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Abstract: FREEDAM joints have been recently seismically prequalified for applications in European
seismically prone countries. Despite their excellent seismic response, FREEDAM joints are not
purposely conceived for exceptional loading conditions, such as in the case of a column loss scenario.
Therefore, a comprehensive parametric numerical study has been carried out to investigate the
robustness of this type of joint, varying the geometry of the beam-column assembly and the associated
friction device. The results of the performed finite-element simulations allowed the identification
of the critical components of the joints such as the upper T-stub connecting the upper beam flange
to the column. This component is characterized by significant demand, due to the concentration
of tensile and shear forces when catenary action develops in the beam. In order to enhance the
ductility of the beam-to-column joint under large imposed rotations, the details of the upper T-stub
connection were modified and numerically analyzed. The obtained results allowed for the verifying
of the effectiveness of the amended details as well as characterizing the evolution of the tensile forces
in the bolts.

Keywords: friction damper; beam-to-column joints; steel structures; column loss scenario;
finite-element analysis

1. Introduction

Seismic-resistant steel structures are designed to dissipate the earthquake’s incoming
energy by means of plastic deformations in ductile elements (i.e., beams, braces, and links,
depending on the structural type) [1-3]. However, the repair costs in the aftermath of
a severe earthquake are very high, and in many cases the more cost-effective option is
to demolish the entire structure and rebuild it. To overcome this problem, many studies
were recently carried out to develop resilient low-damage structures to quickly restore
the structure’s full functionality [4-6]. Such a design goal can be reached by localizing
the damage in the friction devices (also called “friction dampers”), which are mindfully
designed for this purpose and which are easily replaceable after the catastrophic event.
In the last thirty years, the effectiveness of these mechanisms has been widely proven. In
the early 1990s, Grigorian et al. [7] tested slotted bolted connections with friction devices,
which were made of mill scale steel and brass shims. Comprehensive studies were con-
ducted by New Zealand researchers such as Butterworth and Clifton [8], Borzouie et al. [9],
Khoo et al. [10-13], and MacRae et al. [14], who mainly focused on dissipative joints with
unsymmetric friction devices. Lee et al. [15,16] used slotted bolted connections (SBCs) made
of mild steel and composite material derived from the automotive breaking technology.
Zhai et al. [17] studied hybrid damping systems that couple the energy dissipation given by
friction with the one given by plasticization of steel strips. Nowadays, friction dampers are
still a cutting-edge research topic, and several researchers are investigating their use in a
variety of structural systems, such as precast members (Qian et al. [18]) and staggered-truss
framing systems (Zhou et al. [19]).
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In Europe, joints with symmetric friction dampers were studied and seismically
prequalified within the FREEDAM and FREEDAM+ research projects [20]. The joints with
FREEDAM devices were designed as full rigid partial-strength joints to be installed at the
beam ends of steel moment-resisting frames (MRFs).

The seismic effectiveness of the FREDAM joints was verified through a wide range of
experimental, numerical, and analytical studies [21-25].

Some preliminary experimental and numerical studies have also been performed to
investigate the response of FREEDAM joints against accidental loads, such as impact and
column loss. In particular, the column loss scenario represents one of the more common
accidental load conditions, and it consists of the sudden removal of a column of the
structure. D’Antimo et al. [26,27] and Golea et al. [28] highlighted the fact that the upper
T-stub connecting the beam flange to the column can be the critical component limiting
the ductility of the joints. However, due to the exiguity of experimental data, the ultimate
response of FREEDAM joints under column loss conditions needs to be further investigated,
as is also highlighted in [29]. The rotation demand of FREEDAM joints can be rather high
in the case of column loss conditions. Golea et al. [29] performed the robustness assessment
on seismically designed 20 MRFs and D-CBFs under a Eurocode-compliant column loss
scenario, showing that the rotation demand can largely exceed 0.10 rad. In addition, their
analytical and numerical studies demonstrated that the demand for robustness may require
different details of the joints initially tailored for seismic performance.

Although many studies have been conducted to provide design rules and proper
detailing of different types of beam-to-column connections, the case of FREEDAM joints is
not adequately covered. Due to the specific features of FREEDAM joints, the details of the
parts constituting the connection should be amended to resist the catenary effects imposed
by the beam in the case of large rotations but the seismic efficiency of the joint should be
guaranteed. Therefore, any type of strengthening intervention should be conceived in order
to allow the relative rotation between the beam and column so that the friction pad can
slide into the lower connection under seismic conditions while avoiding any premature
failure and enhancing the resistance and rotational capacity to ensure the robustness of the
structure. Based on the authors’ best knowledge, this aspect is not yet solved.

Therefore, this consideration motivated the study summarized in this paper, which
was aimed at investigating the resisting mechanism of the FREEDAM joints when catenary
action develops in the beam, as a result of a column loss scenario. In addition, ad hoc
details were studied to enhance the ductility of the upper T-stub connection of these joints.
Therefore, refined finite-element (FE) analyses were carried out using FE models properly
calibrated against the experimental results conducted within the FREEDAM project. Hence,
this study proposes a slight modification of the prequalified FREEDAM upper T-stub, in
order to widen the application of the FREEDAM connection to include also the column
loss scenario.

The paper is articulated in five parts: (i) in the first part, the prequalified FREEDAM
joints are briefly described; (ii) in the second part, the enhanced details of the upper T-stub
connection are shown; (iii) in the third part the validation of the FE models is shown;
(iv) the fourth part shows the comparison between the original and enhanced joints; and
(v) the last part summarizes the main conclusions.

2. The Investigated Beam-to-Column Joints
2.1. The Seismically Prequalifed FREEDAM Joints

The FREEDAM joints are equipped with a friction device located at the lower flange
of the beam, while the upper beam flange is connected to the column flange using a bolted
T-stub connection (see Figure 1a,b). As explained in detail by Latour et al. [21], the friction
device can be arranged with either vertical or horizontal sliding. In the first case, the
friction mechanism is guaranteed by a vertical gusset plate (hereinafter referred to as the
“rib”), which is connected to the lower beam flange and is equipped with friction shims,
one-per-side of the rib, which constitute the source of dissipation. The rib and shims are
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clamped together, employing L-stub connections, and then to the column flange. The
sliding between the clamped surfaces is guaranteed by specifically designed slotted holes
(see Figure 1a).

: E S Upper Flange Bolts

T-Stub Bolts

L-Stub Bolts
Damper Bolts

l_ Lower Flange Bolts

P e i S e

Figure 1. Geometrical configurations of: (a) main components of the FREEDAM device, (b) 3D view
of the FREEDAM joint, and (c) the D1 to D5 devices.

The rotational capacity of the connection depends on the length of the slotted holes,
while the rotation center of the connection is located in the unrestrained length of the stem
of the upper T-stub, close to its flange. The tightening of the bolts clamping the device is
calibrated to reach the design resistance of the connection. To make the FREEDAM system
suitable for a wide range of beam and column steel profiles, five devices have already been
designed (named D1 to D5) within the prequalification phase of the FREEDAM project [20]
and are numerically investigated by Tartaglia et al. [24]. These devices differ one from the
other, based on the geometric dimensions of each component and the nominal diameter of
the bolts.

Figure 1c depicts devices D1 to D5 without the connected structural elements, while
the main features of the selected FREEDAM assemblies are summarized in Table 1. These
assemblies differ from each other based on the device in use, the connected structural
elements, and the lever arm of the bending-moment resistance.

FREEDAM joints are designed as full rigid partial-strength joints. The design bending
resistance of the connection can be estimated as in Equation (1), as:

MRd,j = ydynpp,c,dnbnshs (1)

where:

Hayn is the characteristic dynamic friction coefficient of the friction pads;
Fy,c,q4 is the preload force for the damper bolt, in long-term condition;

1y is the number of damper bolts;

s is the number of shear surfaces;
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hs is the lever arm of the connection, namely the distance between the centroid of the bolts
in the friction device and the stem of the upper T-stub connection.

Each FREEDAM device is suitable for a certain range of steel profiles, mostly IPE for
the beams and HE for columns and, based on [16], the required device resistance Mg
is usually in the range of 0.30-0.60 times the plastic resistance of the connected beam
M), Rd,beam, @S in Equation (2):

MRg,j = MMy Rd,peam Where m = 0.30-0.60 @)

Therefore, once the profiles, the dampers and the m parameter are set, the design
preload force for the bolts of the friction damper bolts is given by Equation (3):

m Mpl,Rd,beam
Hayn nynshs

)

Fyca=

The preload force must be selected within the range of 0.4-0.8 times the values recom-
mended by EN 1993-1-8 [30].

Table 1. Main features of the FREEDAM assemblies.

T-Stub Friction Device

ID Beam/Column Bolts Flange Thickness Bolts Lever Arm m

[-] [mm] [-] [mm] [-]
D1 IPE450/HE240B 4 x M24 25 4 x M16 170 0.3
D2 IPE600/HE320M 4 x M24 25 4 x M20 250 0.3
D3 IPE750 x 147 /HE500M 4 x M27 30 6 x M20 250 0.3
D4 IPE750 x 196+/HE650M 4 x M30 40 8 x M20 250 0.3
D5 IPE750 x 196+/HE650M 4 x M36 40 8 x M24 330 0.3

2.2. The Revised Detail to Enhance the Ductility of the Joint

The details of the upper T-stub connection were modified in order to increase the
ductility of FREEDAM joints under column loss conditions. As can be observed in Figure 2,
the ameliorated connection is characterized by two additional bolt rows, and the flange
was specifically stiffened (see Figure 2).

The new T-stub configuration was designed to obtain a ductile failure (i.e., mainly
mode 1). The resistance of this connection was evaluated by means of the component method,
where the yield line pattern was evaluated by Latour et al. [31] and Demonceau et al. [32],
who proposed analytical formulations for the cases of T-stub connections with four bolts.

In order to improve the efficiency of the bolt rows, both horizontal and vertical
stiffeners (with a constant thickness equal to 15 mm) were adopted (see Figure 2) and their
associated effective lengths were derived, in accordance with P398 [33]. An access hole was
also designed to limit the stress concentration between the vertical stiffener and the stem of
the T-stub (see Figure 2a).

The ameliorated T-stubs were designed to resist at least 40% of the beam tensile plastic
resistance (0.4Np r), which was assumed as the expected value of the catenary action in
the beam [34].

The response of the joints with the enhanced details was also investigated for different
beam—column assemblies equipped with the five devices previously shown in Figure 1b.
The main features of the enhanced upper T-stub connections are shown in Figure 2a—c and
are quantitatively reported in Table 2 for this additional set of joints, which are identified
as DR1 to DRS.
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Figure 2. The considered enhanced details of the upper T-stub connection: (a) the features of the
stiffened flange; (b) the effective length of each bolt row (BR); (c) the configurations of the stiffened
T-stubs for DR1 to DRS5 joints.

Table 2. Features of the enhanced upper T-stub connections.

T-Stub
Flange Thickness of the Depth of the
ID Beam/Column Bolts Thickness Stiffener Stiffener
[-] [mm] [mm] [mm]
DR1 IPE450/HE240B 8 x M27 15 15 25
DR2 IPE600/HE320M 8 x M27 20 15 25
DR3 IPE750 x 147 /HE500M 8 x M30 20 15 25
DR4 IPE750 x 196+/HE650M 8 x M36 20 15 40
DR5 IPE750 x 196+/HE650M 8 x M36 22 15 40

3. Finite-Element Modelling
3.1. Modelling Assumptions

FE simulations have been carried out using ABAQUS 6.14 [35]. The geometry of the
modeled beam—column assemblies has been extracted from a reference building with an
inter-story height equal to 3.5 m and span length of 7.5 m, as in [19,20], thus leading to
a column height equal to 3.5 m and the beam mid-length equal to 3.75 m. The assumed
boundary conditions are shown in Figure 3a and are consistent with the type of imposed
loading scenarios, namely an axially unrestrained beam to investigate the hogging and
sagging responses for seismic-like loading conditions, and an axially restrained beam for
the column loss scenario. Moreover, the beam was subjected to lateral-torsional restraint
by fixing the lateral displacements in a discrete number of sections along the beam length,
according to EN 1993-1-1 [36].

All parts were discretized using the C3D8R solid-element type (i.e., 8-node linear brick,
reduced integration), since this can guarantee a good balance between saving computational
cost and satisfactory results. Locking phenomena are already avoided by the nature of
the element, while hourglass control is adopted during the element definition. The mesh
density was defined based on sensitivity analyses performed by authors in [19,20]. In
particular, plates and bolts were discretized using a mesh with an average dimension of
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5 mm per side, while the average dimension of the other elements was set as equal to
20 mm (see Figure 3b), as validated in previous studies [21,24,25,34].

. Column loss
Monotonic e
- Scenario
\ Loading

(a) (b) (©)

Figure 3. Features of the FE models: (a) boundary conditions for the monotonic loading; (b) boundary
conditions for the column loss scenario; and (c) the meshed model.

All the steel parts were made of 5355 steel grade, with an elastic modulus of 210,000 MPa
and Poisson’s ratio of 0.3. The bolts were 10.9 grade, modeled according to previous
studies performed in [37]. The steel non-linear behavior was modeled using true stress-true
strain curves derived by experimental coupon tests, while the materials’ non-linearity was
modeled by using the von Mises yield criterion with combined isotropic hardening.

Clamping of the bolts was applied as “bolt load” on the shanks in the load module.
The magnitude for generic bolts is given by EN 1993-1-8 [30], while the value for the bolts
of the damper depends on the design resistance of the joint and is calculated according to
Equation (3) of the design procedure. Geometric non-linearity of large displacements is
taken into account by switching on, for every step, the corresponding command “Nlgeom”
in the step module. The loading history is applied at the beam tip.

Contact between elements’ surfaces was modeled using “contact interaction” with a
“penalty” friction formulation as tangential behavior, and with “hard contact” as normal
behavior. Two different contact interaction properties were modeled: one for the generic
steel-to-steel contact, with a friction coefficient equal to 0.3, and the other one for the contact
between the steel parts and the friction shims, with a friction coefficient equal to 0.53, as
defined by Latour et al. [16]. Full penetration welds were modeled using tie constraints,
while “rigid body” constraints were adopted to introduce the boundary conditions.

Under the column loss scenario, an additional external axial restraint was added at
the beam extremity for the development of the catenary actions (see Figure 3a).

The seismic and column loss-like loading was simulated by imposing a displacement
history at the beam tip. Dynamic implicit analyses with quasi-static control were performed
by using the Abaqus/CAE 6.14 Standard Implicit Dynamic solver.

3.2. Validation of the FE Model

The effectiveness of the adopted modeling assumptions was verified against the
experimental tests performed in the Department of Civil Engineering at the University of
Salerno within the FREEDAM research project [21]. In particular, among the performed
tests, two beam-to-column assemblies were numerically calibrated:

e  Experimental specimen 1: with IPE 270 as beam and HE 220 M as column;
e  Experimental specimen 2: with IPE 450 as beam and HE 500 B as column.

Figure 4 depicts the comparison between the experimental tests and FE simulations in
terms of moment-rotation curves. As can be observed, the FE models satisfactorily match
both the elastic stiffness and the resistance of the tested joints.



Buildings 2024, 14, 784

7 of 14

1200
900
600
300

0

—300

—600

—900

—1200

Moment [kNm]

—0.07 -0.05 -0.03 —0.01

300

— Experimental
——Numeical

— Experimental
200 —— Numeical

100

Moment [kNm]

0 L " L L
—100 l ' “
=

—200

—300

0.01  0.03
Connection rotation [rad]

(a)

0.05  0.07 -0.07 -0.05 —-0.03 -0.01 0.01 0.03

Connection rotation [rad]

(b)

0.05 0.07

Figure 4. Comparison between the experimental results and FE simulations in terms of moment-
rotation curves: (a) FREEDAM Assembly 1; (b) FREEDAM Assembly 2.

4. Results of Parametric FE Simulations
4.1. Performance of the Reference FREEDAM Joints
4.1.1. Response under Monotonic Loading

Figures 5 and 6 show the results of all the investigated devices in terms of moment-—
rotation curves and von Mises stress distribution, respectively. As it can be observed, under
both hogging and sagging moments, the moment-rotation curves present an initial linear
response (up to 0.01 rad); then, increasing the rotational demand, a horizontal branch, close
to the design bending moment, can be observed up to 0.06-0.08 rad (in the function of the
investigated configuration), which corresponds to the closure of the stroke of the friction
damper. Once the bolts of the friction device are in contact with the edge of the slotted
holes of the rib, the resistance of the joints increases.
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Figure 5. Moment-rotation curves of FREEDAM joints.

The joint response is not symmetrical. The hogging moments are slightly greater than
the expected resistance, while the sagging response is almost equal to the design value. This
aspect was also observed by [21,24] and it can be explained by the different deformability
of the lower components of the connection concerning the direction of the imposed rotation
(i.e., L-stubs that enclose the friction device), which modify the resisting lever arm of the
joint. When the joint is subjected to a sagging bending moment, the L-stubs are affected by
tensile force and they are more prone to open up, with a detrimental effect on the overall
performance of the friction device. As a consequence, the hogging-moment resistance is
about 25% greater than that of the sagging at a chord rotation equal to 0.04 rad.
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Figure 6. Damage patterns and von Mises stress distributions of FREEDAM joints at rotation equal to
0.06 rad.

4.1.2. Response under Column Loss Scenario

In the column loss scenario, the behavior of the joint is investigated when a column
adjacent to the investigated joints is removed. The development of catenary action in the
beam generates bending effects that affect the second-order bending moment (MII), as
specified in Equation (4):

MHZMI—NEI — MUZVL—Nd (4)

where M is the first-order bending moment, V is the vertical force acting at the tip of the
modeled beam (i.e., the equivalent mid-span of the reference building), L is the chord beam
length (measured from the column axis), N is the catenary force in the beam, and 4 is the
vertical displacement applied at the beam tip.

Figure 7 depicts the comparison between the flexural responses due to the column
loss and the seismic-like condition of the D1, D3, and D5 joints, respectively, as well as the
evolution of the catenary action, normalized to the beam tensile resistance (Npj Beam), With
the imposed rotation.

As can be observed, the flexural responses in the elastic range of two investigated
loading scenarios (i.e., seismic and column loss) coincide (i.e., the same elastic stiffness).
However, for an increasing value of rotation, the development of the normal action within
the assemblies provides an increase in resistance of the connections, which overcomes the
design resisting moment.

In the non-linear range, namely under large deformations, significant differences can
be observed because of the tensile-force demand in the upper T-stub connection, which
also differs from the beam-column assembly (see Figure 8). The D1 assembly shows a
ductile behavior, allowing the formation of plastic deformation within the column, while
the upper T-stub connection remains almost in the elastic range. Contrariwise, both D3 and
D5 show less ductility because of the premature tensile failure of the bolts of the upper
T-stub. This type of behavior is mainly due to the influence of beam size. The joints with
deeper beams do not exhibit the plateau corresponding to the activation of the friction
resistance of the device, as in the case under seismic loading. The deeper beams develop a
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strut-and-tie mechanism that locally modifies the distribution of effects in the upper and
lower connections [24,25].
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Figure 7. Moment-rotation (above) and catenary force-rotation (below) response curves of
FREEDAM joints.
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Figure 8. Damage patterns and von Mises stress distributions at failure of FREEDAM joints under
column loss scenario.

4.2. Performance of the Joints with the Enhanced Details

Figure 9 depicts the comparison between the original FREEDAM joints (i.e., D1 to
D5) and the corresponding ones with the enhanced details of the upper T-stub connection
(i.e., DR1 to DR5) in terms of moment-rotation curves under both monotonic loading and
column loss scenario. In addition, the evolution of the catenary action in the beam is shown
for the robustness of the loading condition. The damage pattern and the corresponding
von Mises stress distribution for the enhanced joints under the column loss scenario are
shown in Figure 10.

The comparisons of seismic-like conditions confirm that both the sagging- and hogging-
moment response curves of the joints are not appreciably affected by the ameliorated details
of the upper T-stub connection. In the case of assemblies with an intermediate beam (i.e.,
D3 and DR3), the strengthened joints exhibit a smoother plateau in the enhanced joint
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under seismic loading. This behavior is due to the greater relative rigidity of the upper
T-stub connection, which allows for keeping the resisting lever arm of the joint. However,
this finding cannot be generalized to other assembles.
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Figure 9. Comparisons of the moment—rotation and catenary action—rotation response curves of the
FREEDAM and enhanced FREEDAM joints under both seismic and column-loss scenarios.
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Significant differences are observable in the case of the column loss scenario. The
DR joints exhibit higher ductility and ultimate rotation than those achievable by the cor-
responding unstiffened ones (see Figure 9). The greater resistance of the upper T-stub
allows for keeping the resisting lever arm of the joint that can transfer the moment at large
rotations. It is worth noting that the catenary actions do not substantially increase in the DR
joints, because their magnitude mainly depends on the beam deformations. However, the
catenary effect can be resisted at greater rotations than those achievable by unstrengthened
joints. The comparison between Figures 8 and 10 highlights the different localization of
damage under column loss conditions. The damage pattern of the unstrengthenedd joints
is characterized by the premature failure of all bolts of the upper T-stub connection. On the
contrary, the use of shallow rib stiffeners of the T-stub flange allows for greater ductility as
well as the resisting contribution of the added bolt rows, which are crucial for balancing
the tensile force when the flange is fully opened. These results confirm the effectiveness
of the designed details. The additional bolt rows, as well as having the designed flange
of the T-stub to develop a failure mode 1 (see also Figure 10), allow for the postponing of
the failure of the connection and for increasing its ultimate deformation, thus increasing
the overall joint rotation. In this regard, Figure 11 shows the evolution of tensile force in
the bolt rows (BRs) with the applied rotation. It can be observed that for low levels of
rotations (when the upper T-stub connection is in the elastic range), the external bolts do
not provide any contribution to the T-stub resistance. On the contrary, by increasing the
imposed rotation, the inner bolts develop high plastic deformations and the external bolts
contribute to the resisting mechanism of the connection by up to 10% of rotation.
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Figure 11. Definition of bolt row lines (a) and tensile forces in the bolt rows under column loss
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For instance, it can be observed that the inner bolts (Bolt Row 1 and Bolt Row 2) of DR3
exhibit a substantial increase in tensile force, while the preload in the external rows (Bolt
Row 3 and Bolt Row 4) decreases. This reduction in the preload is mainly due to the contact
forces that develop between the flange of the upper T-stub and the column, which are
higher for the outermost bolt rows as a consequence of the gap opening between the T-stub
flange and the column face. Of course, the latter phenomenon is mainly counteracted by
the inner bolt rows. At the higher rotations (i.e., more than 0.15 rad), the failure of the Bolt
Rows 1 and 2 and the consequent engagement of the external bolts can be observed (see
Figure 10).

5. Conclusions

FREEDAM joints are characterized by a very ductile and stable behavior under mono-
tonic and seismic loads, thanks to the control friction resistance and stable slippage in the
replaceable friction dampers. However, these joints do not provide a ductile response when
subjected to a column loss scenario, mainly due to the premature brittle failure of the upper
T-stub connection. Therefore, in the present work, modified details of this connection have
been designed to enhance the ductility of FREEDAM joints under the column loss scenario
and have been investigated by means of finite-element simulations.

Based on the obtained results, the following conclusions can be drawn.

e  Under column-loss loading conditions, the ductility of FREEDAM joints is limited by
the brittle failure of the bolts of the upper T-stub connection. The catenary action de-
veloping in the beam induces significant tensile forces in the upper T-stub connection,
which exceed the resistance of the bolts.

e  To enhance the response of the joints, the details of the flange of the upper T-stub were
ameliorated by introducing two additional bolt rows (one-per-side of the stem) and a
grid of stiffeners to restrain the pattern of the yield line and to promote failure mode 1
of the flange.

e  The finite-element analyses showed that the ductility and ultimate rotation of the joints
with the designed details can exceed a rotation of 0.15 rad, thus substantially improving
the response of the considered beam—column joints under column loss conditions.

e In the case of seismic-like loading, the response of the joints with the ameliorated
details is substantially the same as the original FREEDAM joints.

e Additional experimental and numerical studies should be performed to assess the
improvement of the contribution to the resisting mechanism of the additional bolt
rows in the function of the local detailing of the stiffeners.
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