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Abstract 

In EN 1994-1, design rules are given for the evaluation of the mechanical properties of 

structural steel-concrete composite joints (rotational stiffness, resistance and ductility) 

based on the component method offered in EN 1993-1-8 and adding specific components 

for composite joints. These rules cover only the situations for the joints subjected to shear 

forces and hogging moments. 

However, during the last decades, researches have been conducted on the behaviour of 

composite joints subjected to different kind of actions such as sagging bending moments, 

cyclic loadings, combined bending moments and axial loads, elevated temperatures etc. 

with the objective of improving/extending the rules presently proposed in the Eurocodes 

design rules. 

As an outcome of the Technical Committee 11 of the European Convention of 

Constructional Steelwork (ECCS) dedicated to the behaviour of composite structures, a 

publication summarising these recent developments and their main outcomes is under 

finalisation. Within the present paper, it is proposed to highlight these main outcomes 

which could be seen as proposals for future improvements of the beam-to-column 

provisions in Eurocodes in general and of Eurocode 4 in particular. 
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1. Introduction 

Nowadays, the component method is a 

widely recognised procedure for the evaluation 

of the design properties of structural joints. This 

method is the one recommended in the 

Eurocodes for the characterisation of structural 

joints and applies to any type of steel or 

composite joints, whatever the geometrical 

configuration, the type of loading (axial force 

and/or bending moment...) and the type of 

member sections.  

This method considers any joint as a set of 

individual basic components modelled as springs 

– see Fig. 1. Each of these components possesses 

its own strength and stiffness either in tension or 

in compression or in shear. The column web is 

subject to coincident compression, tension and 

shear. This coexistence of several components 

within the same joint element can obviously lead 

to stress interactions that are likely to decrease 

the resistance of the individual basic 

components; the latter is taken into account 

within the method.  

The application of the component method 

requires the following steps: (i) identification of 

the active components in the joint being 

considered; (ii) evaluation of the stiffness and/or 

resistance characteristics for each individual 

basic component in terms of specific 

characteristics: initial stiffness, design resistance 

etc. or the whole deformability curve and; (iii) 

assembly of all components and evaluation of 

the stiffness and/or resistance characteristics of 

the whole joint in specific characteristics: initial 

stiffness, design resistance etc. leading to a final 

moment-rotation design curve. 

The application of the component method 

requires a sufficient knowledge of the behaviour 

of the basic components. Those covered by 

Eurocode 3 for steel joints are listed in Table 1 
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(components 1 to 12); those covered by 

Eurocode 4 for composite joints are identical to 

the steel joints by considering two additional 

components also presented in Table 2 

(components 13 and 14). Also, Eurocode 4 

covers components which are reinforced by the 

presence of concrete (column web panel in shear 

or column web in compression in a composite 

column). The combination of these components 

allows to cover a wide range of joint 

configurations. However, the rules as presently 

given in the Eurocodes only cover the situations 

for the joints subjected to shear forces and 

hogging moments. It is the reason why, during 

the last decades, researches have been conducted 

on the behaviour of composite joints subjected to 

different kind of actions such as sagging bending 

moments, cyclic loadings, combined bending 

moments and axial loads, elevated temperatures 

etc. with the objective of improving/extending 

the rules presently proposed in the Eurocodes 

design rules. 
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Fig. 1. Example of a spring model for a composite 

flush end-plate connection [1]. 

Table 1. Components covered by Eurocode 3 and 

Eurocode 4. 

N° Components 

1 Column web panel in shear 

2 Column web in compression 

3 Beam flange and web in compression 

4 Column flange in bending 

5 Column web in tension 

6 End-plate in bending 

7 Beam web in tension 

8 Flange cleat in bending 

9 Bolts in tension 

10 Bolts in shear 

11 
Bolts in bearing (on beam flange, 

column flange, end-plate or cleat) 

12 Plate in tension or compression 

13 Longitudinal steel rebars in tension 

14 Steel contact plate in compression 

 

As an outcome of the Technical Committee 

11 of the European Convention of 

Constructional Steelwork (ECCS) dedicated to 

the behaviour of composite structures, a 

publication summarising these recent 

developments and their main outcomes is under 

finalisation. Next sections, highlight a part of the 

main outcomes which could be seen as proposals 

for future improvements of the beam-to-column 

provisions in Eurocodes in general and of 

Eurocode 4 in particular. 

2. Composite joints under static loading 

As previously mentioned, the present draft of 

the Eurocodes already allows covering and 

characterising composite joints but are still 

limited on different aspects. 

In particular, only composite joints under 

hogging moments are covered while, in practice, 

such joints can also be subjected to sagging 

bending moments and/or to axial forces. It is for 

instance the case when considering the 

behaviour of composite sway frames in which 

sagging moments at the extremities of the 

composite beams may occur or the behaviour of 

composite structures subjected to exceptional 

events such as the loss of a column, scenario in 

which the beam extremities are subjected to 

hogging or sagging bending and tensile loads 

(membrane forces). In the next sections, the 

behaviour of beam-to-column composite joints 

under sagging moment and under M-N loading 

is under consideration. 

2.1. Composite joints under sagging moments 

Using the component method as presently 

proposed in the Eurocodes, it is not yet possible 

to predict the behaviour of composite joints 

subjected to sagging bending moments. Indeed, 

no method is available to characterise one of the 

activated components under such loading which 

is the concrete slab in compression. 

In recent researches, methods to characterise 

this component in term of « resistance » are 

proposed. Their aim is to define a rectangular 

cross section (with a width beff,conn and a height z) 

of concrete participating to the joint resistance. 

The procedure which is described in this section 

combines two methods proposed respectively by 

F. Ferrario [2] and by J.Y.R. Liew [3]. The 

combination of these two methods permits to 

reflect in a more appropriate way how the 
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concrete resists to the applied load in the vicinity 

of the joint as demonstrated in [4-5]. 

For the definition of the width of concrete 

beff,conn to be considered at the vicinity of the 

joints, the definition proposed by Ferrario in [2]  

is used: 

, 0,7eff conn c c effb b h b    (1) 

where bc is the width of the column profile 

flange, hc the height of the column profile cross 

section and beff, the effective width of the 

concrete/composite slab to be considered in the 

vicinity of the joint; bc represents the 

contribution of the concrete directly in contact 

with the column flange while 0,7.hc the 

contribution of the developed concrete rods in 

the “strut-and-tie” behaviour (see Fig. 2). 

 
Fig. 2. Plane view of the slab in the vicinity of 

the joint - development of concrete rods 

in compression under sagging moment  

For the definition of the height z of the 

component “concrete slab in compression”, the 

method proposed by Liew [3] is selected: 

- the characterisation of the joint components 

in tension and eventually in shear is 

performed according to the rules 

recommended in the Eurocodes; 

- then, the height of the concrete/composite 

slab contributing to the joint behaviour is 

computed by expressing the equilibrium of 

the load developing in the 

concrete/composite slab in compression with 

the components activated in tension or in 

shear and assuming a rectangular stress 

distribution in the concrete (equal to 0,85 

fck/c in a design): 

 
,

, .(0,85. / )

Rd ii
concrete

eff conn ck c

F
z h

b f 
 


  (2) 

where hconcrete is the total height of the 

concrete slab (in case of a composite slab, 

hconcrete is equal to the concrete above the ribs) 

and FRd,i is the tensile resistance of bolt row i; 

- finally, the characterisation of the joint is 

performed assuming that the centre of 

compression is located at the middle of the 

height of the contributing part of the concrete 

slab (z). 

 

The two previously mentioned references [2-

3] only deal with the characterisation of the 

component “concrete slab in compression” in 

term of resistance but no formulas are proposed 

to characterise the latter in term of stiffness; 

however, this is requested in order to be able to 

predict the initial stiffness of the joint (and to 

derive the moment-rotation curve). 

If reference is made to [6] a formula is 

proposed to predict the stiffness of a concrete 

block against a rigid plate. In the present case, 

the steel column encased in the concrete slab can 

be considered as a rigid plate; so, the formula 

proposed in [6] can be extended to the present 

situation to compute the stiffness of the 

component under consideration: 

,

csc

. .

1,275.

c eff conn

a

E b z
k

E
  (3) 

where EC is the secant Young modulus for the 

concrete, Ea, the elastic Young modulus for the 

steel and kCSC, the stiffness of the component 

“concrete slab in compression” to be considered 

in the component method.  

In [4], the so-defined analytical procedure is 

validated through comparisons with results from 

experimental tests performed on composite 

joints in isolation. An example of such 

comparison is presented in Fig. 3 where the 

analytical prediction is compared to results 

obtained at Trento University [7] through 

experimental tests conducted on external 

composite joints within a European RFCS 

project called PRECIOUS in which the 

University of Liege was also involved. 

In Fig. 3, it can be observed that two 

experimental curves are reported. They are 

distinguished by the configuration of the slab: 

the TEST 2 joint is composed of a composite 

slab while the TEST 3 one is composed of a 

concrete slab. From the comparison presented in 

Fig. 3, it can be observed that a very good 

agreement is obtained between the analytical 

prediction and the experimental results. For 

TEST 2, a loss of resistance in the joint is 

observed at a rotation of 29 mrad which is not 

reflected by the analytical prediction. In fact, this 
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loss of resistance during the test was associated 

to a lack of ductility of the concrete in the 

vicinity of the connection, phenomenon not yet 

covered by the proposed analytical procedure. 

However, as the objective with the analytical 

model is to predict the plastic resistant moment 

(point A on Fig. 3) which is reached before this 

lack of ductility, this phenomenon does not call 

into question the validity of the model. 

 

Fig. 3. Joints under sagging moments - 

Comparisons analytical prediction vs. 

experimental results   

2.2. Composite joints under M-N 

In the Eurocodes, the proposed rules are 

mainly devoted to the characterization of joints 

subjected to bending moments and shear forces. 

It is the reason why, in Part 1.8 of Eurocode 3 

dedicated to the design of steel joints, the 

proposed field of application is limited to joints 

in which the force NEd, (also noted N in the paper 

for sake of simplicity – and the same applies to 

MEd, noted M) acting in the joint remains lower 

than 5% of the axial design resistance Npl,Rd of the 

connected beam (and not of the joint what is 

quite surprising as far as the influence of the 

applied axial load on the joint response is of 

concern). Under this limit it is considered that 

the rotational response of the joints is not 

significantly influenced by the axial forces. It 

has however to be stated that this value is a fully 

arbitrary one and is not at all scientifically 

justified. However, in some situations, these 

joints can be subjected to combined axial loads 

and bending moments, e.g. in the extremities of 

inclined roof beams or in frames subjected to an 

exceptional event leading to the loss of a column, 

situation where significant tying forces can 

developed in the structural beams above the lost 

column. 

If the above-mentioned criterion is not 

satisfied, the Eurocodes recommend to check the 

resistance by referring to “M-N” interaction 

diagram defined by the polygon linking the four 

points corresponding respectively to the hogging 

and sagging bending resistances in absence of 

axial forces and to the tension and compression 

axial resistances in absence of bending. 

The PhD thesis of Cerfontaine [8], 

demonstrates that the proposed method is 

questionable and can even be unsafe in many 

situations. In consequence an improved design 

analytical procedure, based on the component 

method concept, was (i) developed by 

Cerfontaine [8] to predict the response of ductile 

and non-ductile steel joints subjected to 

combined axial loads and bending moments and 

(ii) extended to composite joints in [4] (see also 

[9]). The model, including a worked example is 

fully described in [4] and is freely available for 

downloading. 

The validity of the proposed analytical 

procedure was checked through comparisons to 

results of experimental tests performed in 

Stuttgart in the framework of an RFCS project 

[10]. Fig. 4 shows the comparison of the 

obtained analytical predictions to the 

experimental test results. On the latter, it can be 

observed that two analytical curves are reported: 

- One named “plastic resistance curve” which 

is computed with the elastic strengths of the 

materials and; 

- One named “ultimate resistance curve” 

which is computed with the ultimate 

strengths of the materials. 

 
Fig. 4. Comparison of the resistance interaction 

curves   

According to Fig. 4 the computed analytical 

curves are in very good agreement with the 

experimental results. Indeed, the experimental 

curves are between the plastic and ultimate 

analytical resistant curves, which is in line with 

the loading sequence followed during the tests. 
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In the hogging moment zone, it can be 

observed that for very small values of tensile 

loads, the experimental curves are close to the 

ultimate analytical one which is logical, as a 

bending moment close to the ultimate resistant 

bending moment of the joint was first applied to 

the tested specimen before applying the tensile 

load. Then, when the tensile load is increasing, 

the experimental curves first deviate from the 

ultimate analytical one to finally come back 

close to the ultimate analytical curve (except for 

TEST 1). This phenomenon can be explained by 

the fact that, in order to pass from the ultimate 

hogging moment to the ultimate tensile resistant 

load, different components are activated; indeed, 

the component which is associated to the 

ultimate hogging moment is “beam flange in 

compression” while the one associated to the 

ultimate tensile load is the component “column 

flange in bending”. 

This phenomenon is not observed in the 

sagging moment zone: indeed, as shown in Fig. 

4, the experimental curves are close to the 

ultimate analytical one from the pure bending to 

the ultimate tensile load. Similarly this results in 

agreement with the component activated from 

the pure bending to the ultimate tensile load 

which is the same in the present case, i.e. the 

component “column flange in bending”. 

Through this comparison, it can be concluded 

that the proposed analytical model is validated. 

3. Composite joints at elevated 

temperatures 

In case of fire, the beam-to-column joints 

play a key role in the global structural response. 

These joints, initially loaded in bending, may be 

subjected to elevated temperatures and to 

combined axial load “N” and bending moment 

“M”. Within the RFCS project Robustfire, a 

methodology to predict the mechanical response 

of bolted composite beam-to-column joints at 

elevated temperatures under M-N has been 

developed [11-12].  

This methodology is based on the analytical 

method presented in the previous section able to 

predict M-N resistance interaction curves for 

joints and which is in full agreement with the 

Eurocode model recommended for the joint 

characterisation, i.e. the component method. 

The procedure described in the previous 

section can be applied at elevated temperature 

provided that the temperature distribution in the 

joint is known. Each component resistance is 

then simply evaluated based on the material 

resistance at its given temperature. 

The validation of the proposed model has 

been performed through comparisons against 

experimental results obtained from six fire tests 

performed at the University of Coimbra on a 

composite steel-concrete beam-to-column 

frame. The tested composite frame was subject 

to mechanical (bending and axial forces) and 

thermal actions (constant temperature equal to 

500ºC or 700ºC). The objective of the 

experiments was to observe the combined 

bending moment and axial loads in the heated 

joint when catenary action develops in the frame 

during a column loss due to a localized fire. 

An example of comparison is given in Fig. 5. 

In this figure, it can be observed that a very good 

agreement is obtained between the analytical 

predictions and the experimental results. Similar 

safe agreements were confirmed through the 

comparisons to the other tests results.  

 

Fig. 5. Comparison of the experimental 

resistances to the analytical curve for 

TEST 6  (composite joint at 700°C) [11] 

Accordingly, knowing the temperatures at the 

level of the joint components, the analytical 

model is able to predict the joint resistance for 

any M-N couples. A perspective to the presented 

study is to propose in the future a full analytical 

procedure, including the estimation of the 

component temperatures, considering what is 

already proposed for a specific joint 

configuration in [13] as, in current evaluations, a 

3D thermal FEM analysis is still required to 

predict these temperatures in practice. 

4. Composite joints under cyclic loading 

In many situations the structures are 

subjected to alternate lateral loading, such is the 

case of seismic load or high wind loads. In these 

cases, the composite joints can be subjected to 

alternating moments, changing from hogging to 
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sagging and consequently the behaviour under 

cyclic loading plays a crucial role in the overall 

structural behaviour. 

For seismic design, the Section 7 of EN 1998-

1 contains additional requirements for seismic-

resistant steel and concrete composite buildings. 

In a general manner, the cyclic behaviour is 

dependent on the connection typology and the 

characteristics of its constitutive components in 

terms of resistance, stiffness and ductility. In 

accordance with the seismic design norm EN 

1998-1, the designer can chose to (i) guide the 

plastic hinge formation in the connected element 

(e.g. the beam), this leading in most of the cases 

to haunched or reinforced joints or (ii) to assure 

the plastic hinge formation within the joint, case 

in which the ductility of the joint must be proven 

by testing evidence. However, the last possibility 

is not really considered by seismic designers as 

the experimental tests delay the execution time 

of the building. Also, EN 1998-1 constrains the 

shear design force of the column web panel to 

0.8Vwp,Rd (clause 7.5.4) and limits its cyclic 

deformation to maximum 30% of the joint 

rotation (clause 6.6.4). 

4.1. Global cyclic behaviour 

Considering the global behaviour presented 

in section 2, the cyclic response of joints remains 

highly unsymmetrical due to the presence of the 

concrete slab.  
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Fig. 6. Unsymmetrical behaviour of composite 

joints [14]. 

Fig. 6 presents the cyclic response (G18) of 

an external composite continuous joint (T joint) 

in comparison with a monotonic loaded 

specimen (G17). In a general manner, the cyclic 

loading introduces an important reduction of 

joint ductility, which could be accompanied by a 

reduction of the maximum resistance of the joint. 

However, in case of internal joints (cruciform) 

loaded asymmetrically, the response become 

symmetrical (see Fig. 7) by diagonal tension and 

compression components. 

4.2. Influence of composite components on 

cyclic behaviour 

The design of composite joints is done in 

accordance with the Section 8 of EN 1994 which 

relies on the EN1993-1-8 by considering two 

additional composite components that related to: 

- concrete slab elements in tension 

(reinforcement); 

- encasement of column web panel in shear. 

Although the results of cyclic testing on 

composite joints tends to validate the component 

resistances in hogging, the design norm is totally 

uncovered for sagging moments as presented in 

section 2. 

In an overall behaviour, the concrete slab has 

a direct influence in the cyclic response of the 

joints by limiting the ductility in sagging 

bending (concrete in compression) even if 

offering a noticeable higher resistance and 

stiffness – See Fig. 6. Also, as shown by Braconi 

et al. [15], full-depth slabs guarantee more stable 

and small degradation of resistance for high 

deformation levels in comparison with pre-

lattice girders and composite slabs with profiled 

sheeting. 

 

 

Fig. 7. Cyclic behaviour of internal composite joints: 

crack pattern in case of encased web panel [16]. 

The second additional composite component 

– encasement of steel web panel in concrete does 

not lead to a real increase in cyclic resistance due 

to concrete cracking, thus reducing considerably 

the advantages of column web confinement [16]. 

The authors demonstrate also that during first 

cycles the cyclic stiffness degradation was 

important due to concrete cracking. 
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4.3. Failure assessment  

Although the design resistances of composite 

joints could be fairly evaluated by existing 

norms and proposals such as reported in Section 

2, the information given in regard with the 

ductility of joints is poor, and resumes to 

detailing rules for steel and concrete elements. In 

many cases the failure mechanisms are different 

in cyclic loading in regard to static monotonic 

loading due to high alternating stresses induced 

in brittle components. 

The existing tests on composite joints have 

revealed that the rotation capacity could be 

reduced by components with limited capacity of 

deformation in cyclic loading, such as: 

- heat affected zone of welds, including beam 

flange-to-end-plate or column flange welds. 

In case of sagging bending and increased 

level arm for tensioned elements as compared 

to pure steel joints, the beam flange welds and 

adjacent zone is subjected to high stresses. In 

low-cycle fatigue loading, these will lead to 

premature fractures: 

-  bolts in tension: considering that bolts have 

limited plastic strain, the bolt failure is 

accompanied by sudden decrease of joint 

resistance; 

-  concrete elements subjected to alternating 

tension and compression due to crack 

degradation, resistance drop and stiffness 

deterioration of joint behaviour. Concrete 

degradation can affect the integrity of the 

slab, the encasement of the column web or 

steel beam. 

 

Fig. 8. Brittle cyclic failure of bolts in sagging 

for an end-plate connection [17]. 

In return, the following components could be 

classified as ductile, leading to high cyclic 

rotation capacity of beam-to-column joints in 

accordance with testing records: 

- steel reinforcement in tension if proper 

anchorage is provided; 

- column web panel in shear. However, the 

rotation is limited in accordance to EN 1998-1 

requirements to maximum 30% of the joint total 

rotation; 

- end-plate and column flange in bending 

which can contribute in some extent to adequate 

ductility of joints. 

 

Fig. 9. Ductile cyclic behaviour of an end-plate 

connection–reinforcement in tension [16]. 

In conclusion, the failure mode of a 

composite joint subjected to cyclic loading could 

be routed towards a ductile behaviour by 

controlling the resistances of its components and 

assuring the failure in potential ductile 

components, both in sagging and hogging 

bending. 

5. Conclusions 

During the last decades, researches have been 

conducted on the behaviour of composite joints 

subjected to different kind of actions, not 

covered by current EN1994-1 provisions such 

as: 

- joints under sagging bending moments; 

- influence of cyclic loadings; 

- joints under combined bending moments and 

axial loads; 

- joints under elevated temperatures etc.  

with the objective of improving/extending the 

rules presently proposed in the Eurocodes design 

rules. 

Within the present paper, outcomes of some of 

these researches are reflected. Some of the 

presented results could be considered as 

proposals for future improvements of the beam-

to-column provisions in Eurocodes in general 

and of Eurocode 4 in particular. 

As an outcome of the Technical Committee 11 

of the European Convention of Constructional 
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Steelwork (ECCS) dedicated to the behaviour of 

composite structures, a publication devoted to 

recent researches in the field of composite joints 

and in which the details of the developments 

presented herein are provided, amongst others, is 

under finalisation. 
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