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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. 

II. 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 20ºC, 500ºC or 700ºC; 

or linear increase up to 800ºC); 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.  

III.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 (ULGG), ii) the 

commercially available program Abaqus (2007) used by the University of Coimbra (FCTUCOIMBRA) 

and iii) 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. 

a)  b)  

Figure 2. a) Vertical displacement of the beam; b) Calculated axial force in the beam 

III.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 
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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 600ºC, the column is not able anymore to 

support the column axial force design value for the fire situation NEd,fi,20ºC (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 A5) 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.  

  

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.  

 

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 20ºC, 500ºC 

or 700ºC). 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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I Introduction 

I.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 (§I.2). 

 

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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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. 

 

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.  

 

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)). 

a) b) 

Figure 5: a) Column at the middle simulated by two locked jacks; b) Application of a vertical load 
with two vertical jacks (Demonceau, 2008) 

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. 

I.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 500ºC; however temperatures of 700ºC 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 500ºC or 
700ºC; 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 

T1 

Derivation of the joint M-N curve at ambient temperature – Realistic axial restraint to 
the beam. Due to testing problems, this test was performed without any axial beam 
restraint (see §II.7.2.3), and only the joint properties at ambient temperatures were 
derived. 

T2 Derivation of the joint properties at 500ºC – No axial restraint to the beam 

T3 Derivation of the joint properties at 700ºC – No axial restraint to the beam 

T4 Derivation of the joint M-N curve at 500ºC – Total axial restraint to the beam 

T5 Derivation of the joint M-N curve at 700ºC – Total axial restraint to the beam 

T6 Derivation of the joint M-N curve at 700ºC – Realistic axial restraint to the beam 

T7 
Demonstration of the real joint behaviour of a sub-frame subjected to the loss of a 
column due to a localised fire – Realistic axial restraint to the beam 
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II 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. 

 
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. 

T2 (500ºC)
T3 (700ºC)
T1 (20ºC)

T4 (500ºC)
T5 (700ºC)

T1 (20ºC)
T6 (700ºC)
T7 (Fire - Dem.)
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Figure 7: General layout, longitudinal view 

 
Figure 8: General layout, lateral view 

II.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 Liège (Demonceau, 2009).  
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Figure 9: Tested joint 

II.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.  

 

   
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 
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(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 §II.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 

II.5.1 Tests 1 to 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 500ºC or 700ºC (except for test 1 at 20ºC); 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 

 
Hogging bending moment Fire (Except for test 1 at 20ºC) 

Step 3 

 
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 ηfi, 
resulting in a target hogging bending moment of -236 kNm for tests 2 to 7:  

௙௜ߟ ൌ
௞ܩ ൅ 0.5ܳ௞.ଵ

௞ܩ1.35 ൅ 1.5ܳ௞.ଵ
ൌ 52,53% 

where ܩ௞ ൌ 26.4	݇ܰ/݉ and ܳ௞.ଵ ൌ 26.7	݇ܰ/݉. 

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 500ºC in 
tests 2 and 4, and 700ºC in tests 3, 5 and 6, in beam bottom flange (see 

T4, T5

T1, T6

T2, T3, T1

T1:20ºC
T2,T4:500ºC
T3,T5,T6:700ºC

T1:20ºC
T2,T4:500ºC
T3,T5,T6:700ºC

F
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§II.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 II.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. 

II.5.2 Test 7 

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 §II.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 400ºC and 800ºC; step 4 - heating of the joint zone up to the 
failure of the sub-frame. 

Step 1 Step 2 

 
Hogging bending moment Mechanical loading (250 kN) 

Step 3 Step 4 

 
Heating of the bottom column up its 

failure 
Heating of the joint up to the total failure of 

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 696ºC under 250 kN of compression load.  

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

F = 250kN

F = 250kN

400ºC (Beam bottom flange)

800ºC (column base centre)

F = 250kN

800ºC (column base centre)

>> 400ºC
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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 (800ºC) were kept constant. 

II.6 Loading definition  

II.6.1 Mechanical loading 

II.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 max. = 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 (max = 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); 
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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); 

4. The sub-frame was progressively reloaded.  

    
a)     b)         c) 

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 10-5 /ºC and 1.8 x 10-5 
/ºC for steel and concrete respectively. 

 

Figure 15: Simplified model of the sub-structure to be tested 
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II.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 §II.6.1.3). This system of support allowed the free horizontal displacement 
of the beams thanks to two pins. 

   
Figure 16: Beam support (vertical displacement restrained using steel bars) 

II.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. 

 
Figure 17: Initial hogging moment in the joint 
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II.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.  

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Loss of the column 

 
Figure 19: Specimens after the concreting of the composite slabs, at the floor level 
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II.6.2 Thermal loading 

II.6.2.1 Tests 2 to 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. 

IPE 550 

3m 
Heated joint 

zone 
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Figure 21: Position of the 23 ceramic pad heating elements 

 
Figure 22: Thermal insulation of the ceramic pad heating elements (rock-wool of density 

128kg/m3) 

 
a)           b)              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 300ºC/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 500ºC or 700ºC in the 
beam bottom flanges, the increase of the temperature was stopped and 
temperatures remained constant until the end of the test.  
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II.6.2.2 Test 7 

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

  
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 400ºC with a slow heating rate equal to 200ºC/hour, then step 4 - 
increase up to 800ºC with a heating rate equal to 300ºC/hour). The heating of 
the bottom column was not controlled by the programmer (manual mode) and 
the bottom column was heated at around 260ºC/hour, up to 800ºC. 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/m3) 
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II.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.  

II.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 
displacements transducers (D023 and D024 in Figure 26).  

 

 

 

 

 
Figure 26: Total axial restraint to the beam 

II.7.2 Spring restraint 

II.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 

D023 D024 
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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 

Sub-frame 
Stiffness of the equivalent 

single spring - K 
Stiffness of each spring of 

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 

II.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: 

ሾܰሿܨ ൌ ሾܿ݉ଶሿܣ ൈ ሿݏݎሾܾܽ݌ ൈ 9.81ሾܰ/ሺܾܽݏݎ ൈ ܿ݉ଶሻሿ 

Where A is the cylinder effective area (133 cm2 in compression and 62 cm2 in 
traction) and p is the measured pressure in the cylinder.  

II.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 (700ºC) and finally the 
demonstration test 7. In order to simplify the test 1 (20ºC), 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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Figure 29: Rotation of the beam end and displacement outwards of the geometrical centre of 
the steel beam section 

II.8 Instrumentation of test specimens 

II.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 §II.6.1.2). The load cell F3 was 
located at the bottom of the column (see Figure 18 in §II.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 §II.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). 

Tests 2 and 3 Tests 4 and 5 

Tests 1 and 6 Test 7 
Figure 30: Load cells, pressure transducers and strain gauges to measure the reaction loads 

II.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. 

 
Figure 31: Displacement transducers 

II.8.3 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. 

 
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 

 

Figure 34: Thermocouples in the composite slab 

II.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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Figure 35: Strain gauges at the beam axial restraints (tests 4 and 5) 

 
Figure 36: Strain gauges used for the test 1 at ambient temperature 

II.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. 

II.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 20ºC, 500ºC and 700ºC. 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 20ºC and 700ºC. 

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

II.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 20ºC, 500ºC and 700ºC, 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. 

 
Figure 38: Stress-strain curves at 20ºC, 500ºC and 700ºC for steel S355 - IPE 550 (flange) 

 
Figure 39: Stress-strain curves at 20ºC, 500ºC and 700ºC for steel S355 - IPE 550 (web) 
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Table 3: Tensile tests results – Beam IPE 550 (S355) 

Reference 
Temp. 
(ºC) 

Yield strength  
Re (MPa) 

Tensile strength 
Rm (MPa) 

Elongation after 
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 32.4 

S355W_500_T1 500 357 447 23.7 

S355W_500_T2 500 412 440 22.5 

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 

II.9.1.2 Steel S355 from 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. 

 
Figure 40: Stress-strain curves at 20ºC for steel S355 – End-plate 15 mm thick 
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Table 4: Tensile tests results – End-plate 15 mm thick (S355) 

Reference 
Temp. 
(ºC) 

Yield strength  
Re (MPa) 

Tensile strength 
Rm (MPa) 

Elongation after 
fracture A (%) 

S355E_20_T1 20 359 544 32.7 

S355E_20_T2 20 356 551 32.7 
 * E = End-plate 

II.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 20ºC, 500ºC and 700ºC, 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. 

 
Figure 41: Stress-strain curves at 20ºC, 500ºC and 700ºC for steel S460 - HEB 300 (flange) 

 
Figure 42: Stress-strain curves at 20ºC, 500ºC and 700ºC for steel S460 - HEB 300 (web) 
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Table 5: Tensile tests results – Column HEB 300 (S460) 

Reference 
Temp. 
(ºC) 

Yield strength  
Re (MPa) 

Tensile strength 
Rm (MPa) 

Elongation after 
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 700 209 211 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 

II.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 200ºC, 400ºC, 
500ºC, 600ºC, 700ºC and 800ºC. Steady-state tests were performed. Table 6 
presents the yield strength Rp0.2% (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. 

 
Figure 43: Stress-strain curves of bolts M30 10.9 at 20ºC, 200ºC, 400ºC, 500ºC, 600ºC, 700ºC 

and 800ºC  
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Table 6: Tensile tests results – Bolts M30 10.9 

Reference 
Temp. 
(ºC) 

Yield strength 
Rp0.2% (Mpa) 

Tensile strength 
Rm (MPa) 

Elongation after 
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 

II.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 (fck,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). 

 
Figure 44: Evolution of the concrete resistance in compression 

III Experimental results 

In this section, the global joint behaviour and the detailed results are given for 
each experimental test. But first, section III.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. 

III.1 Rotations, loads and bending moments definitions 

III.1.1 Rotations 

III.1.1.1 Rotations 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.  

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: 

௖௢௡௡௘௖௧௜௢௡,௅ߙ ൌ ݊ܽݐܽ ൬
஽଴଴଴ି஽଴଴ଶ

ଵହ଴଴௠௠ା஽್೐ೌ೘,೓,ಽ
൰ ൈ 1000 െ  +௖௢௟௨௠௡ [mrad]  > 0 for Mߙ

௖௢௡௡௘௖௧௜௢௡,ோߙ ൌ ݊ܽݐܽ ൬
஽଴଴଴ି஽଴ଷ଴

ଵହ଴଴௠௠ା஽್೐ೌ೘,೓,ೃ
൰ ൈ 1000 ൅  +௖௢௟௨௠௡ [mrad]  > 0 for Mߙ

Tests 1, 4, 5, 6, 7: 

௖௢௡௡௘௖௧௜௢௡,௅ߙ ൌ ݊ܽݐܽ ൬
ሺ஽଴ଶ଼ା஽଴଴଴ ଶ⁄ ሻି஽଴଴ଶ

ଵହ଴଴௠௠ା஽್೐ೌ೘,೓,ಽ
൰ ൈ 1000 െ  +௖௢௟௨௠௡ [mrad]  > 0 for Mߙ

௖௢௡௡௘௖௧௜௢௡,ோߙ ൌ ݊ܽݐܽ ൬
ሺ஽଴ଶ଼ା஽଴଴଴ ଶ⁄ ሻି஽଴ଷ଴

ଵହ଴଴௠௠ା஽್೐ೌ೘,೓,ೃ
൰ ൈ 1000 ൅  +௖௢௟௨௠௡ [mrad]  > 0 for Mߙ

Where ܦ௕௘௔௠,௛,ோ	௢௥	௅ is the horizontal displacement estimated at the end of the 
steel beam axis according to the measured displacements:  

Tests 2, 3: 

௕௘௔௠,௛,௅ܦ ൌ
஽଴଴ହା஽଴଴଺

ଶ
  and  ܦ௕௘௔௠,௛,ோ ൌ

஽଴଴଻ା஽଴ଵ଴

ଶ
     (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: 

௕௘௔௠,௛,௅ܦ ൌ
஽଴଴ହା஽଴଴଺

ଶ
  and  ܦ௕௘௔௠,௛,ோ ൌ

஽଴଴ଵା஽଴଴଻

ଶ
    (see Figure 47 and  

Figure 48) 

 
Figure 47: Position of the displacement transducers D001, D005, D006 and D007 at the beam 

ends – tests 1, 5, 6, 7 

 
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 ߙ௖௢௟௨௠௡ was calculated according to: 

௖௢௟௨௠௡ߙ ൌ ݊ܽݐܽ ൬
஽଴ଵ଺

௛ೣି஽ಹ಻
൰ ൈ 1000 [mrad]  (rotation > 0 in the clockwise) 

Where D016 (mm) and DHJ (mm) are the displacements measured by the 
displacement transducers at the bottom of the column and by the hydraulic jack, 
and hx (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 (§II.6.1.1).  
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Table 7: Distance hx between the transducer D016 and the column top for each test 

Test hx (mm) 

T1 
From 0 to 3h37min: 2964; 

From 3h37min to the end: 3099 
T2 Not used 

T3 
From 0 to 4h50min: 3250; 

From 4h50min to the end: 3350 
T4 2951 mm 

T5 
From 0 to 5h04min: 1964; 

From 5h04min to the end: 3084 

T6 
From 0 to 4h55min: 2710; 

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: 

௖௢௟௨௠௡ߙ ൌ
஽଴଴଴ି஽଴ଶ଼

ଵହ଴଴௠௠
 [mrad]  (rotation > 0 in the clockwise) 

III.1.1.2 Rotations 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 (§III.1.2). The measured horizontal displacements shown in Figure 46, 
Figure 47 and Figure 48 were used: 

Tests 1, 5, 6, 7: 

௕௘௔௠,௅ߙ ൌ ݊ܽݐܽ ቀ஽଴଴଺ି஽଴଴ହ
ଶଽ଴௠௠

ቁ ൈ 1000 [mrad] 

௕௘௔௠,ோߙ ൌ ݊ܽݐܽ ቀ஽଴଴଻ି஽଴଴ଵ
ଶଽ଴௠௠

ቁ ൈ 1000 [mrad] 

Test 4: 

௕௘௔௠,௅ߙ ൌ ݊ܽݐܽ ቀ஽଴଴ହି஽଴଴଺
ଶଽ଴௠௠

ቁ ൈ 1000 [mrad] 

௕௘௔௠,ோߙ ൌ ݊ܽݐܽ ቀ஽଴଴଻ି஽଴଴ଵ
ଶଽ଴௠௠

ቁ ൈ 1000 [mrad] 

III.1.1.3 Rotations 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: 

D016

D-HJ

hx
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Tests 4 and 5 (total restraints): 

௥௘௦௧௥,௅ߙ ൌ ݊ܽݐܽ ቀ஽଴ଶଶି஽଴ଶଵ
ସଶଽ	௠௠

ቁ ൈ 1000 [mrad]  > 0 

௥௘௦௧௥,ோߙ ൌ ݊ܽݐܽ ቀ஽଴ଶଷି஽଴ଶସ
ସଶଽ	௠௠

ቁ ൈ 1000 [mrad]  > 0 

Tests 1, 6, 7 (spring restraints): 

௥௘௦௧௥,௅ߙ ൌ ݊ܽݐܽ ቀ஽଴ଶଽି஽଴ଷଵ
଺ହ଴	௠௠

ቁ ൈ 1000 [mrad]  > 0 

௥௘௦௧௥,ோߙ ൌ ݊ܽݐܽ ቀ஽଴ଷ଴ି஽଴ଵ଴
଺଼଴	௠௠

ቁ ൈ 1000 [mrad]  > 0 

 

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 

 

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  

III.1.2 Loads 

III.1.2.1 Reaction loads at the beams supports 

The reaction loads ܨ௅ and ܨோ at the beams supports left and right respectively 
were calculated based on i) the load measured by the load cell F1 or F2 
(§II.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: 

ଵିଶ	௅,ௌ௧௘௣௦ܨ ൌ ଵ,௜௡௜௧௜௔௟ܨ ൅ ଵܨ ൅
ܹܵ
2

 

ଵିଶ	ோ,ௌ௧௘௣௦ܨ ൌ ଶ,௜௡௜௧௜௔௟ܨ ൅ ଶܨ ൅
ܹܵ
2

 

Where ܨଵ,௜௡௜௧௜௔௟ and ܨଶ,௜௡௜௧௜௔௟ are 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 FHJ 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 §III.3 and III.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: 

ଷ	௅,ௌ௧௘௣ܨ ൌ
ிಹ಻ାிయିிభିிమ

ଶ
   and   ܨோ,ௌ௧௘௣	ଷ ൌ

ிಹ಻ାிయିிభିிమ
ଶ

 

where F3 is null after the loss of the column. 

In test 7, the reaction loads ܨ௅ and ܨோ at the beams supports left and right were 
calculated as: 

௅,௧௘௦௧଻ܨ ൌ
ிಹ಻ାிయ

ଶ
   and   ܨோ,௧௘௦௧଻ ൌ

ிಹ಻ାிయ
ଶ

 

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

III.1.2.2 Reaction 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(restr)  and  Frestr,horiz = Frestr x cos(restr).

 

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,axial,L or R = Frestr,L or R x cos(beam, L or Rrestr,L or R) 

where Frestr,L or R is the load applied by the restraints, beam, L or R is the beam 
rotation at the end, and restr,L or R is the restraint rotation, and were defined 
previously.  

 
Figure 53: Projection of the restraint loads according to the beam axis 

III.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, 6 and 7:  

௅௘௙௧ܯ ൌ ଷ	௦௧௘௣	௢௥	௅,௦௧௘௣௦ଵିଶܨ ൈ ௅ܮ ൅ ௥௘௦௧௥,௩,௅ܨ ൈ ௥௘௦௧௥,௅ܮ ൅ ௥௘௦௧௥,௛,௅ܨ ൈ  ௅ݖ

ோ௜௚௛௧ܯ ൌ ଷ	௦௧௘௣	௢௥	ோ,௦௧௘௣௦ଵିଶܨ ൈ ோܮ ൅ ௥௘௦௧௥,௩,ோܨ ൈ ௥௘௦௧௥,ோܮ ൅ ௥௘௦௧௥,௛,ோܨ ൈ  ோݖ

Frestr,h,R

Frestr,v,R
Frestr,R

Frestr,h,L

Frestr,v,L
Frestr,L

restr,Rrestr,L

Frestr,axial,L

Frestr,L

restr,L beam,L



ROBUSTFIRE Project – Experimental tests – v2(1) 

 

 37

Where ܨ௅,௦௧௘௣௦ଵିଶ	௢௥	௦௧௘௣	ଷ and ܨோ,௦௧௘௣௦ଵିଶ	௢௥	௦௧௘௣	ଷ are the reaction loads at the 
beam supports defined previously, ܮ௅ and ܮோ are the distances between each 
beam support and half of the column flange thickness: 

௅,ோܮ ൌ ௕௘௔௠ܮ ൅ ௣௟ݐ ൅
௙௟,ுா஻ଷ଴଴ݐ

2
െ 	௟௘,௅,ோݔ

Where ܮ௕௘௔௠ is the total length of the steel beam profile (3000 mm), ݐ௣௟ is the 
end-plate thickness (15 mm), ݐ௙௟,ுா஻ଷ଴଴ is the column flange thickness (19 mm), 
and ݔ௟௘ோ and ݔ௟௘௅ are the measured distances of the part of the steel profile out 
of the beam support (Figure 54), given in Table 8. 

 
Figure 54: Horizontal distances considered in the bending moment calculation 

Table 8: Dimension values for each test 

Test LL (mm) LR (mm) dxL (mm) dxR (mm) dv,inL (mm) dv,inR (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 

 ,௥௘௦௧௥,௩,ோ are the vertical projections of the load in each restraintܨ ௥௘௦௧௥,௩,௅ andܨ
and ܨ௥௘௦௧௥,௛,௅ and ܨ௥௘௦௧௥,௛,ோ are the horizontal ones (in case of a spring restraint, 
the load can be noted ܨ௦௣,௛	௢௥	௩). ܮ௥௘௦௧௥ is the distance between half of the 
column flange thickness and the application point of the restraint force (Figure 
54): 

௥௘௦௧௥,௅ܮ ൌ L୐ ൅ dx୐ ൅ dv୐ 

௥௘௦௧௥,ோܮ ൌ Lୖ ൅ dxୖ ൅ dvୖ 

Where dx୐ and dxୖ 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: 

௅ݒ݀ ൌ ௜௡,௅ݒ݀ ൅ 		௕௘௔௠,௛,௅ܦ and	 ோݒ݀	 ൌ ௜௡,ோݒ݀ ൅ 	௕௘௔௠,௛,ோܦ

where dv୧୬,୐,ୖ are the initial distances values, measured in the laboratory (Table 
8), and ܦ௕௘௔௠,௛,௅௔௡ௗோ was defined previously. 

LRight xle,RLLeftxle,L

3000mm
plate,extremity

plate,joint

Lrestr,R
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Figure 55: Definition of the horizontal distances from the beam support to the application point 

of the spring force 

 ோ are the vertical distances between the application point of the springݖ ௅ andݖ
force and the joint (Figure 56): 

z୐ ൌ D028 െ x୐  and   zୖ ൌ D000 െ xୖ 

where D028 and D000 are the vertical displacements measured at the joint, and 
x୐ and xୖ are: 

x୐ ൌ
ୢ୶ైାୢ୴ై

ୢ୶ై
ൈ D013  and  xୖ ൌ

ୢ୶౎ାୢ୴౎
ୢ୶౎

ൈ D014 

 
Figure 56: Vertical distance between the application point of the spring force and the joint 

III.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. 

III.2.1 Joint behaviour (entire test) 

The evolution of the total vertical reaction load (FL+FR) 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 §III.2.2). 

dxdv

D013

D005

D006

dx dv

D014

D007

D001

x

D000 z

x
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Figure 57: Vertical reaction load (FL+FR) s vertical displacements of the column 

 
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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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.  

 

 

 

 

 

 

 

 

 

 

 

 

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.  

 
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 §II.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. 

 
Figure 62: Projections of the spring forces along the beam axis direction – T1 
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III.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 §II.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. 

 
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. 

 

 

 

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 (FHJ) 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 §II.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)  

Step 1 (25 min) 

 

 

* Average value between by the wire transducers 
D000 and D028 

Step 1 - Initial hogging bending 
moment Load (kN)

Displ. 
(mm) 

Column base (F3 and D000) 0 -18.1* 

Beam mid-span Left (D002) ---- -11 

Beam mid-span Right (D008) ---- -11.8 

Beam support Left (FLeft) -177.8 ---- 

Beam support Right (FRight) -172.7 ---- 

Spring left (Fsp,L) 0 ---- 

Spring right (Fsp,R) 0 ---- 

Hydraulic Jack (FHJ and DHJ) -351.2 -24.7 
Hogging bending moments at 
the joint 

Mleft = -499 kNm 
Mright = -485 kNm 

 

 

 

Figure 65: Load applied by the hydraulic jack compared to the sum of the reaction loads at the 
supports 
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Figure 66 shows the evolution of the vertical loads measured by the hydraulic 
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stopped two times at the beginning because of the spring restraints being 
working in compression (see §II.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, FHJ, 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. 

 

 

 

 

 
Figure 66: Evolution of the vertical loads during the step 3 (increase of sagging bending 

moment) 
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a)  b)  

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). 

  
11min – Back/Left side 2h25min – Back/Left side 2h33min – Back side 

 

 

3h18min – Back side 3h18min – Back side 3h54min – Front side 

 

 

4h41min – Back side End of the test – Back/left side  

Figure 68: Evolution of the joint failure  
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a)            b) 

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 DHJ, 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.  

 
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 § II.6.1)); ii) the hydraulic jack load FHJ; 
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). 

 
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.  

 
Figure 72: Bending moments at the connections left and right 

III.2.4 Additional data 

III.2.4.1 Strain 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: 

ܨ ൌ ߝ ൈ ܧ ൈ  ௦ܣ

where ߝ is the measured strain, E is the elastic Modulus equal to 205 869 mm2 
(estimation from the tensile coupon tests results in §0), and As = 561 mm2 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). 

 
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.  

   
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 

 
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. 
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Figure 77: 2500 mm from the connection right 

 
Figure 78: 2500 mm from the connection left 

III.2.4.2 Additional displacements measured during the test 

The rotations of the springs are shown in Figure 79. 

 
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, Fsp,ax). 

 
Figure 80: Joint bending moment vs axial forces at the joint (Fsp,ax) 

 
Figure 81: Vertical force at the column FHJ vs vertical displ. measured at the column top (DHJ)  

Figure 82 presents the evolution of the total vertical reaction load (FL+FR) 
versus the joint rotation. 
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Figure 82: Vertical load at the column FHJ 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 Dbeam,h,L and R (see §III.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. 

 
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 

III.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. 

III.3.1 Joint behaviour (entire test) 

III.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 300ºC/hour, 
which created a peak in temperatures curves. Finally, 500ºC 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 200ºC, and the temperature increase due to conduction in the 
column above the composite slab was very limited (maximum 114ºC 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: 407ºC in bolts heads 
(row 4), 397ºC in end-plates, 469ºC in the column web and 398ºC 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 500ºC in the beam bottom 
flange, perhaps due to differences in the thermal insulation. The evolutions of all 
measured temperatures are detailed in §III.3.3. 
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Figure 85: Evolution of the temperatures during test 2 

III.3.1.2 Bending 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 (500ºC). 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 86: Total reaction load (FL+FR) vs vertical displ. measured at the column top (DHJ) 

 
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 88: Joint deformation – front view 

 
Figure 89: Crushed concrete slab at the end of the test 

  
Figure 90: Final deformation of the sub-frame at the end of the test 
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III.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). 

 
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).  

 
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 Mfi,d=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+F2 = FHJ + F3, including the slight difference ∆ܨ 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 
moment (2min) 

Phase 2 ‐ Column 
support (23min) 

STEP 1 ‐ Initial loads  Load (kN)  Displ. (mm)  Load (kN)  Displ. (mm)

Column base (F3 and D000)  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 
the connection 

Mleft = ‐187.74 kNm 
Mright = ‐193.82 kNm 

Mleft = ‐203.48 kNm 
Mright = ‐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. 

 
Figure 94: Load applied by the hydraulic jack compared to the sum of the reaction loads at the 

supports  

III.3.3 Step by step behaviour: step 2 - Temperatures (500ºC)  

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

III.3.3.1 Evolution 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) 

 
Figure 96: Evolution of the temperatures (T) in the beams at 50 cm from the connection during 

the test 2 (R = right; L = left) 

 
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. 

 
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 
(2h12min) 

End of step 2  
(3h17min) 

End of the test 
(6h44min) 

Left   Right
Diff. 
(%)  Left  Right 

Diff. 
(%)  Left  Right 

Diff. 
(%) 

Bolt head row 1  268.2  245.3 8.5  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 

Bolt head row 3  372.7  347.6 6.7  382.2 382.5 ‐0.1  392.5 396.7  ‐1.1 

Bolt head row 4  368.3  336.7 8.6  376.3 363.2 3.5  404  375.5  7.1 

Bolt In row 1  278.5  240.9 13.5  315.5 310.9 1.5  333.5 344.7  ‐3.4 

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‐Plate row 1  271.4  251.9 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 row 3  358.9  341.8 4.8  383.6 379.5 1.1  397.3 395.5  0.5 

End‐Plate row 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 200ºC in the concrete, 278ºC in the steel sheet, 96ºC in the 
steel rebar and 196ºC 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 114ºC 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 
(2h12min) 

End of step 2 
(3h17min) 

End of the test 
(6h44min) 

Left 
(ºC) 

Right 
(ºC) 

Diff. 
(%) 

Left 
(ºC) 

Right 
(ºC) 

Diff. 
(%) 

Left 
(ºC) 

Right 
(ºC) 

Diff. 
(%) 

Top flange 20cm  223.1  215.1 3.6  234.5 256.3 ‐9.3  234.5  301.9  ‐28.7

Web 20cm *  545.0  577.9 ‐6.0  487.7 582.0 ‐19.3  462.7  637.2  ‐37.7

Bottom Flange 20cm **  491.8  485.4 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  424.6  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 42.3  47.4  ‐12.1  61.2  71.2  ‐16.3

Web 1m  47.5  54.1  ‐13.9 74.6  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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III.3.3.2 Evolution 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 D000 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. 

 
Figure 100: Vertical displacements near the beam-to-column joint during the increase of 

temperatures 

Table 13: Main reaction loads and displacements during the step 2 

STEP 2 ‐ Temperatures 
Begin of 
step 2 
(23min) 

Max. Load 
(1h50min)

Stop of the 
increase 
(2h12min) 

End of 
step 2 

(3h17min)

TEMP 
(ºC) 

Beam bottom flange LEFT ‐ 20cm  23.5  407.3  491.8  504.65 

Beam bottom flange RIGHT ‐ 20cm  26.85  418.7  485.4  503.2 

Load 
(kN) 

Beam support LEFT (FL)  ‐72.30  ‐118.60  ‐104.47  ‐80.83 

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

Total reaction Load (FL+FR)  ‐146.07  ‐242.69  ‐215.03  ‐166.08 

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 

Displ. 
(mm) 

Beam mid‐span LEFT (D002)  ‐4.96  ‐4.07  ‐1.69  0.77 

Beam mid‐span RIGHT (D008)  ‐4.98  ‐3.70  ‐1.44  0.98 

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 (FL+FR) to the reaction loads in the entire column (FHJ+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 400ºC 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.  

 
Figure 101: Comparison of the total load into the column (FHJ+F3) with the total reaction load at 

the two supports of the beam (FL+FR) 

 
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 

III.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 II.6.1.2) was not unloaded after 
the loss of the column: the beams supports continued to apply vertical loads, 
measured by F1 and F2. 

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 (FL+FR) 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 104: Evolution of the loads during the step 3 (sagging bending moment) 

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 
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. 

 
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  

step 3 – Loss of the column 
Begin of 
step 3 

(3h17min)

Max. Load 
(5h37min)

First bolt 
failure 

(6h25min) 

Second 
bolt 
failure 

(6h34min)

TEMP 
(ºC) 

Beam bottom flange LEFT – 20 cm  504.7  506.8  504.7  504.7 

Beam bottom flange RIGHT – 20 cm 503.2  418.7  418.7  418.7 

Load 
(kN) 

Beam support LEFT (F1)  ‐80.83  ‐27.83  ‐44.61  ‐51.38 

Beam support RIGHT (F2)  ‐85.25  ‐28.81  ‐52.55  ‐61.58 

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 

Displ. 
(mm) 

Beam mid‐span LEFT (D002)  +0.77  +62.96  +105.97  +115.11 

Beam mid‐span RIGHT (D008)  +0.98  +63.18  +105.62  +113.86 

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 §III.1.2.1), and the load applied at the column 
top was reduced by the two loads F1 and F2 measured at the beam supports: 
FHJ+F3+F1+F2, with F1 and F2 < 0. 

 
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 (FL+FR) versus the rotation.  
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Figure 107: Vertical displacements near the beam-to-column joint during the entire test 

 
Figure 108: Rotations at the connections 

 
Figure 109: Bending moments at the joint vs time 
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Figure 110: Total reaction load vs rotation at the connections 

III.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 Dbeam,h,L and R (see §III.1.1.1) are represented by the red curves; they 
displace in the outward direction during the entire test.  

 
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 

III.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. 

III.4.1 Joint behaviour (entire test) 

III.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 400ºC/hour. At the end of the step 2, temperatures in the 
beam bottom flanges of the right and left beams were different: 741ºC on the 
left and 612ºC 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 700ºC was well kept constant up to the end of the test. The 
maximum concrete temperature measured in the slab was 216ºC, and the 
temperature increase due to conduction in the column above the composite 
slab was very limited, with maximum 118ºC 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: 505ºC in bolt heads, 529ºC in beams end-plates, 
568ºC in column web and 483ºC in column flanges. The evolutions of all 
measured temperatures are detailed in §III.4.3. 
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Figure 113: Evolution of the temperatures during test 3  

III.4.1.2 Bending moments variation and failure modes 

The evolution of the total vertical reaction load (FLeft + Fright) 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, §III.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) 

 
Figure 115: Bending moment at the joint vs rotation at the connections 

  
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 §II.2)). 
Finally, the test was stopped at 132 mrad and 75 mrad of connection left and 
right rotations.  

 
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). 

 

 

 

 

 

 

 

 

 

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 119: Final deformation of the sub-frame under sagging bending moment (back view) 

 
Figure 120: Deformation of the beam bottom flange (left side) – Front view 

III.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).  

 
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 F1 and F2 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  

 
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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III.4.3 Step by step behaviour: step 2 - Temperatures (700ºC) 

III.4.3.1 Evolution 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 700ºC at 
the beginning of the step 3, but the difference was rapidly corrected.  

 
Figure 126: Evolution of the temperatures (T) in the beams at 200 mm from the connection  

 
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.  

 
Figure 129: Evolution of the temperatures (T) in the head of the bolts  

 
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 300ºC at the top web and 600ºC at the center 
web during the step 3. 

 

 

Figure 132: Evolution of the temperatures in the column  

The maxima temperatures measured in the composite slab (16 cm from the 
column flange) were: 216ºC in the concrete, 272ºC in the steel sheet, 95ºC in 
the steel rebar and 200ºC 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 §III.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) 

Left   Right 
Diff. 
(%)  Left   Right

Diff. 
(%)  Left   Right

Diff 
(%)  Left   Right

Diff. 
(%) 

Top fl. 20 cm  ‐‐‐  121.0  ‐‐‐  ‐‐‐  156.3 ‐‐‐  ‐‐‐  237.8 ‐‐‐  ‐‐‐  282.3 ‐‐‐ 

Web top 20 cm  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 44.4 ‐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    ‐‐‐  292.9    ‐‐‐  499.5    ‐‐‐  482.6     ‐‐‐ 

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  243.7 404.8  ‐66.1  380.7 561.8 ‐47.6 619.4 492.7 20.5  505.4  494.8 2.1 

Bolt head r‐4  242 327.3  ‐35.2  386.6 472.5 ‐22.2 639.9 490.2 23.4  494.4  479 3.1 

Bolt In r‐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 In r‐2  218.6 ‐‐‐  ‐‐‐  316.9 ‐‐‐  ‐‐‐  461.2 ‐‐‐  ‐‐‐  467.7  ‐‐‐  ‐‐‐ 

Bolt In r‐3  313.3 484.1  ‐54.5  446.7 626.6 ‐40.3 643 480.9 25.2  505.5  493.9 2.3 

Bolt In r‐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  155.9 181  ‐16.1  229.5 271 ‐18.1 375.2 308.6 17.8  400.3  367.1 8.3 

End‐plate r‐2  229.8 270.5  ‐17.7  338.1 387.1 ‐14.5 532.2 374.4 29.7  512.1  426.2 16.8

End‐plate r‐3  248.2 336.6  ‐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 

III.4.3.2 Evolution 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 606ºC in the left beam web, and 
506ºC and 396ºC 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. 

 

 

 

Figure 133: Reaction loads 

‐400

‐350

‐300

‐250

‐200

‐150

‐100

‐50

0

0,6 0,8 1 1,2 1,4 1,6 1,8 2 2,2 2,4 2,6 2,8 3

R
e
ac
ti
o
n
 L
o
ad

s 
(k
N
)

Time (hour) Total load cells F1 + F2
Hydraulic jack + F3
F1
F2
F3
Hydraulic Jack

D002 D008

D000

F3

F-HJ

D-HJ

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

L - Left R - Right

D013 D014

F1 F2

Increase of loads at 
the column base 

A: Sudden decrease of 
the loads F1 and F2 at 

beam supports 

B: Decrease of 50 kN 
at the jack (column top) 

C: Maximum 
resistance capacity 

D: No more displacement 
upward at the jack 

Step 2 
(Temp) 



ROBUSTFIRE Project – Experimental tests – v2(1) – Test 3 

 

 82

 
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 

STEP 2 - Temperatures 
Begin 
of the 
step 2 

A: Hogging 
bending moment 

too high 

B: Modif. of 
the load at the 

jack 

C: Local 
Max 
load 

D: Min 
displ. at 
the jack 

End of 
the 

step2 

Time 
37min 
(0.62h) 

1h24min (1.4h) 
1h28min 
(1.47h) 

1h48min 
(1.8h) 

2h05min 
(2.1h) 

3h02min 
(3.04h) 

TEMP 
(ºC) 

Beam bottom 
flange LEFT - 

20cm 
21.75 336.2 371.75 510 709 741.45 

Beam bottom 
flange RIGHT - 

20cm 
25.25 268.45 291 396.1 485.9 611.7 

Load 
(kN) 

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 (F1+F2) 

-284.2 -331.2 -242.9 -294.6 -218.4 -63.3 

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 

Displ. 
(mm) 

Beam mid-span 
LEFT (D002) 

-8.82 -11.26 -15.82 -14.78 -14.5 -14 

Beam mid-span 
RIGHT (D008) 

-8.2 -10.14 -17 -15.92 -15.74 -13.54 

Col. base (D000) -14.7 -12.6 -15.9 -13.1 -15.3 -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 

III.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 D000 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. 

 
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. 

 
Figure 137: Evolution of the loads during the step 3 (sagging bending moment) 

 
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 

 

Figure 140: Bending moment 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 §III.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 

III.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. 

III.5.1 Joint behaviour (entire test) 

III.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 400ºC/hour, which 
created a peak in temperatures curves. Finally, 500ºC 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 §II.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 200ºC. At the end of the test, maximum 
temperatures measured at the joint were: 371ºC in bolt heads, 389ºC in beam 
end-plates, 430ºC in column web and 372ºC in column flanges. The evolutions 
of all measured temperatures are detailed in §III.5.3. 
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Figure 142: Evolution of the temperatures during test 4 

III.5.1.2 Bending 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, Frestr,ax). 

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 (FHJ+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 (FL+FR) equal to 387 kN; and axial restraints loads equal to 1080 
kN and 1055 kN on the left and right sides respectively).  

 
Figure 143: Bending moment vs rotation at the connection (the different gradient of colors 

define the different steps) 

 
Figure 144: Total reaction load (FL+ FR) vs vertical displ. measured at the column top (DHJ) 
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Figure 145: Bending moment vs axial forces at the connections (Frestr,ax) 

 
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 §II.2). The test was 
stopped at 83 mrad and 89 mrad of connections left and right rotations. 

 
Figure 147: Rotations at the connections (Rot_Connection Left and Right) and column rotation 
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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. 

 
Figure 148: Deformations of the joint (view from the front side) 

 
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 151c 
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 

    
a)     b)     c) 

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) 

III.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 §II.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). 

 
 

 

 

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 (FHJ+F3) and the sum of the reaction loads measured at the beam 
supports (FL+FR). 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 
F2. 
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Figure 154: Load applied by the hydraulic jack compared to the sum of the reaction loads at the 
supports 

III.5.3 Step by step behaviour: step 2 - Temperatures (500ºC)  

The second loading step consisted to the slow increase (around 400ºC/hour) of 
the temperature in the heated zone, until reaching 500ºC 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 §II.6.1.1). 

III.5.3.1 Evolution 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 §II.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) 

 
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) 

 
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) 

 
Figure 159: Evolution of the temperatures (T) in the head of the bolts during the test 4 (CR = 

connection right; CL = connection left) 

 
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).  

 
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 II.8.3 (p24). 

 
Figure 162: Evolution of the temperatures in the composite slab during the test 4 
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In Figure 163 are compared the evolution of the reaction loads in both beams 
supports (FL+FR) with the reaction loads at the column (F3 + FHJ). 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 
433ºC on the left and 404ºC 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) 

 
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 D008) 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).  

 

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 (DHJ) and at the joint (D000/D028). 
As shown in Figure 168, from the beginning to the end of the step 2, the column 
top (DHJ) 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. 

 
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. 

 
Figure 169: Evolution of the bending moment in the connections (Left and Right) during the 

steps 1 and 2 
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III.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 
II.6.1.2) was not unloaded after the loss of the column: the beams supports 
continued to apply vertical loads, measured by F1 and F2.  

Figure 170 shows the evolution of the vertical loads measured by the hydraulic 
jack (FHJ+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 F2 measured at the beam supports: FHJ+F3+F1+F2, with F1 and F2 < 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 FHJ. 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.  

 

 

 

 
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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4h06min – Front side 4h06min – Front side 4h06min – Right side 

 
 

 

4h32min – Left/Front side 4h32min – Back side 4h36 – Left side 

 
 

 

End of the test – Front side End of the test – Left side  

Figure 171: Evolution of the concrete crushing 

Figure 172 shows the evolution of the vertical displacements measured i) by the 
hydraulic jack DHJ; 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.  

 
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 (FHJ), at the column base (F3), at the beams ends (F1 and F2), 
and finally at the axial restraints to the beams (Frestr,R and L) (see §III.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. 

 
Figure 174: 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. 

‐400

‐200

0

200

400

600

800

1000

1200

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6 6,5

To
ta
l r
e
ac
ti
o
n
 f
o
rc
e
s 
(k
N
)

Time (hour)

F_HJ
F3
F1+F2_corr
F_restr_R_Axial
F_restr_L_Axial
FHJ+F3+F1+F2

D002 D008

D000

F3

F-HJ

D-HJ

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

L - Left R - Right

D013 D014D028

F5 F4

F1 F2

‐400

‐300

‐200

‐100

0

100

200

300

400

500

600

700

800

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6 6,5

B
e
n
d
in
g 
m
o
m
e
n
t 
in
 t
h
e
 c
o
n
n
e
ct
io
n
s 

(k
N
m
)

Time (hour)

M_L

M_R

Concrete crushed against the 
column flange (4h06min) 

Concrete crushed along the 
entire slab width (5h) 

S
te

p 
1 

(M
- ) Step 2 

(Temp) 

Step 3 (M+) 

Mleft,max = 768 kNm 
Mright,max = 746 kNm 

Mleft,min = -372 kNm 
Mright,min = -379 kNm 

S
te

p 
1 

(M
- ) 

Step 2 
(Temp) 

Step 3 (M+) 

Mleft = -226 kNm 
Mright = -229 kNm 



ROBUSTFIRE Project – Experimental tests – v2(1) – Test 4 

 

 103

 
Figure 175: Total reaction load (FL+ FR) vs rotation at the joint 

 
Figure 176: Total reaction load (FL+ FR) vs axial forces at the joint (Frestr,ax) 

III.5.5 Additional data 

The evolution of the vertical and horizontal components of the axial restraint 
loads, Fsp,v and Fsp,h, are showed in Figure 177. The rotations of the axial 
restraints are shown in Figure 178, with maximum 38 mrad on the left and 35 
mrad on the right.  
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Figure 177: Projections of the restraints loads along the horizontal (h) and vertical (v) axis 

 
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 Dbeam,h,L and R are represented by the black curves (see §III.1). 

 
Figure 179: Horizontal displacements at the beams ends 

Figure 180 presents the displacements of the beams out of the plan, measured 
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the two transducers D003 and D009 on the beams webs, initially situated at 
1500 mm from the end-plate.  

 
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).  

 
Figure 181: Measured displacements of the steel and concrete footings, and of the strong 

beams linked to the walls (see Figure 31 in §II.8.2 for the position of the displacement 
transducers) 

III.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. 

III.6.1 Joint behaviour (entire test) 

III.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 

‐8

‐6

‐4

‐2

0

2

4

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6 6,5

M
e
as
u
re
d
 d
is
p
la
ce
m
e
n
ts
 o
u
t 
o
f 

th
e
 p
la
n
e
 (
m
m
) Time (hour)

D025 D003

D026 D009

D015

D015
D026

D009D003
D025

‐6

‐5

‐4

‐3

‐2

‐1

0

1

2

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6 6,5

M
e
as
u
re
d
 d
is
p
la
ce
m
e
n
ts
 o
f 
th
e
 

au
xi
lia
ry
 s
tr
u
ct
u
re
 (
m
m
)

Time (hour)

D019 D020

D017 D018

D011 D012

D027

S
te

p 
1 

(M
- ) 

Step 2 
(Temp) Step 3 (M+) 

S
te

p 
1 

(M
- ) 

Step 2 
(Temp) 

Step 3 (M+) 



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

 

 106

placed on the column flanges (see §II.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 300ºC/hour in the beam bottom 
flanges. These bottom flanges reached 700ºC, 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 200ºC, with maximum 100ºC measured at the 
top of the slab. At 7h, maximum temperatures measured at the joint were: 
502ºC in bolts, 500ºC in beam end-plates, 533ºC in column web and 495ºC in 
column flanges. The evolutions of all measured temperatures are detailed in 
§III.6.3. 

 
Figure 182: Evolution of the temperatures during test 5  

III.6.1.2 Bending 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, Frestr,ax). 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 §III.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 

 
Figure 184: Total reaction load (FL+ FR) vs vertical displ. measured at the column top (DHJ) 
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Figure 185: Joint bending moment vs axial forces at the joint (Frestr,ax) 

    
a) Right side    b) Left side    c)  

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 187: Deformations of the joint (view from the front side) 

 
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 §II.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 

III.6.2 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 (FHJ+F3) and the sum of the reaction loads measured at the beam 
supports (FL+FR). 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 
F2. 
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Figure 193: Vertical displacements near the beam-to-column joint during the application of the 
initial loads (hogging bending moment) 

 

 

 

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 
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III.6.3.1 Evolution 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.  

 
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) 

 
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.  

 
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) 

 
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 
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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 II.8.3 (p24). 

 
Figure 202: Evolution of the temperatures in the composite slab during the test 5 
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is showed by the sudden decrease of the loads; then a certain level of oil 
pressure was increased again. 

 

 

 

Figure 203: Comparison of the total load into the column (FHJ + F3) with the total reaction load 
at the beams supports (FL + FR) 

 
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 D008) 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.  

  
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 (DHJ) and at the joint (D000/D028). 
As shown in Figure 208, from the beginning to the end of the step 2, the column 
top (DHJ) 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. 

 
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. 

 
Figure 209: Evolution of the bending moment in the connections (Left and Right) during the 

steps 1 and 2 
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III.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 
II.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 FHJ 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).  

 

 

 
Figure 210: Evolution of the vertical loads during the step 3 
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4h42min – Left side 4h42min – Right side 4h57min – Right side 

 
5h07min – Front 5h32min - Back 6h35min – Front Right 

End of the test - back Day after the test - back Day after the test - front 

Figure 211: Evolution of the concrete crushing 

Figure 212 shows the evolution of the vertical displacements measured i) by the 
hydraulic jack DHJ; 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. 

 
Figure 212: Vertical displacements near the beam-to-column joint during step 3 

‐25

25

75

125

175

225

275

325

375

3,5 4 4,5 5 5,5 6 6,5 7 7,5

V
e
rt
ic
al
 d
is
p
la
ce
m
e
n
ts
 (
m
m
)

Time (hour)

D000

D028

D002

D030

D_HJ

D002 D030

D000

F-HJ

D-HJ

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

L - Left R - Right

D013 D014D028

F5 F4

F1 F2

Step 3 (M+) 



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

 

 123

The hydraulic jack stroke was increased once during this test, around 5h05min 
(see §II.6.1.1, p13); no bolt failed. Figure 213 shows the deformed end-plates 
after disassembly the tested frame.  

   
a) Beam right   b) Beam left 

Figure 213: Deformed end-plates after disassembly the tested frame 

Figure 214 presents the reaction loads measured during the test 5: at the 
hydraulic jack (FHJ), at the column base (F3), at the beams ends (F1 and F2), 
and finally at the axial restraints to the beams (Frestr,R and L) (see §III.1).  

 

 

 

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. 

 
Figure 216: Total reaction load (FL+ FR) vs rotation at the joint 
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Figure 217: Total reaction load (FL+ FR) vs axial loads at the joint (Frestr,ax)  

III.6.5 Additional data 

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

 
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 Dbeam,h,L and R are represented by the black curves (see §III.1). 

 
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.  
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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). 

 
Figure 222: Measured displacements of the steel and concrete footings, and of the strong 

beams linked to the walls (see Figure 31 in §II.8.2 for the position of the displacement 
transducers) 

III.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. 

III.7.1 Joint behaviour (entire test) 

III.7.1.1 Temperature 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 300ºC/hour in the beam bottom flanges, 
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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 300ºC in the part in contact with the column, and maximum 396ºC in the 
concrete rib in contact with the beam. At 10h30min, maxima temperatures 
measured at the joint were: 566ºC and 695ºC in left and right bolts, 582ºC and 
705ºC in left and right end-plates, 798ºC in column web, and 571ºC and 653ºC 
in left and right column flanges. The evolutions of all measured temperatures 
are detailed in §III.7.3. 

 
Figure 223: Evolution of the temperatures during test 6  

III.7.1.2 Bending 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 Frestr,ax,R and L from the axial restraints. The 
evolution of the total reaction load (FL+FR, defined in §III.1.2) versus the vertical 
displacement measured at the column top is presented in Figure 226. The 
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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 (FL+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 

0

100

200

300

400

500

600

700

800

900

1000

1100

0 1 2 3 4 5 6 7 8 9 10 11

Te
m
p
e
ra
tu
re
s 
(º
C
)

Time (hour)

Beam top flange 20cm L

Beam top flange 20cm R

Beam web centre 20cm L

Beam web centre 20cm R

Beam bottom flange 20cm L

Beam bottom flange 20cm R

Col flange centre L

Col web centre

Col flange centre R

Bolt ‐ row 4 L

Bolt ‐ row 4 R

Concrete

S
te

p 
1 

(M
- ) 

Step 2 
(Temp) Step 3 (M+) 

R = Right; L = Left 



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

 

 129

temperatures in the beams bottom flanges and in the beams webs were equal 
to, respectively, 450ºC and 600/650ºC. After that, these reaction loads 
decreased because of the steel properties degradation due to high 
temperatures.  

 
Figure 224: Bending moment vs rotation at the connection (the different gradient of colors 

define the different steps) 

 
Figure 225: Joint bending moment vs axial forces at the joint (Frestr,ax)  
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Figure 226: Total reaction load (FL+ FR) vs vertical displ. measured at the column top (DHJ) 

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.  

      
a)    b)    c)  

Figure 227: Concrete crushed: a) against the column flanges; b) along the entire slab width; c) 
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 FHJ 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 
§II.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 §II.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 (FL+FR) 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 FHJ (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.  

   
a)       b)  

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 600ºC 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 229: Deformations of the joint (view from the front side) 

 
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 §II.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 §II.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 

III.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 §II.5.1, p11): hogging bending moment in the joint equal to 
௙௜,ௗܯ ൌ ாௗܯ௙௜ߟ ൌ 236.4	݇ܰ݉. 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. 

 
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 (FHJ+F3) and the sum of the reaction loads measured at the beam 
supports (FL+FR). Before loading the joint, each beam end was vertically 
restrained and an initial load (-134.5 kN) was measured by the load cells F1 and 
F2. Table 9 presents the values of displacements and reaction loads at the end 
of the step 1. 

 

 

 

Figure 236: Comparisons between the loads applied by the hydraulic jack at the top of the 
column and the reaction loads at the beams supports 
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Table 17: Displacements and Loads (step1) 

End of step 1  
( after 36min) 

 

 

* Average value between by the wire transducers 
D000 and D028 

Step 1 - Initial hogging bending 
moment Load (kN)

Displ. 
(mm) 

Column base (F3 and D000) -169.2 -5.9* 

Beam mid-span Left (D002) ---- -4.3 

Beam mid-span Right (D008) ---- -4.4 

Beam support Left (FLeft) -80.7 ---- 

Beam support Right (FRight) -83.0 ---- 

Spring left (Fsp,L) 0 ---- 

Spring right (Fsp,R) 0 ---- 

Hydraulic Jack (FHJ and DHJ) +1.0 -7.07 
Hogging bending moments at 
the joint 

Mleft = -228 kNm 
Mright = -234 kNm 

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). 

III.7.3 Step by step behaviour: step 2 - Temperatures (700ºC)  

The second loading step consisted to the slow increase (around 300ºC/hour) of 
the temperature in the heated zone, until reaching 700ºC 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. 

III.7.3.1 Evolution 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) 

 
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) 

 
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). 

 
Figure 241: Evolution of the temperatures (T) in the shank of the bolt during the test 6 (CR = 

connection right; CL = connection left) 

 
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 600ºC, whereas the column web 
centre reached up to 800ºC at the end of the test.  

 

 

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 II.8.3 (p24). The 
maximum temperatures measured into the composite slab at the end of the test 
were equal to 396ºC in the concrete, 112ºC in the steel sheet and 182ºC 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 
the temp. (2h52min) 

End of step 2 
(3h19min) 

End of the test 
(10h36min) 

 
Left Right 

Diff. 
(%) 

Left Right 
Diff. 
(%) 

Left Right 
Diff. 
(%) 

T-B-1 (Bottom 
flange 20 cm) 

708.5 707.6 0.1 703.7 711.5 -1.1 697.3 680.4 2.4 

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 
20 cm) 

315.1 347.9 -10.4 301.3 326.6 -8.4 299.3 470.6 -57.2 

T-B-5 (Bottom 
flange 50 cm) 

635 650.8 -2.5 597.6 617.4 -3.3 608.9 594.3 2.4 

T-B-7 (Web 50 cm) 804.8 --- --- 674 --- --- 509.3 --- --- 

T-B-8 (Top flange 
50 cm) 

247.7 --- --- 225.7 --- --- 209.9 --- --- 

T-B-9 (Bottom 
flange 1m) 

95.4 93.7 1.8 119.6 117.8 1.5 184.3 180.8 1.9 

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 
1m) 

47.5 51.3 -8.0 55.6 60.4 -8.6 82.3 109.3 -32.8 

T-Col-2 (Column 
web centre) 

861.3 --- 670.3 --- 556.1 --- 

T-Col-1/3 (Column 
flange centre) 

586.6 687.2 -17.1 641.7 566.5 11.7 481.8 647.8 -34.5 

 

0

50

100

150

200

250

300

350

400

0 1 2 3 4 5 6 7 8 9 10 11

Te
m
p
e
ra
tu
re
s 
in
 t
h
e
 b
o
lt
 h
e
ad

s 
(º
C
)

Time (hour)

T‐ConcTL‐1

T‐ConcTR‐1

T‐SSR‐4

T‐ConcR‐1

T‐ConcR‐2

T‐ConcR‐3

T‐ConcR‐4

T‐ConcR‐5

T‐ConcR‐6

T‐SRebR‐1

T‐SRebR‐2

T‐SRebR‐3

T‐SRebR‐4

S
te

p 
1 

(M
- ) 

Step 2 
(Temp) 

Step 3 (M+) 



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

 

 141

Table 19: Main Temperatures measured at the connection zones 

Stop of the temp. 
increase (2h52min) End of step 2 (3h19min) 

End of the test 
(10h36min) 

Left  Right 
Diff. 
(%) Left  Right 

Diff. 
(%) Left  Right 

Diff. 
(%) 

T-C-4 (bolt pin row 
1) 359 445.5 -24.1 392.8 392.1 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 -15.4 616.7 615.1 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 0.4 434 568.3 -30.9
T-C-7 (bolt head row 
2) 544.8 651.7 -19.6 513.2 511 0.4 528.3 694.9 -31.5
T-C-6 (bolt head row 
3) 641.7 728.3 -13.5 620.5 619.8 0.1 566.2 596 -5.3 
T-C-5 (bolt head row 
4) 605.2 677.4 -11.9 597.7 596.9 0.1 552.2 544.6 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 0.4 582 661.6 -13.7

T-C-9 (End-plate) 605.4 688.2 -13.7 609 607.4 0.3 555.4 562 -1.2 

III.7.3.2 Evolution of the displacements and loads 

In Figure 246 are compared the evolution of the reaction loads in both beams 
supports (FL+FR) with the reaction loads at the column (F3 + FHJ). 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, 450ºC and 600/650ºC 
(Figure 247). The following decrease of the loads should be due to the 
reduction of the steel mechanical properties.  

 
Figure 246: 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 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. 

 
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, 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 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 

 
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 (DHJ) 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 (DHJ) and at the column base (D004). As shown in Figure 251, from 
the beginning to the end of the step 2, the column top (DHJ) displaced upwards 
from -7.1 mm 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 DHJ, 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 
step 2 

(36min)  

Max load 
(2h33min)

Stop of the 
temp. 

increase 
(2h53min) 

End of 
step 2 

(3h20min)

TEMP 
(ºC) 

Beam bottom flange LEFT - 20 cm 25.2 460.5 708.5 703.7 

Beam web LEFT - 20 cm 25.6 616.5 907.4 791.5 

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 

Load 
(kN) 

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 

Column base (F3) -169.2 -343.2 -179.6 -128.5 

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 

Displ. 
(mm) 

Beam mid-span LEFT (D002) -4.3 -5.4 -4.2 -4.2 

Beam mid-span RIGHT (D008) -4.4 -4.8 -3.2 -3.2 

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 (Fsp,v ≈ 0). 

 
Figure 252: Horizontal (h) and vertical (v) projections of the spring loads during the step 2 

D-HJ (7.1mm)

D004 (1.3mm)

0

20

40

60

80

100

0,5 1 1,5 2 2,5 3 3,5

Lo
ad

s 
in
 t
h
e
 s
p
ri
n
gs
 (
kN

)

Time (hour)

F_sp_v_L

F_sp_h_L

F_sp_v_R

F_sp_h_R

Fsp,h,L

Fsp,v,L
Fsp,L

sp,L

Step 2 
(Temp) 



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

 

 145

 
Figure 253: Spring rotations (L = Left; R = Right) 

The evolution of the bending moment during the increase of temperatures is 
shown in Figure 254.  

 
Figure 254: Evolution of the bending moment in the connections (Left and Right) during the 

steps 1 and 2 

III.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 
II.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 FHJ 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, FHJ, decreased; and the maximum load corresponded to 
the crushing of the concrete slab. 

 

 

 

 

 
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 §II.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 (1st 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. 

 
Figure 257: Column rotation and measured load at the column left restraint F5 (step 3) 

 
Figure 258: Evolution of the loads: at the column top (FHJ) 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 DHJ; 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).  

 
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.  

   
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 FHJ/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 
II.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 (F1 and F2), at the column (FHJ/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.  

 
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 
step 3, 

3h20min

Max load 
5h04min

1st bolt 
failure 

5h51min

2nd bolt 
failure 

6h44min 
7h47min

end of the
test 

10h37min

T
E

M
P

 
(º

C
) 

Beam bottom flange left 20cm 703.7 705.6 705 704.7 704 697.3 

Beam web left 20cm 791.5 641.3 628 605.1 593.2 597.2 

Beam bottom flange right 20cm 711.5 705.2 703.9 702 697.5 680.4 

Beam web right 20cm 871.3 704.8 705.8 731.2 842.3 922.5 

Lo
ad

 (
kN

) 

Reaction load beam support Fleft -62.4 -0.7 -0.7 -0.7 -2.1 -24.9 

Reaction load beam support Fright -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 (FHJ) 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 

Fsp,L 47.4 274.9 310.8 308.4 302.9 -99.4 

Fsp,R 40.6 268.0 297.1 295.9 288.6 -31.3 

D
is

pl
. 

(m
m

) 

Beam mid-span left (D002) -4.2 54.7 81.6 113.1 149.6 246.7 

Beam mid-span right (D008) -3.2 55.2 81.7 112.9 149.5 248.2 

Joint (average D000/D028) -7.4 113.4 170.2 235.5 310.5 512.9 

Column Top (DHJ) -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.  

 
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. 

‐500

‐400

‐300

‐200

‐100

0

100

200

300

400

0 1 2 3 4 5 6 7 8 9 10 11

B
e
n
d
in
g 
m
o
m
e
n
t 
(k
N
m
)

Time (hour)

Connection Right

Connection Left

Mleft,max = 357 kNm 
Mright,max = 356 kNm 

118 kNm 

65 kNm 

Mleft,min = -489 kNm 
Mright,min = -479 kNm 

S
te

p 
1 

(M
- ) 

Step 2 
(Temp) 

Step 3 (M+) 

Mleft = -228 kNm 
Mright = -234 kNm 



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

 

 151

 
Figure 264: Total reaction load (FL+ FR) vs rotation at the connection 

 
Figure 265: Total reaction load (FL+ FR) vs axial loads at the joint (Frestr,ax)  

III.7.5 Additional data 

The evolution of the vertical and horizontal components of the spring restraint 
loads, Fsp,v and Fsp,h, 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 

 
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 Dbeam,h,L and R are represented by the black curves (see §III.1). 

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

 
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).  

 
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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III.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. 

III.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 §II.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 
400ºC in the bottom flanges, and joint components and column reached lower 
temperatures; the bottom column reached its maximum resistance capacity 
under 578ºC (maximum 625ºC measured in the web centre) and failed (at 
2h40min). The temperature increase rate was 200ºC/hour in the beam bottom 
flanges and around 300ºC/hour in the bottom column HEB 140. At the end of 
the step 3, the temperature distribution in the bottom column was not uniform: 
754ºC at the top (at 394 mm from the centre), 815ºC at the centre and 634ºC at 
the bottom (323 mm from the centre); the average temperature was 733ºC. In 
step 4, the temperatures in the beam-to-column joint were increased, up to 
800ºC in the beams bottom flanges (increase rate of 300ºC/hour), and finally, 
the entire sub-frame collapsed. Around 5h30min, temperatures in beam bottom 
flanges stopped increasing and were equal to 786ºC on the left and 787ºC on 
the right. At the end of the test (5h51min), maximum temperatures measured at 
the joint were: 686ºC and 669ºC in left and right bolts, 702ºC and 659ºC in left 
and right beam end-plates, 729ºC in column web and 633ºC and 608ºC in left 
and right column flanges. The maximum temperature measured in the shear 
studs near the joint was 179ºC, and the slab temperature reached 280ºC at the 
steel sheet and 110ºC 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 §III.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) 

III.8.1.2 Bending 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 Frestr,ax,R and L. The 
evolution of the total reaction load (FL+FR, defined in §III.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 
(FHJ+F3 = -200 kN). During step 2, the hydraulic jack increased the load at the 
column top up to reach +250 kN (see §II.5.2); however, due to the clearances at 
the column base (see §III.8.2), the total load at the column (FHJ + 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 770ºC 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 800ºC 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.  

 
Figure 273: Bending moment vs rotation at the connection (the different gradient of colors 

define the different steps) 

 
Figure 274: Joint bending moment vs axial loads at the joint (Frestr,ax)  
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Figure 275: Total reaction load (FL+ FR) vs vertical displ. measured at the column top (DHJ) 

 

 

Figure 276: Evolution of the vertical displacements during the entire test 7 
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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 
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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 
§II.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. 

 

 

 

 

 

 

 

 

 

 

 

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.  

 
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 §II.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 

III.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. 

 
 

 

Figure 282: Vertical displacements near the beam-to-column joint during the application of the 
initial loads (hogging bending moment) 
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Figure 283 shows the measured reaction loads and the load applied at the top 
of the column by the hydraulic jack (FHJ). 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 §III.1.2.1)  

 
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 

  
a)       b) 

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 

III.8.3 Step by step behaviour: steps 3 and 4 - Loss of the column 
and thermal loading 

III.8.3.1 Evolution 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.  

 
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) 

 
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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Figure 289: Evolution of the temperatures (T) in the shank of the bolt during the test 7 (CR = 

connection right; CL = connection left) 

 
Figure 290: Evolution of the temperatures (T) in the head of the bolts during the test 7 (CR = 

connection right; CL = connection left) 

 
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. 

 
Figure 292: Evolution of the temperatures in the column (joint zone) during the test 7 

 
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 II.8.3 (p24). 
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Figure 294: Evolution of the temperatures in the composite slab during the test 7 

III.8.3.2 Evolution of the displacements and loads 

In Figure 295, the evolution of the reaction loads in both beams supports 
(F1+F2) is compared with the reaction loads at the column (FHJ+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.  

 

 

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 D008), at the hydraulic jack located at the top of the 
column, and at the column top (D004). 
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Figure 296: Vertical displacements near the beam-to-column joint during the increase of 

temperatures 

 
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: 

௖௢௟௨௠௡ߙ ൌ ݊ܽݐܽ ቀ஽଴଴଴ି஽଴ଶ଼
ଵହ଴଴	௠௠

ቁ ൈ 1000 [mrad]  (rotation > 0 in the clockwise) 

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. 

 
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 300: Total reaction load (FL+ FR) vs rotation at the connection 

 
Figure 301: Total reaction load (FL+ FR) vs axial loads at the joint (Frestr,ax)  

III.8.4 Additional data 

The evolution of the vertical and horizontal components of the spring restraint 
loads, Fsp,v and Fsp,h, 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 

 
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 Dbeam,h,L and R are represented by the black curves (see §III.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.  

 
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 1 to 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 II.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 600ºC 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  

 
Figure 308: Total reaction load vs vertical displacement measured at the column top  

Beams bottom flanges temperatures reached 500ºC in tests 2 and 4, and 700ºC 
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 300ºC/hour, which created a peak in temperatures 
curves. Finally, 500ºC 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 200ºC.  

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)    b)    c)  

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 §II.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 1st bolt 
failure.  

 
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.  

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

Test 
Temp
(ºC) 

Restraint 
(kN/mm) 

Connection 
rotation* 
(mrad) 

Col. 
rotation* 
(mrad) 

Failure modes Local deformations 

T1 20 

0 in 
comp.,  
50 in 

tension 

74.9 -6 

Concrete crushing in 
compression; failure of 2 

bolts in tension (left 
side); crack at the end-

plate bottom (left) 

End-plate bottom and 
centre 

T2 500 0 84.8 
Not 

measured

Concrete crushing in 
compression; failure of 3 
bolts in tension (left side)

End-plate bottom and 
centre 

T3 700 0 132.4  -33 

Concrete crushing in 
compression; failure of 2 
bolts in tension (left side) 
during the cooling phase

End-plate bottom and 
centre; Column web 
(bottom part); Beam 

left bottom flange 

T4 500 Total 89.4 2 

Concrete crushing in 
compression; failure of 2 

bolts in tension (right 
side) during the cooling 

phase 

End-plate bottom and 
centre; Column web 

(top part); Beams 
webs; Column left 
flange deformed 

T5 700 Total 122.3 6 
Concrete crushing in 

compression 

End-plate bottom and 
centre; Column web 
(bottom part); Top 
flange of the right 

beam; Plastic hinge at 
the right beam 

T6 700 50 183.5 10 

Concrete crushing in 
compression; failure of 3 
bolts in tension (2 on the 

right - 1 on the left) 

End-plate bottom and 
centre; Beams bottom 

flanges 

T7** 
400; 
800 

50 149.8 -63 

Column failure; Concrete 
crushing in compression; 

failure of 3 bolts in 
tension (left side); crack 
at the end-plate bottom 

(left) 

End-plate bottom and 
centre 

* 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. 

 

 

 

 

 

 

 

 

 

 

 

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

 

 

 

 

 

 

 

 

 

 

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 600ºC) was characterized by a smoother 
failure than in tests 1 or 2, for which temperatures (respectively 20ºC and 
around 400ºC) were not yet sufficient to decrease the steel properties. 

 

 

 

 

 

 

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 – 1st increase of temperatures and column loss (400ºC in beams bottom 
flanges and 800ºC in the bottom column); and step 4 – 2nd 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 
400ºC in the bottom flanges, and joint components and column reached lower 
temperatures (Figure 318); the bottom column was heated up to 800ºC. 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 578ºC 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. 

 
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 770ºC 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 800ºC 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.  
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Figure 320: a) Deformations of the left connection, and b) final deformation of the sub-frame 
(test 7) 
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IV.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+

max) decreased by 20% at 500ºC, and by 50% at 700ºC. Under 
these maxima loads, the connection rotation (θM+max) was more or less equal at 
20ºC and 500ºC, but was increased by 97% at 700ºC (Table 23). 

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

No axial restraint T1 T2 T3 Diff. T1-T2 
(%) 

Diff. T1-T3 
(%) 

Diff. T2-T3 
(%) Temperature 20ºC 500ºC 700ºC 

M+
max (kNm) 710.1 565.0 357.1 -20.4 -49.7 -36.8 

Max. vert. load Fmax (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 θM+max (mrad) 46.9 49.5 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 II (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 (700ºC) 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 500ºC (test 2) and by 49% at 700ºC (test 3); the initial stiffness was 
also decreased by 21% between tests 2 (500ºC) and 3 (700ºC). 

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

TEST 
Temp. (ºC) Restraint 

(kN/mm) 
Initial stiffness 

(kN/mm) 
Reloading stiffness 

(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 2.9 --- 

T7 400; 800 50 10.9 --- 

  Average 11.2 

Table 25 presents the maxima rotations corresponding to the 1st 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 20ºC, the rotation was then increased by 55% at to 500ºC (test 2), 
and by at least 179% at 700ºC (test 3). The rotation corresponding to the 
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maximum sagging bending moment θM+max was increased by 64% at the 1st 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 

TEST 
Temp. 

(ºC) 

Axial 
restraint 
(kN/mm) 

Vertical 
reaction 
load (kN) 

Vert. 
displ. 
(mm) 

Axial 
load N 

(kN) 

Bending 
moment 
(kNm) 

Max. 
Rotation 
(mrad) 

T1 20 0; 50 502.5 147.5 -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 -104.5 351.1 122.3 end of the test 

T6 700 50 161.0 229.5 -293.6 343.9 83.3 1st bolt failure 

T7 
400; 
800 50 104.1 280.2 -222.0 265.1 149.8 

end of the test 
(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 700ºC. During step 3, for a same axial compression 
load, the sagging bending moment in test 5 at 700ºC was lower than in test 4 
(500ºC) 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+max (tests 4 and 5) 

Total axial restraint T4 T5 Difference 
(%) Temperature 500ºC 700ºC 

M+
max (kNm) 746.4 828.0 10.9 

Vert. load Fmax (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 θM+max (mrad) 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 (700ºC).  
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Table 27: Comparisons of the results: maximum vertical reaction load Fmax (tests 4 and 5) 

Total axial restraint T4 T5 Difference (%) 

Temperature 500ºC 700ºC 

M+ (kNm) 719.6 756.6 5.1 

Max vert. load Fmax (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 θFmax (mrad) 20.6 19.9 -3.3 

IV.4 Effect of the axial restraints to the beams 

Tests 2 and 4 were both performed under 500ºC 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 Fmax 
(tests 2 and 4) 

500ºC T2 T4 Difference (%) 

M+ (kNm) no total 

Max vert. load Fmax (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 θFmax (mrad) 143.6 64.4 -55.2 

M+ (kNm) 49.5 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+
max (tests 2 and 4) 

500ºC T2 T4 Difference (%) 

Restraint no total 

M+
max (kNm) 565.0 746.4 32.1 

Vert. load Fmax (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 θM+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+
max (tests 3, 5, 6) 

700ºC T3 T6 T5 Diff. T3-T5 
(%) 

Diff. T3-T6 
(%) 

Diff. T5-T6 
(%) Restraint no 50 kN/mm total 

M+
max (kNm) 357.1 355.5 828.0 131.8 -0.5 132.9 

Vert. load Fmax (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 θM+max (mrad) 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 500ºC (from test 2 to test 4) and by 54% at 700ºC (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 500ºC; however temperatures of 700ºC 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 500ºC or 700ºC; 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. 

 
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 578ºC and 359 kN of axial load; then steel 
temperatures in the joint increased to very high values (770ºC 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 200ºC). 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 600ºC 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 500ºC and by 50% at 700ºC).  

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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I 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 (Izzuddin, 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 

1 
Reference structure 

(§ V.1) 
Modelling of a half structure with account of the symmetry 
(see Figure 4, § III.4.2) 

2 
Model definition 

(§V.2) 
Complete Cardington structure modelling (see Figure 24, 
§ V.2) 

a) Half structure without horizontal spring (see Figure 
26(a), § V.3) 

3 
Axial restraint to 

beam  

(§ V.3) b) Entire Cardington structure without horizontal springs 
(see Figure 26(b) - § V.3) 

a) Beam analysed as a separate member (see Figure 
31, §V.4.1) 

4 
Frame continuity  

(§ V.4) b) Column analysed as a separate member (see Figure 
33, § V.4.2) 

5 
Thermal expansion  

(§ V.5) 
Half structure without expansion coefficient (see Figure 4) 

6 
Non-uniform 
temperature  

(§ V.6) 

Half structure with uniform temperature within the cross-
sections (see Figure 4) 
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II 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 m2 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. 

 
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 777°C and 606°C were observed in the beam and in the 
column, respectively, after 20 minutes. 
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III Numerical Model 

III.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; ii) 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).  

III.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.  

III.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. 

III.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 §III.4.3).  

III.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. 

III.2 Mechanical and Thermal Material Properties 

III.2.1 Stress-Strain-Temperature Behaviour of Stee l  

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 yf  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 θE,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.  

III.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 ∆l/l as a function of the temperature by the equations (2), (3) 
and (4). 

 42
a

8
a

5
a 10416.2104.0102.1/:C750ºC20º for −−− ×−×+×=∆<≤ θθθ ll  (2) 

 2
a 101.1/:C860ºC750º for −×=∆≤≤ llθ  (3) 

 3
a

5
a 102.6102/:C1200ºC860º for −− ×−×=∆≤< θθ ll  (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/m2K 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).  

III.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/m3. The 
concrete blocks insulating the column have particular properties: a density 
equal to 677 kg/m3, a constant specific heat of 1050 J/kgK, a thermal 
conductivity given by 0.20 + 0.0004 cθ  W/mK and a moisture content of 25.7 
kg/m3 (Franssen et al., 1995). The concrete is not modelled in the mechanical 
analysis. 
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III.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).  
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Figure 3. Temperature of the combustion gazes 

III.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. 

III.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, 
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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. 

III.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. 

(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. 
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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, Zθ ) - 
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. 

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

ADAPTIC 
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III.4.3 Mechanical and Thermal Loading 

III.4.3.1 Mechanical loading 

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

- the self-weight,  

- a vertical load on the column equal to 552 kN (P1), 

- two vertical load on the beam equal to 39.6 kN (P2), 

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

III.4.3.2 Thermal 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 § III.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.  

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

 
Figure 9. Temperature distribution in ADAPTIC across the cross-section 

III.4.3.3 Temperature 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 

aθ  at the beam/column interconnection and 1.00 aθ  at mid-span node of beam).  

 
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). 

 

 

 

 

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. 

 
Figure 12. Temperature distribution in ADAPTIC along the length 

Mid-span Beam-to-
column 

connection 0.918 θa 0.95 θa 1.00 θa 0.974 θa 0.99 θa 
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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). 

a)Y 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. 

a)  b)  

Figure 14. a) Beam and b) column cross-sections meshed in ABAQUS 
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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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Figure 15. Temperatures a) in the beam and b) in the column 

Based on the considerations presented in §III.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. 
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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 - § III.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.  
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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 § IV.1.2), 
and a different way to take into account the gradient of temperature in the 
mechanical analysis (§ III.4.2).  

Material properties used in CEFICOSS were taken from the EN 1993-10:1990, 
where a constant expansion coefficient α  = 1.4 x 10-5 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 Hc/1000 is considered, where Hc is the column 
height (Franssen et al., 1995). The structural elements are the same than the 
ones met within the reference structure. 

 
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 (Rf) calculated by SAFIR, ABAQUS and ADAPTIC 

 Rf SAFIR Rf ABAQUS R f 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. 

   
 

a) ABAQUS (19’55’’) b) SAFIR (17’55’’) c) ABAQUS (19’51’’) 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 

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). 

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 

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 
values are given in kN. 

  N SAFIR N ABAQUS  N ADAPTIC 

Case 1 (restrained frame) 125.40 122.92 127.60 

P
ea

k 
va

lu
e 

Case 3a (unrestrained frame) 43.23 45.43 44.20 

Case 1 (restrained frame) 95.97 105.83 98.10 

F
ai

lu
re

 
va

lu
e 

Case 3a (unrestrained frame) 16.43 19.38 17.80 

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

 Rf SAFIR Rf ABAQUS Rf ADAPTIC 
Case 1 (restrained frame) 20’04’’ 19’55’’ 20’36’’ 
Case 3a (unrestrained frame) 20’38’’ 20’31’’ 21’00’ ’ 
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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 Hc/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 (Rf) calculated by SAFIR, ABAQUS and ADAPTIC 

 Rf SAFIR Rf ABAQUS Rf 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. 
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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. 

 
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 (Rf) calculated by SAFIR, ABAQUS and ADAPTIC 

 Rf SAFIR Rf ABAQUS Rf ADAPTIC 
Case 1a (restrained frame) 20’04’’ 19’55’’ 20’36’’ 
Case 4a (beam as a separate member)  17’29’’ 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. 

 
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 §III.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. 

-60

-50

-40

-30

-20

-10

0

10

0 5 10 15 20 25 30

Fire duration (min.)

La
te

ra
l d

is
pl

ac
em

en
t -

 m
id

 h
ei

gh
t (

m
m

)

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

 
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+4tfc)/Ac = 69m-1; where bc is the width of the column, tfc is the thickness of 
the column flange and Ac 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 (3bb-2twb+2hb)/Ab = 193m-1; where bb is the width of the beam, twb is 
the thickness of the beam web, hb is the height of the beam and Ab 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 809ºC 
after 20 minutes whereas the maxima mean temperatures are 709°C and 737ºC 
in SAFIR and ABAQUS respectively. In the column, a temperature of 500°C 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 40ºC 
and 91ºC 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. 
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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 (Rf) calculated by SAFIR, ABAQUS and ADAPTIC 

 Rf SAFIR Rf ABAQUS Rf ADAPTIC 
Case 1 (gradient of temperature) 20’04’’ 19’51’’ 20’36’’ 
Case 6 (uniform temperature) 19’16’’ 19’00’’ 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 

displacement at the column mid-height 
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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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I 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 NEd,fi,20ºC 
(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). 

 
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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II Description of the finite element model 

II.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). 

 
Figure 2: Nominal stress-strain relationship of steel at ambient and elevated temperatures 

The nominal stress-strain values �σ���, ε���� from Figure 2 are converted to the 
true stress-strain measures �σ	
�, ε	
�� calculated by the equation (1) (Malvern, 
1969): 

�
�� = �����1 + �����   and  �
�� = ln�1 + �����   (1) 

The elastic modulus considered is 210 000 MPa, which decreases at elevated 
temperatures according to the reduction factor kE,θ defined in Eurocode 3 part 
1.2. A Poisson ratio equal to 0.3 and thermal expansion coefficient equal to 
1.4 10-5 /ºC are used. These steel properties are kept constant for all 
temperatures. 

II.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 e0 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 

III 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. 

III.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 �̅ 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 600ºC, 
the resistance of the column is not anymore sufficient to support the design 
axial force in the column for the fire situation NEd,fi,20ºC (2713 kN), and the 
column fails. 

Table 1: Buckling resistance of the HEB 300 steel column 

Temperature 
Column 

height 

Buckling 

length 
Slenderness 

Critical 

force 

Plastic 

resistance 

Max. load 

capacity 

ºC mm mm λλλλ 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 

0.003 m

a)          b)           c) 
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III.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 20ºC, 500ºC, 600ºC and 700ºC. 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 εu 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 500ºC (4217 kN); ii) 59% at 600ºC (2541 kN); and iii) 80% 
at 700ºC (1245 kN). Slight differences with Eurocode 3 loads are noted. 
Anyway, at 600ºC, the maximum load capacity is not sufficient to support 
NEd,fi,20ºC (2713 kN).  

 
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 20ºC, 500ºC, 
600ºC and 700ºC 
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Figure 5: Axial load vs horizontal displacement at the HEB 300 steel column mid-height at 20ºC, 

500ºC, 600ºC and 700ºC 

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 1a 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.  

 
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 m2, 
D = 3.9 m (Schleich et al., 1999)) 
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0.8 m
1.3 m

2.3 m

3 m

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.  

 
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.  

 
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 
NEd,fi,20ºC (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 NEd,fi,20ºC (2713 kN). This 
point is considered to be the failure of the column and it happens at 578ºC 
(26.9 min). After this instant, the heated column is not able anymore to support 
the loading and fails. 

 
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 581ºC 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 (ºC) N (kN) 

0 27.2 587 2713 

50 E6 N/m 27.0 582 2713 

10 E7 N/m 27.0 582 2713 

50 E7 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 700ºC 
(1245 kN). Moreover, under constant temperature equal to 600ºC, 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 NEd,fi,20ºC 
(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 NEd,fi,20ºC (2713 kN) from 578ºC (after 26.9 min. 
of fire). 
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I 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. 

II Composite beams at ambient temperature 

II.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 fy,b is the yield strength of the steel beam, fc is the 

compressive strength of concrete, and fy,r is the yield strength of reinforcing steel. d 

and fu 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. 

 

Fig 1 dimensions of tested composite beams, Huang et al. (1999) 
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Table 1 material properties and stud members for specimens A3 and A5 Huang et al. (1999) 

Code  fy,b (MPa) fc (MPa) fy,r (MPa) No. of studs d (mm) fu (MPa) 

A3 302 27 600 68 19 600 

A5 290 43 600 44 19 600 

 

II.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.  

 

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 εs 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 fc is the 

compressive strength of the concrete, εc is the compressive strain in the concrete at 

the peak stress fc, ft is the value of axial tensile strength of concrete, εt1 is the tensile 

strain in the concrete at the peak stress ft, and εt2 is the ultimate tensile strain in the 

concrete.  

Slab  Rigid links 

Steel beam 
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Fig 3 material stress-strain behaviour 

Table 2 Concrete properties in ADAPTIC for specimens A3 and A5  

Name  fc (MPa) εc  ft (MPa) εt1 εt2 

A3 35 0.0021 2.7 0.0001 0.001 

A5 51 0.0024 3.7 0.0001 0.001 

II.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.  

 

Fig 4 comparison of load-deflection relationships for beam A3 with full concrete-steel interaction 
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Fig 5 comparison of load-deflection relationships for beam A5 with full concrete-steel interaction 

III Composite beams in fire 

III.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 254×146×43 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. 

 

Fig 6 dimensions of tested composite beams in fire, Huang et al. (1999) 

III.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. 

 

Fig 7(a) temperature distributions across the cross-section: steel beam (cont‘d…) 

 

 

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 

(a) 

(b) 
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reinforcement, and the concrete are listed in Tables 3 and 4. For steel/reinforcement, 

fy is the yield strength, Es is the modulus of elasticity, εy is the elastic strain and εu is 

the ultimate strain; for concrete, fc1 is the compressive strength, εc1 is the 

compressive strain in the concrete at the peak stress, εc2 is the ultimate compressive 

strain, ft1 is the cracking strength, εt1 is the tensile strain in the concrete at the peak 

cracking stress, and εt2 is the ultimate tensile strain. 

 

Fig 8 Ambient material stress-strain relationships 

Table 3 Ambient steel/reinforcement properties for Tests 15 and 16  

material fy (MPa) Es (Mpa) εy  εu  

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 fc1 (MPa) εc1  εc2  Ft1 (MPa) εt1  εt2  

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 1.4×10-5/ oC and 1.8×10-5/ oC are 

assumed for steel and concrete respectively. 
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Table 5 Variation of steel properties with temperature 

Temperature (oC) 0-100 500 600 700 1200 

Elastic modulus (Et/E0) 1.0 0.6 0.31 0.13 0.0 

Temperature (oC) 0-400 500 700 800 1200 

Yield strength (ft/f0) 1.0 0.78 0.47 0.11 0.0 

Temperature (oC) 0-100 400 500 700 1200 

Proportional limit (pt/p0) 1.0 0.42 0.36 0.075 0.0 

Table 6 Variation of concrete properties with temperature 

Temperature (oC) 200 800 1000 

Compressive strength (fct/fc0) 0.95 0.15 0.04 

Temperature (oC) 300 400 600 

Peak compressive strain (εc1t/ εc10) 2.8 4.0 10 

Temperature (oC) 300 800 1000 

Ultimate compressive strain (εc2t/ εc20) 1.35 1.9 10 

Temperature (oC) 100 300 600 

Tensile strength (ftt/ft0) 1.0 0.6 0.0 

Temperature (oC) 300 400 600 

Peak tensile strain (εt1t/ εt10) 2.8 4.0 10 

Temperature (oC) 300 600 600 

Ultimate tensile strain (εt2t/ εt20) 1.35 10 10 

III.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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Fig 9 comparison of temperature-deflection relationship for test 15 with full concrete-steel interaction 

 

Fig 10 comparison of temperature-deflection relationship for test 16 with full concrete-steel interaction 

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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I 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. 

II 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 (oC) 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 

 



4 

 

 

 

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 



5 

 

temperatures, the same values as used under ambient conditions are employed for 

the current study.  

III 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. 

 

Fig. 2 Joint test programme in ROBUSTFIRE project (Haremza et al. 2011) 
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Fig. 3 Geometric properties of tested frame (Haremza et al. 2011) 

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 
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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.  

 

 

Fig. 4 Frame model with joint components in ADAPTIC 
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Three types of post-limit responses for each ductile component in the steel 

connection are considered, namely, no strain hardening (μ=0), bilinear response 

(μ=3%), and bilinear response (μ=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/mm2, fy = 395.7N/mm2, fu = 516.7N/mm2, and E = 205kN/mm2, fy = 

432.3N/mm2, fu = 538.7N/mm2 respectively. For the endplates the material properties 

are E = 205kN/mm2, fy = 395.7N/mm2, and fu = 516.7N/mm2. The properties for the 

S3460 column flange and web are E = 205kN/mm2, fy = 515.7N/mm2, fu = 599N/mm2, 

and E = 205kN/mm2, fy = 503.7N/mm2, fu = 571.3N/mm2 respectively. The 

compressive strength for concrete fc = 33N/mm2. 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. 

 

Fig. 5 moment-rotation relationship of joint in test 2 
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Fig. 6 moment-rotation relationship of joint in test 3 

 

Fig. 7 moment-rotation relationship of joint in test 6 
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I. Introduction 

This section presents a thermal finite element model of a composite beam-to-column joint submitted to 
the standard temperature-time curve (iso fire). The studied joint links two IPE550 beams to a HEB300 
column. It is the same as the one designed for the connections of the primary beams to the columns in 
the reference car park structure designed and investigated in the present project (the resistance of this 
joint is studied in DELIVERABLE III, section II), except that 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 (Refs. [1] and [2]). In 
the following, the model is first described before the evolution of the temperature distribution is 
presented. 

II. Description of the numerical model 

The developed model uses 3D elements with 8 nodes. For reasons of symmetry, only 1/4 of the column 
was modelled, with the associated parts of beam and joint. The bolts and slab reinforcement have not 
been represented in the model (Figure 1). 

 
Figure 1. Joint model 

The limit conditions are defined as shown in Figure 2: nominal iso fire curve on the frontiers below the 
slab and ambient conditions above the floor (upper face of the slab included, though not visible in the 
figure). 
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Figure 2. Frontier conditions: (1-red) iso fire, (2-pink) 20°C 

Steel and concrete properties are in accordance with Eurocode 3 and 2 respectively. The convection 
coefficient on hot surfaces is taken equal to 25 W/m²K and the convection coefficient on cold surfaces 
is taken equal to 4 W/m²K. The relative emissivity of concrete surfaces is taken equal to 0,7. This 
parameter should also be taken equal to 0,7 for carbon steel according to Eurocode 3. However, in order 
to take account of the position and shadow effects in the numerical simulation, the relative emissivity of 
steel surfaces is multiplied by a reduction factor kε (≤ 1) based on the configuration factors related to 
the different zones as explained below (the different volumes defined with proper kε values are 
represented in different colours in Figure 1). 

III. Computation of the configuration and reduction factors 

According to Annex G of the EN1991-1-2, the configuration factor φ measures the fraction of the total 
heat leaving a given radiating surface that arrives at a given receiving surface. Its value depends on the 
size of the radiating surface, on the distance from the radiating surface to the receiving surface and on 
their relative orientation. In particular, this annex gives formulae to derive the configuration factor for a 
receiving surface parallel to the radiating surface (formula (G.2)) and for a receiving surface 
perpendicular to the radiating surface (formula (G.3)). 
 
In the present case, and as far as the beam is concerned, a value of the configuration factor can be 
computed for any point of the end-plate, the beam web and the internal face of the beam top and bottom 
flanges, considering these surfaces as receiving ones and the vertical fictitious surface between the 
beam flanges as the radiating one (Figure 3).  
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Figure 3. Radiating surface for the computation of the configuration factors 

For example, Figure 4 shows the variation of the configuration factor at mid-height of the beam web 
(y=0,5.hi=257,8mm, see definition of y-axis in Figure 3) as a function of the distance from the end-plate 
(see x-axis in Figure 3). On this figure, the vertical lines represent the limits of the four web zones for 
which different values of the reduction factor kε have been defined in the model (see II and Figure 1), 
based on the value of the corresponding configuration factors φ as detailed in the following. Figure 5 
shows the variation of φ along the web height for a given value of x=92,5mm (middle of web zone 2). 
The red line gives the average value along the web height, which was considered as the configuration 
factor for the surface of web zone 2. 
 

 
Figure 4. Configuration factor at mid-height of the web 

 
Figure 5. Configuration factor of the web at x=92,5mm 

 
Similarly, an average value of the configuration factor could be established for the end-plate surface, for 
different zones of the web surface and for different zones of the beam top and bottom flanges internal 
face. Based on these configuration factors, the reduction factors kε defined in section II are evaluated as 
explained below. 
 
For the beam web, the reduction factor kε is equal to the configuration factor φ. Indeed, both faces of the 
web are similarly heated by the fire. It is not the case for the other elements. Indeed, the different faces 
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of the beam flanges are not heated in the same way. For example, the lower and side faces of the beam 
bottom flange are directly subjected to the fire (φ=1) while a configuration factor smaller than 1 has to 
be considered for the upper face to account for shadow and position effects. So an average value had to 
be defined, as there is only one layer of elements forming the beam flange in the model. Such an 
average value, which is kε, had also to be defined for the top flange (upper face not directly heated) and 
for the end-plate. The used formulae are the following (the parameters hi, c, b, tf and h are defined in 
Figure 6 and tp is the end-plate thickness): 

⋅ For the beam web: kε=φ; 
⋅ For the beam bottom flange: kε=(φf,in.c+1.b/2+1.tf)/(c+b/2+tf), where φf,in is the configuration 

factor associated to the flange internal face; 
⋅ For the beam top flange: kε=(φf,in.c+1.tf)/(c+tf), where φf,in is the configuration factor associated 

to the flange internal face; 
⋅ For the end-plate: kε=(φep,in.c.hi+1.b/2.tp+1.h.tp)/(c.hi+b/2.tp+h.tp), where φep,in is the 

configuration factor associated to the face of the end-plate between the beam flanges. 

 
Figure 6. Beam cross-section 

The same procedure has been applied for the column. 

IV. Temperature distribution 

Figure 7 shows the temperature distribution in the joint after 10, 20, 30, 40, 50, 60, 90 and 120 minutes. 

 

10 minutes 

 

20 minutes 

 

30 minutes 
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 Figure 7. Temperature distribution after 10, 20, 30, 40, 50, 60, 90 and 120 minutes 

Figure 8 gives the temperature of the beam bottom and top flanges in the connection section versus time 
(see points 1 and 2 in Figure 6 respectively) and compares this evolution with the temperature of the 
gases corresponding to the standard iso fire curve. 

 
Figure 8. Temperature in the beam flanges versus time 

Figure 9 shows the temperature profiles along the end-plate and beam web (see green and blue line in 
Figure 6 respectively), after 10, 20, 30, 60 and 120 minutes. The vertical coordinate y is equal to 0mm 
at the level of the beam bottom flange lower face and to 550mm at the level of the beam top flange 
upper face. 
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Figure 9. Temperature profiles in end-plate and beam web 

Figure 10 shows the temperature profile in the concrete slab at a distance of 10cm from the column 
flange, along the pink line represented in Figure 6, after 10, 20, 30, 60 and 120 minutes. The vertical 
coordinate y is equal to 550mm at the level of the beam top flange upper face (slab lower face) and to 
670mm at the level of the concrete slab top face. 

 
Figure 10. Temperature profiles in concrete slab 

V. Conclusion 

In this section, the evolution of the temperature distribution within a composite beam-to-column joint 
subjected to the standard fire curve has been investigated through a thermal finite element analysis, 
performed with the software SAFIR. Such simulations could be carried out for other limit conditions 
corresponding to particular fire scenarios or 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. 

In DELIVERABLE III section II, an analytical model for the prediction of joint resistance at elevated 
temperature is introduced. It is also applied to the joint considered here above, based on the described 
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thermal finite element simulation. The M-N resistance curves established considering the temperature 
distributions after 10, 20, 30 and 60 minutes are presented. 
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