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Abstract. The design criteria and the corresponding performance levels characterize the response of extended stiffened end-
plate beam-to-column joints. In order to guarantee a ductile behavior, hierarchy criteria should be adopted to enforce the plastic
deformations in the ductile components of the joint. However, the effectiveness of thesecriteria can be impaired if the actual
resistance of the end-plate material largely differs from the design value due to the potential activation of brittle failure modes of
the bolt rows (e.g., occurrence of failure mode 3 in the place of mode 1 per bolt row). Also the number and the position of bolt
rows directly affect the joint response. The presence of a bolt row in the center of the connection does not improve the strength
of the joint under both gravity, wind and seismic loading, but it can modify the damage pattern of ductile connections, reducing
the gap opening between the end-plate and the column face. On the other hand, the presence of a central bolt row can influence
the capacity of the joint to resist the catenary actions developing under a column loss scenario, thus improving the joint
robustness. Aiming at investigating the influence of these features on both the cyclic behavior and the response under column
loss, a wide range of finite element analyses (FEAs) were performed and the main results are described and discussed in this

paper.
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1. Introduction

Bolted beam-to-column joints are commonly used in
steel multi-storey frames and various typologies have been
thoroughly investigated in literature (Murray 1990, Leon
1995, Faella et al. 2000, Sumner and Murray 2000, 2002,
Da Silva et al. 2002, Girao Coelho et al. 2004, Murray and
Sumner 2004, Maggi et al. 2005, Guo et al. 2006, Shi et al.
2007a, b, lannone et al. 2010, Latour et al. 2011, 2014,
Latour and Rizzano 2013, Abidelah et al. 2012, Latour et al.
2014, Brunesi et al. 2014, 2015, Augusto et al. 2016, 2017,
Cassiano et al. 2018, D’Aniello et al. 2018, D’ Antimo et al.
2018, Latour et al. 2018). Among the large number of
possible configurations, extended stiffened end-plate bolted
(ESEPB) beam-to-column joints are a very popular choice
for steel moment resisting frames (MRFs) designed to resist
lateral forces (i.e., earthquake and/or wind), thanks to their
relatively low constructional costs and the structural
effectiveness largely demonstrated by both experimental
and analytical studies since the ‘90s (Murray 1990, Sumner
and Murray 2000, 2002 Murray and Sumner 2004, Guo et
al. 2006, Shi et al. 2007a, b, Abidelah et al. 2012)
Nowadays, ESEPB joints are seismically pre-qualified in
the United States of America (USA) within the AISC 358-
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16 (2016), whose bases were set by Murray and Sumner
(2004) that proposed a design method to calculate the
strength of end-plate connections on the basis of the theory
of yield lines. This methodology was supported by the
studies formerly carried out by Sumner and Murray (2000,
2002), which demonstrated that ESEPB joints can provide
large energy dissipation capacity with stable hysteretic
behavior up to 4% of chord rotation.

In China, the influence of the end-plate thickness was
experimentally investigated by Guo et al. (2006), which
highlighted that the thinner the end-plate the more ductile is
the joint response, provided that the design resistance is
guaranteed. In addition, these tests showed that stiffened
end-plate joints can be more ductile than corresponding
unstiffened joints even in the case of partial strength
connections due to more favorable damage pattern
guaranteed by the presence of rib stiffeners. Shi et al.
(20074, b) also carried out both monotonic and cyclic tests
in order to investigate the seismic behavior of ESEPB joints
and to validate an analytical method to predict the joint
response. In particular, these studies highlighted the key
role of the rib stiffeners, concluding that extended end-plate
connections with rib stiffeners can provide better rotational
capacity, ductility and larger stiffness than the unstiffened
joints, provided that rational design criteria are used.
Abidelah et al. (2012) carried out experimental and
numerical studies in order to investigate the influence of the
rib stiffeners on bolted end-plate joints. In particular, they
demonstrated that the ribs modify the position of the center
of compression increasing the resisting lever arm of the
bolted connection. In Europe, the current version of the
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Eurocodes (i.e., EN1993:1-8 and EN1998-1) does not
provide neither specific requirements nor codified
prequalification procedures for seismic resistant extended
stiffened end-plate joints. However, a prequalification
procedure and the design criteria for seismic resistant
ESEPB joints have been recently developed within the
framework of the EQUALJOINTS research project (RFSR-
CT-2013-00021). It is also worth noting that the
performance criteria presented by D’Aniello et al. (2017b)
are currently implemented in the 2nd draft (v.2.1) of the
amended EN 1993-1-8, currently under the revision of the
CEN/TC 250/SC 3 experts.

According to D’Aniello et al. (2017b), the design
objectives can be achieved by imposing the hierarchy of
resistances between the beam, the connection and the
column web panel in order to avoid any brittle failure mode.
In this framework, a key parameter affecting the joint
behavior is the strength of the end-plate (EP), which can
impair the effectiveness of the hierarchy of resistances
among the main components of the joint. The strength of
the end-plate is directly dependent on the yield stress of the
steel and the arrangement of bolts.

With this regard, it is well known that the variability of
the yield stress of steel plates produced in European market
is relatively high (Piluso and Rizzano 2007, Piluso et al.
2012, Latour and Rizzano 2013), due to both the variability
of the chemical composition (as shown by OPUS and
SAFEBRICTILE research projects) and finishing processes
for the rectification of plate (OPTIFIN research project). In
addition, in the experience of the Authors, it is quite
common in the constructional practice that the actual
mechanical features of the plates provided by the supplier
can be either non-compliant with the design requirements or
non-conforming to the material certificate (being the
traceability of the steel material still an unsolved issue in
some countries of Southern Europe, like Italy). These
circumstances can be highly non-conservative because the
use of an end-plate with steel strength different from the
design value, can substantially affect the joint resistance,
the ductility and the corresponding failure mode.

Indeed, even though the strength of the connection can
increase with the steel yield stress, premature and undesired
failure of bolts (i.e., mode 3) with very poor associated
rotational capacity, can be activated in partial strength
connections. On the contrary, end-plate yield strength
significantly smaller than the design value can induce
excessive concentration of plastic deformations with
premature fracture in case of partial strength joints, or
impair the response of those joints theoretically designed as
full strength. These issues are crucial for seismic
applications but are also very important under column loss
scenarios. The robustness of a steel structure is highly
influenced by the response of its joints, as highlighted by
several experimental and numerical studies recently carried
out on steel structures undergoing progressive collapse at
the occurrence of a column loss scenario (lzzudin et al.
2008, Yang and Tan 2013, Sadek et al. 2013, Huvelle et al.
2015, Dinu et al. 2015, 2016, Cassiano et al. 2016, 2017,
Tartaglia and D’Aniello 2017). These studies also
highlighted that the presence of inner bolt rows (namely

located in the center of the connection) can improve the
resistance of the joint under catenary actions, by providing
an increased rotational capacity under column loss scenario.
In case of ESEPB joints, the bolt-rows are generally located
very close to the beam flanges in order to maximize the
lever arm and to guarantee the transfer mechanism of
tensile forces from the beam flange to the column. Indeed,
under shear forces and bending moments, the inner bolt
rows are mostly inactive, especially those located in the
middle of the connection (i.e., close to the neutral axis of
the beam). In light of this consideration, ANSI/AISC 358-
16 (2016) does not require the presence of inner bolt rows
close to the center of the connection for seismically pre-
qualified ESEPB joints. However, the presence of a bolt
row in the middle axis of the connection can reduce the gap
opening of partial strength connections under large
rotational levels and can improve the robustness in case of
catenary actions. Other parameters, such as the width
among the bolts per row, the pitch between the bolt rows,
the edge distance of the bolts, etc., can also affect the joint
response. However, their effects can be easily accounted for
in the design stage by means the component method. In
addition, they are also scarcely prone to appreciable
constructional defects. These considerations motivated the
numerical study described and discussed in this paper,
which aims at investigating: (i) the influence of the end-
plate yield stress when it is different from the design value;
and (ii) the presence of an additional bolt row in the center
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Fig. 1 Geometrical features of the examined joints (a);
Sub-structuring and boundary conditions for
FEAs under seismic actions (b) and column loss
loading (c)
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Table 1 Features of the designed joints

End-plate Rib Bolts Continuity Supplementary
. Performance plates web plate
Joint D level hep  bep tep brb @R Nn° d e W pr P2 bee tep Side tswe
mm mm mm mm mm mm mm mm mm mm mm mm - mm
ES1-F Full strength 760 260 25 200 235 12 30 50 150 75 160 222 14 2
ES1-E Equal strength 600 280 18 120 140 27 50 160 160 180 222 14 1
ES1-P Partial strength 600 280 16 120 140 27 50 140 160 180 222 14 - -
ES2-F Full strength 870 280 25 210 250 12 30 50 150 75 180 234 15 2 10
ES2-E  Equal strength 770 300 20 160 190 30 55 160 200 260 234 15 1 8
ES2-P  Partial strength 770 300 18 160 190 30 55 160 200 260 234 15 - -
ES3-F Full strength 1100 280 30 250 295 12 36 55 160 95 210 232 20 2 15
ES3-E  Equal strength 1100 300 22 250 295 36 55 160 95 210 232 20 1 15
ES3-P  Partial strength 1100 300 20 250 295 36 55 160 95 210 232 20 - -

of the connection. The impact of these parameters on the
local and global joint response is discussed with respect to
cyclic actions and column loss induced effects. To this end,
both monotonic and cyclic analyses were performed on a
comprehensive set of joints designed according to
D’ Aniello et al. (2017b). However, concerning the strength
of the end-plate material it is important to highlight that the
aim of this study is not addressed to a reliability assessment
but to examine the effectiveness of the design criteria
violating intentionally the expected yield strength of the
end-plate covering a possible range of variation.

The paper is organized in three main parts. In the first
part, the design criteria of the joints and the investigated
parametric variables are presented. In the second part, the
modelling assumptions are described and validated against
an experimental test carried out by the Authors. In the third
part, the results obtained from finite element simulations are
described and discussed.

2. Parametric finite element analyses

The beam-to-column assemblies constituting the
examined joints were extracted from a set of reference
buildings, designed according to EN1993:1-1 and EN1998-
1. The selected beam-to-column assemblies are the
following:

* beam IPE360 — column HEB280, labelled as “ES1”;
* beam IPE450 — column HEB340, labelled as “ES2”;
* beam IPE600 — column HEB500, labelled as “ES3”.

Three joints were designed per beam-to-column
assembly, namely one for each of the performance levels
(i.e., full, equal and partial strength) defined by D’Aniello
et al. (2017b) and implemented in the 2nd draft (v.2.1) of
the EN 1993-1-8 under amendment. For clarity sake, full
strength joints are designed to guarantee the occurrence of
all plastic deformations in the beam; equal strength joints
are characterized by the contemporary yielding of all
macro-components (i.e., connection, web panel and beam)
and partial strength joints are designed to develop plastic

deformation only in the joint (connection and column web
panel).The capacity design requirements to obtain the
desired joint behavior can be guaranteed if the Eq.(1) is
satisfied (D’ Aniello et al. 2017b).

M =M 2 Mo ed :a'(MB,Rd +VB,Ed “Sy) 1)

wp,Rd con,Rd

wa,Rd =pr,Rd -z (2)

In Eq. (1), Myprq is the flexural strength corresponding
to the capacity of column web-panel (see Eq. (2), Vupgd iS
the column web shear resistance, z is the internal level arm,
Mconra IS the flexural strength of the connection zone,
Mconeq IS the design bending moment at the column face,
Mgrq is the design bending strength of the beam, Vggq is
shear force corresponding to the occurrence of the plastic
hinge in the connected beam, s, is the distance between the
applied shear and the column face. a depends on the design
performance level andit is given by pXy. for the full
strength joints, while equal to 1 for equal strength joints and
to 0.8 for partial strength joints (being ys, the hardening
factor and 7y, the ratio between the average and the
characteristic yield stress of the steel).

In the case of dissipative connections (i.e., equal and
partial strength configurations), a further hierarchy criterion
was established by D’Aniello et al. (2017b) in order to
avoid the failure of the bolts, so that the design tensile
strength of each bolt row should be larger than the strength
of the connected plate accounting for both the random
variability of its yield stress and the relevant strain
hardening. This requirement is expressed by Eg. (3), being
d the nominal bolt diameter, ymo and ywm, the partial safety
factors according to Eurocode 3.

i 042:d [r T, .
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The main features of the designed reference joints (RJ)
are shown in Fig. 1 and summarized in Table 1. All the
investigated specimens have the same beam (Lpem) and
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Fig. 2 Mesh sensitivity analysis results

column (Heumn) length equal to 7m.Starting from these
configurations, a wider range of joints was investigated by
varying the following parameters:

- The vyield strengthratio f = fylfya (being f, the
actual yield stress and f, 4 the design yield stress of the
steel end-plate) was assumed equal to 0.65, 0.77, 1.00
and 1.30 (which corresponds to steel grades S235,
S275, S355 and S460, respectively). The average yield
stress for S355 (which is the reference material for the
RJ) was set equal to yo, X f, = 443.75 MPa (i.e., yoy =
1.25 according to EN1998-1).

- The presence of an additional inner bolt row located in
the center of the connection (MBRJ).

The mechanical response of the joints was evaluated
under monotonic and cyclic loading, in order to simulate the
effects alternatively induced by horizontal forces acting on
the building and sudden removal of the column.

3. Finite element modelling
3.1 Modelling assumptions

Finite element analyses (FEAs) were carried out using
ABAQUS 6.14 (Dassault 2014). The models were
discretized using C3D8I solid element type (i.e., 8-node
linear brick, incompatible mode). In order to obtain regular
element shapes the structured-meshing technique was
employed and a mesh sensitivity analysis was performed to
ensure the accuracy of the numerical model.

Fig. 2 depicts the peak Von Misses stress for ES1-F
assembly (see Table 1) as respect to the mesh density (i.e.,
the number of finite elements per unit area) adopted for the
end-plate, the bolts and the end segment of the beam (where
plastic hinge is expected to form), since these parts are
expected to develop the largest plastic strains. The
numerical results show negligible improvement ofthe
accuracy if the average global size of finite elements are
smaller than 12.5, 10 and 15 mm respectively for the end-
plate, the bolts and the beam-end. Therefore, the size of the
elements adopted was kept equal or smaller than these
dimensions throughout the numerical investigation.

The contacts between: (i) end-plate and column flange;
(ii) bolt head and end-plate and nut and column flange; (iii)
shank and the corresponding surface of the holes were

Type 1
Type 2

Fig. 3 Out-of-square shapes according to EN 10034

modelled by means of surface-to-surface interactions. Both
normal and tangential contacts were used. The former was
defined as “Hard Contact”, which simulates the behavior
perpendicular to the interface, both in case of pressure
(overclosure) and gap opening (separation). The tangential
behavior was simulated by means of the “Coulomb friction”
model. The value of the friction coefficient was assumed
equal to 0.3, which corresponds to steel surfaces cleaned by
wire-brushing with loose rust removed according to
EN1993:1-8 (2005).

The material used for beams, columns and plates
corresponds to the European S355 steel with the average
yield strength equal to yexf,. The Von Misses yielding
criterion was used together with combined (i.e., both
isotropic and kinematic) plastic hardening model based on
Dutta et al. 2010.

The geometrical imperfections of steel members due to
mill tolerances allowed by EN 10034 (1993) for European
profiles were accounted for imposing the scaled shape of
Eigen modes obtained by an elastic buckling analysis.
Preliminary FEM analyses on cantilever beams were
performed to select the type of the out-of-square buckling
mode (e.g., Type 1 or Type 2 depicted in Fig. 3) leading the
most severe condition (Tartaglia et al. 2018a, b). The
response curves depicted in Fig. 4 in terms of the ratio
between the bending moment at the column face (M) and
the beam plastic resistance (Mpigeam) Show that the
difference between the out-of-square typologies does not
significantly influence the beam moment rotation curve for
all investigated beams (i.e., IPE360, IPE450 and IPE600).

High strength (gr.10.9) pre-loadable HR bolts were
used. The material properties of the bolts were defined by
means of a multilinear force-displacement curve covering
the initial elastic, yielding and plastic domain up to failure
according to D’Aniello et al. (2016, 2017a). In addition, the
shank necking and fracture in the threaded area has been
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Fig. 5 Comparison between experimental results and finite element simulations: ES2-E

modelled using the ductile damage model, available in the
software library, calibrated on the basis of Pavlovic et al.
(2015) and D’ Aniello et al. (2016 and 2017a).

The pre-tensioning of bolts was modelled in the first
step of analysis (no applied external actions) using the “Bolt
load” option available in the FE software and the clamping
force was set equal to the values recommended by
Eurocode 3 Part 1-8.

Both fillet and full penetration welds connecting the
various elements and stiffeners were modelled. To ensure
the continuity between the welded elements, the respective
surfaces were connected by means of “Tie” constraints. The
material of the welds was modelled by an elastic perfectly
plastic constitutive law, with the yield stress equal to 460
MPa, which corresponds to an electrode grade A46 (as
given by EN ISO 2560, 2009).

The boundary conditions were in accordance with the
sub-structuring shown in Figs. 1(b) and (c). Torsional
restraints were introduced out of the length of the plastic
hinge. The spacing of lateral torsional restraints was
assumed equal to the lateral-torsional stable length segment
according to EN 1993-1 (2005), clause 6.3.5.3.Finally, the
displacement histories were applied at the tip of the beam
using dynamic implicit solver with quasi-static options.

3.2 Validation of modelling assumptions

The effectiveness of the modelling assumptions was
validated against the experimental tests formerly carried out
by Landolfo et al. (2017) on an equal strength (ES2-E) joint
using the ANSI/AISC341-16 (2016) cyclic loading protocol
up to a chord rotation equal to 0.07 rad. Fig. 5 shows that
the modelling assumptions can capture with good
approximation the resistance, the stiffness, the failure mode
and the deformed shape experimentally obtained.

4. Discussion of results

4.1 Influence of end-plate material
under monotonic and cyclic action

Fig. 6 shows the response curves of the joints under
monotonic loading without axial restraints at the beam ends
(see the structural scheme depicted in Fig. 1(b)) in terms of
moment-joint rotation (i.e., the rotation computed
considering the deformability of the connection and the
column web panel) obtained by varying the material
properties of the end-plate and compared with the beam
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flexural strength at column face (i.e., Mgrq+Vs g4°Sh)-

The overall response curves of full strength joints (see
Figs. 6(a), (d) and (q)) are less affected by the variation of
the end-plate yield stress, thus confirming that the design
rules proposed by D’Aniello et al. (2017b) are effective to
guarantee the formation of plastic hinge into the beam.
However, the local response shows some differences. In
particular, for the same chord rotation level, the joint
rotational demand differs varying the end-plate yield stress.

The ES3 assembly (i.e., which has the deeper beam)
clearly highlights that for the same overall moment-chord
rotation curve (see Fig. 7) corresponds different plastic
demand in the joint, i.e., connection and column web panel,
(see Fig. 8), which depends on the considered steel strength
of the end-plate. As expected, the joint rotation decreases
with the yield strength of the end-plate due to the formation
of plastic deformations in the connection. To clarify this
aspect, it is possible to take as an example the ES3-F
assembly. In this case, the maximum PEEQ index in the
beam at 6% chord rotation varies from 0.1445 to 0.1398 for
end-plate steel grades ranging from S235 to S460,
respectively (see Fig. 8). Conversely, the corresponding
maximum PEEQ in the EP ranges from 0.0205 (for S235) to
0.00233 (for S460).

Equal strength joints are very sensitive to the variation
of the steel strength of end-plate. This type of joints is
theoretically designed to activate plastic deformations in
both the beam and the end-plate. Of course, the adopted
design procedure accounts for the variation of yield stress
of end-plate, but when the deviation largely exceeds the
values considered in the design procedure, the equal
strength joints can alternatively tend to behave as either full
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Fig. 8 PEEQ distribution for ES3 full strength joints varying the yield stress of the end-plate material
or partial strength joints. However, the results from FEAs Egs. (5) and (6).
confirmed that if the end-plate strength varies within the ro 4
range of + 30% of the design yield stress, the adopted oy = OOy T On (5)
capacity design criteria are effective to obtain the expected 3
performance, namely plastic deformations in both beam and
- i i i 2 2 2 2 2 2
end p_Iate_ connection  even though  with  different (05 —0,) +(0,—0,) +(0, —0,) +6(z], +15+72) ©)
contributions. With this regard, FEAs show that two Oy = 5

different damage patterns can occur: (1) first plastic hinge
into the beam; subsequently plastic deformations with
typical yielding lines occur into the end-plate due to
hardening of the beam plastic hinge; (2) plastic
deformations initiate into the end-plate; subsequently plastic
hinge also forms into the beam due to the hardening of the
end-plate (see Fig. 6).

On the other hand, increasing the strength of the end-
plate modifies the failure mode of the bolt-rows from a
ductile mode 1 to the brittle failure mode 3. Hence, in order
to quantify the proneness of partial strength joints to
fracture, the rupture index (RI) was monitored.

, PEEQ _  PEEQ

RI = =
exp(-1.5T)

(4)

&5

The rupture index is defined as the ratio between the
PEEQ and the ductile fracture strain &, multiplied by the
material constant o (El-Tawil et al. 1999), as in Eq. (4).
Where the PEEQ value that causes fracture can be obtained
for a given stress triaxiality condition T that is defined as
the ratio between oy, and o4, Which are defined according to

Fig. 9 shows the relation of the RI with the chord
rotation for different values of the yield stress of the end-
plate material. For all the three beam-to-column assemblies
(ES1, ES2 and ES3) the control point was selected in the
middle axis of the end-plate, where the maximum value of
the PEEQ was observed. As expected, the end-plate RI
decreases for increasing yield strength and with the increase
of the joint assembly dimensions. Therefore, the maximum
value is observed for the ES1-P corresponding to the
material configuration. This result highlights that an end-
plate yield stress lower than the design value can
significantly impair the response of partial strength joints
due to the increase of RI indexes into the welded zones of
the end-plate which can be prone to brittle failure.

The response of the bolts was also monitored, and the
bolt forces were compared with those analytically estimated
with the component method (CM) in accordance with the
assumptions reported by D’Aniello et al. (2017b). With this
regard, only the bolt rows above the symmetry axis were
considered in tension since the others do not provide
appreciable contribution.
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Fig. 9 Evolution of Rupture Index with the chord rotation: ES1-P(a), ES2-P (b) and ES3-P (c)
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Fig. 11 Bending moments at 4% of chord rotation: (a) ES-1; (b) ES-2; and (c) ES-3

Accordingly, the first three lines were investigated in the
case of full strength assemblies, while only the first two
lines were considered for the equal and partial strength
joints. As depicted in Fig. 10, the bolt forces and their
distribution at 4% of chord rotation obtained from FEAS
differ from those analytically estimated. Nevertheless, it is
interesting to observe that full strength joints do not exhibit
appreciable differences of bolt forces at varying the end-
plate material both in the FE and analytical predictions.

Contrariwise, the analytical calculations for equal and
partial strength joints show an increase of bolt forces if the
strength of the end-plate material increases, while the FEM

results show negligible differences. Focusing on the partial
strength assembly, it is possible to observe that by
increasing the end-plate material resistance from f = 0.65
to f = 1, the bolt forces in both lines increase around 15%.

However, no differences can be pointed out between the
configurations having f = 1 and f = 1.3. In this case, the
increase of the end plate material resistance, changes the
failure mode from the end-plate to the column flange,
without significantly changing the forces in the bolts.

An overview of the sensitivity of the joint cyclic
performance to the end-plate material is reported in Fig. 11,
which compares the joint flexural resistance at a rotation of
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Fig. 12 Dissipated energy by the components of ES1 ((a)-(c)), ES2 ((d)-(f)) and ES3 ((9)-(i))

4% normalized with respect to the bending capacity of the
reference joint (in which the S355 is assumed as the end-
plate material).Indeed, the energy dissipated by the end-
plate (see Fig. 12) varies from about 80 to 10% of the total
amount for f ranging from 0.65 to 1.3. However, despite
this difference, the energy dissipation of equal strength
joints is mostly distributed between the end-plate and the
beam, thus consistently with the design requirements
D’Aniello et al. (2017b). The energy dissipated by the bolts
is quite low in all the examined cases (see Fig. 12). This
outcome confirms the effectiveness of the design hierarchy
criteria in guaranteeing a ductile response. However, partial
strength joints can experience excessively large deformation
of the column for f = 1.3 as respect to EC8 limit.

Fig. 13 shows the results in terms of moment-rotation
curves, energy dissipation contributions and PEEQ
distribution for the ES2-E, which clearly highlight how the
damage pattern shifts from the end-plate to the beam when
increasing the yield strength of the end-plate. Indeed, as
shown in Fig. 12(e), the models with the weakest end-plate
(f = 0.65) develop most of the plastic demand in the end-
plate (i.e., 81.5%), thus behaving as a partial strength joint.
Increasing the yielding resistance of the end-plate material,
the joint response tends to the full strength behavior,

concentrating the plastic demand into the beam (i.e., 69%).

Moreover, also the cyclic analyses on partial strength
joints show that f does not modify the dissipative
mechanism. Indeed, in all cases, the hysteretic energy is
dissipated by the connection and the column web panel,
leaving almost elastic the other joint components (see Figs.
12(c), (f) and (i)). Despite the fact that a large part of the
plastic deformation is concentrated into the end-plate, the
contribution of the bolts does not exceed the 7% of the total
dissipated energy. Therefore, even for this set of joints the
design criteria proposed by D’Aniello et al. (2017b) are
effective to limit brittle failure modes.

4.2 Influence on column loss response of end-plate
material different from the design value

The column removal scenario implies the sudden loss of
a column adjacent to the investigated joint (see Fig. 1(c)). In
this case, the presence of axial restraints and the large
deformation regime substantially modify the local demand
in the joint components due to the development of catenary
actions into the beam and the rotational demand is generally
larger than the value expected under seismic conditions.
Under the column loss, the column face bending moment
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calculated with the first order theory (i.e., M! =F-¢, being
F and ¢ the applied force and the corresponding vertical
displacement at the beam tip) does not correspond to the
actual bending moment acting on the connection, which
depends also on the additional contribution of the moment
due to the axial tensile force in large deformation. Hence,
the total bending moment at column face can be calculated
using Eq. (7).

My =M'+M"=M'-N.&§ )

The catenary action developed in the examined full
strength assemblies does not appreciably differ with the
variation of the end-plate material and it ranges between the
20 and 35% of the plastic axial resistance of the beam
(Npl,rd,Beam), @S shown in Fig. 14.

ES1-F and ES2-F are scarcely influenced by the
variation of the end-plate material showing a very ductile
behavior although plastic hinges form in the column out of
the web panel for chord rotation larger than 10% (see Fig.

14). Contrariwise, ES3-F shows a different failure mode
with damage concentration into the connection and brittle
rupture of the bolts (see Fig. 14).

For this case, the variation of the yield strength of the
end-plate material appreciably influences the damage
pattern at rotations larger than 10% (i.e., the threshold from
which the progressive failure of bolts activates), but
affecting less the joint response curve. The reason of the
different response of the ES3-F depends on the tensile
resistance of the bolts compared to the catenary action
developing under column loss.Indeed, the tensile resistance
of the bolts (XF¢rq) in the upper half part (i.e., above the
symmetry axis) of the connection for ES1 and ES2
configurations is close to the plastic strength of the beam.
Therefore, XF;gg/NpirdgeamiS respectively equal to 0.96 and
1.00. On the contrary, the resistance of the bolts in the
tensile part of the connection of ES3-F is significantly
smaller, namelyXF;r4/Npirdgeam = 0.65.These observations
suggest that the effect of catenary action on the connection
response can be disregarded at design stage if the tensile
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strength of the half part of the bolted connection is close to
the tensile resistance of the connected beam. However, if
the design objective is to avoid any type of damage in the
column, the strength of the column web panel as well as the
bending resistance of the column segments outside the joint
should be properly verified against the expected catenary

action.
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(ZF¢rg) in the tensile part of the connection is effective in
improving the performance under column loss, the ES3-F
was re-designed considering a 8-bolt row configuration,
namely with two additional bolt rows (one more per beam
flange).Under this assumption the new joint (identified as
“ES3-F-ABR”) is characterized by a larger ZF;rg/Nyirdgeam

ratio, which increases from 0.65 to 1.04.

Fig. 15 shows the comparison in terms of both moment-
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rotation curve and PEEQ distribution between the ES3-F
and the ES3-F-ABR, which confirms that the new detail can
significantly improve the joint response. Hence, as
expected, the ES3-F-ABR joint behavior is similar to the
response observed for the ES1-F and ES2-F joints (see Figs.
16 and 18(a)) with the formation of the plastic hinges on
both the beam and the column. Moreover, as depicted in
Fig. 16 and consistently with the results shown for the ES1-
F and ES2-F, the variation of the steel yield strength of the
end-plate does not affect the global response of the joint. A
minor difference between the two cases can be only
observed at rotation equal to 20%, where the plastic
deformation in the end-plate is slightly larger in the former
case, without influencing the overall response of the joint.
The influence of the variation of the end-plate steel
strength is more significant for equal and partial strength
joints, as also shown in the previous paragraph. These joint
configurations exhibit similar response under column loss
without appreciable differences. Indeed, since these joints
are designed to promote the yielding of the connection, the
increase of the yield strength of the end-plate increases the
joint bending capacity, but decreasing the ductility if the

strength of the end-plate exceeds the resistance of the
corresponding bolt rows. In that condition, the damage
pattern in the connection moves from mode 2 to a mode 3,
with plastic deformation occurring in the column at large
rotation demand.

Fig. 17 shows the response curves of ES1-E in terms of
first order moment-rotation (a), axial force (b), and second
order moment (c) normalized to their relevant plastic
resistances of the gross section (i.e., My geam and Npj geam fOr
bending and axial strength, respectively). The connection
with f = 0.65 exhibits a failure mode 1 up to 10% of
chord rotation (see Fig. 17(c), but increasing the rotational
demand the catenary actions increases (Fig. 17(b) and the
bolts fail under tension. Increasing the yield resistance of
the end-plate material up to f = 1.3, the bending capacity
increases with a consequent larger stress concentration in
the bolts up to their premature fracture at 10% of rotation.

However, all examined cases lose the first two bolt lines
at rotation levels equal to 20% (see Fig. 18(b)), even though
the distribution of plastic deformation significantly differs
from the weaker to the stronger end-plate. Indeed, in the
former case (i.e., f = 0.65) the damage is mostly localized
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Fig. 22 Bolts forces for ES2-F, ES2-E and ES2-P

in the end-plate and the welds between the beam web and
the end-plate.

In the second case (i.e.,f = 1.3) the plastic deforma-
tions mostly occur into the beam, the rib-to-beam flange
welds and bolts, thus confirming the evolution of failure
mode 2 (observed at 10%) into a mode 3. For the sake of
brevity, the response of the other equal strength joints is not
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as the plastic deformation demand in the column.

As observed, the behavior of the bolts plays a very
important role in the definition of both the equal and partial
strength joints behavior. Therefore, the bolt forces of each
row normalized to their clamping forces were plotted
against the chord rotation (see Fig. 19). Both the first and
the second bolt rows show an increase of the tensile forces
starting from the clamping up to their plastic strength.
Despite the fact that all bolts reach almost the same level of
force, the fracture occurs at different values of rotation in
function of the end-plate material variation, namely the
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failure of the bolts anticipates with the increase of the
resistance of the end-plate material, thus showing a
consequent decrease of ductility. The third bolt row is under
compression up to 8% of rotation. Further increasing the
imposed rotation, the bolts of the first and second row fail,
and this bolt row exhibit a similar dependency with the
material strength of the end-plate.

4.3 Influence of a central bolt row

Fig. 20 depicts the comparison between the cyclic
response curves of RJs and MBRJs. As it can be recognized,
the hysteretic curves are mostly overlapped with small
differences for the partial strength joints. This observation is
also confirmed by Fig. 21, where the cumulated energy per
cycle (DE) is depicted. DE was calculated per beam-to-
column assembly as the ratio between the sum of the areas
enclosed by each hysteretic loop and the energy cumulated
up to 0.04 rad of chord rotation of the corresponding full
strength joint (Dgo.osrun). AS expected, given that the plastic
deformation concentrated solely into the beam, the response
and the dissipated energy of full strength joints are
insensitive to the presence of the additional bolt row. Larger
differences can be observed in the case of partial strength
joints where the presence of the central bolt row reduce the

gap opening of the connection and, consequently, the
corresponding pinching of the hysteretic response curve. As
shown in Fig. 22, the central bolt row is not activated in the
case of both full and equal strength joints, showing a
constant reaction equal to the applied clamping force.

The comparison in terms of bending strength between
the references joints (RJs), see Table 1, and the joints with
an additional bolt row in the middle of the connection
(MBRJs) is also summarized in Fig. 23, which clearly
highlights that the differences between the response of the
two configurations in terms of plastic strength at 4% of
rotation are negligible.

Contrariwise, the central bolt row is activated in the case
of partial strength joint at almost 1.8% of rotation. These
results clearly highlight that the influence of the central bolt
row is negligible for joints designed to resist solely the
effects due to gravity and lateral loads, so that its use is not
justifiable considering the increase of unitary constructional
cost. The remarks previously detailed in the case of cyclic
actions are controverted for column loss scenario. Indeed,
the increase of tensile resistance of the connection is
beneficial due to the development of catenary actions when
the joints are subjected to large rotational demands (see Fig.
1(c)).

Fig. 24 shows the comparison between ES1-RJs an.
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Fig. 25 PEEQ distribution in ES1 assemblies

ES1-MBRJs in terms of moment-rotation (both first and
second order) and axial force-rotation response curves. The
two full strength joints show similar response (see Figs.
24(a), (b) and (c)). Indeed, both RJ and MBRJ initially
develop the plastic hinge at the level of the beam end.
Afterwards at 20% of chord rotation plastic deformations
occur in the column at the upper part of the joint due to the
development of catenary action (see Fig. 25(a)). This result
shows that both configurations have enough connection
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tensile resistance to resist the catenary action, given that
ZFrd/Npirdgeam IS €qual to 0.96 and 1.28, respectively.

The response of both equal and partial strength joints is
highly influenced by the presence of the central bolt row
(see Figs. 24(d)-(i)). Indeed, the central bolt row allows
increasing the strength and the joint ductility, limiting the
gap opening of the connection and the bolt fracture (see
Figs. 25(b) and (c)). This observation is also confirmed by
monitoring the force developed in the bolts. Fig. 26 shows
the comparison between the bolt forces per active row of RJ
and MBRJ considering the ES1-P joint assembly. As
anticipated, the introduction of the central bolt row
improves the behavior under column loss by postponing the
failure of the bolts.

5. Conclusions

This paper presents and discusses the results of a finite
element parametric study devoted to investigate two aspects
influencing the response of extended stiffened end-plate
beam-to-column joints, namely the influence of yield
strength of the end-plate material different from the design
value and the presence of the central bolt row. On the basis
of the obtained results, the following remarks can be drawn:

e The local and global response of joints with yield
stress of the end-plate material different from the
design value can change from the expected behavior
in different way depending on the performance
design level of the joint.

e The response of full strength joints under monotonic
and cyclic loading is less affected by the variation of
the end-plate material. Indeed, the design
requirements guarantee large over-strength that
ensures the formation of the plastic hinge into the
beam, even in the cases with the weaker end-plate
where some plastic deformations are observed.
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Fig. 26 ES1-P bolts action: RJ vs MBRJ
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Hence, the local response differs at the same overall
response curve.

e The cyclic response of equal strength joints is highly
influenced by the variation of the end-plate material.
Indeed, the failure mode can move from the
connection (i.e., partial strength joint) to the beam
(i.e., full strength joint) with the increase of the end-
plate yield strength. However, if the end-plate
strength varies within the range + 30% the design
yield stress, the adopted capacity design criteria are
effective to obtain plastic deformations in both beam
and end-plate connection even though with different
contribution.

e Yield stress lower than the design value can induce
brittle failure into the welds of end-plate for partial
strength joints due to the increase of the local
demand in terms of plastic strain.

e The response of full strength joints under column
loss is marginally influenced by the variation of the
end-plate steel strength if the ratio ZFra/Npi rd,geam IS
close to 1. For ratios smaller than 0.90 the response
of the full strength joints is deteriorated and it is
affected by varying the end-plate steel strength.

e The resistance and the type of failure mode of both
equal and partial strength joints under column loss is
less influenced by the variation of the end-plate
material strength. In both cases it is possible to
observe a slight reduction of ductility when
increasing the yield stress of the end-plate due to the
premature failure of bolts.

e The central bolt row does not influence the moment-
rotation response of the joints under both the cyclic
and monotonic loading conditions. However, some
slight differences can be observed comparing the
dissipated energy of equal and partial strength joints.
In those cases, the presence of the central bolt row
reduces the gap opening of the connection and the
pinching effects on the cyclic response curves. The
reduction of natural frequency depends on the crack
depth and crack location.

e The central bolt row has beneficial effects under
column loss scenario. Indeed, increasing the axial
strength and stiffness of the connection is effective
to resist the catenary actions developed at large
rotation demand.
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