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Abstract: Major earthquakes in urban areas have often been followed by significant fires causing 
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addressed in performance-based engineering. In this paper numerical and experimental results of 
welded steel-concrete composite full strength beam-to-column joints under post-earthquake fire are 
described, as part of a European project aimed at developing fundamental data and prequalification 
design guidelines of ductile and fire resistant composite beam-to-column joints with concrete filled 
tubes. In detail, seismic and fire analyses were used to design moment resisting frames endowed with 
the proposed joint typology. A total of six specimens were designed and subjected both to monotonic 
and cyclic lateral loads. The specimens were subassemblages of  beam-to-column joints and performed 
well. Since the scope of the project was to promote joint typologies able to survive a seismic-induced 
fire, some specimens were pre-damaged, before being subjected to fire loadings, by imposing 
monotonic loads equivalent to damage levels induced by seismic loadings. Thus after fire testing, 
valuable information was obtained about the performance of the proposed joint typology and the 
adequacy of the concurrent seismic and fire design was demonstrated. 
 
 
 
 



Replies to reviewers 
 

Reviewer 1 - Comments to the Authors: 

 

This paper firstly did a seismic design of the composite welded beam-to-column joints with 

concrete filled tubes, and then a numerical study of the joints in elevated temperature is 

conducted following with pre-damage tests and fire tests of the joints. The research is 

interesting and it meets the criterion. But it is better to make revision before publication. 

Following are some comments or questions for the authors.  

 

1. The results of Fig.5 and Fig. 8 are from 30 mins' fire exposure. I think 30 mins's fire 

exposure is not enough because the sagging effect of steel sheeting may tell a different 

story. 

2. Regarding with the results in Table 4, it's not clear about the criteria on when to terminate 

test. 

3. From Table 4, the Max. load and deflection of D-EWJ-P3 are much larger than those of  

D-EWJ-S3. 

4. There are some mistakes in Table 5. 

5. What's SFC stands for in Fig. 12 and Fig.13? 

6. In Fig. 12, why the temperature of TC12 is larger than TC11 and TC10 in the beginning? 

7. In Fig. 13, why the temperature of TC10 is the highest? Is this reasonable that TC10 is 

higher than TC11? 

 

 

Replies to Reviewer 1 comments. 

 

The authors thank the reviewer that provides the opportunity to improve and clarify some items 

described in the proposed article. 

 

On the basis of the reviewer’s comments the following actions were performed. 

 

1. The 30 min fire exposure were only used to highlight the behaviour of both frames and 

beam-to-column joints, respectively. In a greater detail as stated in the Section 

Introduction, both frames and joints were designed to guarantee an adequate fire resistance 

of at least 15 minutes of fire exposure for time to escape. 

2. The tests were terminated when the load-displacement relationships imposed onto the 

specimens generated damage values equivalent to those values reported in the new Table 2. 

This procedure is clearly explained in Subsection 3.1. 

3. This is the case because one can observe from the new Table 2, that the damage associated 

with the specimen D-EWJ-P3, i.e. 0.50, is larger than the value of 0.31 associated with the 

specimen D-EWJ-S3. 

4. These mistakes were corrected in the new Table 3. 

5. The acronym SFC stands for ISO 834 Standard Fire Curve. It is defined in Subsection 3.2. 

6. These trends are a consequence of both the furnace setting and burner position. As stated in 

Subsection 4.2, the temperature revealed by sensors also depends on the relative position 

between burner and sensors; inevitably, temperature is higher for sensors closer to the 

burner. 

7. The considerations reported in the previous reply apply to these measurements too.  

 

Detailed Response to Reviewers



Additional replies to remarks made in the text. 

 

a) Q: How to tell from Fig 9c the phenomena that “beam flange buckling into the 

adjacent composite beams” ?  

R: As stated in Subsection 2.2 composite beam-to-column joints were 

conceptually designed to be rigid and full strength. Hence, plastic hinges were 

forced to form in adjacent beams. Experimental results and Figure 9 confirm this 

trend. Nevertheless as required by Reviewer 2 both Subsection 4.1 and Fig. 9 

were removed. 

 

 

Reviewer 2 - Comments to the Authors: 

 

This paper presents a useful work investigating the seismic-induced fire behavior of beam-to-

column joint. The following suggestions/comments should be considered before this paper 

can be accepted for publication: 

 

1.  Section 2.2.: There are two solutions provided for the application of Nelson stud in the 

column. Show the difference and conclusion. 

2. Section 3.1 and Section 4.1: These sections presented the introduction and results of 

seismic tests, but they are not related to the fire tests (the specimens used in fire tests were 

from pre-damaged tests shown in Section 3.2 and Section 4.2). Hence, it is better to delete 

Section 3.1 and Section 4.1, and just give the reference. 

3. Section 3.2: The equivalent static load for seismic load was used in the pre-damaged test. 

The authors should provide the calculation and the loading procedure. 

4.  Section 4.2:  The numerical analysis for the pre-damaged test was performed. The authors 

should show the spring properties of the joints used in the numerical model.  

The results of pre-damaged tests should be summarized. At least, the amount of damaged 

should be quantified for numerical analysis. The fire performance of the joints depends on 

the amount of damage in the joint due to earthquake. 

5. Section 4.3: Provide figures showing the failure modes of the joints, and compare the 

difference between pre-damaged and undamaged specimens. 

6. It is important to describe the fire behavior of beam-to-column joints, in particularly from 

the fire tests, showing clearly the loading procedure, boundary conditions, and their effects 

on the fire resistance of joint, and so on. 

7. Missing information should be provided. Some are highlighted below: 

There is no analytical work presented in this paper; 

Figures showing the loading conditions of FS2, FS3, FS4 are not given; 

Section 3.3: "FD-IWJ-S1 and FD-IWJ-S3 were pre-damaged" should be "FD-IWJ-S1, FD-

EWJ-S3, FD-IWJ-P1 and FD-EWJ-P3 were pre-damaged"; 

 

 

Replies to Reviewer 2 comments. 

 

The authors thank the reviewer that provides the opportunity to improve and clarify some items 

described in the proposed article. 

 



On the basis of the reviewer’s comments the following actions were performed. 

 

1. The solution with 19 mm Nelson stud connectors welded around the column was 

finalized to increase the level of friction between the concrete slab and the composite 

column. As a result, the load transfer based on the strut mechanism shown in Fig. b) 

below was enhanced. This statement was clearly reported in Subsection 2.2. Relevant 

FE-based stress distributions based on different friction coefficients are depicted 

below, where a friction coefficient of 1 corresponds to the presence of horizontal shear 

studs around the column. For brevity, this figure was not reported in the paper.  

With regard to different joints performances without and with shear studs, we must 

recall that composite beam-to-column joints were designed to be rigid and full 

strength. Hence, no remarkable differences were traced in the responses, because 

plastic hinges formed in adjacent beams. Further information can be found in Ref.[20]. 
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Fig. Distribution of compression stresses in the slab for: (a) friction coefficient equal to 0,35; b) 

friction coefficient equal to 1. 

 

2. Both Section 3.1 and 4.1 were removed. Relevant references [19] and [20] were 

mentioned. 

3. The new Table 2 reports the damage associated with all specimens as provided by FE 

analyses of moment resisting frames cited in the new Subsection 3.1. Because it was 

unfeasible to transport damaged specimens overseas and not possible to perform cyclic 

tests on new specimens by the partner BRE, equivalent vertical forces were applied to 

them, in order to produce the equivalent damage required from Table 2. 

4. For each type of beam-to-column joint, i.e. with prefabricated slab or with a slab with 

steel sheeting, a FE model depicted in the new Fig. 9 was used to calibrate the spring 

properties on the basis of experimental data. These considerations were reported in 

Subsection 4.1. For instance, a piecewise linear moment-rotation relationship of an 

interior joint endowed with a slab with steel sheeting is depicted below:  
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Relevant stiffness values are reported in the companion table. Additional information 

was stated in the new Subsection 4.1. As far as damage values associated with 

specimens are concerned, they were reported in the new Table 2. 

5. New pictures capable to show failure modes of a pre-damaged joint endowed with a 

steel sheeting slab were added in a new Figure 11.  

With regard to the comparison between failure modes of pre-damaged and undamaged 

specimens, no practical difference was found. In fact, damage values of Table 2 

indicate that damage is limited and repairable in agreement with the classification 

provided in [31]. This reference was added in Subsection 4.1. 

6. The new Figure 14 clearly shows the testing set-up with loading positions and 

boundary conditions. In addition, the loading combination applied according to EN 

EN 1990 and EN1991-1-2 consisted in:  

 

dKjKd AQGE  1,1,2, 
, 

in this respect see the new Subsection 3.2. Reviewer’s suggestions were introduced in 

Subsections 2.1. Other mistakes were removed. 

 

 

Additional replies to remarks made in the text. 

 

a) Q: Provide the reference – New Subsection 3.2 

 

R: As stated in the Section Introduction for seismic-induced fire, both frames and 

joints were designed to guarantee an adequate fire resistance of at least 15 minutes 

of fire exposure for time to escape. This performance requirement was agreed 

among the partners of the PRECIOUS project. See Ref. [20]. 
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Abstract 

Major earthquakes in urban areas have often been followed by significant fires causing extensive 

damage to property. Therefore, a seismic-induced fire is a scenario that should be properly addressed 

in performance-based engineering. In this paper numerical and experimental results of welded 

steel-concrete composite full strength beam-to-column joints under post-earthquake fire are described, 

as part of a European project aimed at developing fundamental data and prequalification design 

guidelines of ductile and fire resistant composite beam-to-column joints with concrete filled tubes. In 

detail, seismic and fire analyses were used to design moment resisting frames endowed with the 

proposed joint typology. A total of six specimens were designed and subjected both to monotonic and 

cyclic lateral loads. The specimens were subassemblages of  beam-to-column joints and performed 

well. Since the scope of the project was to promote joint typologies able to survive a seismic-induced 

fire, some specimens were pre-damaged, before being subjected to fire loadings, by imposing 

monotonic loads equivalent to damage levels induced by seismic loadings. Thus after fire testing, 
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valuable information was obtained about the performance of the proposed joint typology and the 

adequacy of the concurrent seismic and fire design was demonstrated.  
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Nomenclature 

D 

Ea 

is the damage index of a beam-to-column joint; 

is the modulus of elasticity of steel for normal temperature design; 

Ea, is the slope of the linear elastic range for steel at elevated temperature a; 

Eh is the hysteretic total energy at the design strength Pu  

Ehm is the energy dissipated by the member at the design strength Pu during a monotonic loading process; 

KE,  is the reduction factor for the slope of the linear elastic range at the steel temperature a reached at time t; 

Ky, is the reduction factor for the yield strength of steel at the steel temperature a reached at time t; 

fy 

fu 

is the yield strength of steel at 20°C; 

is the ultimate strength of steel at 20°C; 

fy,  is the effective yield strength of steel at elevated temperature a; 

Pu is the design strength during a monotonic loading process 
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1. Introduction  

Fire and earthquake are accidental actions and are generally treated in a traditional single-objective 

design as independent events [1,2]. In fact, seismologists and seismic engineers are uninformed of fire, 

whilst fire protection engineers and fire service personnel have similarly ignored earthquakes also in 

code implementation. Nonetheless, seismic-induced fire is a scenario with high probability of 

occurrence when an earthquake occurs in large urban areas and thus, post-earthquake conflagration 

becomes the predominant agent of damage. This was evident by recent earthquakes in Northridge 

(1994) and Kobe (1995), where large destructive fires spread across several city streets [3, 4].  

From a structural viewpoint, some papers have tried to address this issue. Numerical analyses were 

performed both on a single-bay single-storey framed structure and on two multi-storey plane frames, 

designed in accordance with Eurocodes [1,2,7]. In the study which incorporated passive fire protection 

systems, the authors demonstrated that the seismic design strategy affects the frame‟s post-earthquake 

fire performance and that the earthquake-induced damages produce a lateral stability type of collapse 

mechanism, with the frame swaying on one side while, during the pre-earthquake fire, the undamaged 

frames collapsed on themselves, without appreciable lateral displacement. 

Ding and Wang in [6] carried out experimental, numerical and analytical studies on different 

unprotected steel beam-to-concrete-filled tubular column joints under fire, with the objective to 

develop a practical method to compute temperature distributions. The joint types included fin plates, 



 

 

end plates, reverse channels and T-stubs. In particular, the authors proposed appropriate section factors 

for different types and locations of joints in agreement with EN 1993-1-2 Section 4.2.5 [7]. Moreover, 

they demonstrated the inappropriate use of the simplified method proposed in EN 1993-1-2 Section 

D.3 in order to estimate temperatures in joint regions. 

In order to design structures that will perform properly under both seismic and fire actions, 

steel-concrete composite framed structures can be a viable alternative to steel and reinforced concrete 

structures. They allow a rational use of materials and can provide a high level of performance in terms 

of stiffness, resistance, ductility and ease of erection. In detail, composite columns with partial 

encasement or concrete filled are less sensitive to buckling, can provide high lateral stiffness, thus 

satisfying more easily drift limits in moment-resisting structures under seismic lateral loads, and can 

increase fire performance [2,1]. 

Though current fire safety engineering practices are placing an ever increasing reliance on the 

effectiveness of active fire protection systems [1,7,8], earthquakes of even moderate intensity can 

damage active fire protection systems to such an extent that they will not be able to provide the level of 

performace that they are designed to achieve, consequently, reducing the allowable escape time. Thus, 

the seismic-induced fire resistance of structures remains an open problem, especially for steel-concrete 

beam-to-column joints. In fact, their temperature distribution cannot be estimated by simple calculation 

methods, because it is highly non-uniform, because the joint geometry is complex and because of the 

presence of two materials with different thermal properties.  

Few papers cover fire aspects related to joints; see, among others, [9,12]. In detail, these studies tried 

to clarify joint behaviour subject to elevated temperature and pointed out that: i) at elevated 

temperature, joints exhibit failure modes similar to those that happen at ambient temperature; ii) a 

concrete slab in composite connections acts as insulation and as a heat sink to the top joint. 

A state-of-the-art review on the behaviour of beam-to-column joints under fire loading was 

presented in [13]. The review covered experimental work on isolated joints, various forms of analytical 



 

 

methods that were developed to predict the behaviour of both bare steel and composite joints in fire, as 

well as the effect of structural continuity on the joint performance. They concluded that few 

experimental programs focused on joints subject to high temperature when compared to the large 

number of publications on the behaviour of joints at room temperature. This trend was mainly due to 

the high costs of experimental tests as well as the practical difficulties in conducting them. Therefore, 

research moved towards the development of FE-based studies and simplified mechanical models. 

An experimental programme devoted to investigate the global structural behaviour of an 

eight-storey steel–concrete composite frame building subjected to natural fire at the BRE‟s Cardington 

Laboratory was reported in [14]. The experimental tests ended without structural collapse, thus 

showing the conservatism of Eurocode fire design [1,7,8] and the importance of fire tests on complete 

structures. In fact, tests conducted on isolated members subject to standard fire conditions do not 

reflect the behaviour of a complete building. 

Along the same line, Dong et al. [15] carried out fire experimental tests on three full scale 

two-storey, two-bay composite steel frames subject to different heating conditions. In particular, tests 

differed from each other in the number and location of compartments heated by the furnace according 

to the ISO 834 Standard Fire Curve (SFC) [16]. Beam-to-column joints and connections between 

reinforced-concrete floor slabs and steel beams played an important role for structural fire resistance. 

Hence, design and detailing of these connections need to be appropriately dealt with. 

Wang and Davies [17] carried out an experimental study on the fire performance of non-sway 

loaded concrete filled steel tubular column assemblies with extended end plate connections. The 

effects of the joint‟s rotational restraints on column bending moments and column effective lengths 

represented the objectives of their investigation. It was shown that local buckling was observed when 

using thinner tubes, and it was found that the position of local buckling had a direct influence on the 

effective length of a Concrete Filled Tube (CFT). 



 

 

In summary, it is clear that fire following earthquake has been little researched or considered and 

that both the analysis and design of steel-concrete composite full strength joints with CFT and 

unprotected fire remains largely unexplored. It is the topic that this paper explores further through the 

design of full strength beam-to-column joints with CFT columns able to guarantee: i) an adequate 

seismic performance for Medium Ductile frames in EN 1998-1-1 [2], with a rotation capacity not less 

than 25 mrad and without degradation of strength and stiffness greater than 20 per cent; ii) an adequate 

fire resistance of at least 15 minutes of fire exposure – time to escape- for joints endowed with 

prefabricated slabs and steel sheeting slabs after being subjected to seismic damage. These results were 

achieved through a balanced combination of numerical and experimental work. 

The paper is organized as follows. Firstly, Section 2 presents the criteria adopted to design the 

reference frames and joints both under seismic and fire loading, respectively. Then, the experimental 

programmes that comprise both, pre-damaged and fire tests are introduced in Section 3. The 

corresponding experimental results are detailed in Section 4. Finally, conclusions and future work are 

reported in Section 5.  

 

 

2. Design objectives of reference frames and joints under earthquake and fire loadings 

The logical steps adopted to design moment resisting frames endowed with prefabricated slabs and 

steel sheeting slabs, respectively, CFT and joints are presented herein.  

 

 

2.1 Frame design 

The actions needed to design the joints described in Subsection 2.2 were obtained by means of 

analyses carried out on two moment resisting frames having the same structural typology but different 

slab systems. In detail, the composite steel-concrete office-building consisted of 5 floors with 3.5 m 



 

 

storey height. It was made up by three moment resisting frames placed at a distance of 7.5 m each in 

the longitudinal direction; while it was braced in the transverse direction. A different distance between 

secondary beams was adopted for the two solutions to take into account the different load bearing 

capacities of the two slab systems as well as the need to avoid propping devices during the 

construction phase. All slabs were arranged in parallel to main frames as shown in Fig. 1.  

Slabs of reference frames were identical to the slabs used for the test specimens that are indicated in 

Fig. 2. In detail, two different types of slab were designed and employed. In the first one, see Fig. 2a, 

the deck was a composite slab 150 mm thick with a prefabricated lattice girder with slab 

reinforcements provided by 2+2 12 longitudinal steel bars and by 5+5 12 @ 100 mm plus 8+8 16 

@ 200 mm transversal steel bars. A mesh 6 @ 200x200 mm completed the slab reinforcement. Two 

additional longitudinal rebars (1+1 12) were designed to resist seismic damage. In the second type of 

slab shown in Fig. 2b, a composite slab 150 mm thick with profiled steel sheeting was made with the 

same slab reinforcements. The concrete class was C30/37 while the steel grade S450 was adopted for 

the reinforcing steel bars. All connections between steel beams and slabs were full strength 

connections and were made by Nelson 19 mm stud connectors with an ultimate tensile strength fu=450 

MPa. In both cases, composite beams were realized with S355 IPE400 steel profiles and were Class 2, 

while composite columns were realized with 457 mm circular steel tubes with 12 mm wall thickness; 

column reinforcement consisted of 816 longitudinal steel bars and stirrups 8 @ 150 mm as shown in 

Fig. 3. 

The seismic performance of the frames was evaluated by means of non-linear static and dynamic 

analyses. More details on seismic analysis and design can be found in [19]. 

The corresponding fire design was carried out and the structural fire performance of the complete 

frames was evaluated by means of the SAFIR program [22] for different fire scenarios. In detail, five 

fire scenarios were considered as depicted in Fig. 4. In detail, in the first one (FS1), fire acts only into a 

span of the first floor, see Fig 4a; in the second one (FS2), fire acts on the first floor only: this means that 



 

 

both columns and beams of that floor are heated as shown in Fig 4b; in the third one (FS3), fire acts only 

into a span of the upper floor as depicted in Fig 4c; in the fourth one (FS4), fire acts on the fifth floor 

only, see Fig 4d; in the fifth one (FS5) fire acts on the whole frame as illustrated in Fig 4e. The fire curve 

followed the ISO 834 curve [16]. For each scenario all steps were performed, starting from the 

determination of the temperature distribution inside all section elements, and ending with structural 

analysis carried out to determine frame responses under static and fire loads. 

Fig. 5 shows both the evolution of the bending moment and of the axial force as a function of time at 

various locations of the frame for the specific case FS1. In detail, the distribution of bending moment 

in column C of Fig. 5a depicted in Fig. 5b shows a sign inversion when axial forces in beams change 

sign too – see Fig. 5c-. Initially indeed, the increase of temperature causes an increment of axial load 

in the beam -compression- up to about 18 min owing to the presence of a column restraint as illustrated 

in Fig. 5c. Then, the reduction of stiffness of columns subject to fire prevails and the axial force in the 

beam changes to tension, becoming similar to a catenary structure characterized by large deflections. 

The elongation of the beam owing to the increase in temperature and the different restraint effects 

provided by the columns also cause a sign reversal of the bending moments at mid-span of the beam 

which from sagging becomes hogging and then sagging again; see in this respect Fig. 5d. These results 

show clearly that the frame approaches collapse because of the formation of a beam mechanism in the 

longest span involving the formation of three plastic hinges located at mid-span and at both beam ends, 

respectively. 

Along the line of Della Corte et al. [5], the effect of the seismic loading applied prior to fire loading 

was taken into account by imposing one loading-unloading cycle through identical horizontal forces 

applied at each floor. In addition to an initial imperfection, this loading cycle induced some plasticity 

in each frame. The impact of the earthquake on the fire resistance of the analysed frames appeared to 

be not so significant because failure occurred when a beam plastic mechanism formed in the long-span 

heated beams. 



 

 

 

2.2 Joint design 

The seismic design of composite beam-to-column joints was conceived to provide both adequate 

overstrength and stiffness with respect to the connected beams, thus forcing the plastic hinges 

formation in adjacent beams. Joints were detailed by using the component method in agreement with 

Eurocode 3-1-8 and Eurocode 8-1 [18,2], as shown schematically in Fig. 6, to achieve the necessary 

overstrength of the joint with respect to the adjacent composite beams. The following components were 

considered in the method: concrete slab in compression; upper horizontal plate in compression; vertical 

plate in bending and lower horizontal plate in tension, for a sagging moment; reinforcing bars in tension, 

upper horizontal plate in tension; vertical plate in bending and lower horizontal plate in compression for 

a hogging moment. Stiffness and strength of complex components, like top and bottom plates or 

concrete slab in compression, were defined by means of refined FE models of the joint including friction 

between slab and column; accordingly, to activate better the transfer mechanisms in the slabs a solution 

with 19 mm Nelson stud connectors welded around the column was adopted [19, 20] as depicted in 

Fig.7a. This solution, further verified through FE analysis, enhanced the load transfer based on the 

strut and tie mechanism proposed in Eurocode 8-1 [2]. 

The corresponding solution without Nelson Studs is shown in Fig. 7b. Because plastic hinges were 

forced to form in the beams adjacent to each joints, in practice no remarkable difference was recorded 

in the response of these two different solutions. Further considerations can be found in [19, 20].  

In order to improve the seismic-induced fire behaviour, the joint design foresaw: a welded top collar 

plate; a web-through plate; two additional  12 rebars (1+1 12 longitudinal steel bars) to take into 

account of seismic damage. 

The aforementioned components were adopted to predict the moment-rotation-temperature behaviour 

of the examined joints in the absence of axial thrust caused by the thermal expansion restraint of 

beams. In order to evaluate the stress state of some joint components as well as their behaviour at 



 

 

elevated temperature, FE models were employed. Models were subjected to fire loading in agreement 

with the ISO 834 curve [16]. In detail, the Abaqus 6.4.1 software [23] was employed to conduct FE 

thermal analysis of joints for different times of fire exposure, i.e. ambient temperature, 15, 30 and 60 

min, respectively. All components of joints such as columns, beams, slabs and welds were modelled 

using eight-node linear brick (DC3D8) elements, while four-node linear tetrahedron (DC3D4) 

elements were employed in order to model the transition zones between different meshes. 

For instance, Fig. 8a illustrates the case of a slab with profiled steel sheeting where all steel parts 

exposed to fire increase their temperature very quickly, reaching a very high temperature after only 15 

minutes of exposure. Conversely, both in concrete and in steel components embedded or close to 

concrete, i.e. rebars, the horizontal plate close to the slab and the vertical plate passing through the 

column, temperature does not increase so quickly, and remains close to ambient temperature. In 

addition, after 30 min of fire exposure, joints endowed with prefabricated slabs exhibit a more 

favourable thermal behaviour compared to joints endowed with steel sheetings. This performance is 

further checked in Subsection 4.2 that deals with fire tests. 

 

 

 

3. Test programme 

The experimental program consisted of ten seismic tests and six fire tests on full-scale substructures 

representing interior and exterior welded steel-concrete composite beam-to-column joints with 

concrete filled tubes.  

Seismic tests were carried out at the University of Trento and at the University of Pisa, Italy, 

respectively, by considering cyclic and monotonic loading [20, 24, 25]. Conversely, fire tests were 

conducted at the Building Research Establishment (BRE), UK, with asymmetric loading on joints, in 

order to simulate adjacent primary beams of different length.  

 



 

 

3.1 Pre-damaged tests 

The objective of this experimental program carried out at the BRE, UK consisted in the evaluation of 

the fire resistance of joints partly damaged by an earthquake. Therefore to estimate damage, 

simulations on the frames introduced in Subsection 2.1 were performed [19]. In a greater detail, four 

specimens listed in Table 1, were subjected to an equivalent static loading. Because at the BRE it was 

not possible to perform cyclic tests capable to reproduce damage caused by seismic loading, equivalent 

vertical forces were applied to virgin specimens in order to produce the same damage. In this respect, a 

specific value of monotonic loading was imposed to specimens; each test was terminated when the 

load-displacement relationships imposed onto the specimens generated damage values equivalent to 

those values reported in the Table 2. Further information about the analysis for damage assessment can 

be found both in [20] and in Subsection 4.1. 

 

3.2 Fire tests 

A total of six fire tests were carried out and the specimens are listed in Table 3. It can be observed that 

FD-IWJ-S1, FD-IWJ-S3, FD-IWJ-P1, and FD-IWJ-P3 were pre-damaged whilst the remaining ones 

were not [27]. As stated in the Introduction, the performance criterion for the examined joints entailed 

the capability of demonstrating 15 minutes fire resistance once damaged by earthquake effects without 

any additional fire protection. This performance requirement was set within the PRECIOUS project 

[20]. 

In agreement with EN 1991-1-2 and EN 1990 [1, 26], the load combination considered for specimens 

subjected to fire tests was as follows:  

dKjKd AQGE  1,1,2,   (1) 

where: 

dE  is the design value of actions; 



 

 

jKG ,  is the characteristic value of permanent action j;  

1,2
 factor for quasi-permanent value of a variable action assumed equal to 0.3 

1,KQ  is the characteristic value of the accidental load; 

dA  is the design value of fire action 

In this respect and for the sake of comparison with tests available in the literature, the fire load dA  

followed the ISO 834 Standard Fire Curve (SFC) [16], rather than a natural fire or a parametric curve 

[1]. 

 

 

4. Test results 

As anticipated above only pre-damaged and fire test results on joints are presented herein. Relevant 

seismic test results are reported and commented in depth elsewhere [19, 20]. 

 

 

 

4.1 Results from pre-damaged tests 

Data obtained from the seismic test program were used to calibrate a joint model, in order to be able 

to perform seismic simulations on moment resisting frames. The model used to perform these analyses 

is based on two parallel springs at the end of the beam connected to a rigid panel which represents the 

rigid connection to the column. Each spring is used to match the properties of the beam under sagging 

and hogging bending moment, respectively. Another spring is used to connect this panel with the shear 

panel of the column as illustrated in Fig. 9a. The main purpose of this spring was to take into account 

the shear deformation of the connection in order to improve the response of the model.  

The IDARC-2D program [28] was used to perform simulations. A hysteretic law was used to take 



 

 

into account the seismic degradation of the joint according to a modification of the Bouc-Wen model 

implemented by Silvaselvan-Reinhorn [29] in IDARC-2D. The actual measured properties of both 

concrete and steel were used in the model, in order to match as accurately as possible the results of 

experimental tests. The quality of calibration can be assessed from Fig. 9b, where experimental data 

and numerical prediction with reference to the specimen S-IWJ-S1 are overlapped. 

Successively, the frames shown in Fig. 1 were simulated by the model shown in Fig. 9c, in order to 

estimate damage owing to strong seismic events. Therefore, non-linear dynamic time history analyses 

were performed by using the IDARC-2D program [28] with spectrum compatible accelerograms of 

0.4g peak ground acceleration (p.g.a.). In order to estimate the damage level of joints, the Park and 

Ang [30] damage index D – that ranges between 0 and 1 – as modified by Chai and Romstad [31] was 

considered. It is based on a linear combination of damage owing to excessive deformation and the 

surplus of cumulative energy (Eh – Ehm), being Eh the hysteretic total energy at the design strength Pu , 

and the energy Ehm dissipated by the member during a monotonic loading process design strength Pu.  

In these conditions, the damage index reads: 























um

M
hmh

umyum

M EE
P

D
 

 (2) 

where,  

  is an empirical factor determined by experimental data; 

M  is the maximum response displacement; 

um  is the maximum response displacement under a monotonic loading;  

yP  is the yield strength. 

Relevant values of damage indices reported in Table 2 were not so high for both interior and 

exterior joints. Therefore seismic-induced damage can be considered limited and repairable [32].  

Successively, specific load values were imposed to specimens, see Table 1 in order to simulate the 

seismic damage estimated above. The test set-up with an interior specimen is shown in Fig. 10a whilst 



 

 

a typical response is indicated in Fig. 10b. During damage tests, loads, deflections and rotations of the 

slab were measured and achieved values are listed in Table 1.  

 

4.2 Results from fire tests 

The temperature evolution of 4 sensors G1-G4 located on the composite slab as well as the average 

temperature of the furnace -Av. Atmos- together with ISO 834 Standard Fire Curve -SFC- [16] for the 

Specimen F-IWJ-S2 endowed with profiled steel sheeting are shown in Fig. 11a. It appears that the 

temperature is different depending on the relative position between burner and sensors; in fact 

temperature is higher for sensors closer to the burner. The corresponding furnace gas average 

temperature evolution and the temperature distribution on composite beams and joints is illustrated in 

Fig. 11b and 11c, for East and West beam, respectively. Because the burner is located in the corner 

bottom part of the East beam, see Fig. 11b, also in this case, the temperature distribution is not uniform. 

In particular, it can be observed that temperatures increase from the bottom flange to the top beam 

flange, and temperatures of sensors 11, 10 and 12 of the East beam are higher than the temperatures of 

sensors 13, 8 and 9. This distribution is also influenced by the presence of the concrete slab which 

mitigates the temperature of the top beam flange. The lowest temperature of the web is also explained 

by the fact that it goes through the CFT.  

Similar considerations can be made with reference to the temperature distribution measured for the 

specimen F-IWJ-P2 endowed with a prefabricated lattice slab and represented in Fig. 12. Nonetheless, 

we need to note that east and west views are interchanged in this case. 

Fig. 13a shows the test set-up used for fire tests. In detail, it can be observed the furnace zone and 

forces applied to beams in order to simulate the accidental load combination defined in Eqn. 1 acting 

on beams of unequal length [1]. 

The temperature vs. time curve imposed to the specimens FD-IWJ-S1 - F-IWJ-S2 and FD-IWJ-P1 - 

F-IWJ-P2 is shown in Fig. 13b and 13c, respectively. Specimens FD-IWJ-S1 and F-IWJ-S2 endowed 



 

 

with profiled steel sheeting slabs exhibited failure owing to an excessive rate of deflection at 

approximately 40 minutes. The test on specimen FD-IWJ-S1 terminated after approximately 34 

minutes owing to runaway deflection. During the fire test, the profiled steel sheeting separated from 

the slab as illustrated in Fig. 14a; then the slab cracked both along the surface and through the depth 

with extensive buckling at 40 minutes both of the lower flange and the web of the adjacent east beam 

(see Fig. 14). 

FD-IWJ-P1 and F-IWJ-P2 specimens endowed with prefabricated slabs endured one hour of fire; 

however, in both cases specimens were very close to failure as indicated, in Fig. 13c, by an increasing 

rate of deflections towards the end of the test. However, at this stage, there was no permanent 

deformation and no sign of any significant damage from fire tests. Hence, it can be underlined that: i) 

there was no noticeable difference in the fire performance between pre-damaged and undamaged 

specimens both with precast and steel sheeting slabs; this result is in agreement with the damage value 

prediction reported in Table 2 and with the inherent safety of composite joints designed for seismic 

loading; ii) precast slabs performed better in fire tests than the corresponding specimens with steel 

sheeting at a fire exposure in excess of the 15 minutes required; iii) all specimens exhibited favourable 

seismic properties by performing in a ductile manner also under fire loading. 

 

 

 

5. Conclusions 

In this paper both numerical and experimental results of welded steel-concrete composite full strength 

beam-to-column joints under post-earthquake fire were described, as part of a European project aimed 

at developing fundamental data and prequalification design guidelines of ductile and fire resistant 

composite beam-to-column joints with concrete filled tubes.  

In detail, preliminary thermal analyses showed that joints endowed with prefabricated slabs exhibited a 



 

 

more favourable behaviour compared to joints endowed with steel sheeting composite slabs. Then, 

pre-damaged tests as well as fire experimental tests conducted on undamaged and pre-damaged joints 

were presented. Experimental tests confirmed that specimens with precast slabs exhibited lower 

deformations for given loads and temperatures. Moreover, experimental results showed that: there was 

no noticeable difference in the fire performance between damaged and undamaged specimens both 

with precast and steel sheeting slabs owing to the inherent reliability involved in the seismic joint 

design with relevant Eurocodes. Precast slabs performed better in fire tests than the corresponding 

specimens with steel sheeting at a fire exposure time in excess of the 15 minutes required by design. 

Thus, fire tests demonstrated the ability of full strength composite beam-to-concrete filled circular 

hollow section joints to survive a damage equivalent to that corresponding to a design seismic event of 

0.4 g peak ground acceleration earthquake with a return period of 475 years. Thus, the adequacy of the 

concurrent seismic and fire design was proved with full strength ductile joints. Finally, further work is 

needed to code in EN 1993-1-2 Section 4.2.5 [7] experimental data and simulation prediction of 

temperature distribution of joints. 
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Table 1: Summary of results for joints under pre-damage loading 

 
Specimen 

label 

Joint 

position 

Max. Est. 

Load (kN) 

Max. Deflection 

(mm) 

Max. Est. 

Moment (kNm) 

Max. Rotation 

(mrad) 

 D-IWJ-S1 Interior 424 32 887  10.0 

 D-EWJ-S3 Exterior 258 58 541  7.4 

 D-IWJ-P1 Interior 425 21 893  7.3 

 D-EWJ-P3 Exterior 398 110 836  12.6 

IWJ-P = Interior Welded Joint with prefabricated slab 

IWJ-S = Interior Welded Joint with steel sheeting slab 

EWJ-P = Exterior Welded Joint with prefabricated slab 

EWJ-S = Exterior Welded Joint with steel sheeting slab 

 

Table 2: Damage index of welded joints 

Joint position 
Joint with steel sheeting slab Joint with prefabricated slab 

Interior 0.27 0.42 

Exterior 0.31 0.50 

 

 

 
Table 3: Joint specimens under fire loading 

Specimen 

label 

Maximum 

atmosphere 

temperature (°C) 

Maximum steel 

temperature (°C) 

Test 

duration 

(min) 

Comments 

FD-IWJ-S1 1024 747 40 

Test terminated due to runaway deflection. 

Full depth cracking and separation between 

steel sheet and slab. 

F-IWJ-S2 970 966 60 No permanent deformation. 

FD-EWJ-S3 972 963 60 No permanent deformation. 

FD-IWJ-P1 1196 810 34 
Test terminated due to runaway deflection. 

Local buckling of the lower flange. 

F-IWJ-P2 982 721 45 
Test terminated due to runaway deflection. 

Cracking and spalling of concrete. 

FD-EWJ-P3 944 726 56 
Test terminated due to runaway deflection. 

Local buckling of the lower flange. 

 

Table



 

 

   

a) 

 

  

b) 

 

Figure 1: Geometric layout of the reference structures: a) structure with slabs endowed with prefabricated lattice girders; b) 

structure with slabs endowed with profiled steel sheeting  
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b) 

Figure 2: Specimen slabs with reinforcement layout a) a prefabricated lattice girder slab; b) a profiled steel sheeting slab 
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Figure 3: Column stub and reinforcements capable of hosting a through-column web plate 

 

 



 

 
 

 

 

 

 

 

 

  

 

a) FS1 

 

b) FS2 

 

 

c) FS3 

 

d) FS4 

 

 

e) FS5 

 

 

 

Figure 4: Fire scenarios considered in thermal analyses 
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Figure 5: Fire Case FS1: Bending moment and Axial load in beams and columns at the first storey 
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Figure 6: Mechanical model of a steel-concrete composite interior joint including sagging moments 
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Figure 7:  Beam-to-column Joints; a) solution with Nelson stud connectors in the column; b) solution without Nelson 

stud connectors 
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b) 

 

Figure 8:  Abaqus simulations - Distribution of temperature after 30 minutes in a joint endowed with a) a slab with a steel 

sheeting; b) a slab with a prefabricated lattice girder  
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c) 

Figure 9: a) FE model of an interior composite joint; b) comparison between experimental and simulated data for the 

S-IWJ-S1 specimen; c) FE model of an entire frame  
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b) 

Figure 10: Pre-damaged tests of Interior Joints endowed with a steel sheeting slab; a) Load introduction; b) 

Moment-Rotation curves 
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c) 

Figure 11: Undamaged Interior Joint, F-IWJ-S2, endowed with a steel sheeting slab; a) temperature distribution in the top 

part of the furnace; b) temperature distribution in the East Beam; c) temperature distribution in the West Beam  



 

 

0

200

400

600

800

1000

1200

0 20 40 60 80 100

T
em

p
. [

°C
]

Time [Min]

Specimen F-IWJ-P2
G1 G2 G3 G4 SFC Av. Atmos

Burner

G1

G2

G3

G4

a) 

0

200

400

600

800

1000

0 20 40 60 80 100 120

T
e
m

p
. 

[°
C

]

Time [Min]                             (East Beam)

Specimen F-IWJ-P2
TC21 TC22 TC23 TC24 TC25

TC26 TC27 av. atmos SFC

26 23
22
21

27

24
25

b) 

0

200

400

600

800

1000

0 20 40 60 80 100 120

T
em

p
 (

°C
)

Time (Min) (West beam)

Specimen F-IWJ-P2
TC7 TC8 TC9 TC10 TC11 TC12 TC13 Average Atmos SFC

129
8
7

13

10
11
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Figure 12:  Undamaged Interior Joint, F-IWJ-P2, endowed with prefabricated slab; a) temperature distribution in the top 

part of the furnace; b) temperature distribution in the East Beam; c) temperature distribution in the West 

Beam 
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c) 

Figure 13: a) load introduction in the specimen; b) comparison between pre-damaged (FD-IWJ-S1) and undamaged 

(F-IWJ-S2) steel sheeting specimens; c) comparison between pre-damaged (FD-IWJ-P1) and undamaged 

(F-IWJ-P2) precast specimens 
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Figure 14: Fire test of a pre-damaged interior joint endowed with a steel sheeting slab; a) concrete cracking and steel 

sheeting detaching; b) local buckling of east beam; c) and d) surface cracking of the slab 


