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The reusability of structural elements is considered as one of the most promising
strategies to reach the carbon neutrality of the civil engineering sector in 2050, as
recommended in the Paris agreement. And the structural joints are identified as key
elements to promote the demountability and reusability of structures. In addition,
the joint components could be designed to act as ductile fuse elements in case of
overloading, to protect the structural elements to be reused. But to achieve this
objective, it requires to master the full behaviour law of the fuse components both
in the elastic and plastic fields. The latter concern is particularly of importance in
the tension zone of joints where ductile components in bending such as the end-
plates or angles, usually modelled as equivalent T-stubs, could be activated.

The present paper highlights a newly identified coupling effect between adjacent T-
stubs, inducing a premature yielding of the stronger connected T-stub and so pos-
sibly compromising the fuse role of the weakest one. In addition, this coupling effect
also leads to a reduction of the resistance of the overall system. A review of the
literature is first proposed before presenting physically the above-mentioned cou-
pling phenomenon. Afterwards, numerical simulations are conducted to identify the
parameters governing and influencing the new identified failure mode. Lastly, real
case examples including the coupling effect are covered to highlight the major out-

comes and practical design applications.

Keywords

T-stub, Resistance, coupling effect, Joint, Component, Eurocode

1 Introduction

Due to the recent climate change, normative actions were
taken worldwide to limit the carbon emissions. Among
these, the European Green Deal [1] will impose the carbon
neutrality for each new construction by 2050. To reach this
objective, reusing the structural elements is one of the
most promising solutions. Moreover, recent RFCS projects,
Reduce [2] & Connect4C [3] determined that designing
joints with a fuse concentrating all damage outside the
structural elements significantly enhance the reusability.
Nevertheless, this approach requires to fully master the
behaviour of joint components and the apparition of plas-
ticity. Among the classical components, the equivalent T-
stub, modelling the tension zone of connections, is often
designed to be the failure mode due to its high capacity of
deformation. Therefore, this paper focuses on this compo-
nent and its modelling assumptions. In the following sec-

tions, it is shown how a small discrepancy between ideal-
ized T-stubs and real configurations trigger an interaction
between two connected T-stubs impairing the reusability
of both elements. This interaction phenomenon is latter
referred to as “coupling effect”.
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Figure 1 Equivalent T-stub beam model
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2 Concept of equivalent T-stub
2.1 Idealized configurations

First, T-stubs were studied in isolation by McGuire [4]. The
latter proposed to model this configuration by a simply
supported beam loaded punctually at the bolt lines and at
mid-span through its web as illustrated in Figure 1. This
model was considered for the derivation of the design rec-
ommendations implemented in EN1993-1-8:2024 [5], re-
sulting in the consideration of three possible failure modes
as a function of the element’s geometries and material
properties. Failure Mode 3 is related to the bolt failure in
tension (see Figure 2d) and its resistance can be ex-
pressed as:

Fras =3t/ — yB, (1)

where As is the effective tensile area of the bolts; fu is the
ultimate strength of the bolts; and ym2 is a partial safety
factor.

Another failure implying a rupture of the bolts is failure
Mode 2 illustrated in Figure 2c. In the latter, whilst the
bolts also attain their tensile bearing capacity, a pair of
plastic hinges form prior to the bolt failure in the vicinity
of the web. Consequently, the resistance associated to this
failure mode can be written as:

2myLers + ) By o
Frd,Z :( pllteff Z t, d) (m+n) (2)

where m and n are geometrical parameters illustrated in
Figure 1; Ler is the effective length as defined in the norm
[5]; and

ftf
mpl =7y f/4)/M0 (3)

with fy, the yield strength of the plate; tr, the thickness of
the flange; and ymo, a partial safety factor.

In absence of bolt failure, a second pair of plastic hinges
forms near the bolt lines as shown in Figure 2b. Hence,
the number of plastic hinges is sufficient to form a plastic
mechanism within the T-stub flange which resistance can
be evaluated as:

Fra1, methoa1 = 4mplLeff/m 4)
Lastly, it should be mentioned that EN1993-1-8:2024 [5]
considered an additional failure mode. The latter occur
when the bolt elongation is sufficient to cancel the contact
between the T-stub and its support and so to prevent the
developed of prying forces Q, see Figure 2a. Consequently,
the static scheme becomes a cantilever beam which only
requires two plastic hinges to form a plastic mechanism:

2my, L
Frao = pt eff/m (5)

A formula is proposed in [5] to determine if contact is can-
celled or not at yielding.

Finally, the expected failure mode to occur is the one of
least resistance and should be computed as follows in ab-
sence of contact loss:

Frq = min (Frd,ll Frd,Zl Frd,3) (6)

Ff'd,l*

F, rd,1
My My
. My . My
\\\\l AN RNN NN ANNNN ANN TONSANNNANN NN
B < Bl,v’d Q A\ B < Bt,rd A4 Q

a) Mode 1* b) Mode 1

i ~;

f B =By T

d) Mode 3

c) Mode 2

Figure 2 T-stub plastic failure modes

Whilst McGuire model is convenient for its simplicity, Mode
1 was proven to be conservative [6], [7]. Hence, by fur-
ther refining the loads developing below the bolt head or
washer when any, Jaspart [8] proposed an improved ver-
sion of Eq (4) which can be expressed as follows. This
model is also included in the norm as “method 2” [5], [9].

F _ (877. - Zew)mplLeff/
rd,1, method 2 — 2mn

—ey(m+n) (7)
with ew=dw/4, the equivalent bolt load position.

Despite its improved accuracy, Eq.(7) is still conservative
[6], [7]. Henceforth, a new model has been developed in
[7] accounting for variable positions of the plastic hinges
in the T-stub flange and a new bolt load distribution below
the bolt head or washer. The new formulas are not pro-
vided here for concision’s sake.

2.2 Actual configurations

Whilst Eq.(1) to (7) were developed for idealized T-stubs
configurations, meaning that the plastic hinges consists of
two straight lines, actual plastic patterns might differ. To
cover these situations, Zoetemeijer [10] defined the con-
cept of effective length expressing the plastic resistance
equivalency between the actual yielding pattern and the
idealized one. Additional patterns have later been charac-
terized in [11] and [12].

Nevertheless, concerns have been raised in [10] regarding
the prying forces compatibility between two non-aligned
T-stubs, see Figure 3. Since prying forces are usually as-
sumed to be located at the tip of the flange as shown in
Figure 1 and T-stubs computed independently from each
other, models become statically incompatible. For such
configuration, T-stub flange corners were identified as
contact zone and, therefore, as the prying force’s location.
Besides, this example highlights the influence of the sup-
port on the prying force position. Nevertheless, even if this
aspect was already raised in the past, this issued has
never been addressed. Indeed, most recent and advanced



prying force models [13], [14] does not cover this effect.
Experimental tests investigating the influence of the rela-
tive T-stubs inclinations were performed in [6], [15]. How-
ever, the initial scope of the campaign was much wider.
Consequently, limited analysis on this aspect was pro-
vided. Change of failure mode (for identical geometries)
and drop of resistance were nonetheless highlighted.

a) Compatible scheme

b) Incompatible scheme

Figure 3 Prying forces compatibility

To fill the so-identified gap of knowledge, parametric nu-
merical studies have been conducted. The first one focuses
on “classical” (see Figure 3a) parallel configuration so the
influence of the T-stub flange thickness ratio truy/trio can
be studied. Henceforth, perpendicular configurations rep-
resentative of extended endplate and cleated connections
(see Figure 3b) are investigated. Numerical modelling pro-
cedure summarised in Section 3 is used as a basis for the
parametrical studies.

3 Numerical modelling assumptions

Due to the lack of experimental evidence, prospective nu-
merical investigations are conducted on Abaqus. The pro-
cedure used to model both bolts and T-stubs has already
been successfully validated several times against experi-
ments [7], [16]-[18]. This procedure consists of imple-
menting nominal elastic-perfectly plastic material laws for
both S355 plates and 10.9HR bolts geometries detailed in
Tables 1 & 2. It should be noted that the Young modulus
is taken as 210 GPa. Besides, tangent contact is modelled
with a 0.3 friction coefficient whilst a non-interpenetration
is used in the normal direction. Loading is applied to the
system by an imposed displacement at the tip of the web
of the upper T-stub. Remaining degrees of freedom are
blocked for this web whilst lower T-stub web is clamped as
shown in Figure 4. Relative displacements between the T-
stubs are measured from web toe to web toe. Simulations
are conducted with a dynamic implicit scheme accounting
for material and geometrical non-linearities. Lastly, C3D8R
cubic elements are used for meshing. A minimum of 4 el-
ements is used over the thickness of the plates to ensure
that bending behaviour is correctly modelled [7], [18].
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Figure 4 T-stub numerical model

4 Results
4.1 Parallel configurations

The first study on parallel configurations with one bolt row
has been conducted within the framework of a Master the-
sis [18] at the University of Liege summarized herein. In
the latter, results of 27 simulations varying m, the bolts
diameter d» and the T-stub flange thicknesses trup and trio
are conducted. Thus, specimens are named as “T - db -
teup/M - teup/dp - teup/trie” where the bolt diameter db is
fixed (see Table 1) and the other relevant parameters can
be computed from the non-dimensional ratio. Remaining
properties are kept constant and are listed in Table 1 here-
after.

Table 1 Constant geometrical properties of the parallel configurations

tw 15mm er 45mm

hre 12.5mm fy 355MPa

n=e  50mm fub 1000MPa

L 90mm Bolt M16 10.9 HR EN14339 [19]

With hr, the horizontal projection of the root radius/weld
toe between the T-stub flange and web; L, the width of the
T-stubs parallel to the web; e;, the distance between the
bolt and the flange edge along L direction.

As an outcome, it was first observed that the plastic re-
sistance of the T-stub is not impacted by a modification of
the trup/trio ratio. This confirms the scope of application of
EN1993-1-8:2024 [5] disregarding possible coupling ef-
fect between two adjacent T-stubs for the prediction of the
T-stub plastic resistance. However, the trup/tr o ratio has a
notable impact on the post-yielding behaviour. In case of
trup/tr 10 ratio close or equal to 1, both T-stubs fail simulta-
neously by forming two pairs of plastic hinges for the con-
sidered T-stub configurations, inducing significant post-
yielding deformations in both T-stubs for a limited increase
of the applied load.

However, small trup/tr 10 ratios corresponding to thick lower
T-stub flange compared to the upper one prevent the ap-
parition of yielding in the lower T-stub flange while the
upper one exhibits a failure Mode 1. In the post-yielding
phase, the lower T-stub remaining in the elastic range lim-
its the deflection of the upper one, resulting in the devel-
opment of membrane effect in the upper T-stub. This leads
to a significant increase of the applied load to reach failure.



Lastly, in case of intermediate flange thickness ratios, two
different responses can be observed. If a pair of plastic
hinges has already formed in the lower T-stub in the vicin-
ity of the web when a failure Mode 1 develops in the upper
T-stub, a sufficient number of hinges is present in the sys-
tem to reach a global plastic mechanism involving both T-
stub (see Figure 6). Consequently, large deformation can
be achieved without increasing significantly the applied
load. However, this capacity of deformation implies large
plastic rotation in both T-stub, which might be undesired
in reusability context. This behaviour is particularly prob-
lematic as the lower T-stub fails for an applied load much
lower than its plastic resistance predicted using the
EN1993-1-8:2024 recommendations. In this situation, it
can be observed that the lower T-stub exhibits a failure
Mode 1* (Figure 2) even if the criterion imposing to con-
sider this specific failure mode as proposed in the norm is
not respected. Therefore, it can be concluded that T-stubs
response cannot be predicted individually since it exists a
coupling effect affecting each other.

250

| Coupling ductility branch

200 ————~>

T

Z 150
i 1 1
- vy
£ 100 ﬁ Yielding of the Lower T-stub
tf,up/’tf,ﬂo =0.6
50 trap/trio = 0.75
R tf'“p/tf_go =09
0
0 5 10 15 20 25 30 35 40 45

Displacement [mm]

Figure 5 Influence of the base thickness on the coupling effect series
T-16-0.2-1-XX [18]

Moreover, due to the mechanism shape, bolts mostly un-
dergo rigid body motion (translation and rotation) when
the global plastic mechanism is developed. Thus, for a lim-
ited increase of the bolt stress fields, large displacement
can be attained. This system response is illustrated in Fig-
ure 5 and has been corroborated by experimental evidence
in [20]. In the field of robustness, such response implying
both membrane actions and large displacements is highly
sought and can be a positive contribution to the global be-
haviour of structures in which joints exhibit such global
failure mode.

Figure 6 Parallel coupling effect: system plastic mechanism [18]

Consequently, if it is intended to meet both reusability and
robustness objectives with such design configuration, the
following design approach, in line with the proposal made
in [20], could be contemplated:

1. For sake of reusability and robustness, design the up-
per T-stub, considered as fuse element as follows:

Frd,up < Frd,lo,M. 1% (eq- (7)) < Frd,lo,M. 3 (EQ- (1)) (8)

2. Adjust the resistance of the F,4,um04e 1+ iN Order to ac-
tivate the global plastic mechanism at the good loca-
tions and moments in the framework of the design for
robustness.

4.2 Perpendicular configurations

As a second step, configurations with T-stubs perpendicu-
lar to each other (see Figure 3b) have been studied. Sim-
ilarly to the study reflected in the previous section, the
numerical procedure detailed in Section 3 is used in pair
with the properties listed in Table 2 hereafter.

Table 2 Geometrical properties of the perpendicular configurations

tw 10mm ex 50mm

hr Oomm p 120mm

n=e 50mm fy 355MPa

m 55mm fub 1000MPa

L 220mm Bolt M24 10.9 HR EN14339 [19]

where p is the bolt pitch.

While coupling effect is strictly limited to the post-yielding
response for parallel configurations, this conclusion does
not apply for perpendicular configurations. In Figure 7, it
can be observed that modifying the T-stubs’ relative direc-
tion causes a plastic resistance drop of 60kN for this spe-
cific case; it represents around 25% of difference between
both plastic resistances. Moreover, such deviation is unac-
counted by EN1993-1-8:2024 [5] which considered the
behaviour of two adjacent T-stubs as uncoupled.

Force [kN]
N
g
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50 ——tf 12mm Parallel
0
0 5 10 15 20 25 30 35

Displacement [mm]

Figure 7 Perpendicular VS parallel configuration

For the conducted parametric study, the magnitude of the
deviation is similar to the conservativeness achieved by
current normative design rules [6] and [7], meaning that
EN1993-1-8:2024 resistance predictions do not fall in the
unsafe side. Nevertheless, normative codes should not
rely on error compensation and deep understanding of the
real connection behaviour is required.

First, as suggested by Zoetemeijer [10], prying forces can-
not be modelled as line loads along the flange’s free edges



due to compatibility of displacement. Contact zones be-
tween perpendicular T-stubs are instead concentrated in
the corners. Consequently, a new plastic mechanism may
occur as shown in Figure 8, depending on the relative stiff-
ness of the two connected T-stubs.

Figure 8 Perpendicular coupling effect: system plastic mechanism

In order to investigate this new mechanism, several sim-
ulations modifying the thickness of the lower T-stub flange
while keeping the upper one as equal to 12mm were con-
ducted. Results, shown in Figure 9, highlight a correlation
between the T-stub thickness ratio and the achieve system
plastic resistance. When the trup/trio ratio is low, i.e. when
trio is thick in comparison to trup, the prying forces are lo-
cated as classically assumed, leading to the formation of
an idealized beam plastic pattern (see Figure 2b). The
plastic resistance is hence unaffected and is equivalent to
a parallel configuration. However, increasing the ratio (i.e.
reducing trio) results in an increase of the lower T-stub
flexibility causing the prying forces to be gradually shifted
toward the flange corners. This migration of the prying
forces is also paired with a modification of the plastic pat-
tern from the aforementioned idealized beam mechanism
to the plastic mechanism illustrated in Figure 8. Conse-
quently, a reduction of the plastic resistance is observed
even if the properties of the “weaker” upper T-stub are
kept constant. As in the previous Section, this observation
can be assimilated to a coupling effect.
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Figure 9 Impact of the base thickness on system response

Unfortunately, such an outcome is critical for reusability
since it requires to strengthen the T-stub to be protected
(element to be reused) to prevent the development of
such coupling and therefore, of remanent plastic defor-
mation in the latter. However, T-stub to be protected are
generally associated to the component “column flange in
bending” for sake of reusability of the column member.
So, increasing the resistance of this local joint component
would require to increase the column cross-section or steel
grade which is not relevant from an ecological and eco-
nomical point of view. So, a more efficient solutions should
nonetheless be proposed to tackle this issue. Since the

coupling effect is induced by an excess of flexibility in re-
gions where prying forces are expected to take place, a
rudimentary and yet both economic and efficient solution
consists of placing a thick backing plate (BP) between both
T-stubs. Thus, due to the high stiffness of the BP, prying
forces as assumed by the EN1993-1-8:2024 [5] can de-
veloped in the T-stubs (Figure 3b). Figure 10 illustrates
the proposed solution efficiency by comparing a parallel
configuration to perpendicular ones with and without back-
ing plate (all other parameters remaining constant). Add-
ing the backing plate allows to reach back the plastic re-
sistance of the parallel configuration, meaning that the
uncoupling is effective. It this example, T-stubs are 12mm
thick while the backing plate is 20mm thick. T-stub dis-
placements are measured web-to-backing plate.

500

Forec [kN]
b
o

Parallel

——~Perpendicular NO BP

——Perpendicular BP

0 5 10 15 20 25 30 35
Displacement [mm)]

Figure 10 Coupled VS uncoupled system response for short T-stubs

Last but not least, similar simulations were performed with
a 600mm long lower T-stub while keeping the upper T-
stub length as reflected in Table 2. Results presented in
Figure 11 show similar tendencies. Comparing parallel (in
blue) and the unprotected perpendicular one (in red), sig-
nificant loss of resistance can be observed at yielding for
both short and long T-stubs. Besides, uncoupled response
identical to the parallel one can be obtained by using a
backing plate (green curves). Hence, individual re-
sistances as predicted by EN1993-1-8:2024 [5] can be
reached for both elements.
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Figure 11 Coupled VS uncoupled system response for short and long
T-stubs

5 Insights & perspectives

As shown in Section 4.1, a coupling effect may develop
between two T-stubs connected in parallel. Even if this
coupling effect does not impact the plastic resistance of
the connected T-stubs and, consequently, EN1993-1-
8:2024 validity, it may strongly influence the post-yielding



behaviour leading to a premature failure of the stronger
connected T-stub. In Section 4.2, a new plastic pattern has
been identified in T-stub flanges in perpendicular T-stub
configurations, T-stub configuration met for instance in
joints with extended end-plates or with cleats. The devel-
opment of this new pattern is not at all covered by
EN1993-1-8:2024, which could lead to an overestimation
of the T-stub resistance. Therefore, this effect should be
further investigated and codified.

Moreover, in the framework of reusability, coupling effects
should be mastered to avoid apparition of premature plas-
ticity and associated remanent deformations in the struc-
tural elements to be protected. This can be achieved
through the proposal of reliable design procedures or
through technical solutions preventing the apparition of
these coupling effects as suggested in the present paper.
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