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1 Introduction 

Recently, design of buildings has increasingly been driven 

by ecological concerns. First on a voluntary basis, the de-

sign for sustainability is progressively implemented on the 

European market through the Green Deal [1] targeting a 

cardon neutrality for 2050. To support the industry in this 

transition, many RFCS funded projects investigated solu-

tions reducing building carbon footprint. Among the con-

templated solutions, ensuring the reusability of steel 

members through appropriate joints detailing is rather ef-

fective [2]. Henceforth, the Connect4C RFCS European 

project [3-5] has been initiated with the objective of ex-

tending this philosophy by developing innovative solutions 

of moment-resisting joint [6], simple joint [7-8] and col-

umn splices[9-10]. This paper focuses on the latter typol-

ogy as part of this project. 

 

Figure 1 Connect4C splice configurations 

As shown in Figure 1, two different configurations have 

been developed for the column splices. When the splice is 

located at the level of a floor [9], a solution with endplate 

allowing the splice to act also as a component for the joints 
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at the beam extremities is proposed, maximizing the me-

chanical efficiency of the solution and providing a maxi-

mum of flexibility in terms of geometrical adaptability (to 

connect for instance columns with different dimensions). 

In particular, this adaptability is provided through the use 

of long slotted holes in the column splice horizontal plates 

(Figure 1) offering flexibility for the positioning of the bolts 

connecting the column extremities to the column splice. 

This solution is peculiarly convenient in case of tubular col-

umns due to the accessible vertical flat surfaces provided 

by the splice end-plates allowing for demountable bolted 

connections at the beam extremities. The dimensions of 

the column splice end-plates can be adjusted to fit with 

different beam dimensions, respecting the structural grid 

as proposed within the CONNECT4C project [4]. 

If the splice is located between floors [10], then beam con-

nections are no longer required while constraints on the 

splice dimensions appear to limit the aesthetic impact of 

the solution. In particular, the splice should fit as close as 

possible with the dimensions of the connected columns. 

While for the previous splice solution, the column splice 

dimensions could extend the ones of the connected col-

umns, so offering bigger lever arms for the column splice 

connections, the dimension constraints mentioned above 

impose to locate the bolts within the column cross-section 

outer perimeter, so limiting the lever arm which can be 

mobilized for the column splice connection. Thus, the me-

chanical efficiency of the present solution is more limited 

than the column slide solution located at the level of a 

floor. However, with an adequate location of the columns 

splices within the structure, the bending moments devel-

oping at the level of the column splice between two floors 

should be more limited than the ones appearing at the 

level of column splices located at the level of a floor.  

Targeting an optimization of the column splice dimensions, 

an advanced design models has been developed to char-

acterize the mechanical properties of the column splices 

subjected to axial forces and biaxial bending moments. 

The latter is presented in the next section. 

2 Analytical models for MN interactions in joints 

2.1 Resistance 

In practice, such considerations are often neglected due to 

their high complexity. In EN1993-1-8:2024 [11], simpli-

fied models are proposed to account for the MN interaction 

but the latter do not rely on a strong scientific background 

and have been proved to be overconservative or unsafe, 

depending on the applied MN loading [12]. To overcome 

these weaknesses, more recent models have been devel-

oped based on the well-known component method concept 

[13]. The most general one has been first proposed by 

Cerfontaine [14-15] and aims at predicting the plastic MN 

interaction resisting curve for bolted steel connections. 

This scope has later been extended to steel-concrete com-

posite connections by Demonceau at room temperature 

[15], but also at elevated temperatures [16]. In addition, 

this model has been implemented in a beam finite element 

within the homemade FEM software FINELG [17]. Besides, 

this methodology has already been applied and validated 

against the proposed splice configurations [9] (cf Figure 

1) and extended to interactions with combined biaxial 

bending moments [10]. For both concision and simplicity’s 

sake, the full analytical method is not presented herein; 

only a summary of the key information is provided here-

after.  

For the developed splice solutions, brittle failure modes as 

well as bolt group effects are avoided through appropriate 

connection detailing. As a first step, the method requires 

to identify all the zones that can transfer either tension 

(i.e. the bolts cross section) or compression (through con-

tact diffusive area) in the connection. These zones should 

then be discretized in joint rows to be analytically charac-

terized [9]. Afterwards begin an iterative process requiring 

to assume a position of the plastic neutral axis (PNA) de-

termining which joint rows are activated or not. Thus, the 

static scheme is fixed, and the joint resistances can be 

computed through the application of the static theorem. 

These steps should be repeated for several positions of the 

PNA until the entire MN interaction resisting curve is 

drawn. This entire process is shown in Figure 2. As can be 

observed in Figure 2d, the application of an axial load to a 

joint can significantly decrease but also increase the bend-

ing resistance of the joint. 

  

a) Step 0: rotation β b) Step1: identification 

  

c) Step 2: iterative loop 

d) Step 3: results processing           

e.g. β=30° Rectangular splice Er-

reur ! Source du renvoi introu-

vable. 

Figure 2 Methodology for plastic MN interaction 

2.2 Stiffness and stability 

The MN interaction at the level of a joint is not only affect-

ing its resistance but also its stiffness. In particular, the 

actual bending stiffness can be increased by the presence 

of an axial load. Knowing that the presence of a column 

splice may have significant impact on the column buckling 

ss shown in [18-20], accounting for benefit from an in-

creased bending stiffness due to the presence of axial 

loads could allow for an optimization of the column design. 

Nevertheless, despite the identification of this improve-

ment, limited research has been conducted on this topic 

up to now. In particular, some authors provided easy-to-

deem criteria to neglect the splice influence [19], other 

proposed improved spring models [17] or energy based 



method, [21]. However, the complexity of these models 

requires numerical support and are not suited for daily 

joint design. Besides, none of the models can predict the 

stiffness of connection without structural analysis but ra-

ther predict the full joint response for given sequence of 

load inputs. Accordingly, further investigations are re-

quired on this topic. Within the present paper, a prelimi-

nary study aiming at investigating the possibility of ex-

tending the analytical model briefly summarized in the 

previous section to predict the evolution of the column 

splice stiffness as a function of the applied axial force is 

investigated. For sake of validation, a numerical model has 

been built as briefly described in the following section. 

3 Numerical modelling 

The numerical model built using Abaqus is illustrated in 

Figure 3. Elastic – perfectly plastic S355 material law has 

been implemented in the splice component while the base 

plates implemented to apply the loads (in grey on Figure 

3) are assumed to be fully rigid. EN14399 M20 10.9 HR 

bolts have been used to ensure ductile yielding of the 

splice endplate at failure. Interaction between the several 

parts is modelled with a “hard” normal contact while a 0.3 

friction coefficient is used for tangential behavior.  

Regarding the boundary conditions, all degrees of freedom 

are blocked excepted along the splice axis where a pair of 

imposed axial loads of opposite direction are applied dur-

ing the first step of the loading sequence. During the sec-

ond step, the axial loads are maintained whilst rotation 

along the Y axis is unlocked at the supports to apply a pair 

of opposite bending until failure of the connection is ob-

served. C3D8R cubic elements with reduced integration 

are used over the thickness of each plate to ensure con-

vergence of the results. Simulations are conducted with a 

dynamic implicit scheme accounting for geometrical and 

material non-linearities.  

          

a) Geometry 

 

b) Loading sequence 

Figure 3 Abaqus numerical model  

Lastly, this model aims at reproducing exactly the assump-

tions made in the analytical model (see next section). 

Thus, the proposed methodology can be validated against 

the numerical results ensuring proper comparison. In 

other words, both in the numerical model and in the ana-

lytical developments, it is assumed that the properties of 

the tension rows (resistance and stiffness) are known 

while further investigation and characterization are still re-

quired. 

4 Analytical model for stiffness with My+N 

4.1 Pure bending 

As a first step for predicting the splice stiffness, only pure 

bending My is herein considered. Besides, as for the re-

sistance model, material laws are assumed to be elastic – 

perfectly plastic.  

According to EN1993-1-8:2024 [11] recommendation, the 

initial stiffness of splice can be computed under pure bend-

ing trough an equivalent spring model. Hence, both the 

equivalent position zeq,T and the equivalent stiffness keq,T 

of the tension row can be respectively computed as fol-

lows: 

𝑧𝑒𝑞,𝑇 =  
∑ 𝑘𝑖𝑧𝑖

2

∑ 𝑘𝑖𝑧𝑖
 ⁄  

(1) 

𝑘𝑒𝑞,𝑇 =  
∑ 𝑘𝑖𝑧𝑖

 

𝑧𝑒𝑞,𝑇
⁄  (2) 

Where zi and ki are the vertical distance between row i and 

the flange center of compression and the stiffness of ith 

row respectively. As the objective of the performed inves-

tigation is to validate the proposed assembly procedure, 

the stiffness of the bolt rows in tension has been numeri-

cally determined for sake of accuracy and is equal to 410 

kN/mm for the example considered in this paper. This stiff-

ness of 410 kN/mm accounts for the components (i) end-

plate in bending, (ii) bolt in tension and (iii) half of the 

splice in elongation. For the component in compression, 

the splice shortening stiffness keq,C is computed as follows: 

𝑘𝑒𝑞,𝐶 =  
𝐸𝐴𝑐

𝐿/2⁄  (3) 

with Ac the area in compression, E the Young modulus 

(210.000 MPa) and L the splice length (250 mm). 

Lastly, the joint stiffness can be assessed by assembling 

the equivalent rows: 

𝑆𝑗,𝑖𝑛𝑖 =  
𝐸𝑧𝑒𝑞,𝑇

2

(
1

𝑘𝑒𝑞,𝐶
+

1
𝑘𝑒𝑞,𝑇

)
⁄  

(4) 

Nevertheless, the scope of this prediction is limited since 

only valid in absence of axial load and until two thirds of 

the plastic bending resistance Mpl,rd of the joint [11]; [11] 

allows to extrapolate the evolution of the stiffness of the 

joint up to Mpl,rd knowing 𝑆𝑗,𝑖𝑛𝑖. While the scope covered by 

Eq.(4) is rather limited, it is important to highlight that the 

stiffness remains constant over the range [0; 2Mpl,rd/3] 

(with N=0). Starting from this observation, the postulate 

that “it exists ranges over which stiffness is constant”, can 

be made as the basis of the proposed methodology.  

In addition, the plastic MN interaction curves as described 



in Section 2.1 can be considered as the condition express-

ing a complete loss of stiffness (i.e. Sj,ini = 0) in the con-

nection since an elastic-perfectly plastic behavior is as-

sumed. Consequently, outside and along the plastic MN 

interaction curve, the stiffness of the connection is nulled 

while it is not the case inside the curve. In the following 

subsections, other ranges of constant stiffness are identi-

fied and detailed. 

4.2 Column splice in compression 

A rather straightforward zone that can be identified and 

predicted consists of the connection being in full compres-

sion in the elastic domain. In such configuration, the com-

pression load is transferred by direct contact between the 

plates. Consequently, the section contributing to both 

stiffness and resistance of the connection is the complete 

splice cross-section. The bending stiffness of the latter can 

be predicted using elastic beam theory: 

𝑆𝑗,𝑓𝑢𝑙𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 =  𝐸𝐼
𝐿/2⁄  (5) 

with I the inertia of the splice cross-section. 

Regarding the boundaries limiting the scope of application 

of Eq.(5) (i.e. on which this stiffness is constant), two con-

ditions should be verified for any pair of M and N applied. 

The first one requires each fiber of the connection to be 

under compression (see Eq.(6)) to guarantee the activa-

tion of the complete splice cross-section. Similarly, the 

second condition aims at avoiding nonlinear behavior by 

excess of compression as reflected by Eq.(7). Henceforth, 

the following conditions should be satisfied at the external 

fibers: 

𝑁

𝐴
+

𝑀𝑦

𝐼
= 0 

(6) 

𝑁

𝐴
+

𝑀𝑦

𝐼
= −𝑓𝑦 

(7) 

with A the splice area, fy the yield strength and y half of 

the splice height (for symmetric section). 

 

Figure 4 Identification of main behavior zones 

The so-obtained results can be graphically illustrated in 

Figure 4. On this graph, different zones can be reported: 

the EN1993-1-8:2024 [11] prediction (red line), the zero 

stiffness plastic MN interaction curve (black curve) and the 

zone in which the splice cross-section is fully activated 

(green aera), delimited by Eqs. (6) & (7). The physical 

meaning of this pair of equations can be highlighted as 

follows in Figure 4. Eq. (6) expresses the initiation of con-

tact loss at the extreme fibers. Thus, beyond this condition 

(i.e. in blue in Figure 4), detachment  between the column 

end-plate and the column splice  occurs and the splice 

cross-section is partially under compression. On the other 

hand, Eq. (7) transcribes the initiation of yielding in the 

extreme fibers. Consequently, further increasing loads 

(i.e. going into red area in Figure 4) leads to propagation 

of yielding and initiation of crushing. Lastly, both areas 

may overlap in case of high loading conditions. In such 

configuration, both phenomena above described, i.e. the 

yielding propagation and detachment, occur simultane-

ously in a zone that can be qualified as mixed. 

4.3 Initiation of detachment and crushing 

Whilst zones implying yielding by excess of compression 

are less relevant since impairing the reusability of the con-

nection, the detachment zone despite its strong non-linear 

behavior does not necessarily implies plasticity, especially 

at initiation of detachment when the first bolt row is not 

yet activated (see Figure 5a). In this configuration, the re-

sisting cross-section of the connection is only made of the 

area under compression. Only a reduced area A’ contrib-

utes to the loading transfer and should be considered in 

the connection characterization. The reduced section ge-

ometry can be fixed according to the position where de-

tachment is initiated (i.e. where the stress is equal to 

zero). Besides, as a boundary condition, the outermost fi-

ber in compression is assumed to be yielded as shown in 

Figure 5a. Hence, the dotted area does not contribute to 

stiffness or resistance. Since this load transfer mechanism 

also exclusively implies compression by contact as in pre-

vious section, then the stiffness can be computed similarly 

to Eq. (5), considering geometrical properties of the area 

A’: 

𝑆𝑗,𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 =  𝐸𝐼′
𝐿/2⁄  (8) 

Where I’ is the inertia of the reduced cross-section. 

While the crushed response seems completely different at 

first glance, it is in fact similar to the initiation of detach-

ment. From the stiffness perspective, there is no differ-

ence between a detached fiber and a yielded one (see red 

area in Figure 5b) since both fibers exhibit a zero stiffness 

when a elastic-perfectly plastic behavior law is assumed. 

Henceforth, Eq. (8) is also suited for predicting crushed 

response. Boundary conditions should nonetheless be 

adapted by imposing detachment (i.e. zero stress) on an 

outermost fiber whilst the position of the axis delimiting 

the crushed zone can be arbitrarily chosen as shown on 

Figure 5b. 

  

a) Initiation of detachment b) Crushing 

Figure 5 Static schemes of identical stiffnesses for initiation of detach-

ment and crushing 

In Figure 6 is represented an updated version of Figure 4 



where boundary of the detachment zone without bolt row 

activation is identified. This boundary corresponds to the 

configuration when the detachment axis reaches the first 

bolt row (cf Figure 5a). Besides, the equivalent boundary 

for the (cf Figure 5b) crushing zone has also been illus-

trated on Figure 6. 

 

Figure 6 Identification of partial detachment and crushing zones 

4.4 Detachment with bolt row activation 

As a next step, the detached zone with one bolt row acti-

vated can be characterized. As for previous configurations, 

boundary conditions should be defined to obtain a static 

scheme from which stiffness can be derived. As in the pre-

vious section, the position where detachment is initiated 

(i.e. zero stress) can be chosen between the bolt rows. 

Moreover, the stress at the outermost fiber in compression 

should not exceed fy. Yet, an additional condition implying 

a non-yielding (Fel =2Fpl/3 [11]) of the bolt row should also 

be considered. However, only two boundary conditions are 

required to uniquely define a static scheme. Henceforth, 

the third condition, unused for the static scheme, should 

be checked afterward to ensure the validity of the compu-

tation. While further investigations are still required to ac-

curately predict the stiffness within this zone, its boundary 

can already be assessed. 

As shown in Figure 7, the stiffness boundary obtained for 

this zone with one bolt row activation significantly in-

creases the area of the MN interaction diagram where the 

response of the connection remains fully in the elastic do-

main. 

 

Figure 7 Identification of detachment zone with bolt row activation  

4.5 Concept of reusability zone 

Finally, since the purpose of the Connect4C splices is to 

address reusability issues, it is fundamental to be able to 

identify for which pairs of My and N the connection is free 

from plasticity. Except for crushing zone, all responses 

above characterized are bounded by apparition of yielding 

in either the bolt row or an outermost fiber. Henceforth, 

the envelope delimited by these limit cases can be defined 

as the elastic domain of the connection or, in other words, 

the zone in which reusability is ensured (see the reusabil-

ity zone as depicted in Figure 8). Consequently, an appro-

priate design of the connection suited for reusability 

should have all its design load combinations included 

within this zone for SLS. Regarding ULS, plastic redistribu-

tion should be allowed as per EN1993-1-8:2024 [11] and 

the plastic MN curve should be used for design. 

 

Figure 8 Identification of the reusability zone 

5 Results 

Lastly, results detailed in Table 1 can be obtained by ap-

plying the methodology presented in Section 4 to the ge-

ometry of Figure 3a. As a reminder, tension row properties 

(kT = 410 kN/mm and Fpl = 259.76 kN) are issued from 

Abaqus to assess the proposed model accuracy in isola-

tion. Hence, despite a slight overestimation of the full sec-

tion model, results can be seen as satisfactory. Neverthe-

less, further studies are still required to characterize the 

remaining zones, account for bolt group effects and, last 

but not least, extend this method for combined biaxal 

bending loading conditions. 

Table 1 

Zone 

Prediction Abaqus 

N  

[kN] 

M 

[kNm] 

Sj 

[kNm/mrad] 

Sj 

[kNm/mrad] 

Pure bending 

Eq. (4) 
0 < 40 13.12 13.08 

Full contact 

Eq. (5) 

-500 26.37 107.14 86 

-1000 52.75 107.14 86 

Detachment 

initiation     

Eq. (8) 

-500 36.56 78.3 65.83 

-1000 73.12 78.3 70.09 

 

6 Conclusions and perspectives 

As shown in previous sections, satisfying accuracy was ob-

tained by comparing the analytical predictions to the nu-

merical ones for the prediction of the initial stiffness of 

joints subjected to MN. Nevertheless, as for the resistance 

model, extension of the model presented in Section 4 to 



combined biaxial bending moment is contemplated. 

Hence, a consistent full Eurocode based MN interaction 

characterization joint methodology valid for both re-

sistance and stiffness will be made available. The latter 

should then be validated against the results of the exper-

imental campaign to be conducted in the framework of 

Connect4C.  
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