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Abstract

In steel structures, most of the joints are typically subjected to shear (V) and/or
bending (M) forces only, and their behaviour can be fully characterised using the
component method as recommended in EN 1993-1-8. However, in some situations,
these joints may also be exposed to axial (N) forces. Under such a loading condition,
Eurocode 3 currently proposes only a simplified M-N interaction criterion, for which
no comprehensive derivation methodology is provided, and whose scientific back-
ground is not really founded. Moreover, previous research has already shown that
this criterion may also be unsafe or too conservative in certain cases. This paper
thus aims to present the main findings of a comprehensive set of analyses, con-
ducted on various joint configurations coming from the literature. These analyses
notably include predictions of the joint resistance with an advanced analytical
model, a validation of this analytical model using experimental data and compari-
sons with the prediction from the commercial software COP. Finally, drawn from the
outcomes of these analyses, new design recommendations have been formulated

to address the identified issues in the European standard.
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1 Introduction

For many years, the characterisation of structural steel
joints has been the subject of extensive research and ef-
forts, [1]-[9] among others, aiming at better understand-
ing their behaviour and improving their design. Although
joints are typically subjected to shear (V) and/or bending
(M) forces only in most common configurations, they can
also face the presence of axial (N) forces in connected
members. This situation can arise, for example, in mo-
ment-resisting column bases (see Figure 1a), in joints at
the extremities of pitched roof beams (see Figure 1b), or
increasingly in cases where structural robustness must be
assessed under various exceptional event scenarios, par-
ticularly through the application of the alternative load
path method.

Based on the component method, implemented in EN
1993-1-8:2005 [11], it is theoretically possible to charac-
terise any structural steel joint, subjected to any loading
conditions, provided that all its active components have
been fully identified, characterised, and assembled. How-
ever, the assembly procedure currently recommended by
the standards is only valid for joints under M, while only
unjustified simplified M-N interaction criteria are currently
proposed in [11] and [12].

To improve the design method for joints under such a
loading condition, F. Cerfontaine developed a universal an-
alytical method [2], which notably allows the derivation of
a comprehensive resistance interaction curve for both duc-
tile and non-ductile steel joints under M-N. He also identi-
fied several safety concerns associated with the current
interaction criterion defined in the standard [11]. Later,
this advanced model was extended to steel-concrete com-
posite joints by J.-F. Demonceau [3].
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b) Industrial frame [9]

Figure 1 Examples of structural steel joints under M-N
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Although the Cerfontaine analytical model can accurately
predict the behaviour of structural steel joints under M-N
in terms of resistance, its application may remain rela-
tively complex for certain joint configuration, particularly
when multiple bolt rows are involved. Therefore, this pa-
per presents three new simplified M-N interaction criteria
that have been developed in the framework of a Master
thesis carried out at the University of Liege [9] (available
in open access). The proposed criteria have been devel-
oped targeting an ease of application while effectively ad-
dressing the shortcomings of the interaction rules sug-
gested in both the current and forthcoming versions of the
European standard.

2 Advanced analytical model

Based on the component method concept and exploiting
the static theorem, F. Cerfontaine [2] developed a first
complete analytical characterisation procedure for deriving
a M-N resistance interaction curve, accounting for group
effects and stress interaction phenomena in the column.
Through additional developments aimed at evaluating the
deformation state of ductile joints at failure, he was also
able to extend this model to joints exhibiting non-ductile
behaviours. To illustrate and summarise the sequence and
nature of the successive steps required to carry out the
analytical approach, the flowchart shown in Figure 2 is pro-
posed. Moreover, a detailed description of each step can
be found in [9].
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Figure 2 Flowchart of the analytical model for ductile joints [9]

Since the present study focusses primarily on ductile
joints, only the calculation steps necessary for designing
this type of joint are included in the flowchart. To deter-
mine whether a joint can be classified as ductile, two key
criteria must be verified: (i) all critical joint components
are ductile, and (ii) all welds can be considered as full-
strength (see criterion from [13]). The application of this
procedure also depends on compliance with the conditions
and assumptions associated with the static theorem.

By following this methodology, it is thus possible to obtain,
for any ductile joint configuration, a complete ductile re-
sistance interaction curve consisting of 2n+2 points con-
nected by straight lines (see Figure 4), where n represents
the total number of rows (compression & tension) forming
the joint. Finally, based on the graphical representation of
this M-N interaction curve, it is possible to determine
whether any pair of forces Mz« & Nea applied to the joint
will lead or not to its failure. Indeed, if the point of coordi-
nates (M:q; Neq) is located within or on the interaction
curve, then the joint can withstand these loads, regardless
of the loading cycle followed by the joint up to this point.

2.1 Application examples

The advanced analytical model developed by F. Cerfon-
taine has been applied on different joint configurations
found in the literature. In total, nine different beam-to-
column joint configurations were analysed: six coming
from the European project FAILNOMORE [13], two exper-
imentally tested at the University of Coimbra as part of
L.R.O. de Lima’s PhD thesis [14], and one introduced by
F. Cerfontaine in his PhD thesis [2]. For each joint, a tech-
nical drawing together with the corresponding geometrical
and mechanical properties can be found in [9]. More infor-
mation on the joints that were experimentally tested can
also be found in [14]-[16].

To facilitate the implementation of the entire methodology
summarized in Figure 2, Python scripts have been fully de-
veloped for the various treated joint configurations. In-
deed, introducing in entry the geometrical and mechanical
requested data of the joint configuration to be studied,
these codes allow to compute the entire ductile resistance
interaction curve of this joint. All these scripts can be ac-
cessed and downloaded through a link provided in [9].

The Figure 4 shows three distinct ductile resistance inter-
action curves corresponding to three joint configurations
from the FAILNOMORE project [13]. The main difference
between the three joints lies in the column and beam pro-
files being connected, as well as the total number of rows
n in these joints. Indeed, the joint configurations Al, Bl
and C2 (see Figure 3) present two, three, and five bolt
rows respectively, in addition to the two compression
rows, each positioned at mid-thickness of the beam
flanges.

Each of the nine studied joint configurations was analysed
twice: (i) first using the Python scripts developed as part
of this study, and (ii) second with the commercial software
COP [17], developed by the design office Feldmann +
Weynand GmbH in collaboration with the University of Li-
ege, and within which the advanced analytical model pro-
posed by F. Cerfontaine was recently implemented.
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Figure 3 FAILNOMORE joint configurations A1, B1 & C2
2.2 Model validation

First, the ductile resistance interaction curves of the six
FAILNOMORE joint configurations obtained using the ana-
lytical model were compared with those extracted from the
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COP software [17]. Thanks to this validation and the ease
of use of COP, the latter was used to perform a parametric
study to investigate the influence of key parameters on
the joint response under M-N. The results of this paramet-
ric study are provided in [9].

The analytical curves were also compared with the results
of the experimental campaign conducted at the University
of Coimbra [14]-[16]. From a general perspective, the an-
alytical curves tend to accurately predict the M-N re-
sistance of the two tested joints. However, it should be
noted that, for some experimental points, the model ap-
pears to estimate a higher joint resistance capacity than
what was measured experimentally, which may indicate
that the Cerfontaine model could occasionally be unsafe.
Although this conclusion may appear problematic, it
should be put in perspective, particularly regarding the
significant variability of the mechanical and geometrical
properties measured on the tested specimens, as well as
certain assumptions made due to missing information on
some parameters. It is also worth noting that, in the past,
the Cerfontaine model has already been compared with
the results from other experimental campaigns, notably
with tests performed on steel and steel-composite joints,
as well as steel-composite joints under elevated temper-
atures, showing a very good accuracy of the Cerfontaine
model. Further details on these comparisons and the as-
sociated tests can be found in [18]-[19].

Finally, it should be noted that a second Master thesis
[20], conducted at the University of Coimbra, carried out
finite element numerical analyses of the flush end-plate
joint configuration presented in the PhD thesis of L.R.O.
de Lima [14]. The so-obtained numerical results are in line
with the Cerfontaine model predictions, so also exhibiting
same level of differences between the numerical results
and the experimental ones. This issue is still under inves-
tigation when writing the present paper.

3 Standards M-N interaction criteria
The M-N interaction criteria included in the present (EN

1993-1-8:2005) and forthcoming (EN 1993-1-8:2024)
versions of the standards (see Figure 5) follow the same
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Figure 4 Ductile resistance interaction curves of three different joint configurations from the FAILNOMORE project [13]



methodological approach but differ in the values they em-
ploy. Indeed, the core assumption consists in considering
that the joint can sustain its resistances under pure bend-
ing, and thus not being subjected to M-N interaction, until
reaching defined axial force values. Beyond these thresh-
old values, a linear interaction criterion linking the pure
bending resistances to the pure axial resistances of the
joints is assumed. The main difference between the two
versions of the standard therefore lies in the definition of
the axial force values below which the M-N interaction can
be neglected. In EN 1993-1-8:2005, this value is set to
5% of the axial design plastic resistance of the beam
cross-section, while, in EN 1993-1-8:2024, this value is
fixed to 5% of the axial design plastic resistances of the
joint, assuming no applied moment.

At this stage, some remarks can already be made regard-
ing these M-N interaction criteria. In fact, although both
approaches require the calculation of the pure axial re-
sistances (under tension and compression) of the joint to
plot the criteria, none of the standards currently provides
a procedure to compute these resistances. However, com-
puting these resistances is not obvious, except in cases
where the joint is symmetrical and its tension or compres-
sion resistance equals the sum of the corresponding row
resistances.

For the criterion from EN 1993-1-8:2005 [11], the axial
design plastic resistance of the beam cross-section, used
to determine the threshold values, can be easily calcu-
lated. However, it should be emphasised that there is no
direct link between the axial resistance of the beam cross-
section and the response of the joint under M-N, which
makes this criterion irrelevant.

Nevertheless, the most important observation regarding
these two M-N interaction criteria remains the insecure re-
gions, which are clearly visible on Figure 5. This lack of
safety was already previously highlighted in [2] and [18].
It can indeed be noted that, in certain regions of the graph,
the standards criteria predict higher joint resistances than
those indicated by the ductile resistance interaction curve
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predicted with the advanced Cerfontaine model.

Although, in most joint configurations, such as the one
shown in Figure 5, the insecure regions appear only on one
side of the horizontal axis, they can also be observed on
both sides depending on the considered joint configura-
tion, which influences the shape of the ductile resistance
interaction curve, as illustrated in Figure 6.

Finally, it should also be emphasised that, in certain other
regions of the graphs, the standard criteria can sometimes
be too conservative when compared to the ductile re-
sistance interaction curves. Even if this is on the safe side
in terms of resistance, these large unexploited areas pre-
vent the full exploitation of the joint resistance capacity.
Revising these criteria could therefore lead to more effec-
tive optimisation of the joint during the design phase, from
both structural and economic perspectives.

4 Proposed new M-N interaction criteria

Three new M-N interaction criteria have been developed
in [9] with a view to a potential future inclusion in the Eu-
ropean standard. The establishment of these new criteria
was dictated by two main guidelines. First, offer a simpli-
fied alternative to the derivation of the complete ductile
resistance interaction curve of the joint. The idea was in-
deed to shorten the calculation procedure of the Cerfon-
taine model so that, even when the joint configuration to
design becomes highly complex, the computations could
still be carried out quickly, and potentially even through
hand computations. Second, address the various issues
identified in the current M-N interaction criteria proposed
in the standards, summarised in the previous section.

To ensure the reliability of these new criteria, their appli-
cation should be restricted to joints that satisfy the two
ductility requirements outlined in Section 2, which are also
required for deriving ductile resistance interaction curves.
All the equations needed to derive the three criteria, along
with several application examples, are provided in [9].
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Figure 5 Comparison of the analytical curve with the M-N interaction criteria proposed in both versions of the European standard [9]



4.1 Six-point interaction criterion

To derive this new M-N interaction criterion, it is first nec-
essary to determine the lever arms and resistance values
for each row of the joint. These correspond to calculation
steps 2 through 6 in the flowchart (see Figure 2). Once all
the required data have been obtained, the six characteris-
tic points of the new criterion can be determined. These
six points correspond to the six peak points of the full duc-
tile resistance interaction curve of the joint. Finally, the
obtained points must be connected in pairs with straight
lines to form the outline of the M-N interaction criterion
(see Figure 6).

The simplicity of deriving this criterion is likely its greatest
advantage, as it requires only six easily computable points
to be plotted. As visible on Figure 6, this new M-N interac-
tion criterion is completely inscribed in the ductile re-
sistance interaction curve, thereby ensuring the safe de-
sign of the joint. It also enables the capture of a
significantly larger portion of the area compared to the two
criteria from the standards, improving the use of the full
resistance capacity of the joint. However, this criterion
does not include "non-interaction" ranges, which could po-
tentially be a drawback for some engineers. Also, this cri-
terion does not pass through the two pure bending re-
sistances, as computed through the component method.
4.2 Eight-point interaction criterion

To enhance the portion of the ductile resistance interaction
curve captured by the criterion, while recreating a con-
sistency with the current standard criteria, this second
new M-N interaction criterion proposes adding the two
pure bending resistances of the joint to the six character-
istic points already defined for the previous criterion. The
coordinates of these two additional points can be simply
derived based on the assembly procedure described in
Section 6.2.7.2 of EN 1993-1-8:2005 [11].
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4.3 Eight-point criterion with "non-interaction"
thresholds

The purpose of this last M-N interaction criterion is to meet
the request from some engineers to incorporate "non-in-
teraction" ranges, as it is currently the case with the cri-
teria defined in the European standards. It is therefore
proposed to incorporate these "non-interaction" ranges
into the eight-point criterion by simply extending a vertical
line from the pure bending resistances of the joint, until it
intersects the criterion curve again. As a result, they will
no longer appear on both sides of the horizontal axis, but
only on the sides corresponding to the maximum bending
resistances of the joint (hogging & sagging). Their size is
also no longer constant, as it strongly depends on the
shape of the eight-point criterion, as visible on Figure 6.

The coordinates of the intersection points, whose N-values
may serve as new thresholds, can be directly determined
from the coordinates of the other characteristic points, by
simply applying the Thales theorem. Nevertheless, note
that if the points of maximum bending resistance were po-
sitioned on the horizontal axis of the graph, it would then
be impossible to create a "non-interaction" range without
compromising the safety of the design.

Although these "non-interaction" ranges exclude the use
of the curve’s horizontal extremities, this does not appear
to be an issue, as these regions in the M-N interaction cri-
teria and the ductile resistance interaction curve are al-
ways difficult to exploit. It is indeed primordial to ensure
that, in these regions, both the axial force (Nzs) and the
bending moment (M:4) applied to the joint are generated
by the same load. Otherwise, if Nzs changes rapidly while
Meq remains constant, the resulting point may fall outside
the interaction criterion or the ductile resistance interac-
tion curve, which would indicate joint failure.
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Figure 6 Application of the three new M-N interaction criteria to the joint configuration C2 [9]



5 Conclusions and perspectives

This research work led to three key findings: (i) the lack
of guidance in the standard for practical implementation of
the proposed M-N interaction criterion, (ii) the complete
absence of scientific justification for their use, and last but
not least, (iii) the systematic apparition of insecure regions
when they are overlaid with the ductile resistance interac-
tion curves derived analytically.

To address the identified issues, three distinct M-N inter-
action criteria have been developed, with a view to a po-
tential inclusion in a future revision of the European stand-
ard. For each of these design recommendations, a
comprehensive derivation procedure has been provided,
along with several illustrative application examples.

However, their use remains subject to the validation of the
two ductility criteria outlined in Section 2. Nevertheless,
given the deserved evolution of the robustness require-
ments that structures must meet, it is highly likely that
ductile joints will become the standard, thereby making
these recommendations always applicable.
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