16
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Figure 16. Applied thermal loading in ABAQUS: a) in the beam, b) in the column

V Mechanical Results

V.1 Reference case: behaviour and validation of the numerical
model

Each model of the reference structure (Figure 4 - § 111.4.2) is validated by
comparing beam mid-span vertical displacement, beam axial load and column
lateral displacement with the experimental and CEFICOSS results. A
comparison of the results obtained by the three different programs SAFIR,
ABAQUS and ADAPTIC is also showed. Figure 17 shows the frame
deformation after 16 minutes computed with SAFIR, ABAQUS and ADAPTIC

and compared to the lateral deformation of the column obtained during the
experimental test.

00

= Initial frame
—a— Experimental
[ 00 —<— SAFIR

“ —=— ABAQUS

00 ADAPTIC

Y (mm)

1doo Scale of displacements: 10/1

T T T T
-500 0 500 1000 1500 2000 2500
X (mm)

Figure 17. Deformation of the frame after 16 minutes (case 1)
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One aspect which can explain the difference observed between the measured
lateral displacements for the column and the computed ones is the presence of
the concrete between the column flanges which is neglected for the mechanical
analysis performed with the three programs.

V.1.1 Beam mid-span vertical displacement and beam  axial load

Figure 18 compares the measured deflection using CEFICOSS and SAFIR for
five different values of yield strength: 255, 306, 357, 408 and 459 MPa
(Franssen et al., 1995), as the actual value for the steel used for the tested
members was not available. Figure 19 and Figure 20 show the results of the
same simulations using the five different values of yield strength with the
programs ABAQUS and ADAPTIC respectively. A yield strength value equal to
408 MPa approximates with a good agreement for all the FE programs the
actual behaviour of the structure observed during the experimental test.
Accordingly, all the following numerical simulations are performed assuming this
yield strength for the steel. Because on the experimental tests, displacement
transducers were switched on only at the beginning of the fire, and numerical
simulations include also the deflection due to the load applied before the fire,
initial difference between numerical and experimental curves is observed.
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Figure 18. Numerical calibration of the yield stress (case 1) — CEFICOSS and SAFIR
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Figure 19. Numerical calibration of the yield stress (case 1) — CEFICOSS and ABAQUS
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Figure 20. Numerical calibration of the yield stress (case 1) — CEFICOSS and ADAPTIC

With the yield strength of 459 MPa (yellow curves), the resistance of the frame
is sufficient to reach the cooling phase of the fire. All the programs obtain a fire
resistance time higher than 30 minutes, but with different maxima values of the
beam vertical displacement varying from 48mm with ADAPTIC to 95mm with
CEFICOSS.

The vertical displacement at mid-span and the calculated axial compression
force in the beam are respectively represented in Figure 21 and Figure 22 for all
the FE programs using the yield strength of 408 MPa. A very good agreement
between SAFIR, ABAQUS and ADAPTIC is observed for the fire resistance
time, equal to about 20 minutes as observed during the fire test (see Table 2 - §
V.2). The beam vertical displacement calculated by ABAQUS increases slightly
faster than with the other numerical programs (Figure 21), and the maximum
value of the compression force in the beam calculated by ADAPTIC is the
highest (Figure 22). These slight differences can be justified by slight different
temperature gradients in the structural element cross-sections (see § 1V.1.2),
and a different way to take into account the gradient of temperature in the
mechanical analysis (8§ 111.4.2).

Material properties used in CEFICOSS were taken from the EN 1993-10:1990,
where a constant expansion coefficient ¢ = 1.4 x 10° was recommended. An
ABAQUS simulation was done using this constant coefficient expansion (blue
curve of Figure 21) and obtained results closer to the experimental test and to
the numerical programs.

Finally, it can be concluded that a good agreement between SAFIR, ABAQUS
and ADAPTIC is observed, as well as for the resistance time than for the
internal forces or the displacements calculations.
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Figure 21. Case 1 - Vertical displacement of the beam in the fire test
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Figure 22. Case 1 - Calculated axial force in the beam
V.1.2 Column lateral displacement

The evolution of the lateral horizontal displacement at mid-height of column is
shown in Figure 23. Due to the elongation of the beam, the column bows
laterally up to the buckling at about 19-20 min, as observed at failure of the
structure. The three numerical programs SAFIR, ABAQUS and ADAPTIC obtain
quite close results.
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Figure 23. Calculated horizontal displacement at mid height of column (case 1)
V.2 Influence of the model definition

In order to verify that satisfactory results are obtained by simulating only one
half of the frame (case 1 - Figure 4), the complete frame is modelled assuming
the presence of two springs (case 2 - Figure 24). According to Franssen, an
initial (sway) imperfection of 0.8 H./1000 is considered, where H. is the column
height (Franssen et al., 1995). The structural elements are the same than the
ones met within the reference structure.
P1=552kN P1
P2 P2 P2 P2

2.4KN/m M

Y AN TR NN SV

4757

Figure 24. Complete frame (case 2)

Results of fire resistances are shown in Table 2 and a very good agreement is
obtained between ABAQUS and ADAPTIC. A higher difference can be
observed with SAFIR for the complete frame due to its difficulty in modelling the
two springs working together.

Table 2. Fire resistance time (Ry) calculated by SAFIR, ABAQUS and ADAPTIC

R¢ SAFIR R: ABAQUS R;ADAPTIC

Case 1 (half of the frame) 20'04” 19'55” 20'36”
Case 2 (complete frame) 17'55” 19'51” 20'05”

It can also be observed in Figure 25 that simulating only half of the frame has
almost the same structural behaviour of full model, which proves that
satisfactory results are obtained by simulating only one half of the frame,
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provided that restraint members are present. Again a very good agreement is
showed between ABAQUS and ADAPTIC.

B )

d) ADAPTIC (20°05”)

Figure 25. Failure modes (scale 4/1) of the complete frame models in (b) SAFIR, (c) ABAQUS
and (d) ADAPTIC compared to the reference case failure mode in (a) ABAQUS

a) ABAQUS (19'55") b) SAFIR (17'55") c) ABAQUS (19'51")

V.3 Influence of the axial restraint to beam

The presence of the axial restraint at beam ends influences the elongation of
the beam and the development of the axial loads in the latter. In this section, the
influence of axial restraints to both complete and half model is considered by
modelling them without the lateral springs at the beam extremities, as shown in
Figure 26 a) and b).

P1=552kN P1 =552 kN Pi
P2 P2=39.6 kN P2 P2 P2 P2
Y 2.4 kN/m ‘r 2.4 kN/m Y
JIIRIIT if; JUJRITI RIS
950
2378

25 |

Zx 4757 ﬂ

a) b) ~ - - (mm)

Figure 26. Cases 3a and 3b — No axial restraint
V.3.1 Case 3a — Half of the unrestrained frame

The beam axial compressive forces of both restrained (case 1) and
unrestrained (case 3a) frames calculated by SAFIR, ABAQUS and ADAPTIC
are shown in Figure 27. The existence of lateral restraints can cause
considerable compression force compared with the cases without lateral
restraints due to thermal expansion effects. It is also showed that the results
from the three programs SAFIR, ABAQUS and ADAPTIC present a good
correlation.
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Figure 27. Calculated axial force in the beam

values are given in kN.

The peak values reached by the axial compression forces in the beam are
equal to 125.40 kN and 43.23 kN with SAFIR, 122.92 kN and 45.43 kN with
ABAQUS, and 127.60 kN and 44.20 kN with ADAPTIC when restraint is present
and absent respectively, as shown in Table 3. At failure, the axial compression
force in the beam is reduced from 95.97 kN to 16.43 kN with SAFIR, 105.83 kN
to 19.38 kN with ABAQUS, and 98.1 kN to 17.80 kN with ADAPTIC, when
lateral restraint is removed. However, it can be seen in Table 4 that the beam
axial force does not significantly influence the fire resistance and the stability of
the structure. Table 4 also shows that a good correlation is found between the
fire resistance times calculated by the three programs SAFIR, ABAQUS and
ADAPTIC.

Table 3. Axial compression forces (N) calculated by SAFIR, ABAQUS and ADAPTIC — All the

N SAFIR N ABAQUS N ADAPTIC

< Q Case 1 (restrained frame) 125.40 122.92 127.60
& Tg Case 3a (unrestrained frame) 43.23 45.43 44.20
g © Case 1 (restrained frame) 95.97 105.83 98.10
E C_>G Case 3a (unrestrained frame) 16.43 19.38 17.80

Table 4. Fire resistance time (Ry) calculated by SAFIR, ABAQUS and ADAPTIC

R¢ SAFIR R{ ABAQUS R; ADAPTIC

Case 1 (restrained frame) 20'04” 19'55” 20'36”

Case 3a (unrestrained frame) 20'38” 20'31” 2100’
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V.3.2 Case 3b — Entire unrestrained frame

The failure mode of this complete frame without spring and with account of an
initial imperfection (case 3b) is completely different from the one observed in the
previous modelling (case 3a). Without spring and with the 0.8 H,/1000 of initial
imperfection (see § V.2), a non-symmetrical response of the frame can be
developed as confirmed in Figure 28 by the shape of the structure deformation
at failure. This leads to a significant reduction of the fire resistance, as shown in
Table 5. The three programs obtain very close results.

a) | b) c) d) -
Figure 28. Calculated failure modes (scale 4/1) of the sway frame in (b) SAFIR, (c) ABAQUS
and (d) ADAPTIC compared to the case 3a failure mode in (a) ABAQUS
Table 5. Fire resistance time (Ry) calculated by SAFIR, ABAQUS and ADAPTIC

Ri SAFIR R ABAQUS R;ADAPTIC
Case 1 (restrained frame) 20'04” 19'55” 20'36”
Case 3b (complete unrestrained frame)  12'08” 12’17 " 12'42"

Figure 29 and Figure 30 present the horizontal and vertical displacements of the
top of the column and the beam mid-span displacement calculated by the three
programs. A similar behaviour is showed between ABAQUS (red curves) and
ADAPTIC (blue curves), that reach higher displacements than SAFIR (green
curves), but the fire resistance time computed by ABAQUS is closer to the fire
resistance time obtained by SAFIR.

100
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0 e e 01 LSROEES RIS Er ) ”"—' AT S B G == "’ R S AT
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-200

£
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§ -400 4| —o— Column top vertical displacement_ABAQUS

% 500 | Column top vertical displacement_ADAPTIC

e —— Beam mid-span vertical displacement_SAFIR
600 1| —Beam mid-span vertical displacement. ABAQUS
-700 A Beam mid-span vertical displacement_ADAPTIC

-800

Figure 29. Column top vertical displacement and beam mid-span vertical displacement (case
3b) computed by SAFIR, ABAQUS and ADAPTIC
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Figure 30. Column top horizontal displacement (case 3b) computed by SAFIR, ABAQUS and
ADAPTIC

V.4 Influence of the frame continuity

It has long been recognized that the provision of continuity could increase the
fire resistance of a structure and that a complete structure does not behave as
the sum of its separate members. To illustrate and quantify this claim, the beam
and column of the test frame have been analysed separately (cases 4a and 4b
respectively).

V.4.1 Case 4a — Beam analysed separately

The beam is considered on its own. Figure 31 shows the bending moment and
the horizontal force introduced by the column at ambient temperature and
added to the load applied by the hydraulic jack during the test.

30.33 kNm F2 P2=39.6 kN

;/’\ 2.4 kN/m
7.1 kN Ql Lowlllyw g
050

2378

- -—

Figure 31. Beam as a separate member — Case 4a

Table 6 presents the fire resistance times and Figure 32 presents the evolution
of the beam mid-span vertical displacement computed by the three programs
for the beam as a separate member. These displacements are compared with
the vertical displacement of the beam as part of the frame measured during the
experimental test. It clearly shows that the fire resistance time reduces and the
vertical displacement is higher in the absence of beneficial restraints from the
column.

Table 6. Fire resistance time (Ry) calculated by SAFIR, ABAQUS and ADAPTIC

R: SAFIR R ABAQUS R;ADAPTIC

Case 1a (restrained frame) 20'04” 19'55” 20'36”
Case 4a (beam as a separate member) 1729 17'00” 17°00”
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Figure 32. Beam mid-span displacement — Case 4a
V.4.2 Case 4b — Column analysed separately

The column is considered on its own, taking into account effects of the beam by
applying a bending moment and a vertical force at the top of the column, as
shown in Figure 33.

P1 =552 kN

i Yis4 kN
1 (
)

30.85 kNm

497

)
0
A

JAN

Figure 33. Column considered on its own — Case 4b

All the programs SAFIR, ABAQUS and ADAPTIC obtain fire resistances of at
least 30 minutes. The column remains stable and no collapse is observed. The
lateral displacement behaviour of the column as a separate member is
presented in Figure 34 and compared to the behaviour of the column modelled
as part of the frame (computed by CEFICOSS). It is showed that modelling the
column on its own provides completely different results for the column
behaviour, and it remains safe until the end of the analysis, against the failure at
t = 20min. observed at the complete frame. The irregularity in the ABAQUS
curve about 14-15 minutes is explained by the applied temperature gradient
(see Figure 8 in the 8l11.4.3). Good correlations are obtained with the three
programs for the column on its own as well as for the beam on its own.
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Figure 34. Calculated horizontal displacement at mid height of column

It can be noted that the ABAQUS result of this case 4b is influenced by mesh
size, as shown in Figure 35, where four calculi are performed with four different
average beam element length 0.4m (the average element length used in
CEFICOSS), 0.2m, 0.1m and 0.01m.

10 ‘

o
ﬂf&
.

[=]
S

A0+

Sl

-40

Lateral displacement - mid height (mm)

-30 1

-50

— — CEFICOSS_mesh 1_0.4m
—— ABAQUS_mesh 1_0.4m
ABAQUS_mesh 2_0.2m
—— ABAQUS_mesh 3_0.1m
—— ABAQUS_mesh 4_0.01m
] ]

-60

Fire duration (min.)

Figure 35. Calculated horizontal displacement at mid height of column (case 4b — separate
member) — Influence of the mesh size

V.5 Influence of the thermal expansion

The total thermal expansion from a reference temperature is defined by the
thermal expansion coefficients, which generate thermal strains. The influence of
the thermal expansion on the fire resistance of the frame is tested by modelling
the reference structure (Figure 4) without any thermal expansion coefficients
(case 5). Franssen concluded that the expansion coefficients have a significant
effect on the structure response (Franssen et al., 1995). Indeed, according to
the results of SAFIR, ABAQUS and ADAPTIC, without expansion coefficients:

- The fire resistance increases from about 19-20 min. (case 1) up to the
end of the analysis — 30 min. (case 5) and probably more because of the
cooling of the steel as the fire decays (Franssen et al., 1995). However,
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because no experimental temperatures were measured after 30 min., the
numerical analyses were also limited to this time;

- The axial compression load in the beam increases much less;

- The lateral displacement of the column decreases because of the
absence of the thermal expansion of the beam that was pushing the
column outward.

The three programs ABAQUS, SAFIR and ADAPTIC presents good
correlations. However, according to Franssen, when the fire is more severe, the
expansion coefficient does not have such a significant effect (Franssen et al.,
1995).

V.6 Influence of the non-uniform distribution of te mperature

Within this paragraph, a uniform temperature for the cross-section of the beam
and the column is calculated with a simplified method proposed in EN 1993-1-2:
2005. The emissivity of steel column is only 0.3 on the outer flange and 0.5 on
the inner flange. According to Franssen (Franssen et al., 1995), an average
emissivity equal to 0.4 can be used to calculate the uniform temperature. The
column is assumed to be exposed to the fire only on its flanges because of the
concrete blocks isolating the web. The section factor is then equal to
(2bc+4t)/Ac = 69mL; where b is the width of the column, t is the thickness of
the column flange and A. is the area of the column cross-section. The top
flange of the beam is protected by the concrete slab, so the beam section factor
is equal to (3bp-2tws+2hp)/Ap = 193m™: where by, is the width of the beam, tw is
the thickness of the beam web, hy is the height of the beam and A, is the area
of the beam cross-section.

Figure 36 illustrates the uniform temperatures computed by the actual EN 1993-
1-2:2005 (EC3). These values are compared to the mean values of the
temperatures calculated by the heat transfer analysis in CEFICOSS, SAFIR and
ABAQUS. The maximum uniform temperature reached into the beam is 809°C
after 20 minutes whereas the maxima mean temperatures are 709 and 737°C
in SAFIR and ABAQUS respectively. In the column, a temperature of 500C is
reached 3-4 minutes earlier with the uniform temperature assumption computed
with Eurocode 3. The uniform temperatures at the end of the test are also 40°C
and 91°C higher than mean temperatures for the column in SAFIR and
ABAQUS respectively. Mean temperatures calculated by CEFICOSS, SAFIR
and ABAQUS are lower than the uniform temperatures calculated with the
simple model of EN 1993-1-2:2005 because the heat transfer from the steel to
the concrete is not considered by the simplified calculation method.

28



ROBUSTFIRE Project — Document 4 — Benchmark - column — v3(2)

900

800 +

700 A

600

o

S

o 500 A

3

o — Air temp.

L 400 ~ .

g = BEAM_Uniform temp._EC3

2 BEAM_Mean temp_CEFICOSS
300 4

BEAM_Mean temp_SAFIR
BEAM_Mean temp._ ABAQUS

—— COLUMN_Uniform temp._EC3
COLUMN_Mean temp_CEFICOSS
COLUMN_Mean temp_SAFIR

y COLUMN_Mean temp._ABAQUS

O \I T T T T T \‘

0 5 10 15 20 25 30 Time (min.)

200

100 ~

Figure 36. Calculated uniform and mean temperatures

Results and comparisons of the fire resistance obtained by the numerical tools
SAFIR, ABAQUS and ADAPTIC using uniform temperatures (case 6) and
temperature gradients in the cross-section (case 1) are presented in Table 7.
The mechanical models in SAFIR, ABAQUS and ADAPTIC using the uniform
temperature in the beam and column sections, calculated according EN 1993-1-
2:2005, give a lower fire resistance time than with a thermal gradient (case 1). It
can be explained by the fact that the mean temperatures computed through the
programs are lower than the uniform temperatures computed with EN 1993-1-
2:2005.

Table 7. Fire resistance time (Ry) calculated by SAFIR, ABAQUS and ADAPTIC

R SAFIR R; ABAQUS R; ADAPTIC

Case 1 (gradient of temperature) 20'04” 19'51" 20'36”
Case 6 (uniform temperature) 19'16” 1900 19'36"

Then three temperature distributions are assumed and compared: i) Real tested
non-uniform temperature distribution, which is used in all the above sections; ii)
Uniform temperature distribution proposed in EN 1993-1-2: 2005; and iii) Mean
temperature value of the non-uniform temperature distribution. The vertical
displacement of beam mid-span and horizontal displacement of column mid-
height for all the three cases are showed in Figure 37, Figure 38 and Figure 39
computed by, respectively, SAFIR, ABAQUS and ADAPTIC. However, the
results from SAFIR with the mean temperatures into cross-sections were not
available. It seems from ABAQUS (Figure 38) and ADAPTIC (Figure 39) that no
collapse is observed for frames under the mean temperature distribution, which
is due to the relatively lower calculated temperature and the absence of thermal
bow. On the other hand, structural responses of the frame under calculated
uniform temperature distributions (Eurocode) is similar to non-uniform
temperature case, but the fire resistance time of uniform temperature case is
slightly less than non-uniform one. So the uniform temperature calculated using
EN 1993-1-2:2005 method leads to conservative results (premature failure)
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while the mean temperature leads to unsafe results (no failure is observed until
the end of the analysis).
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Figure 37. SAFIR results of the half of the frame calculated for different applications of the
cross-section temperatures — a) Vertical displacement of the beam mid-span; b) Horizontal
displacement at the column mid-height
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Figure 38. ABAQUS results of the half of the frame calculated for different applications of the
cross-section temperatures — a) Vertical displacement of the beam mid-span; b) Horizontal
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Figure 39. ADAPTIC results of the half of the frame calculated for different applications of the
cross-section temperatures — a) Vertical displacement of the beam mid-span; b) Horizontal
displacement at the column mid-height
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VI Concluding remarks

This document presented a comparison between the finite element programs
that will be used during the ROBUSTFIRE project by three partners: a
specialized homemade program dedicated to the analyses of structures
subjected to fire, SAFIR, a commercially available program ABAQUS and a
homemade finite element program ADAPTIC. The main objective was to
validate the utilization of the SAFIR, ABAQUS and ADAPTIC programs for steel
structures subjected to fire. The results obtained were also compared to another
FEM called CEFICOSS which is in fact the predecessor of SAFIR.

The simple 2D steel frame studied in this document was based on the paper of
Franssen published in 1995 about a natural fire test on a fully loaded, two
dimensional, unprotected steel framework carried out in a purpose-built
compartment in Cardington (Franssen et al., 1995). The influence of the model
definition, axial restraint to the beam, frame continuity, thermal expansion and
non-uniform temperature were discussed.

SAFIR and ABAQUS performed well the heat transfer analysis to obtain
temperature distributions in structures, while ADAPTIC was not able to realize
such analysis and directly used the results obtained by the FE program
CEFICOSS.

SAFIR, ABAQUS and ADAPTIC showed a good ability to simulate steel
structural behaviour under fire conditions using beam elements.

Some of the differences between the different results could be explained by
some reasons:

- The temperature gradients in cross-sections were approximated in
ABAQUS as they only could be defined into three dependant points in
the cross-section.

- The temperatures used by ADAPTIC were extracted from the paper of
Franssen (Franssen et al., 1995), from the results of CEFICOSS, which
could lead to slight inaccuracies.

- The difficulty to simulate the behaviour of springs with SAFIR (no
dedicated finite element), in particular when investigating the behaviour
of the complete structure.

- ABAQUS fire resistances were defined as the beginning of the strongly
decrease of the beam axial compression-time curve. In reality, ABAQUS
stops a few times after. So the precision of the fire resistance value
depends of the increment sizes, but also of the appreciation of the
person.

- The CEFICOSS and experimental results were only available via the
paper of Franssen (Franssen et al., 1995) and all values were directly
measured on this paper.

- CEFICOSS being the predecessor of SAFIR, with a version from 1995,
some differences could be related to some changes of code that
occurred in the last 14 years in terms of numerical techniques and
abilities.
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In conclusion, the numerical programs SAFIR, ABAQUS and ADAPTIC were
validated for analysis of steel structures subjected to fire and modelled with
beam elements. As part of the ROBUSTFIRE project, the next step will be to
get preliminary results for the experimental tests preparation, and then to
calibrate the FE models with the experimental tests results. Finally, parametric
studies will be performed so as to investigate the influence of various
parameters on the fire response of the structural elements.
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ANNEX — Franssen et al., 1995
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ABSTRACT

This paper presents the results of a number of numerical simulations of the behaviour
in a real fire of a full-size, loaded, two-dimensional, mainly unprotected steel frame.
Data from the fire test, reported in Steel Construction Today 1987, provides the
benchmark. The application of one, two and three-dimensional heat flow models is
discussed, and the basis of the structural model used is described. The influence of
lateral restraint, frame continuity and thermal expansion is quantified using the
compuier model. In contrast the simple method in draft Eurocode 3 is used to
calculate the frame stability assuming that the temperatures of the beam and
columns are uniform across their sections, and good agreement with the test result
is shown. It is suggested that a rigorous computer program, like that described in
the paper, could be usefully employed to identify those types of structure which might
be analysed safely by the simplified method.

1 INTRODUCTION

It has been known for many years that, in common with all other
materials, a steel structure may suffer loss of load bearing capacity and
even collapse when submitted to the action of a severe fire.

The problem of steel in fire is not so much the loss of strength and stiffness
with increasing temperature (comparable with the behaviour of other
building materials) as the fact that the temperature in steel tends to increase
rapidly due to the action of the fire and the high thermal conductivity of steel.
One way to solve, or rather to avoid, the problem is to protect steel structures
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with insulating materials, thus delaying the temperature increase in the steel.

However, it is also known that a structure may reach higher tempera-
tures while remaining stable provided that the load factor, i.e. the ratio
between the actual load and the ultimate load at ambient temperature, is
reduced.! Continuity (hyperstaticity) can therefore be a good solution in
order to reduce the amount of insulating material used. At ambient
temperatures, but even more at elevated temperatures, a continuous
structure behaves better than the separate members and it is thus desirable
to design as a complete structure.

Historically, the first fire safety design method relied entirely on full
scale tests. Tests are expensive, time consuming and difficult to perform,
especially on complete structures. Yet they may still be necessary to
investigate new building systems or to validate theoretical models. British
Steel plc (BS) and the Department of Environyent (DoE) sponsored such
a fire test which was performed in the Fire Research Station’s Cardington
Laboratory on a full size, fully loaded, two-dimensional steel frame? to
generate data for use in the complementary development of analytical
techniques to simulate the structural stability of steelwork in natural fire.

As elastic analysis leads to conservative results, theoretical design
methods for steel structures exposed to fire mainly rely on the theory of
plasticity, and this is widely used and accepted for simple structures such
as continuous beams.

For other structures, where large displacements and the effect of restraint
affect stability, the complexity of the problem makes it amenable to solution
by numerical models which, based on acknowledged principles of the theory
of structural mechanics, are able to consider, amongst other things, the
visco-elasto-plastic behaviour of steel, the effects of thermal gradients, large
displacements, restraint forces, and residual stresses. The first author has
been active in the development of such a computer code at the University of
Liége** and the other two authors are deeply involved in UK fire modelling
work involving FRS, BS, Sheffield University,> City University,® and others.
Much work on the subject has been undertaken elsewhere.” !4

Recent recommendations have been presented in Luxembourg within
the Eurocode context!:'¢ for the thermal and mechanical properties of
steel at elevated temperatures for use in numerical models. The recommen-
dations are under discussion and may be modified but they indicate what
could be utilised in Europe for the foreseeable future.

The aim of this paper is to show how the recommendations can be
applied in a numerical model of frame behaviour and how the results
provided by the numerical model compare with the fire test results. Results
are reported for sensitivity analyses which explored the effect of varying
some important parameters, for example, yield stress of steel.
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2 THE CARDINGTON FIRE TEST ON A LOADED STEEL
FRAMEWORK

A natural fire test on a fully loaded, two dimensional steel framework was
carried out by British Steel in collaboration with the Fire Research Station
of the Department of the Environment and is described in detail else-
where.? The experiment was carried out in a purpose-built compartment
with a floor area of 50 m? and a ceiling height of 3-9m, a size typical of
office accommodation. The front elevation of the compartment is shown in
Fig. 1. Ventilation was controlled by means of shutters placed within the
long walls to obtain as symmetrical a heating exposure as possible. The
fuel load comprised timber cribs which, together with the selection of
ventilation openings, achieved an Equivalent Fire Duration of 32:5 min in
the test. This was considered sufficient to ensure that the loaded beam
reached its limiting temperature during the fire.

2.1 Test frame

The steel framework selected for testing under load was typical of that
used in a building of two or three storeys in height. It comprised a

Fig. 1. Compartment with fire test in progress.
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4550 mm length of 406 x 178 mm x 54 kg/m BS 4360:1979 Grade 43A
universal beam section bolted to two 3530mm lengths of
203 x 203 mm x 52 kg/m Grade 43A universal column section.

The test beam which spanned the compartment at ceiling height
remained unprotected, but four 1200 x 5550 x 150 mm precast concrete
slabs, which formed part of the compartment roof, were attached to the
top flange by welded 12 mm diameter threaded bars. The slabs were
separated by a gap of 25 mm to prevent composite action with the beam,
and the gap was filled with ceramic fibre blanket. Each column, which
extend above the beam, was pin jointed at the base. The webs were
protected by autoclaved aerated concrete blocks with a density of
677 kg/m? (3-8% water content by weight) built between the flanges using
an ordinary mortar mix. This system had been shown to be a relatively
cheap method of raising the fire resistance of lighter freestanding columns
to 30 min in the ISO 834 fire test. The beam/column connections utilised
M20 Grade 8.8 bolts to provide improved resistance to loss in strength at
high temperatures.

2.2 The loads

The complete assembly is shown schematically in Fig. 2. The test frame
was centrally positioned inside the compartment, parallel to the short
walls. It was surrounded by load reaction frames which gave a closed
loading system so that only dead loads were transmitted to the floor. A
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Fig. 2. Schematic layout of the loaded frame used in the Cardington tests.
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subsidiary framework was designed to prevent lateral and sway instability
in the test frame. A maximum axial compressive load of 552kN was
applied to each test column by an hydraulic ram and load cell placed
between the top bearing plate and the load reaction frame. The test beam
was loaded to 39-6 kN at each of four equal positions along the span. The
loads were maintained constant throughout the fire test.

With the exception of the test frame, the remainder of the structure was
fire protected.

2.3 Steel temperatures

During the fire, thermocouples fixed into the steel framework measured
the changes in temperature in the flanges and the webs. The heating rate
was fastest at the centre of the unprotected beam. Maximum temperatures
of 775, 777 and 577°C were measured in this locality in the lower flange,
centre of the web and upper flange, respectively, after 20 min. The
corresponding temperatures in the lower flange and web close to the
connections were 671 and 720°C, the web heating up more rapidly since it
was thinner than the flange.

With regard to the blocked-in columns, the exposed flanges facing into
the compartment heated up faster than the exposed flanges facing towards
the walls mainly due to the difference in the radiation configuration factor.
Thus for one column, a maximum temperature of 606°C was measured on
the inward facing flange after 20 min, by which time the outward facing
flange reached 514°C. Due to the protection provided by the blockwork,
the centre of the web only attained a temperature of 251°C after 20 mins.

The load was removed from the structure after 22 min into the natural
fire test. At this time the temperatures reached by the thread beneath the
bolt heads were 397°C for the upper and 441°C for the lower bolt. The
reduction in temperature along the thread, which extended into the
blockwork, was approximately 100°C.

2.4 Deflection behaviour

The deflection of the structure was more complicated than the behaviour
of isolated elements due to the effect of structural continuity and the
non-uniform fire exposure which caused thermal bowing. The downward
mid-span deflection of the beam increased with the rise in the steel
temperature and the rate of deflection increased up to approximately
40 mm/min. The load was removed after 22 min when it could no longer
be applied with safety. At this point the total deflection of the beam
exceeded span/32.
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At failure the beam exhibitéd considerable twisting as well as vertical
deformation, together with tilting of the concrete slabs attached to the
upper flange. Subsequent examination revealed the presence of a plastic
hinge approximately 600 mm from each end of the beam and some plastic
distortion of the welded end plates at the top of the connection.

The blocked-in columns expanded axially to reach a maximum extension
of 20 mm after 15 min. The distance between the columns increased during
the test due to the axial expansion of the beam and rotation of the ends of the
beam due to thermal bowing. The average lateral displacements measured
on the columns at different heights with time are shown in Fig. 3.
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Fig. 3. Average lateral deflection of column in the fire test.
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3 THE NUMERICAL MODEL

Before a calculation of load bearing capacity can be made it is necessary to
know the temperature distribution in the structure. The temperature data
may come from a fire test or be predicted from a knowledge of the fire
environment. Except at the moment of complete collapse, the rates of
deformation are low enough to neglect the heat that is caused by plastic
straining. Hence the static state of the structure does not influence the
temperatures of the structure. This generally accepted assumption allows
the calculation of temperatures in the structure to be separated from the
calculation of deformations, strains and stresses (structural calculation).

It should be noted that it is not at present possible to calculate the effect
of excessive deformation of the supporting structure on the ad-
hesion/cohesion of applied insulation material or the effect of cracks
developing in concrete. Both effects could influence the temperatures
attained by the structure.

Whatever method is used to calculate the temperatures within the
structure, it is usual to regard the temperature of the environment
(combustion gas) as the main parameter affecting the heat exchange
between the environment (the fire or the furnace) and the structural
member. Indeed, specifications for fire tests very often deal only with the
evolution of combustion gas temperature in the furnace, without reference
to the radiation from the furnace linings or burner flames which can
markedly affect the heat transfer to the specimen as a test proceeds.

3.1 One-dimensional temperature distribution

An often-used approximation is the assumption of a uniform temperature
distribution within the steel section, justified by the high thermal conduc-
tivity of steel. The section is then characterised at any point in time by one
temperature (from which comes the concept of a critical or limiting
temperature) and the equation describing this temperature increase is of
the one-dimensional type. The section is characterised by its section factor
(i.e. heat-exposed perimeter divided by cross-section area) and the heat
flow equation can be adapted to consider the effect of an insulation
protection.!7-18

This method does not consider the temperature gradient that may arise
over the depth of the cross-section. This can considerably influence the
bowing of beams or the buckling of columns. Furthermore, if a steel beam
is in direct contact with a concrete slab (as in the Cardington test) the
heat transferred from the steel section to the concrete slab cannot be con-
sidered so that the uniform temperature calculated by the one-dimensional
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approach differs from the average value of the two-dimensional tempera-
ture field.

This approximate method is therefore unsatisfactory if the deflection
response is to be reliably modelled, but is commonly used together with
the simple plastic design methods mentioned in the Introduction.

3.2 Two-dimensional temperature distribution

For slender structural members such as beams, columns or bars, a less
restrictive assumption is that the temperature distribution does not vary
along the length of the member. The main equations of the problem are
two-dimensional with respect to the Cartesian coordinates y and z that are
perpendicular to the longitudinal axis x.

Except for very simple cases, these equations must generally be solved
numerically using finite element or finite difference techniques. In Liége,
the first author has been using a two-dimensional finite difference program
(thermal part of CEFICOSS see Refs 3 and 4), specifically written for the
calculation of temperatures in composite steel-concrete building members
exposed to fire. The cross section is discretized by a rectangular mesh,
Fig. 4. The temperature and the type of material (steel, concrete or
insulating material) are assumed to be uniform within each rectangle. The
equation of heat transfer is transformed into a finite difference equation
which can be written for every rectangle of the cross-section. The heat flow
from the environment to the section is assumed to be convective and
radiative.

The equations are integrated with respect to time by a totally explicit
scheme which provides an equation in which all thermal properties are
evaluated at the beginning of every time step. As the equation is written for
each rectangle, there is no need to form and solve a large system of
equations: for one time step it is only necessary to solve as many equations
with one unknown as there are rectangles in the cross-section. The time
step has to be chosen to ensure stability and convergence of the solution.
The maximum allowable time step can be automatically computed? and,
because of the temperature-dependent thermal properties of building
materials, it usually increases as the member heats up. The limited size of
most two-dimensional problems means that they can be easily solved with
commonly-available desktop computers.

An advantage of the rectangular discretization is that the temperatures
can be presented in a rectangular array which directly gives a good idea of
the temperature distribution in the cross section, Table 1.

The main disadvantages of this code arise from its inability to deal with
curved surfaces (as for circular columns or for the root radius of a hot
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Fig. 4. Discretization of the column cross-section by 11 x 16

176 rectangles.

(in hollow core concrete slabs or a steel profile insulated by a box casing).
That is why a new thermal code based on the finite element technique

rolled steel profile) and with radiation between surfaces of internal voids
has been written in Liége (THERMIN, see Ref. 19). However, as some
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TABLE 1
Typical Presentation of Calculated Temperatures

Section type: 1 after 600 Seconds of Fire

The time step of the thermal calculation is 0-86 sec.

7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370
7370

7370 7370 7370 7370 7370 7370 17370 7370 7370 7370 7370
2690 2610 2530 2460 2370 2290 2220 2140 2060 2000 1970
3370 2470 2140 2060 1990 1910 1850 1800 1770 189-0 1820
4360 2220 10000 1000 1000 950 930 970 1000 143-0 1620
4690 2170 1000 620 400 360 360 420 680 1000 1330
4750 2150 960 460 270 230 230 290 480 910 1100
4750 2150 940 440 250 210 210 250 410 760 940
4750 2150 940 440 250 210 210 240 370 690 850
4750 2150 940 440 250 210 210 240 360 650 810
4750 2150 940 440 250 210 210. 240 360 670 830
4750 2150 940 440 250 210 210 250 390 730 910
4750 2150 940 440 250 210 220 260 440 860 1050
4750 2160 970 470 270 240 240 310 550 1000 1260
4720 2210 1000 680 470 420 420 500 850 1060 1560
4510 2410 1000 1000 1000 1000 1000 1000 1000 1700 1940
3800 2950 2590 2500 2420 2330 2260 2190 2140 2300 2210
3300 3200 3100 3010 2910 2810 2720 2630 2530 2440 2400
73710 7370 7370 7370 7370 7370 7370 7370 7370 7370 7370

modifications have still to be introduced to make the results of THER-

MIN

utilizable by the structural part of CEFICOSS and because the

thermal part of CEFICOSS has been used for the simulations presented in
this paper, this new program THERMIN will not be described here.

3.3 Three-dimensional temperature distribution

Structural members may have temperature variations along their length as
well as across their section due to differences in heat input and heat loss

(axial

heat sink effects). Three-dimensional temperature distribution can

occur in, for example:

continuous beams (or columns) with some spans (or storey heights)
exposed to fire and others not;

continuous beams with every span exposed to fire but supported on
masonry walls which provide shielding and act as local heat sinks;

connections between members of different type (different size and
shape).
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There are several programs specifically dedicated to the calculation of
three-dimensional temperature fields in building members exposed to fire.
One is FIRES-3D?° mainly used for reinforced concrete. Important
endeavours have also been made in Germany concerning composite
steel-concrete structures.!?

To model three-dimensional temperature distributions it is usually
sufficient to extend the two-dimensional discretization of the cross-section
along the third dimension prismatically so that the discretization of the
cross-section is the same at every location on the longitudinal axis. Such
three-dimensional temperature distributions can be directly used in the
structural computer code avoiding tedious manual input of temperatures if
beam (i.e. prismatic) finite elements are used.

There are however some problems for which beam finite elements are
unsuitable, and brick finite elements should then be used. An example is a
connection detail for a beam-to-column joint. The temperatures resulting
from such a calculation can be used in the structural computer code if the
latter is also based on the brick model. The amount of data to introduce,
the time taken to sort the results and analyse them, as well as the time
taken in computing, make such three-dimensional brick models suitable
mainly for the analysis of local details, and not the analysis of complete
structures.

In the structural part of the program CEFICOSS from Liége, the effect
of the third dimension in the temperature distribution can be introduced
to some extent by an approximate method. If T,(y,zt) is the two-
dimensional temperature distribution that has been calculated, it is poss-
ible to consider in the structural calculation that the temperature increase
at a particular point, AT3(x, y, z, t), is only a fraction of AT,, such that:

AT3(X, ».z, t)=f(x)AT2(ys 2z, t)
or

T3(xa 2, t)_ TO =f(X) (TZ( Y. 2, t)"' TO)

where:

t =time

T, =initial temperature

f =reduction function obtained from experimental data or a more
specific thermal analysis.

This approximate method makes it possible to get some qualitative
information about the influence of the third dimension. It has also been



388 J. M. Franssen, G. M. E. Cooke, D. J. Latham

used here when considering the temperature increase in the beam of the
Cardington test.

3.4 Basis of structural model

Though finer discretization could be necessary to investigate local prob-
lems such as local buckling phenomena, the beam element discretization
seems to be suitable for the analysis of complete steel frames.

The structural part of the CEFICOSS program developed in Liége? is
based on a plane beam finite element. The element has two nodes with
three degrees of freedom. It is accepted that it would probably be better to
use an element with three nodes and seven degrees of freedom if highly
unsymmetrical (with respect to the depth of the section) plastic zones are
expected.?! Shear energy is not considered and the expression of Jenn-
ings?? is used for the axial strain.

The cross-section is discretized using the rectangular mesh used for the
thermal calculation so that the calculated temperatures can be directly
used by the structural part of the program. All variables (type of material,
temperature, strain, stress, tangent modulus, plastic strain ...) change from
one rectangle to another. The same advantage of a clear presentation of
the results derives from the rectangular discretization, Table 2.

The effect of large displacements are taken into account by an updated
Lagrangian description. The developments are classical if not for the fact
of the numerical integration on the rectangles of the cross-section to
compute the tangent stiffness matrix and the internal forces (fibre model).
The longitudinal integration is by the Gauss method, using two points of
integration.

It is possible to use the non-linear stress-strain relationships and
thermal strains of materials recommended in Parts 10 of Eurocode 3'° or
Eurocode 4'¢ which means that creep strain is implicitly introduced in the
stress-related strain.

The program proceeds step by step. The load is first applied in several
increments at ambient temperature. Stresses, strains and displacements are
then calculated at a number of time steps during the fire up to failure.

4 MODELLING THE CARDINGTON FIRE TEST

In the first simulation, no initial imperfection of the frame geometry was
introduced and, for reasons of symmetry, the longitudinal discretization
and node numbering is as shown in Fig. 5. The restraint offered by
the secondary steelwork may be regarded as a spring at node 11. The
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SPRING INTRODUCED TO 1 21
SIMULATE EFFECT OF AXIAL 13%_wm\,_9 1% 15 16 17 18 19 20

RESTRAINT (SEE-TEXT)

NODAL COORDINATES AT
AMBIENT TEMPERATURE

X v +6 <— NODE NUMBER

NODE (mm} {mm}

1 00.0 00.0 15

9 00.0 3085.0

" 00.0 3210.1

172 00.0 3582.0 1,

13 | -2378.0 3210.1

21 2378.0 3085.0

£_21_>X

Fig. 5. Longitudinal discretization of frame.

calculated values of the axial stiffness (67 kN/cm) and the axial plastic load
(86 kN) represents the bending stiffness and resistance of the supporting
framework which remained at room temperature due to the presence of
thermal insulation. The influence of lateral restraint and the assumption of
symmetry are discussed later.

Although residual stresses are known to have a significant influence on
the fire behaviour of concentrically loaded steel columns,?® they are
ignored in the analysis because of the over-riding effects of thermal bowing
and the presence of bending moments in the columns. The columns are
pin-jointed at the base while the beam is rigidly fixed to the columns. Full
rigidity was assumed in the fire condition because the connection detail
was at a lower temperature than the rest of the structure due to a lower
section factor and the loss of heat into the concrete filled column through
this connection. This was justified from an examination of the beam-
to-column connection after the fire.

The cross-section of the column is discretized as shown earlier in Fig. 4.
All the thermal and mechanical properties of steel are assumed to vary
according to Part 10 of Eurocode 4,'¢ from which a relative emissivity of
0-5 is recommended; however, for the column flange facing the wall of the
fire compartment it was considered appropriate to reduce the value
arbitrarily to 0-3 to account for some degree of radiative shadowing. A
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Fig. 6. Temperature in the column.

convective heat transfer coefficient of 25 W/m?K was used as in the
Eurocode. The lightweight (aerated) concrete blocks used to fill the
column flange voids are considered to give only thermal insulation (they

do not carry a

density
specific heat

ny load) and their thermal properties are assumed to be:

677 (kg/m?)
1050 (J/kgK)
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thermal conductivity = 020+ 0-0004* T (W/mK)
moisture content = 257 (kg/m?3).

Figure 6 shows the development of the average combustion gas tem-
perature measured in the fire compartment and the development of
calculated temperatures in the flanges and the middle of the web of the
column. The computed temperatures agree well with the measured tem-
peratures.

The discretization of the cross-section of the beam is shown in Fig. 7.
The concrete cover slab is represented because of its influence on the
temperature distribution in the beam. The concrete was given zero
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Fig. 7. Discretization of the beam cross-section and concrete cover slab by 141 rectangles.
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strength because the slab makes no structural contribution due to its
segmented form.

Figure 8 shows the development of the calculated temperatures in the
steel beam compared with the measured data. The agreement is good,
confirming that the transient temperature distribution in the profile can be
accurately calculated by numerical methods using the recommendations of
the Eurocodes for the thermal properties of materials.
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Fig. 8. Temperatures in the beam.
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To represent the fact that the measured temperatures of the combustion
gases were slightly lower in the vicinity of the beam-to-column connection,
the increase of temperature in the beam has been multiplied by a reduction
function (f(x) given in 3.3) based on experimental results which has a
sinusoidal shape along the beam axis with values of 0-90 at the beam/
column interconnection and 1-00 at node 21, Fig. S.

The vertical load on the columns, the two concentrated loads on the
beam and the dead weight of the beam, columns and precast concrete
slabs are all assumed to act on the frame.

The beam and column sections were made from BS 4360 Grade 43A
steel. A hardness test confirmed that the steel satisfied the nominal tensile
strength requirements in force at that time, i.e. 430-510 N/mm?2. As no tests
on the actual yield strength of steel were made at the time of the test, five
numerical simulations have been carried out using five different values of
yield strength: 255 (the minimum requirement), 306, 357, 408 and
459 N/mm?. Figure 9 shows the mid-span vertical deflection of the beam
for the five yield strength simulations defined together with the changes in
measured deflection during the fire test. Note that the calculated values of
deflection include the deflection due to the load applied before the fire,
whereas the measured deflection is the increase in deflection during the
fire.

The curves confirm that the fire resistance of a structure is increased as
the load factor is decreased (the higher the yield strength the lower the
load factor). In the particular case of a so called ‘natural fire curve’ having
a cooling down phase, it is possible that the structure remains stable
during and after the fire, albeit with residual deflections, provided that the
load factor is small enough. Because of the lack of knowledge of the actual
yield strength of the steel used, it is not possible to be certain of the ability
of the program accurately to predict the fire resistance of the frame.
Nevertheless, the shapes of the calculated and measured deflection curves
are very similar which suggests that the numerical model can predict the
failure mode. It is observed that the fit between the measured and
calculated deflection curves is best when using a yield strength of
408 N/mm?2. Although this value is higher than the statistical maximum
normally associated with structural steel sections rolled to the Grade 43A
specification, it has been used in the sensitivity analyses reported in this
paper.

Various case studies ranging from Ia to VIb are illustrated in the
Appendix. The calculated fire resistance time for the reference case, Case
Ia, is 19 minutes and 12 seconds.

Figure 10 shows the calculated deflections of the frame at the very
moment before collapse. The correlation between the calculation deflec-
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tions of the column and the measured deflections in Fig. 3 is good. The
failure mode is neither solely due to gross flexure of the beam nor
buckling in the columns, but seems to concern both phenomena. The
situation is complicated by internally induced bending moments caused
by temperature gradients across the column and the beam section, Figs 6
and 8.

It has been verified that if the complete frame (rather than half the
frame) is modelled assuming the presence of two springs and an initial
lateral imperfection (sway) of 0-8H/1000 (where H = height of column), the
failure mode is exactly the same and the calculated fire resistance is only
very slightly increased from 19 minutes and 12 seconds (Case Ia) to 19
minutes and 22 seconds (Case Ib). This proves that satisfactory results are
obtained by simulating only one half of the frame, provided that restraint
members are present.



396 J. M. Franssen, G. M. E. Cooke, D. J. Latham

/
/
|-Ams~.m--§
A N %
/ \\\
/ e
/ S~
I \\\
I \\\\
e
|
|
\
\
\
\
\
\
\
\
\
\ Scale of displacements:4/1
\
\

Fig. 10. Calculated failure mode of the restrained frame.

The photographs of the frame after the fire test indicated that no relative
rotation at the connection occurred. The temperature in the vicinity of the
connections remained lower than elsewhere in the compartment during
the fire. This fact together with the additional mass of the connections
compared with the members justified treating the connections as fully rigid
in fire.

4.1 Influence of axial restraint to beam

Because of the bending stiffness of the columns and mainly because of the
axial restraints, the beam cannot expand freely along its axis when it heats
up. Thus an axial compressive force develops in the beam during the fire
and this could influence the stability of the frame.

For the first sensitivity analysis, the fire behaviour of the frame has been
simulated assuming that axial restraint does not exist. Symmetry about
mid-span of the beam is assumed (Case IIa). Figure 11 shows that the axial
compression force in the beam reaches peak values of 124 kN and 43 kN
when restraint is present and absent respectively. At the moment of
collapse, the axial compression force in the beam is reduced from 103 kN
to 21 kN when lateral restraint is removed. Nevertheless, the failure mode
remains the same and the fire resistance is only increased by 2%—from 19
minutes and 12 seconds with restraint (Case Ia) to 19 minutes and 35
seconds without restraint (Case Ila).
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Fig. 11. Calculated axial force in the beam.

The complete frame with an initial lateral imperfection (out of plumb
by 2:5mm) has also been simulated without lateral restraint (Case IIb).
This time, the failure mode of the frame is completely different if lateral
restraint is removed (compare Figs 10 and 12). The structure sways
with little vertical mid-span deflection of the beam which, at this
moment, still possesses a high measure of stiffness. The fire resistance is
reduced by 29%—from 19 minutes and 22 seconds for the restrained
frame (Case Ib) to 13 minutes and 45 seconds for the same frame
unrestrained (Case IIb).

4.2 Influence of frame continuity

It has been said that the provision of continuity could increase the fire
resistance of a structure and that a complete structure does not behave as
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the sum of its separate members. To illustrate and quantify this claim, the
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Fig. 12. Calculated failure mode of the sway frame.

column and beam of the test frame have been analysed separately.

In addition to the load applied by the hydraulic jack, the column is
subjected to the vertical force and bending moment introduced by the
beam, Fig. 13. The values of the loads come from the analysis of the frame

552 kN
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3085 kN.m (
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o

Fig. 13. The column as a separate member.
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at ambient temperature and they remain constant in the analysis of the
column as a separate member. The beam/column connection is not
allowed to displace horizontally but is free to move vertically and rotate
(Case IIIb).

Figure 14 shows the horizontal displacement at mid height of the
column when acting as a separate member. At the beginning of the
simulation, the column bows outwards because of the bending moment
introduced by the beam. The development of the thermal gradient between
the flanges, acting on a section that is still mainly elastic, then bows the
column inwards. Later, when the flanges yield, the effect of the bending
moment combines with the effect of the thermal gradient and the bowing is
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Fig. 14. Calculated horizontal displacement at mid height of column.




400 J. M. Franssen, G. M. E. Cooke, D. J. Latham

again to the outside. After approximately 25 minutes the section begins to
cool down and, because the mechanical properties of structural steel are
unaffected after cooling from 600°C,2* the column remains stable and no
collapse is observed.

The horizontal displacement at mid height of the column when acting as
part of the frame is also shown in Fig. 14. The effect of the thermal
gradient across the section of the beam and the elongation of the beam
causes outward bowing of the column throughout the fire duration
resulting in buckling after 19 minutes and 12 seconds (Case Ia).

The loads acting when the beam is considered on its own are shown in
Fig. 15. In addition to the loads applied by the hydraulic jacks, the beam is
subjected at its ends to the axial load and bending moment representing
the frame effect at ambient temperature. The beam is free of externally
applied axial restraint (Case IIIa). In the later stage of the fire the absence
of beneficial restraint from the columns (which still have a large amount of
stiffness) results in a reduction of fire resistance (15 minutes and 30
seconds) and larger displacements than for the complete frame.

In this particular case, the calculated fire resistance of the frame is
increased by 24% when, instead of the sum of separate members, it is
considered as a whole structure. This highlights the need for theoretical or
numerical tools which enable the benefits of composite action to be
quantified and reflected in more economic design.

4.3 Influence of thermal expansion

The numerical program CEFICOSS takes account of non-uniform tem-
perature distributions in the cross-section and, to some extent, along the

3033kN.m 39,6kN 39,6kN
N 2,4kN/m
AL TR NN NN NN NN NN,
=
_ 950mm
1900mm ]
-
2378mm i

Fig. 15. The beam as a separate member.
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length of the member, the influence of thermal strains, second order effects,
non linear stress-strain relationships, and effects of large displacements,
etc. This is integrated in a time history analysis, which means that the state
of the structure is determined minute after minute up to the moment when
no state of equilibrium can be found or, if desired, when a prescribed
deflection is reached. This rigorous approach involves significant theoreti-
cal and numerical effort to write and validate the program, not to mention
the degree of experience required by the user when simulating non-linear
problems before confidence can be placed in the results obtained. The need
for such complex analysis is debatable. Perhaps an ultimate state plastic
design of the structure, considering the temperature dependent properties
of steel, would be sufficient for most situations?

In an attempt to answer part of this question, the influence of thermal
expansion has been investigated. The Cardington frame has been
simulated assuming that steel does not expand when heated, a hypotheti-
cal condition (Case IVa). The time history simulation illustrates two main
differences in frame behaviour.

First the axial force in the beam increases much less when thermal
expansion is zero. From a value of 7 kN at ambient temperature, it reaches
a peak value of 21 kN after 17 minutes instead of a maximum value of
124 kN for normal steel. However, axial force has been shown to have little
effect on the stability of the frame. The bending moments developed in the
frame are also smaller because the thermal gradients in the sections cause
no thermal bowing. The positive bending moment in the beam at mid-
span reduces as the stiffness and ultimate capacity reduce at that point.
This reduction leads to an equivalent increase in the negative bending
moment at the ends of the beam. The changes are caused by the
progressive formation of a plastic hinge in the central part of the beam and
not the thermal strains, and are less severe than the variations observed in
the frame with normal steel.

Secondly, the absence of thermal expansion of the beam delays the
lateral displacement of the beam-to-column connection, and the absence
of thermal bowing (which was caused by the thermal gradients in the
sections) delays the outward bowing of the column.

As a consequence, the simulation shows that the frame made of a
hypothetical ‘non-expanding’ steel does not collapse but remains stable up
to 30 minutes and probably well beyond this time because of cooling of the
steel as the fire decays. The frame made of normal steel however, had a fire
resistance of 19 minutes and 12 seconds (Case Ia). Such an important
difference is mainly due to the decay of the fire and, as a consequence, the
decrease in temperature of the steel sections. A detailed analysis of the
results of Case IVa shows that the frame is very near to collapse when,
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after 21 minutes, the lower flange of the beam begins to cool down. A
simulation of the same frame exposed to fire with increasing severity (the
ISO 834 temperature-time curve for example) would lead to less spectacu-
lar differences between expanding and non-expanding steel.

4.4 Influence of non-uniform temperature

Part 10 of Eurocode 3'3 recommends a simplified method which assumes
that the temperature of steel is uniform throughout the cross-section of the
member. The uniform temperature has been calculated for the column and
beam using the one-dimensional equation given in.!3

For the column, the thermal conductivity and specific heat of the
lightweight concrete blocks have been assumed to be zero. This allows the
steel profile to be considered as thermally uninsulated but exposed to the
action of the fire only on its flanges. The section factor (massivity) of the
profile (heat-exposed perimeter/cross section area) is then equal to
(2B+4T)/A=69m™*. To allow for the fact that the emissivity of steel is
0-30 on the outer flange and 0-50 on the inner, the simplified calculation has
been made with an emissivity of 0-40. The simplified method in the
Eurocode is not intended to cover the configuration for a partially insulated
section and it is therefore not surprising that the uniform temperature
calculated in this way is quite different to the real temperature.

For the beam, the simplified method is said, in Ref. 15, to be directly
relevant. The massivity of the section, assuming that the top surface of the
upper flange is not exposed to fire, is 193 m~!. However, the heat sink
effect of the cover slab is neglected so that the calculated uniform
temperature is higher than in reality.

Figure 16 presents, for the column and beam, the uniform temperature
calculated by the Eurocode simplified method and the mean temperature
(mean value of the non-uniform temperature distribution calculated by the
two-dimensional approach). In the column, a temperature of 500°C is
reached 5 minutes earlier for the uniform temperature. This uniform
temperature is also 125°C higher than the mean temperature at the end of
the test. These differences may be due to the fact that the way the column
section is insulated is not one of the traditional types foreseen for the
simplified method. Of more concern is the difference between the uniform
and mean temperatures in the beam since the simplified method is
supposed to be valid for this type of unprotected section. The uniform
temperature is higher than the average temperature by 102°C at 15
minutes. 817°C is the maximum value of the uniform temperature, reached
after 20 minutes, whereas the maximum value of the mean temperature is
735°C.
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Nevertheless, the unfavourable fact that the uniform temperature is
higher than the mean temperature is partly compensated by the fact that
the bowing caused by thermal gradients is not considered. The fire
resistance calculated by the structural part of CEFICOSS on the basis of a
simplified uniform temperature (Case Va) is 18 minutes and 15 seconds
which is only one minute less than the reference Case Ia.

5 SIMPLIFIED PLASTIC DESIGN OF THE FRAME

The simple method described in Part 10 of Eurocode 3'° is used here to
assess the fire resistance of the members of the Cardington frame. The
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uniform temperatures reported in the previous paragraph are used. A yield
strength of 408 N/mm? is used,'as in the earlier simulations.

In the simplified method, the critical temperature of the elements is
directly related to kxn

where k=adaptation factor
n=load factor

For the beam, (Case VIa), the adaptation factor is 0-70 (because the
beam is heated on three sides) multiplied by 0-85 (because the beam is
hyperstatic, i.e. rotationally restrained, if the columns are assumed to
remain stable for longer than the beam)

e, k=0-595.

The load factor is equal to the ratio between the isostatic (free) bending
moment in the beam divided by twice the plastic moment of the section
(plastic hinges are assumed to develop in the central part of the beam and
at the supports).

Mcentre - Msupport
M,

n=

_ 114,600,000
2 x 408 x 7,048,000

=0134

so that k x n=0-595 x 0-134=0-08.

This ratio is reached when the steel has a critical temperature of 860°C.
The uniform calculated temperature of the beam never reaches this value
during the test and the fire resistance of the beam assessed by the
simplified method is therefore greater than 30 minutes.

For the column, (Case VIb), the adaptation factor is 1-20 assuming the
column is subjected to an axial force and a bending moment.

The load factor can be calculated assuming the following:

— buckling length in the plane of the frame=0-80 x 3085=2468 mm
according to Annex E of Part 1 of Eurocode 32°

— out of plane buckling length=0-50 x 3582 =1791 mm if out of plane
rotation is prevented at the support and at the level of the hydraulic
jack.
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It can be shown that the minimum reduction factor is for in-plane
buckling (curve c) and is equal to 0-903. According to 5.5.2 of Ref. 25,

636,000 1-01 x 30,850,000

"= 0903 x 408 x 6640 T 408 x 568100 0394

and kxn=1-20 x 0-:394 =0-473.

This ratio is reached when the steel has a critical temperature of 500°C. In
the column, this temperature is reached after 20 minutes and 30 seconds,
i.e. only 7% more than the value provided by the numerical method.

6 CONCLUSIONS

(a) The numerical model, based on acknowledged principles of the theory
of structures and utilising the recommendations for material properties
given in Part 10 of the Structural Eurocodes, proved able to simulate
with reasonable agreement the thermal and the structural behaviour of
a full size steel frame tested in a fire compartment in the Fire Research
Station’s Large Laboratory at Cardington in 1987. The behaviour of
the frame was correctly predicted up to failure, except for local
buckling of the beam that occurred at the moment of failure which
cannot be modelled using the beam finite element.

(b) The computer model has been used to highlight the influence of several
physical parameters on the behaviour of the test frame:

— The value of yield strength at ambient temperature (which deter-
mines the load factor) has an important influence on the fire
resistance of the structure.

— The increase of axial force in the beam due to the external restraint
resulting from thermal expansion is significant, but it has a very
limited influence on the fire resistance.

— A variation of the lateral in-plane restraint (provided to the frame
to ensure a symmetrical failure mode) has a major effect on the fire
resistance of the structure.

— The behaviour of the column and beam considered as separate
members (i.e. no composite action) during the fire is totally
different from the behaviour of the frame as a whole. The fire
resistance of the weakest member (the beam) is considerably less
than the fire resistance of the complete frame.

— The influence of the thermal expansion of steel cannot be neglected
in the frame simulation because it proves to have a significant effect.
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(c) The simple (Eurocode) method applied to the frame members to
calculate the temperature in the sections as well as the structural
behaviour provides a fire resistance time that is reasonably close to
that of the frame when simulated by the general method using the
more rigorous numerical model. Less safe results are provided by the
simple method when applied to structures where there is no heat sink
effect. The present work also suggests that the simple method should
not be applied to sway frames.

(d) A good application of general (rigorous) computer programs similar to
the one described here could be to identify which types of structure can
be analysed by the simplified method and which types require the use
of the general method.
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APPENDIX: LOAD CASES EXAMINED BY CALCULATION

CASE ¥a ; 19min.35sec. (CEFICOSS)

CASE Xb; 13min.A5sec. (CEFICOSS)
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ANNEX C - Behaviour study of a steel column
subject to a localised fire
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| Introduction

This document presents a behaviour study of a steel column subject to elevated
temperatures. The purpose of this study is to show that: i) the column
completely loses any residual resistance after heated by a localised fire; ii)
consequently, in the ROBUSTFIRE project studies, the column loss is assumed
by the total removal of the column. The real open steel-concrete car park
building designed for the project is detailed in Gens (2010), and is showed in
Figure 1. The studied steel column is located on the fourth floor and is 3 m
height, with HEB 300 steel cross-section, class S460.

The design value of the axial force in the column for the fire situation Ngq i 20°c
(2713 kN) was calculated in a 2D model in Abaqus (2011), considering the
loads at the service limit state (SLS) defined during the design of the car park
structure (Gens, 2010).
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Figure 1: Steel composite open car park structure and the extracted sub-frame to be tested

Two alternative studies are developed in this document: i) the column behaviour
analysed under constant temperatures, using the Euler method (Eurocode 3
part 1.2) is compared with the behaviour obtained by a finite element model,
and ii) the column behaviour is analysed under localised fire, and the critical
temperature of the column is defined using the method described in Franssen
(2000). The FE models of the column are developed using the commercial
general finite element package Abaqus (2011).
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Il Description of the finite element model

.1 Mechanical properties

The steel stress-strain relationship at ambient and elevated temperatures is
defined according to Eurocode 3 part 1.2 (Figure 2). The thickness of HEB 300
profile is higher than 16 mm, and the yield strength at ambient temperature is
reduced from 460 MPa to 440 MPa (EN 10113-3:1993).

500 —20¢C
——100°C
450 ——2002°C
400 ——3002°C
_ ——400°C
S 350 ———500 C
2 300 ——600 °C
9 ——700°C
£ 250 800 oC
(%]
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———1000 C
150 1100 C
o
100 1200 °C
50
O 1 1 I 1 I 1 I I 1 1 Strain
0 002 004 006 008 0.1 012 014 016 0.18 0.2

Figure 2: Nominal stress-strain relationship of steel at ambient and elevated temperatures

The nominal stress-strain values (6,0m, €nom) from Figure 2 are converted to the
true stress-strain measures (o, £&ry) Calculated by the equation (1) (Malvern,
1969):

Otru = anom(l + gnom) and Etru = 11’1(1 + gnom) (1)

The elastic modulus considered is 210 000 MPa, which decreases at elevated
temperatures according to the reduction factor ke g defined in Eurocode 3 part
1.2. A Poisson ratio equal to 0.3 and thermal expansion coefficient equal to
1.4 10° /°C are used. These steel properties are kept constant for all
temperatures.

1.2 General modelling assumptions

The HEB 300 steel column of 3 m height is modelled using general B31 beam
elements. The buckling around the minor axis is considered, and an initial
imperfection ey of h/1000 = 3 mm is applied with initial sinusoidal shape (see
Figure 3a). Rotations at the column top and the column base are restrained, as
well as horizontal displacements. Vertical displacements are restrained at the
column base and free or restrained at the column top (Figure 3).
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Figure 3: Numerical models of the column

lIl Steel column HEB 300 under constant temperatures

In this section, the column behaviour is studied under constant temperatures,
with change of the axial load. First, theoretical values of the design buckling
resistance of the compression member at different temperature are calculated
according to Eurocode 3 part 1.1 at ambient temperature, and part 1.2 at
elevated temperature. Then FE models of the column under ambient and
elevated temperatures are developed to observe the column behaviour up to
the complete failure.

l1I.1 Theoretical buckling resistance

At ambient temperature, the plastic resistance of the column HEB 300 of 3 m
height is only slightly reduced by the effect of buckling. Indeed the non-
dimensional slenderness 1 calculated according to Eurocode 3 part 1.1 is very
low (0.29). Table 1 presents the evolution of the slenderness and the maximum
load capacity for the HEB 300 steel column at ambient and elevated
temperatures according to Eurocode 3 part 1.1 and 1.2: the buckling of the
column influences the maximum load capacity. Table 1 shows that, after 600°C,
the resistance of the column is not anymore sufficient to support the design
axial force in the column for the fire situation Ngggi200c (2713 kN), and the
column fails.

Table 1: Buckling resistance of the HEB 300 steel column

Column | Buckling Critical Plastic Max. load
Temperature . Slenderness . .
height length force |resistance| capacity
°C mm mm A kN kN kN
20 (EC3-1.1) 3000 1500 0.29 78879 6560 6430
20 (EC3-1.2) 3000 1500 0.29 78879 6560 5716
100 3000 1500 0.29 78879 6560 5716
200 3000 1500 0.30 70991 6560 5670
300 3000 1500 0.32 63103 6560 5616
400 3000 1500 0.34 55215 6560 5550
500 3000 1500 0.33 47328 5117 4366
600 3000 1500 0.36 24453 3083 2594
700 3000 1500 0.38 10254 1509 1250
800 3000 1500 0.32 7099 722 619
900 3000 1500 0.27 5324 394 346




ROBUSTFIRE Project — Column study — v1(6)

[11.2 Numerical results

Figure 4 presents the axial load versus the vertical displacement at the column
top once the HEB 300 steel column is subjected to an increasing of axial load
(Figure 3a), at 20°C, 500°C, 600°C and 700°C. The buckling was not so obvious
as previously showed according to Eurocode 3, and the maximum load capacity
corresponds to the plastic yielding of cross-sections: three plastic hinges are
developed at the column top, the column base and at the column mid-height.
The failure criterion is established by assuming that cracking occurs when the
ultimate strain ¢, is reached (0.2 % as defined in Eurocode 3 part 1.2). Figure 5
presents the axial load versus the horizontal displacement at the column mid-
height.

The maximum load capacity of the column at ambient temperature (6193 kN) is
reduced of: i) 32% at 500°C (4217 kN); ii) 59% at 600°C (2541 kN); and iii) 80%
at 700°C (1245 kN). Slight differences with Eurocode 3 loads are noted.
Anyway, at 600°C, the maximum load capacity is not sufficient to support
NEead fi200c (2713 kN).

7000 - HEB300_Af_3m_20°C
——HEB300_Af_3m_5002C
6000 - ——HEB300_Af_3m_6002C
——HEB300_Af_3m_7002C
= 5000 - 2 3
$ |
° 1 l A
S 4000 - / 4
I
2
3000 -

2000 - % l' /
1000 - 3l' /

0 Vertical displacement (mm)

0 10 20 30 40 50 60 70 80 90

1- Stress in the extreme compression fibre reaches the yield strength at the column top,
base and mid-height cross-sections;

2- Stress in the extreme tensile fibre reaches the yield strength at the column top, base
and mid-height cross-sections. This yielding does not appear clearly for columns under
elevated temperatures;

3- Failure of the section (the ultimate stress is gradually reached in the extreme fibres)
4- The maximum strain (0.2 %) is reached

Figure 4: Axial load vs vertical displacement at the HEB 300 steel column top at 20°C, 500°C,
600°C and 700°C
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Figure 5: Axial load vs horizontal displacement at the HEB 300 steel column mid-height at 20°C,
500°C, 600°C and 700°C

Note that, all steel profiles of 3 m height used in the considered open car park
building (from cross-sections HEB 220 to HEB 550) are strong columns for
which yielding of cross-sections should be more evident than buckling, even at
elevated temperature.

IV Steel column HEB 300 under localised fire

The studied fire scenario is the most unfavourable scenario for the column and
involves four class3-cars burning around the column (see Figure 1): the fire
starts in car 0, then propagates to cars la and 1b, and finally to car 2. The fire
propagation time from a car to another is 12 min. (Fraud et al., 2004). The rate
of heat release of each car is presented in Figure 6.
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S a-ldw— N \.
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1 4 ' | ~_~¥.\.
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o b TS Tmein
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Figure 6: Rate of heat release of four burning class3-cars

To calculate the temperatures of beams subject to localised fire, Eurocode 1
part 1.2, Annex C, recommends the Hasemi method (in case the flames are
impacting the ceiling) or the Heskestad method (in case the flames are not
impacting the ceiling). For each burning car, the rate of heat release Q has to
be defined (according to Figure 6), as well as the parameters D, r and H (see
Figure 7):

D (m): diameter of the fire (for a vehicle with an area equal to 12 m?
D = 3.9 m (Schleich et al., 1999))
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r (m): horizontal distance between the vertical axis of the fire and the point
along the ceiling where the thermal flux is calculated;

H (m): vertical distance between the fire source and the ceiling.
r

7////////////{/////// e

\ H. H H

To

Hs
7//////////}{3/7///////// = 2

=

Figure 7: Parameters used to model a vehicle in fire with flames impacting the ceiling

According to Fraud et al. (2004), the temperature in the column subjected to fire
all around can be estimated using the Hasemi method, where H is defined as
the vertical distance from the fire source to the column section where the
temperature is calculated. Using this method, the temperature at the column
base near the fire source is always higher than the temperature at the column
top. This could be the case if, for example, the petrol tank of the car would
break and the petrol would accumulate at the column base, creating a
significant source of heat. But in an open car park building, the effects of the
wind would also influence the temperature distribution along the column.
Nowadays, no accurately (and simple) method is defined to calculate the real
column temperature in case of a localised fire. In this document, the software
ELEFIR-EN (2010) is used to calculate the column temperatures, which apply
the Hasemi method. Figure 8 shows the temperatures calculated at 4 points
along the column height. The average temperature is also represented.
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Figure 8: Temperatures along the steel HEB 300 column height calculated using the Hasemi
method

The column is axially restrained by the surrounding structure during the
localised fire, but it is difficult to evaluate the degree of restraint. According to
Franssen (2000), the temperature of the heated column leading to its failure can
be estimated by modelling the heated column as totally restrained (Figure 3b)).
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The evolution of the axial load with the increase of temperature (due to the
dilatation) is observed and once the heated column supports fewer loads than
the initial load it supported before the fire, the column failure occurs. This
statement is checked and the steel column HEB 300 is modelled with a spring
at the top (Figure 3c)) in order to represent the effect of restraints (the spring
stiffness is varying from 0 to the infinite). Two loading steps are defined: step 1
— a compression load is applied at the column top; step 2 — the average fire
temperature (Figure 8) is applied along the entire column height. The applied
load (step 1) depends of the spring restraint and is defined in order to always
have in the column the design value of the axial force for the fire situation
NEed fi200c (2713 kN).

Figure 9a) presents the evolution of the ratio of the axial load on the initial load
versus the average temperature in the column, and Figure 9b) shows the
evolution of the axial load ratio versus time. For the column totally restrained
(infinite restraint), and during the heating phase, the axial load reaches the
maximum value (5685 kN) around 15 min, then decreases and reaches the
design value of the axial force for the fire situation Ngggi200c (2713 KN). This
point is considered to be the failure of the column and it happens at 578°C
(26.9 min). After this instant, the heated column is not able anymore to support
the loading and fails.

2.5 - 2.5 - : R infinite
I . ——— 50 E12 N/m
2 1 /\ ! 2 1 [\: 50 E7 N/m
1.5 - - ! 15 4 |\ ———10E7 N/m
I 50 £6 N/m
1 \ 1 A 0
-._g 0.5 - L :g 0.5 - === Crl'tlcalt|rr.1e
£ ! ocy | = Time (min)
g O -c) E 0 T T T
2_05 0 100 200 3007400/500 600 700 800 z 05 § 20 40 80 100 120
' R infinite ‘
-1 50 E12 N/m 1
50E7 N/m
15 7 10 E7 N/m -15 4
2 (5)0 E6 N/m 9
-2.5 - - - - - Critical temperature -2.5 -

Figure 9: a) Evolution of the axial force vs increase and decrease of the average temperature in
the column; b) Evolution of the axial force vs time

Table 2 presents the critical time and temperature of the steel column under
localised fire, with different spring stiffness’s for the axial restraint. Note that, the
axial restraint does not affect so much the critical values, and the average
temperature value is equal to 581°C after 27 min of fire.
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Table 2: Critical time and temperature of HEB 300 steel profile according to the spring

stiffness
Spring stiffness Time (min) | Temperature (2C) | N (kN)
0 27.2 587 2713
50 E6 N/m 27.0 582 2713
10 E7 N/m 27.0 582 2713
50E7 N/m 27.0 582 2713
50 E12 N/m 26.9 578 2713
Infinite 26.9 578 2713
Average values 27.0 581 2713

V Conclusion

This document presented a behaviour study of a steel column subject to a
localised fire. The purpose of this study was to show that the column completely
loses any resistance once the localised fire develops around it, so that for the
ROBUSTFIRE project studies, the column loss can be assumed by the total
removal of the column. The studied steel column is 3 m height, HEB 300 steel
cross-section, class S460. Two alternative studies were developed: i) the
column behaviour was analysed under constant temperatures, using the
Eurocode 3 and a numerical model; and ii) the column behaviour was analysed
under localised fire, using the method described in Franssen (2000).

According to Eurocode 3, the buckling of the column slightly influences the
maximum load capacity. However, the numerical model showed that at ambient
and elevated temperatures, the column fails by yielding of the cross-section and
three plastic hinges are formed at the top, bottom and centre of the column. A
mechanism is created, and the column sustains the loads until the complete
failure of the hinges. It was also showed that the maximum load capacity of the
column at ambient temperature (6193 kN) is reduced up to 80% at 700°C
(1245 kN). Moreover, under constant temperature equal to 600°C, the column
load capacity is reduced of 59% according to the FE model (2541 kN), and 60%
according to Eurocode 3 (2594 kN), and the column is not able anymore to
support the column axial force design value for the fire situation Ngqi200c
(2713 kN).

The column was also analyzed under varying temperatures, defined by a fire
scenario including 4 class3-cars. Steel temperatures were estimated using the
Hasemi method, and the average temperature was applied to the column. It
was observed, as in Franssen (2000), that the restraint from the unaffected part
of the building has no effect on the column critical temperature. The column was
not able anymore to sustain to Ngqfi200c (2713 kN) from 578°C (after 26.9 min.
of fire).
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| Introduction

The aim of this report is to present benchmark studies on the response of
steel/concrete composite beams under ambient or elevated temperature scenarios.
The benchmark composite beams are selected based on the paper published by
Huang et al. (1999), who selected two test programmes, one for the ambient
condition and one for the fire condition. For the ambient temperature cases, two
simply-supported composite beam tests, specifically tests A3 and A5 conducted by
Chapman and Balakrishnan (1964), are considered. For the elevated temperature
conditions, two fire tests, specifically tests 15 and 16 on simply-supported composite
beams conducted by Wainman and Kirby (1988), are referred to. The benchmark
study is conducted using two FEM tools: ADAPTIC (Izzuddin, 1991) and ABAQUS
(2011). Since from previous numerical predictions done by Huang et al. (1999), it has
been shown that the behaviour of the composite beams with partial and full
interactions are similar, thus for simplicity this report only considers the composite
beams with full concrete slab-steel interaction.

I Composite beams at ambient temperature

I.1 Test description

Two simply-supported beams were considered under increasing central point loads
until failure. Details of the tests, including the material properties and the shear stud
arrangement, are listed in Table1, and the illustrations of the test specimens are
shown in Figure 1, where f,, is the yield strength of the steel beam, f; is the
compressive strength of concrete, and f,is the yield strength of reinforcing steel. d
and f, are respectively the diameter and the specified ultimate shear strength of the
shear stud, which are however not considered in this study due to the assumption of
full shear interaction.

P Reinforced com\:rete slab Jjo  Shear studs
l \ 7
- A T:
40 012 /’ A :
5500 8 D12 Z 20012
1 :' 1 %
279.4 L —e
214 Steel beam  165.7)

Fig 1 dimensions of tested composite beams, Huang et al. (1999)



Table 1 material properties and stud members for specimens A3 and A5 Huang et al. (1999)

Code f,» (MPa) f. (MPa) f,r(MPa) | No. of studs | d(mm) f, (MPa)

A3 302 27 600 68 19 600

A5 290 43 600 44 19 600

1.2 Modelling approach

Beam-column elements are employed for modelling the steel beam and the concrete
flange. The steel beams and the concrete flanges are connected by rigid links which
represent a full interaction between steel and concrete. The illustration of the
ADAPTIC model is given in Figure 2.

Slab Rigid links

HEEEEEEEEEEEEN 4NN NN
Steel beam T(L’f

F" = )

Fig 2 composite beam model in ADAPTIC

The properties of steel and concrete are defined according to EN 1993-1-1:2005 and
EN 1992-1-1:2004 respectively. For both the steel beam and reinforcement, a bilinear
elasto-plastic model with kinematic strain hardening is adopted. The initial modulus of
elasticity Es is 210000MPa and the elastic strain & is 0.0014. With respect to the
tensile concrete material properties, a linear initial response is employed, while for the
compressive response of the concrete, two stress-strain relationships are considered,
quadratic and linear, where for the quadratic response the initial tangent compressive
modulus is taken equal to the tensile modulus. The strain-stress relationships for both
steel and concrete are illustrated in Figure 3, where ‘qua’ represents a quadratic
compressive response of concrete and ‘lin’ represents a linear compressive response
of concrete. The details for concrete properties are listed in Table 2, where f; is the
compressive strength of the concrete, & is the compressive strain in the concrete at
the peak stress £, f; is the value of axial tensile strength of concrete, & is the tensile
strain in the concrete at the peak stress f;, and &, is the ultimate tensile strain in the
concrete.
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Fig 3 material stress-strain behaviour
Table 2 Concrete properties in ADAPTIC for specimens A3 and A5
Name f. (MPa) & fi (MPa) & &
A3 35 0.0021 2.7 0.0001 0.001
A5 51 0.0024 3.7 0.0001 0.001

1I.3 Numerical results

The beam mid-span deflection versus central point load responses for specimens A3
and A5 are presented. These results are compared with VULCAN results and the test
outcomes, as shown in Figures 4 and 5. Good correlations are observed between
numerical and experimental results up to relatively large deflections, thus validating
the accuracy of ADAPTIC and ABAQUS in predicting the behaviour of composite

beams.

Mid-span deflection (mm)
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604......] —w— ABAQUS e N
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-70 T T T T T T T T T

0 50 100 150 200 250 300 350 400 450
Load (kN)

Fig 4 comparison of load-deflection relationships for beam A3 with full concrete-steel interaction



Mid-span deflection (mm)
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Fig 5 comparison of load-deflection relationships for beam A5 with full concrete-steel interaction

Il Composite beams in fire

lll.1 Test description

Two of the fire tests conducted by Wainman and Kirby (1988) are chosen for this
benchmark study, specifically tests 15 and 16. The aim of the tests was to investigate
the fire behaviour of simply-supported composite beams subject to the standard fire
ISO834. Four point loads were applied along the length of the beam, and two levels of
load ratio were considered: 0.294 and 0.564, corresponding to a point load of
32.47kN and 62.36kN respectively. UB 254x146x43 was adopted for the steel beam
and 130mm thick reinforced slab was connected to the steel beam with 32 shear
studs all along the length. The details of the test specimens are illustrated in Figure 6.
Full interaction between concrete and steel are assumed.

624

P P P P
566.25  1132.5 1132.5 11325 566.25

130

L A A I A -
ISO 834 FIRE
4530

Reinforced concrete slab
Steel beam (254 x 146 mm x 43 kg / m)

Fig 6 dimensions of tested composite beams in fire, Huang et al. (1999)
lll.2 Modelling approach

The mechanical modelling approach for the composite beams in fire is similar to the
modelling technique employed in the aforementioned analysis investigating the
behaviour of composite beams at ambient temperature. Since ADAPTIC only deals
with structural modelling, the temperature distribution curves across the cross-section
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obtained from ABAQUS thermal analysis (Haremza et al. 2009) is directly adopted,
as given by Figure 7. In ADAPTIC, up to three independent temperatures at three
points can be considered over the cross-sections of the steel beam and the concrete
slab, thus allowing the use of a quadratic temperature distribution. No temperature
variation is considered along the length of the composite beam.
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Fig 7(a) temperature distributions across the cross-section: steel beam (cont'd...)
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Fig 7(b) temperature distributions across the cross-section: concrete slab

The ambient temperature properties of steel and concrete are defined according to
EN 1993-1-1:2005 and EN 1992-1-1:2004 respectively. The graphical
representations of the ambient material behaviour laws are illustrated in Figure 8 and
the details of ambient material properties used in ADAPTIC for the steel beam, the
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reinforcement, and the concrete are listed in Tables 3 and 4. For steel/reinforcement,
f,is the yield strength, E;s is the modulus of elasticity, ¢, is the elastic strain and ¢, is
the ultimate strain; for concrete, f;; is the compressive strength, &;; is the
compressive strain in the concrete at the peak stress, ¢, is the ultimate compressive
strain, f is the cracking strength, & is the tensile strain in the concrete at the peak
cracking stress, and ¢, is the ultimate tensile strain.
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Fig 8 Ambient material stress-strain relationships

Table 3 Ambient steel/reinforcement properties for Tests 15 and 16

material f, (MPa) E; (Mpa) & &
steel beam 255 210000 0.0012 0.2
reinforcement 600 210000 0.0029 0.2

Table 4 Ambient concrete properties for Tests 15 and 16
material | f.; (MPa) &1 & F (MPa) Et1 &2
concrete 30 0.0025 0.02 2.9 0.00025 0.002

With respect to elevated temperature conditions, the material degradations are based
on the recommendations specified in EN 1994-1-2:2005 and EN 1992-1-2:2004. The
key temperature-dependent material properties of steel and concrete used in the
ADAPTIC models are listed in Tables 5 and 6, which are in terms of ratios of their
respective values at elevated temperatures over ambient conditions. Piecewise linear
interpolation is used for temperatures between the values indicated in these two
tables. Constant thermal expansion coefficients of 1.4x10°/°C and 1.8x10°/°C are
assumed for steel and concrete respectively.



Table 5 Variation of steel properties with temperature

Temperature (°C) 0-100 500 600 700 1200
Elastic modulus (E/E)) 1.0 0.6 0.31 0.13 0.0
Temperature (°C) 0-400 500 700 800 1200
Yield strength (f/f,) 1.0 0.78 0.47 0.1 0.0
Temperature (°C) 0-100 400 500 700 1200
Proportional limit (p/po) 1.0 0.42 0.36 0.075 0.0
Table 6 Variation of concrete properties with temperature
Temperature (°C) 200 800 1000
Compressive strength (f./f.o) 0.95 0.15 0.04
Temperature (°C) 300 400 600
Peak compressive strain (€:1/ €:10) 2.8 4.0 10
Temperature (°C) 300 800 1000
Ultimate compressive strain (&.¢/ €:20) 1.35 1.9 10
Temperature (°C) 100 300 600
Tensile strength (f/f) 1.0 0.6 0.0
Temperature (°C) 300 400 600
Peak tensile strain (&:¢/ £10) 2.8 4.0 10
Temperature (°C) 300 600 600
Ultimate tensile strain (&2 €20) 1.35 10 10

lll.3 Numerical results

The deflection-temperature curves of ADAPTIC, ABAQUS, VULCAN as well as the
test results are given in Figures 9 and 10 for tests 15 and 16 respectively. The results
show a good correlation. The numerical predictions derived from three numerical
tools are perfectly matched at small deflections (0-50mm). At later stages, small
discrepancies are found; this is possibly due to some inaccuracies in predicting
material properties (ambient and elevated temperature) and temperature
distributions.

The numerical predictions have some obvious discrepancies compared with the test
results especially for test 16. In addition to the above explanations, this discrepancy
here is also attributed to the difficulty in producing prefect simple support conditions in
a furnace at high temperatures (Huang et al. 1999).
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IV Discussion

The results show the reliability of ADAPTIC and ABAQUS in predicting the response
of composite structure at both ambient and elevated temperature conditions. It is also
shown that the ADAPTIC 1D beam-column element has sufficient accuracy in
simulating the behaviour of concrete slab flanges compared with the 2D shell element

used in ABAQUS. Of course, for

a detailed model of a floor system including

membrane effects shell elements would still be required for modelling the floor slab.
Some of the difference between ADAPTIC results and other results are discussed

below:
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1) The material properties used in ADAPTIC are slightly different from other models.
For example, in the ADAPTIC concrete model considering elevated temperature
responses, tensile strength is ignored.

2) The temperatures specified in the ADAPTIC models are based on heat transfer
analysis of ABAQUS, and these may be different from real temperature distributions
and VULCAN heat transfer results. Parabolic temperature distributions are assumed
in the ADAPTIC model, which may also be associated with some inaccuracy. In
addition, even the ABAQUS models do not exactly follow the obtained temperature
distributions during the heating procedure because only one predefined fields of
temperature is used throughout the analysis. Furthermore, a uniform temperature
along the length of the beam cannot be ensured in real tests.

3) Only full interaction between the concrete slab and the steel beam is considered in
the above analyses, which is only an approximation of the real interaction.

4) Perfect simple supports cannot be guaranteed in the real tests, especially at high
temperature.
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| Introduction

This report is aimed at validating the reliability of the proposed component model in
predicting the response of joints under elevated temperature conditions. Results
from the ROBUSTFIRE joint tests are used for comparison. The component joint
model is established in ADAPTIC (Izzuddin, 1991) employing spring and rigid link
elements.

I Modelling assumptions

Under elevated temperature conditions, joints can exhibit significant degradation in
strength and stiffness, hence it is required that the component-based spring models
are capable of identifying the fire response of the considered joints. Based on the
results from three sets of bare-steel joint tests, Al-Jabri (1999) presented the
observed strength and stiffness reduction factors of these joints, as shown in
Figure 1. It was found that the reduction trends of stiffness and strength obtained in
the three tests correlate well with the strength reduction factor recommended by
EN1993-1-2 (2005) for carbon steel at strain levels of the proportional limit and 1.0%,
respectively. In line with this finding, Ramli-sulong et al. (2007) proposed new
strength and stiffness reduction factors for the material of joints under fire, and
employed these for the new joint models developed in ADAPTIC. In this study, the
component strength and stiffness reductions factors proposed by Ramli-sulong et al.
(2007) are slightly modified, as shown in Figure 1 and Table 1, so as to achieve a
closer comparison with the test results (Al-Jabri, 1999).

Table 1 Strength and stiffness reduction factors for joint steel
Temperature (°C) Strength SRF  Stiffness SRF

20°C 1.000 1.000
100°C 1.000 1.000
200°C 0.971 0.807
300°C 0.941 0.613
400°C 0.912 0.420
500°C 0.721 0.280
600°C 0.360 0.100
700°C 0.160 0.035
800°C 0.110 0.020
900°C 0.060 0.010
1000°C 0.040 0.005
1100°C 0.020 0.0025

1200°C 0.000 0.000
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Fig. 1 Degradation of steel properties of joints with temperature

Monotonic load-deformation responses of joint components can be usually
represented by bi-linear, tri-linear or nonlinear curves. Ambient behaviour of the
components within the elastic range has already been well clarified in the
component-based method recommended in EN1993-1-8 (2005), whereas rather
limited test data is available for the post-limit response of components. The post-limit
stiffness is typically obtained through multiplying the elastic stiffness with a strain
hardening coefficient. Atamiaz Sibai and Frey (1988) suggested a value ranging from
1.9% to 2.4% for strain hardening coefficient of steel material property of joints at
ambient temperature. Ren and Crisinel (1995) adopted a value of 6% for double
web-cleat joints. In this study, various post-limit responses of components (e.g. bi-
linear and tri-linear responses) are considered, and the influence of different post-
limit strain hardening coefficients on joint response is discussed. Due to lack of
available data for the strain hardening coefficients of components under elevated



temperatures, the same values as used under ambient conditions are employed for
the current study.

Il Joint fire test

Under a typical localised fire scenario where the fire occurs near a column, the joint
directly exposed to fire can be subjected a significant sagging bending moment
subsequent to column buckling. In order to evaluate the ductility supply of the fire
affected joint after the loss of the column, a test programme (as shown in Figure 2)
was proposed as part of the European RFCS ROBUSTFIRE project, where
emphasis is given to the design of car parks exhibiting sufficient robustness against
localised fire. The test specimens are designed according to a standard open car
park structure specially designed for the ROBUSTFIRE project (Gens, 2010), and
this building was deemed to be a typical European car park structure. The tested
frame was comprised of two unprotected 3m length composite beams with IPE550
steel cross-sections, grade S355, and one unprotected HEB300 cross-section steel
column, grade S460. The steel beams are fully connected to the 130 mm thickness
composite slab through fully rigid shear studs. Flush end-plates are employed with
eight M30 grade 10.9 steel bolts. The geometric properties of the tested frame are
given in Figure 3.

Steel Column

|

. HEB300
T
™

Fig. 2 Joint test programme in ROBUSTFIRE project (Haremza et al. 2011)
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Three tests (tests 2, 3, and 6) are selected to compare with the component-based
joint models employed in this report. The joint was first heated to a stabilised peak
temperature, then the column base was gradually relaxed and subsequently an
increasing downward vertical point load was applied at the top of the HEB 300
column. No axial restraint is applied at the beam ends throughout the entire test for
tests 2 and 3, and linear axial restraint with the stiffness of 50kN/mm is applied at the
beam ends for test 6. The maximum temperatures in the bottom flange of the steel
beam were 500°C and 700°C for tests 2 and 3/6 respectively, and the temperature
was kept unchanged during the loading procedure. However, the temperature
distribution was not uniform in the entire joint area, and different maximum
temperatures were found at other parts of the joint, as given in Table 2. Therefore,
for the component-based joint model considered in this study, various temperatures
are applied to different joint components.

Table 2 Temperature distribution of tested joint

Positions Test 2 Test 3 Test 6
Column flange 400°C 483°C 570°C
Column web 470°C 565°C 710°C
End-plate 430°C 529°C 575°C
Beam web 470°C 620°C 600°C
Beam flange 500°C 700°C 700°C
Bolt 390°C 505°C 550°C

Concrete 180°C 216°C 260°C




IV Component joint modelling

The component-based model for simulation developed in ADAPTIC is illustrated in
Figure 4. For the four inner bolt-row spring series, the axial property in tension is
contributed from four components, namely, column web in tension (cwt), column
flange in bending (cfb), bolt in tension (bt), and end-plate in bending (epb). The
effective width of the T-stub is selected as the bolt-row is considered as in a group.
The compressive characteristic for all the five spring series are based on the
resistance of column web in compression (cwc). For the up and bottom outer spring
series representing contacting positions between the beam flanges and the column
flange, the resistance of beam flange/web in compression (bfwc) is considered. The
effect of column web in shear (cws) is ignored due to the symmetry of the tested
frame.

Concrete flange

Line
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| cwe bwifc
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owt c¢fb bt epb | cwe Steel beam

—AAAAAAAAAN N ———
I S Yy i o B v S

| cwe bwic Rigid links
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TENSION ZONE lCOMPRESSION
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Fig. 4 Frame model with joint components in ADAPTIC



Three types of post-limit responses for each ductile component in the steel
connection are considered, namely, no strain hardening (pu=0), bilinear response
(M=3%), and bilinear response (u=5%). The concrete slab is simulated via beam-
column elements neglecting the ribs and the steel deck. Rigid links are employed to
connect the steel beam and the concrete to consider a fully rigid shear interaction.
The material properties for the flange and the web of steel beams are E =
205kN/mm?, f, = 395.7N/mm? f, = 516.7N/mm? and E = 205kN/mm? f,
432.3N/mm?, f,= 538.7N/mm? respectively. For the endplates the material properties
are E = 205kN/mm2, f,= 395.7N/mm2, and f, = 516.7N/mm?. The properties for the
S3460 column flange and web are E = 205kN/mm?, f, = 515.7N/mm?, f, = 599N/mm?,
and E = 205kN/mm? f, = 503.7N/mm? f, = 571.3N/mm* respectively. The
compressive strength for concrete f, = 33N/mm?. The temperatures listed in Table 2
are used in different joint components.

The bending moment vs. rotation relationships predicted from the component-based
spring models are illustrated in Figures 5 to 7 for the tests 2, 3, and 6, respectively.
Failure of joint in the component-based model is associated with the tensile failure of
the lowest bolt-row, where the elongation exceeds the allowed value of 25mm which
is determined as one of the joint failure criteria for this study. Good correlation is
observed in relation to test 2, but for tests 3 and 6 the initial stiffness is
overestimated. The bending capacities are well predicted for all the three tests. In
addition, the ductility supplies / maximum rotations of the joints in both tests are
underestimated by the component-based model. This is due to the predefined
limitation of the 25mm maximum bolt-row elongation, which can be over
conservative at elevated temperature.
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|. Introduction

This section presents a thermal finite element hofla composite beam-to-column joint submitted to
the standard temperature-time curve (iso fire). Stoelied joint links two IPE550 beams to a HEB300
column. It is the same as the one designed focoheections of the primary beams to the columns in
the reference car park structure designed andtigaésd in the present project (the resistancehisf t
joint is studied in DELIVERABLE llII, section Il),>xept that a 12cm thick solid concrete slab is
considered here instead of a composite slab.

The temperature analysis was performed with theefeglement software SAFIR (Refs. [1] and [2]). In
the following, the model is first described befdte evolution of the temperature distribution is
presented.

[1. Description of the numerical model
The developed model uses 3D elements with 8 ndaegeasons of symmetry, only 1/4 of the column

was modelled, with the associated parts of beamj@ntl The bolts and slab reinforcement have not
been represented in the model (Figure 1).

s

Figure 1. Joint model

The limit conditions are defined as shown in Figer@ominal iso fire curve on the frontiers beldve t
slab and ambient conditions above the floor (ufaee of the slab included, though not visible ia th
figure).



Figure 2. Frontier conditions: (1-red) iso fire;f{ibk) 20°C

Steel and concrete properties are in accordande Exitocode 3 and 2 respectively. The convection
coefficient on hot surfaces is taken equal to 25%/ and the convection coefficient on cold surfaces
is taken equal to 4 W/m2K. The relative emissivifyconcrete surfaces is taken equal to 0,7. This
parameter should also be taken equal to 0,7 ftwocesteel according to Eurocode 3. However, inorde
to take account of the position and shadow effiactse numerical simulation, the relative emisgivof
steel surfaces is multiplied by a reduction fadtof< 1) based on the configuration factors related to
the different zones as explained below (the differeolumes defined with proper; ksalues are
represented in different colours in Figure 1).

[11.  Computation of the configuration and reduction factors

According to Annex G of the EN1991-1-2, the confajion factorg measures the fraction of the total
heat leaving a given radiating surface that arratea given receiving surface. Its value dependghen
size of the radiating surface, on the distance ftioenradiating surface to the receiving surface @md
their relative orientation. In particular, this @xgives formulae to derive the configuration fadto a
receiving surface parallel to the radiating surfgéermula (G.2)) and for a receiving surface
perpendicular to the radiating surface (formula3jjs.

In the present case, and as far as the beam i®rr@u; a value of the configuration factor can be
computed for any point of the end-plate, the beah and the internal face of the beam top and bottom
flanges, considering these surfaces as receivimg @amd the vertical fictitious surface between the
beam flanges as the radiating one (Figure 3).



fictitious
radiating
surface

Figure 3. Radiating surface for the computatiothefconfiguration factors

For example, Figure 4 shows the variation of thefigoration factor at mid-height of the beam web
(y=0,5h=257,8mm, see definition gtaxis in Figure 3) as a function of the distanafithe end-plate
(seex-axis in Figure 3). On this figure, the verticalds represent the limits of the four web zones for
which different values of the reduction factgrhave been defined in the model (see Il and Figjire
based on the value of the corresponding configumatictorsg as detailed in the following. Figure 5
shows the variation gpalong the web height for a given valuexe®2,5mm (middle of web zone 2).
The red line gives the average value along the esght, which was considered as the configuration
factor for the surface of web zone 2.
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Figure 4. Configuration factor at mid-height of theb  Figure 5. Configuration factor of the webxa92,5mm

Similarly, an average value of the configuratioctéa could be established for the end-plate surfiace
different zones of the web surface and for differmmes of the beam top and bottom flanges internal
face. Based on these configuration factors, theatash factors kdefined in section Il are evaluated as
explained below.

For the beam web, the reduction factpiskequal to the configuration factoprindeed, both faces of the
web are similarly heated by the fire. It is not tase for the other elements. Indeed, the diffdeads
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of the beam flanges are not heated in the same kaayexample, the lower and side faces of the beam
bottom flange are directly subjected to the fipel) while a configuration factor smaller than 1 has

be considered for the upper face to account fod@hiaand position effects. So an average value tnad t
be defined, as there is only one layer of elemémsing the beam flange in the model. Such an
average value, which ig,khad also to be defined for the top flange (ufaee not directly heated) and
for the end-plate. The used formulae are the fatigwithe parametens, c, b, t; andh are defined in
Figure 6 and, is the end-plate thickness):

0
0

O

For the beam webkg;

For the beam bottom flange; = i,.c+1.b/2+11)/(ctb/2+;), where@;, is the configuration
factor associated to the flange internal face;

For the beam top flange; ¥ @ n.c+11)/(c+ty), where@, is the configuration factor associated
to the flange internal face;

For the end-plate: ¢&(@pinC.hi+1b/21t,+10t)/(c.h+b/2t,+hty), where @pin is the
configuration factor associated to the face ofehé-plate between the beam flanges.

) "
< s
4 44 @t “ <.
, 7 < e 4
a = <
|

2

tr

b

Figure 6. Beam cross-section

The same procedure has been applied for the column.

V.

Temperaturedistribution

Figure 7 shows the temperature distribution inj¢iv& after 10, 20, 30, 40, 50, 60, 90 and 120 r@8au

10 minutes 20 minutes 30 minutes



40 minutes 50 minutes 60 minutes
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Figure 7. Temperature distribution after 10, 20,40, 50, 60, 90 and 120 minutes

Figure 8 gives the temperature of the beam bottuartap flanges in the connection section versus tim
(see points 1 and 2 in Figure 6 respectively) amtdpares this evolution with the temperature of the
gases corresponding to the standard iso fire curve.
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Figure 8. Temperature in the beam flanges vergus ti

Figure 9 shows the temperature profiles along titeptate and beam web (see green and blue line in
Figure 6 respectively), after 10, 20, 30, 60 and d#nutes. The vertical coordinagés equal to Omm

at the level of the beam bottom flange lower fand &0 550mm at the level of the beam top flange
upper face.
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Figure 9. Temperature profiles in end-plate andrbesb

Figure 10 shows the temperature profile in the petecslab at a distance of 10cm from the column
flange, along the pink line represented in Figuraféer 10, 20, 30, 60 and 120 minutes. The vdrtica
coordinatey is equal to 550mm at the level of the beam topg#aupper face (slab lower face) and to
670mm at the level of the concrete slab top face.
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Figure 10. Temperature profiles in concrete slab

V. Conclusion

In this section, the evolution of the temperatuisgrgbution within a composite beam-to-column joint
subjected to the standard fire curve has been tige¢sd through a thermal finite element analysis,
performed with the software SAFIR. Such simulatioosid be carried out for other limit conditions
corresponding to particular fire scenarios or ftieo joint configurations. The temperature of the
different joint components at any moment duringftheecan be deduced from these analyses, which is
necessary to evaluate the joint resistance. Indbednaterial resistances decrease with the inerieas
temperature.

In DELIVERABLE Il section II, an analytical moddor the prediction of joint resistance at elevated
temperature is introduced. It is also applied ® jthint considered here above, based on the deskcrib
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thermal finite element simulation. The M-N resistarcurves established considering the temperature
distributions after 10, 20, 30 and 60 minutes aesgnted.
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