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Abstract.

Flush end-plate (FEP) beam-to-column joints are commonly used for gravity load resisting parts in steel multi-

storey buildings. However, in seismic resisting structures FEP joints should also provide rotation capacity consistent with the
global structural displacements. The current version of EN1993-1-8 recommends a criterion aiming at controlling the thickness
of the end-plate in order to avoid brittle failure of the connection, which has been developed for monotonic loading conditions
assuming elastic-perfectly plastic behaviour of the connection’s components in line with the theory of the component method.
Hence, contrary to the design philosophy of the hierarchy of resistances implemented in EN1998-1, the over strength and the
hardening of the plastic components are not directly accounted for. In light of these considerations, this paper describes and
discusses the results obtained from parametric finite element simulations aiming at investigating the moment-rotation response
of FEP joints under cyclic actions. The influence of bolt diameter, thickness of end-plate, number of bolt rows and shape of
beam profile on the joint response is discussed and design requirements are proposed to enhance the ductility of the joints.
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1. Introduction

Flush end-plate (FEP) beam-to-column joints are widely
used and commonly considered as pinned joints in gravity
load resisting frames. However, FEP joints typically behave
as semi-rigid and partial strength, namely being
characterized by moderate but non-negligible strength and
stiffness. The current design rules and requirements (e.g.,
EN1993-1-8 (CEN 2005), AISC360-16 (AISC 2016c)) for
FEP joints are mostly aimed at verifying the strength and
the stiffness under monotonic bending and shear actions,
but limited recommendations are available for seismic
conditions. Even though FEP joints are not used for primary
resisting structural systems, these joints should be able to
guarantee ductility and rotation capacity compatible with
the overall interstorey drift demand under seismic action
without brittle failure.

In USA the common practice for bolted joints of
primary seismic resisting systems is to adopt pre-qualified
configurations (e.g., extended stiffened or unstiffened
connections) in accordance with AISC358-16, which should
guarantee a cyclic rotation capacity of 0.04 rad with
residual strength no larger than 0.8M, (being M, the
nominal plastic strength of the connected beam). However,
no relevant pre-qualification rules are available for the
joints used in gravity resisting frames such as FEP joints. In
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Europe, detailing rules for seismically prequalified
connections are not currently available. EN1993-1-8 (CEN
2005) allows estimating solely the strength and the stiffness
of FEP joints, without establishing rotation capacity under
cyclic condition, even though a ductility criterion is
provided to avoid T-stub mode 3 failure, by limiting end-
plate thickness as respect to the bolt diameter.

Some studies were conducted in past decades to
investigate the flexural behaviour of FEP joints. Srouji et al.
(1983) and Bogsmiller and Murray (1995) developed
prediction methods for the resistance using yield line
theory. Boorse (1999) carried out experimental tests to
assess the ductility under seismic loading, showing inelastic
rotation capacity higher than 0.01 rad and also that wide
bolt pitch configurations exhibit the higher rotation capacity
with failure involving the fracture of both beam web to end-
plate and beam flange to end-plate welds. Cyclic tests by
Broderick and Thomson (2002) showed high ductility
failure modes 1 and 2 and low ductility for mode 3 and that
EN 1993-1-8 (CEN 2005) accurately predicted failure
modes and bending strength, while overestimating stiffness
by factors of 1.56 to 3.97. Tests by Aribert et al. (2004)
showed that EN 1993-1-8 overestimates initial stiffness and
that failure generally involves beam flange to end-plate
welds that are prone to premature brittle failure. Tests on
high strength connections with end-plates by Girdo Coelho
and Bijlaard (2007) showed similar results, namely that
EC3 provided good agreement in terms of strength, while
overestimating stiffness by 1.59 to 1.75 times. Experimental
and numerical tests by Yu et al. (2011) have shown that
thicker end-plates led to enhanced resistance coupled with
limited ductility, with failure by a shear fracture of the end-
plate close to the welds.
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To the best knowledge of the Authors, this review of the
state of the art highlights the need to further investigation
on the cyclic response of FEP joints, considering that FEP
joints can be severely damaged during earthquakes. To this
aim, a design rule is proposed to enhance the ductility of
FEP joints. In addition, to verify the effectiveness of the
proposed rule a numerical parametric study is conducted
and the influence of the following parameters on joint
response is investigated: bolt diameter, end-plate thickness,
number of bolt rows and beam cross section. Numerical
results are discussed in terms of moment-rotation response
curves and compared to strength and stiffness limits from
EN 1993-1-8 (CEN 2005) to identify the most effective
details to maximize joint performance.

2. Design criteria
2.1 Eurocode criteria

According to the EN 1993-1-8 (CEN 2005) classifica-
tion system, FEP joints are typically semi-rigid, implying
that these elements should be explicitly modelled for
structural analysis. This can be accomplished via the
Components Method (CM), which provides an estimation
of the initial stiffness and resistance. According to
EN1993:1-8 (clause 6.4.2(2)), bolted end-plate joints have
sufficient rotation capacity if their resistance is governed by
either column flange or beam end-plate in bending without
failure of bolts and welds. This condition is assumed as
verified if the thickness of the plates of the connection
satisfies the following condition

t<036d- |fu/f, (1)

The EN 1998-1 (CEN 2004) provides guidance
regarding the design of primary and secondary seismic
members. FEP joints are generally adopted for secondary
gravity frame connections and are required to maintain
load-carrying capacity when subjected to displacements
induced by seismic action (clause 4.4.2). The design
requirements for dissipative connections (clause 6.5.2) are
based on capacity design principles. Furthermore, it is
stated that dissipative semi-rigid and/or partial strength
connections should have a rotation capacity consistent
withglobal deformations (clause 6.6.4), which for DCH
class structures should be larger than 35 mrad.

2.2 Revised ductility criterion

Joint ductility depends on the type of failure mode and
on the plastic deformation capacity of the connection
components. As shown by Fang et al. (2012, 2013), the
strain hardening response of components significantly
influence the ultimate response of flush end-plate joints.

In order to ensure ductility at local level, the resistance
of bolts Figq should be larger than the strength Fyrq
associated to failure mode type 1 at each bolt row, provided
that the failure of welds is avoided. As highlighted by
D’Aniello et al. (2017a), both the random variability of

yield strength of plate material and its relevant strain
hardening can be also accounted for as follows

Ft,Rd 2y Fp,Rd =%Yov "Vsh~ Fp,Rd (2)

where v,, is the random material overstrength factor (which
it can be assumed equal to 1.25 as recommended by
EN1998-1) and ys, is the strain hardening parameter, which
can be assumed equal to ys = (fy + fu) / (2f,) (being f, the
yield stress and f, the ultimate stress of the steel plate)
according to AISC (2016b). Re-arranging the inequality in
Eqg. (2), taking ymo = 1.0, ys = 1.20 (as formerly adopted for
extended stiffened end-plate bolted joints by D’Aniello et
al. 2017a) and introducing the EN 1993-1-8 (CEN 2005)
equations for yield line mechanism, the ductility criterion
can be expressed as follows

042-d Ymo " fub fub
t < . =030-d- [— (3
proposed \Yov " Vsh Ymz: f;’ f;’

where fy, is the ultimate bolt strength, f, is the nominal plate
yield strength and d is the bolt nominal diameter.

Hereinafter, the effectiveness of the ductility criterion
for end-plate thickness given by Eq. (3) is investigated by
means of parametric finite element simulations.

3. Parametric finite element analyses

The examined variables cover a representative set of
realistic FEP joint configurations. Indeed, the beam-to-
column assemblies are extracted from first storey spans of a
set of steel moment resisting frames designed according to
Eurocodes (Cassiano et al. 2016a) having span length equal
to 6.0m and the column height equal to 3.5 m.

S355 steel grade is assumed for beams, columns and
end-plates, while high-strength grade 10.9 steel is
considered for bolts. Since the beam and the connection are
the elements that mostly characterize the behaviour of FEP
joints, in this study the column profile is kept constant,
while beam and connection vary. The adopted column cross

Table 1 Definition of parametric variables

Parameter Symbol Examined values Units
Number of L

bolt rows R {2:4} [l

Bolt diameter™ D {16;20;24} [mm]

End-plate “19 14 -

thickness T {8;12;16;20} [mm]
Beam cross s {IPE 220" ; IPE 360 ; [

section HEA 320 ; HEA 500}

*4 bholt row configuration is not feasible for the case with IPE 220
profile. Indeed, in order to satisfy the minimum distances
recommended by EN 1993-1-8 (CEN 2005), only in this case 3
bolt row configuration is adopted due to small depth of IPE200

**High strength bolts with grade 10.9 are adopted for all
investigated diameters
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Fig. 1 Investigated beam-to-column joints

Table 2 Details of examined flush end-plate joints

Beam section p (2 bolt rows) p (4 bolt rows) a w
[-] [mm] [mm] [mm] [mm]
IPE 220 120 60" 50 114
IPE 360 248 83 56 114
HEA 320 189 63 61 168
HEA 500 348 83 71 168

*3 bolt rows

section (HEB 650) corresponds to the most commonly
adopted in the set of reference frames. Both IPE and HEA
sections were adopted, with depths ranging from 220 mm to
500 mm. The adopted parameters and the relevant
variations are reported in Table 1. The following label code
is used to identify each joint:

R(number of bolt rows)'D(bolt diameter)
'T(thickness of end-plate)'s(beam profile, either I or H)

The typical geometry of the end-plate is presented in
Fig. 1(a). Fig. 1(b) depicts the bending strength vs. stiffness
distribution of the examined FEP joints, highlighting the
joints compliant with the ductility criterion expressed by
Eq. (3).

The geometrical features of the examined FEP joints are
reported Table 2. In order to investigate the typical
arrangement of gravity load design connection, the vertical
pitch p is constant so as to equally space the bolt rows; the

(a) Beam-to-column assembly

(b) Joint

horizontal pitch w is assumed as the technological minimum
distance, as conditioned by the fillet radius of the columns
and the dimensions of bolts and corresponding washers.
Fillet welds are considered for all joints. Full penetration
welds are not considered because this type of details is not
usually adopted for FEP joints. To try limitingthe brittle
failure of fillet welds (Boorse 1999, Broderick and
Thomson 2002, Yu et al. 2011), the throat depth of the fillet
welds between the beam and the end-plate is assumed equal
to 0.7 times the thickness of the thinnest connected plate.

3.1 Finite element modelling

Finite element models of FEP joints (see Fig. 2) are
developed using ABAQUS (Dassault 2013). Both
mechanical and geometrical nonlinearities are considered.
C3D8R elements, i.e., reduced integration 8-node linear
brick elements, are used with hourglass control and a
minimum of three layers of finite elements along plate
thickness to avoid shear locking problems. The structured
meshing technique is assigned to obtain regular shapes for
elements, especially for those elements discretizing rounded
parts, e.g., bolt shanks, bolt head and nuts (Tartaglia and
D’Aniello 2017, Tartaglia et al. 2018). The true stress-true
strain relationship adopted for the analyses is taken from the
average response of tensile coupon tests, using a combined
isotropic/ kinematic hardening rule. The onset of plate
fracture is evaluated a-posteriori through the Rupture Index,
as described in Section 3.4. The evolution of residual
resistance following fracture initiation is kept out of the
scope of the present study. Fillet welds were modelled

(b) Bolt

Fig. 2 Finite element model of the R4-D20-T12-SH320 joint
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according to their throat thickness assuming an elastic-
perfectly plastic constitutive law, with f, = 460 MPa,
corresponding to an electrode grade A46 (1SO 2009). The
bolts are modelled according to D’Aniello et al. (2017b),
namely as a single part made of three partitioned zones,
namely the shank, the head and the nut (see Fig. 2(c)). 3D
solid finite element models with progressive damage are
used, accounting for damage initiation, softening, crack
initiation and progression. The undamaged material
plasticity curve and the equivalent plastic strain at damage
onset curve as a function of triaxial stress state are taken in
line with Pavlovic et al. (2015). Contacts are modelled
using hard contact law with tangent “Coulomb friction”
(slip coefficient equal to 0.3) to simulate the interactions
between (i) the end-plate and column flange; (ii) the bolt
nuts and the surfaces of end-plate and column flange; and
(iii) the bolt shanks and the holes of both end-plate and
column flange.

Boundary conditions are applied to reference points tied
to the cross sections surfaces at both ends of the columns
and at the beam tip. The 3 translational degrees of freedom
(DOFs) and the torsional DOFs are restrained at the lower
end of the column; the vertical translational DOF is released
at its top end to allow column shortening. For the beam tip
section, all DOFs are restrained except for bending rotation
about the strong axis.

Two levels of axial force in the column are considered:
(i) zero axial force; (ii) 30% of the plastic strength of the
column (higher than the maximum axial force from
Cassiano et al. 2016). However, the obtained results showed
that axial force in the column within the examined range
has negligible influence on the joint response, in line with
experimental results on joints under column loss by
Kuhlmann et al. (2009). Therefore, this parameter is not
discussed hereinafter.

Both monotonic and cyclic loading are considered. In
both cases the numerical analyses are performed in two
steps: (i) application of the EC3-compliant tightening force
to the bolts; (ii) imposing vertical displacements to the
beam end according to the AISC 341-16 (AISC 2016a)
cyclic loading protocol. It should be noted that according to
AISC 341-16 the connections can be seismically qualified if
they are capable of withstanding interstorey drift angles of

MOMENT [KN1n]

-80
ROTATION [mrad]

(a) Response of calibrated FE model of the EP2 joint by
Broderick and Thomson (2002) vs experimental curve

40 mrad, whereas the EN 1998-1 (CEN 2004) states that for
dissipative semi-rigid and/or partial strength joints the
rotation capacity of the plastic hinge should not be less than
35 mrad for high ductile structures. In order to examine the
response of the joints under both criteria, the loading
protocol was applied up to an interstorey drift angle 6 = 40
mrad.

3.2 Validation of the FE model

The assumptions for the finite element models are
validated against the results of experimental tests carried
out by Broderick and Thomson (2002). Fig. 3(a) shows the
comparison between the FE prediction and the experimental
response curve of the specimen EP2 tested by Broderick
and Thomson (2002). The EP2 beam-to-column joint was
characterized by a beam UB 254x102x22 and a column UC
203x203x86, both profiles were made of S275 steel grade.
The distance between the point of application of the load
and the end-plate was set equal to 750 mm. The width and
depth of the flush end-plate were set equal to 200 mm and
275 mm, respectively, while its thickness was equal to 12
mm with only two bolt rows, each of them located at 60
mm from the beam flange. Two bolts M20 grade 8.8 were
used per row, and the bolt gauge width was equal to 90 mm.

Since the ultimate resistance and ductility of the bolts
largely influence the system ductility (Broderick and
Thomson 2002, Aribert et al. 2004) and the accuracy of FE
models, the modelling assumptions of bolts are also
validated on the basis of experimental results on high
strength bolts performed by D’ Aniello et al. (2016). Also in
this case the FE predictions accurately reproduce the
experimental response, as shown in Fig. 3(b).

3.3 Strain rate effect

The influence of strain rate on the constitutive law of
steel under seismic actions has been the subject of several
studies. Dusicka et al. (2007) showed that strain rates
ranging from 0.001s™ (quasi-static) to 0.1s™ lead to
negligible differences in the cyclic response of steel coupon
specimens up to axial strains equal to 4%. Gioncu et al.
(2014) showed that the increase in yield strength is
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(b) Response of calibrated FE model of bolts vs experimental
curves given by D’ Aniello et al. (2016)

Fig. 3 Experimental vs. simulated response: (a) the joint; and (b) the bolt
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Fig. 4 Cyclic response of the R2-D20 joints

negligible for strain rates in the range 0.1s™ to 100s™ (the
latter representative of near-field earthquakes). Another
experimental study carried out by Lamarche and Tremblay
(2011) showed the ratio between the dynamic and static
yield strength to be lower than 1.07 for strain rates equal to
0.55%. In the light of the results provided by these studies,
the enhancement effect induced by strain rates under
seismic actions is conservatively disregarded in the analyses
shown hereinafter.

3.4 Plate ductile fracture initiation

The plate ductile fracture initiation is monitored using
the plastic equivalent strain index PEEQ determined from
Rupture Index RI values from literature, hence allowing to
investigate the limit state after which a significant drop in
resistance occurs. The Rl is defined as the ratio between the
PEEQ and the ductile fracture strain &;, multiplied by the
material constant a (EI-Tawil et al. 1999), as follows

PEEQ _ PEEQ

Ri=a & " exp(—1.5T) )

where the PEEQ value that causes fracture can be obtained
for a given stress triaxiality condition. The strain at ductile
fracture initiation according to Hancock and Mackenzie
(1976) is given by

& =a-exp (—1.5 ;—H) =a-exp(—1.5T) (5)

eq

where ¢ is the ductile failure strain, a is the material
constant, oy is the hydrostatic stress defined in Eq. (8), oy
is the Von Mises stress defined in Eq. (9) and T is the stress
triaxiality given by the ratio between oy and oy

_ Ox 0y, + 0y,

Oy 3 (6)
Opq =
(0 = ayy)z + (0 — Uzz)z )
+(0,, — 0, )% + 6(1')0,2 + 1,2+ szz)
2

This procedure enables to predict the fracture initiation
based on experimental results (EIl-Tawil et al. 1999). A
numerical study by Zangouie and Deylami (2013) on the
seismic performance of end-plate connections showed
anaverage PEEQ = 0.71 at crack initiation, associated to a
coefficient of variation CoV = 0.25, for beam flange
thicknesses ranging from 9 mm to 20 mm and for 40 mrad
drift. Myers et al. (2010) predicted fracture using the Stress
Modified Critical Strain (SMCS) (Hancock and Mackenzie
1976) by verifying when the equivalent plastic strain at any
point exceeds a critical value, according to the following
expression

gp > gp,critical =a- exp(_l-ST) (8)

Once the material-dependent toughness parameter «a is
determined, Eq. (8) can be used to predict the fracture
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initiation in structural components constructed from the
same material. The experimental values for ¢ and T yielded
an average value at failure &, critica = 0.59 with CoV = 0.24.
Chi et al. (2006) calculated a mean value of the parameter o
equal to 2.6, corresponding to &p criticas = 0.58 with a CoV =
0.17. The values obtained from these studies are consistent
with values by Zangouie and Deylami (2013). Considering
that the variability of critical PEEQ and that the cases
analysed by Zangouie and Deylami (2013) are similar
tothose examined in this study, the critical plastic strain
equal to 0.53 was assumed as the lower bound value, given
by the average PEEQ (i.e., 0.71) minus its standard
deviation (i.e., 0.18) obtained from Zangouie and Deylami
(2013). Crack initiation constitutes a limit state for FEP
connections, after which a significant resisting load drop
may occur. The post fracture response is highly influenced
by crack propagation patterns, which depend on local
material and geometrical imperfections (Wang et al. 2016).
For these reasons, post-fracture joint behaviour is not
analysed in this study and the joint response curves are
truncated according to the adopted critical PEEQ criterion.

3.5 Moment-rotation response curves

The results obtained from FEAs are presented in terms
of bending moment vs chord rotation response curves.

The connection rotation is extracted from FEA results
and computed as the chord rotation 6cnerg Minus the rotation
contributions of the beam 6peam and of the column Gcopumn

(see also Fig. 6). The rotation of the column is computed
from the displacements of two points of the column at the
end-plate extremities, and the beam rotation is taken as the
sum of a first and second order contributions.

econnection = echord - Hcolumn - ebeam (9)

gconnection = arctani?ék?vm /(Lbeam /2)) - ecolumn

V()

3EI (10)

N6vert (Lbeam /2)2
2EI

— | arctan

—arctan (

In order to compare joint performance, in moment-
rotation response curves the bending moment is normalised
to Mjgcs, which corresponds to the bending strength
calculated according to EN 1993-1-8 (CEN 2005).

4. Discussion of results

4.1 Influence of end-plate thickness

The response of FEP joint is very sensitive to the type of
the dominant failure mode per bolt row. The joints with thin

end-plates, i.e., characterized by T-stub mode 1, exhibit
stable hysteretic loops and develop significant plastic
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deformations into the end-plate. Contrarily, by increasing
the thickness of the end-plate, the joint performance shifts
to modes 2 and 3, where bolts fail. Fig. 4(a) shows the
variation of hysteretic behaviour from mode 1 to 3 by
means of an example, where T-stub failure mode 1 is
analytically predicted for t = 8 mm, mode 2 for t = 12 mm
and t = 16 mm, and mode 3 for t = 20 mm.

The case with t = 8 mm, which is compliant with the Eq.
(3) criterion, displays energy dissipation capacity with large
hysteretic loops although limited by premature fracture
initiation in the fillet weld zone between the beam flange
and the end-plate. This type of failure mode is observed for
several analysed cases with thin end-plates and wide bolt
horizontal pitch. Fig. 4(a) also shows that the cases with
end-plate thickness equal to 8 mm and 12 mm provide
rotation capacities limited to around 20 and 30 mrad,
respectively. The joints exhibiting mode 2 and mode 3
display low energy dissipation, due to the concentration of
plastic deformations in the bolts (plastic strains also occur
in the welds). Owing to the gap opening of the connections,
the bolts are subjected to both tensile forces and bending
that are responsible of their partial bolt plasticisation (see
Fig. 4(c)).

End-plate thickness is a key parameter that highly
influences the behaviour of T-stub connections. Indeed, the
high deformation demand is responsible for high stress
concentrations in the welds between the beam flange and
the end-plate (see Fig. 4(d)). The obtained results indicate
that premature fracture may occur prior the achievement of
chord rotation equal to 40 mrad. Instead, increasing slightly
the thickness of end-plates still in the range of mode 1 but
close to mode 2 can contribute to reduce the gap rotation of
the connection, limiting the stress concentration and
postponing the fracture initiation. It is interesting to observe
that the thinner is the end-plate the larger is the developed
nonlinear hardening (see Fig. 4(e)). This effect is mostly
due to two phenomena: i) the large rotation around the yield
lines of the bolt rows that is associated to strain hardening;
ii) the membrane action developing into the end-plate when
the gap rotation increases and the local deformation demand
increases.

The effect of end-plate thickness on joints with 2 bolt
rows and IPE 360 beam section is presented in Fig. 5 for the
M16 and M20 bolt assemblies, where a vertical drop to zero
of the bending moment represents the failure of bolts, while
an interrupted curve indicates fracture initiation. Results for
M16 assemblies (see Fig. 5(a)) show the weld fracture for
the case with t = 8 mm at a rotation equal to 27 mrad. For
the t = 12 mm case (i.e., bolt rows designed to exhibit mode
2), bolts sustain plastic elongation with significant pinching,
namely the resistance drops to zero during load reversal.
For the t = 20 mm (i.e., bolt rows designed to exhibit mode
3) premature failure of bolts occurs at 10.3 mrad. The joint
designed to comply the Eqg. (3) shows strain hardening up to
the fracture initiation of the end-plate without plastic
deformations of the bolts.

For the assemblies with M20 bolts, Fig. 5(b) shows that
for the case compliant with Eq. (3) (i.e., t = 8 mm), rotation
capacity is further reduced with respect to the M16 case,
due to the higher rotation demand on the end-plate, with
crack initiation at 17 mrad.

For the joints exhibiting either modes 2 or 3 (t > 12 mm)
the energy dissipation is small, due to the bolt plasticiza-
tion. The joint configurations with M24 bolts show a similar
behaviour. This highlights that a significant change in FEP
joint response occurs when sufficiently strong bolts are
adopted.

Differently from the joints equipped with M16 bolts (see
Fig. 5()), the joints with M20 bolts do not show any
softening behaviour (see Fig. 5(b)). In particular, the joint
compliant with the criterion of Eq. (3) shows premature
fracture of the welds prior the completion of the loading
protocol. The comparison between the simulated resistance
of the joints and the strength predictions according to EN
1993-1-8 (CEN 2005) highlights that the analytical
calculations accurately estimate the yield strength of joints
that exhibit mode 1 per bolt row (see Fig. 6(a)). However,
the simulated resistance exceeds the analytical plastic
strength when the rotation increases more than 10 mrad, due
to the end-plate strain hardening and the initiation of
membrane effects at larger gap opening of the connection,
which is not accounted for in the Components Method.

The joints showing failure mode type 3 per bolt row
exhibit resistances lower than those analytically predicted.
This is mostly due to the fact that the strength calculated for
mode 3 accounts solely for the axial resistance of the bolts,
while in the examined joints the failure of bolts is due to the
combined presence of bending, shear and axial force.

The M-6 envelope curves for joints with HEA 500 beam
section and M16 and M20 bolts are presented in Fig. 6. The
results for M16 bolts show that only the cases with t = 12
mm and t = 16 mm sustained rotations up to 40 mrad,
although associated with strength loss up to 40% of
predicted resistance. For the joints equipped with M20
bolts, the cases with t =8 mm and t = 12 mm show failure
mode 1, those with t = 16 mm fail by mode 2 while the
joints with t = 20 mm exhibit mode 3. For the case with t =
8 mm, the fracture initiates prior to hardening onset at
M/Mjecs = 1.07; for the case with t = 12 mm, the ratio
M/Mjecs is equal to 0.97, while the joints with t = 16 mm
and t = 20 mm display M/M;ec; ratios equal to 0.89 and
0.75 respectively. The large difference shown for the case
with t = 20 mm (mode 3) in Fig. 6(b) is due to the fact that
resistances analytically predicted for mode 2 and 3 are very
similar (of course the mode 3 resistance is slightly lower).
Results in Fig. 6 also show that the bending strength of the
joints compliant with Eq. (3) is in line with predicted values
only at small rotations, tending to increase due to end-plate
strain hardening, which is limited by the fracture initiation.
On the contrary, the joints not compliant with the criterion
of Eq. (3) reach the M/Mjecs = 1 condition at higher
rotation demands.

For the joints with other beam sections, the cases with
thinner end-plates (i.e., t = 8 mm and 12 mm) and M16
bolts show premature failure of the fillet welds, due to large
horizontal pitch between the bolts and to significant stress
concentration in the end-plate.

4.2 Influence of bolt diameter

The influence of bolt diameter is coupled with the end-
plate thickness, since both variables determine the type of
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failure mode of the equivalent T-stub per bolt row. Figs. 7
and 8 show the response curves of joints with IPE 360 and
HEA 320 beams, respectively. For the cases with t = 8 mm
and t = 12 mm, increasing the bolt diameter obviously leads
to increasing the joint strength, although the rotation
capacity decreases when transitioning from M20 to M24
bolts. It is very interesting to observe that the cases
exhibiting the lower rotation capacity are characterized by
failure mode type 1 (i.e., t = 8 mm). This result is only
apparently contradictory, because in those cases the rotation
capacity is impaired by the premature fracture of the welds,
which does not occur for all cases with t > 12 mm. The bolt
failure is observed only for the R2-D16-T20-SI360 case.

In terms of strength, the FEA results show that the most
of the examined joints can develop M/M;ecs ratios values
close to or higher than 1, thus confirming the accuracy of
EN 1993-1-8 (CEN 2005) predictions.

However, it is important to highlight that neither the
hardening (e.g., the cases with M20 bolts) nor the softening
(e.g., the cases with M16 bolts) of the response curves can
be analytically predicted with the current EN1993:1-8.

The cases where the analytical predictions under-
estimate the strength of the connection are those
characterized by thick end-plates with failure of the bolts in
the transition from mode 2 to mode 3, because of the
combined actions (i.e., bending moment and tensile force)
on the bolts. However, the evaluation of the damage pattern

into the bolt shank requires further testing.

The joints compliant with Eg. (3) display good
agreement with EC3-1-8 (CEN 2005) strength prediction
(see Figs. 7 and 9), although some configurations did not
withstand the full cyclic loading owing to premature
fracture initiation. These findings suggest that increasing
the weld strength or using full penetration welds is crucial
to improve the performance under cyclic bending.

4.3 Influence of bolt rows

Numerical results indicate that increasing the number of
bolt rows contributes to stabilise M-8 response, due to the
positive effect of the internal force redistribution following
first bolt row yielding. For instance, in the joints with M16
bolts, increasing from 2 to 4 bolt rows reduced strength
softening, namely up to about 20 mrad, with large increase
of the bending strength, as depicted in Fig. 9(a). Even for
the cases with M24 bolts, increasing the number of bolt
rows has a positive effect on both strength and rotation
capacity (see Fig. 9(b)), although the overall ductility is
lower than that provided by the joints with smaller bolts.

Once again, the joints compliant with the criterion given
by Eg. (3) are characterized by the poorer performance,
whereas non-compliant joints exhibit larger ductility even
though their failure modes are mode 2 towards 3.

The results obtained from this parametric study clearly
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highlight that although the criterion given by Eq. (3) (i.e.,
failure mode 1 per bolt row) enables the higher ductility
undermonotonic bending, the most critical aspect is the
detailing and the resistance of the welds. Indeed, fillet
welds generally used for gravity load resisting FEP joints
are inappropriate when the design criterion of Eq. (3) is
used, because inducing mode 1 leads to high strain demand
in the zone close to the stiffeners of the equivalent T-stub
per bolt row, namely the welds. Hence, for FEP joints with
conventional details, a failure mode 2 allows exploiting the
larger ductility.

4.4 Performance levels

According to EN 1998-1 (CEN 2004), beam-to-column
joints of the secondary structural system should have
limited lateral stiffness in order to avoid any interaction
with the strength and the stiffness of the primary seismic
resisting system. Therefore, it is meaningful to assess in
which terms the stiffness of FEP joints varies with the
rotational demand and how it compares to EN 1998-1
stiffness limits. Indeed, the characterisation of stiffness
degradation via the secant stiffness is useful for assessing
the structural behaviour accounting for the response of
joints when elastic-plastic analyses should be performed
(e.g., seismic analyses). Indeed, EN1993:1-8 clause 5.1.4(5)
allows simplifying the moment-rotation response curve of
the joints using a bi-linear design moment-rotation relation
that is obtained considering the secant stiffness. EN1993:1-
8 gives also some factors (so called stiffness modification
coefficients) to reduce the initial stiffness depending on the
type of joints but constant for every imposed rotation. In
case of FEP joints, according to EC3 the secant stiffness to
be assumed in the plastic analysis is half time the initial
value. Based on the experimental experience (e.g.,
Broderick and Thomson 2002) the secant stiffness is highly
dependent on the rotation and the simplification of EC3 can
be largely inaccurate. To this end, the degradation of joint
stiffness is quantified for different values of the chord
rotation @ (i.e., for 0%, 1%, 2%, 3% and 4%) by means of
the ratio between joint secant stiffness (Secp) at each 6 and
the initial stiffness (S;iniecs) calculated according to EN
1993-1-8 (CEN 2005). With this regard, it should be noted
that the value Se - oeCalculated at & = 0% corresponds to

the initial stiffness. Thus, the ratio S = 006/Sjjiniecs allows
identifying the cases where the EC3 analytical prediction
mismatch the stiffness of the connection. Indeed, as shown
by Da Silva et al. (2004) and Girdo Coelho and Bijlaard
(2007), the initial stiffness prediction obtained according to
EN 1993-1-8 can be inaccurate.

As reported in Tables 3 and 4, performance levels STF1
through STF5 are proposed and defined ad hoc based on
intervals of the ratios Seeco/Sjiniecs. Theperformance level
STF1 (being STF the acronym used for stiffness) is adopted
to identify the joints with secant stiffness Sy at chord
rotation @ higher than the initial stiffness S;nigcs predicted
by EN 1993-1-8. STF2 identifies the cases with secant
stiffness within the range 0.80-1.00 times Sjjniecs. STF3
identifies the cases with secant stiffness within the range
0.50-0.80 times S;jiniecs. STF4 corresponds to joints with
secant stiffness within the range 0.20-0.50 times S; ini ec3 and
level STF5 is indicative of a joint secant stiffness at chord
rotation @ that is below 20% of the EN 1993-1-8 initial joint
stiffness predicted value. As shown in the Tables 3 and 4,
the STF1 level corresponds to low rotation demands, while
STF5 level is associated to the higher values of chord
rotation.

The comparison in terms of initial stiffness between the
numerical results and the EN1993-1-8 predictions confirms
noticeable differences, as recognized by different studies
(e.g., Broderick and Thomson 2002, Aribert et al. 2004, Da
Silva et al. 2004, Girdo Coelho and Bijlaard 2007). The
results in terms of See ofSjiniecs ratios at € = 0 for the cases
with 2 bolt rows indicate an average value of 1.15 and a
standard deviation of 0.41, whereas an average value of
1.20 and a standard deviation of 0.44 for the cases with 4
bolt rows. Despite this large variability, the values obtained
in this study fall within the expected range as reported by
other Authors.

The numerical results for joints with 2 bolt rows
reported in Table 3 show that stiffness degradation is more
severe for the configurations with the smaller bolt diameter
and the thicker end-plates, typically leading to performance
level STF5 at 6 = 3% (i.e., Ssec,8/Sjiniecs < 0.2). The
stiffness of the joints with M16 bolts is lower than 20% of
the initial EC3 stiffness at 6§ = 4%. The joints with M20
bolts and the larger beam sections (both IPE and HEA) are
characterized by performance level STF4 at 0 = 4% (i.e.,
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Table 3 Stiffness ratios, classification and performance levels of
joints with 2 bolt rows

Table 4 Stiffness ratios, classification and performance levels of
joints with 4 bolt rows

R D T S Stiffness Ratio Stiffness Classification
Ssec/Sj,iniEC3 Ssecd/SjpinEcs

2 I L B ) O R ooy oy Py ieeyn Pareon vyt eyt Py e Papos
1220 0.96 | 0.72 | 042 | 0.31] 0.00 | 7.19 [ 537 | 3.14 | 2.31 | 0.00
8 1360 [ 0.85 [ 0.40 | 0.24 | 0.19 | 0.00 | 4.54 [ 2.13 | 127 | 103 | 0.00
H320 | 173 | 100 | 0.57 | 0.44 | 0.38 | 2.38 | 138 | 0.78 | 0.60 | 0.52
H500 | 110 | 0.49 | 0.31 [ 0.00 [ 0.00 | 134 | 0.60 [ 0.38 [ 0.00 [ 0.00
1220 [ 0.76 [ 0.65 | 0.47 | 0.33 | 0.00 | 9.33 [ 8.02 | 5.73 | 4.02 | 0.00
B 1360 0.79 | 052 | 0.26 | 0.14 | 0.08 | 6.48 | 427 | 2.14 | 119 | 0.68
H320 | 132 | 0.96 | 048 [ 0.28 | 0.16 | 3.65 | 2.65 | 132 [ 0.76 [ 0.45
5 H500 | 101 | 0.47 [ 0.19 [ 0.09 [ 0.05 | 243 | 14 | 046 | 0.21 [ 0.12
1220 0.70 | 0.62 | 0.50 | 0.36 | 0.24 | 10.21| 9.05 | 7.32 | 5.25 | 3.55
5 1360 [ 0.80 [ 0.57 | 0.21| 0.11 | 0.06 | 7.43 [ 5.28 | 197 | 0.99 | 0.56
H320 | 122 | 081 0.35 | 0.19 | 0.11 | 441|293 | 127 | 0.68 | 0.42
H500 | 100 | 0.38 | 0.14 | 0.07 | 0.04 | 3.01| 114 [ 042 | 0.21 | 0.12
1220 | 0.71[0.63 ] 0.54 | 0.36 | 0.22 [ 10.92 [ 9.81 | 8.29 | 5.59 | 3.37
2 1360 0.82 | 0.52 | 0.00 | 0.00 | 0.00 | 7.90 | 5.08 | 0.00 | 0.00 | 0.00
H320 121 {0.74] 031 | 0.17 | 0.10 | 4.85 | 2.95 | 123 | 0.68 | 0.41
H500 | 0.98 | 0.34 [ 0.00 | 0.00 [ 0.00 | 3.22 | 113 | 0.00 [ 0.00 [ 0.00
1220 104 | 0.82 | 0.48 | 0.00 | 0.00 | 7.98 | 6.28 | 3.69 | 0.00 | 0.00
8 1360 102 [ 0.45| 0.24 | 0.00 | 0.00 | 5.73 | 2.52 [ 138 | 0.00 | 0.00
H320 | 2.00 | 110 | 0.60 | 0.47 [ 0.40 | 2.81 | 155 | 0.85 [ 0.66 [ 0.57
H500 | 163 | 0.58 | 0.00 | 0.00 | 0.00 | 192 | 0.69 | 0.00 | 0.00 | 0.00
1220 0.76 | 0.69 | 0.50 | 0.37 | 0.00 | 9.82 | 8.93 | 6.47 | 4.75 | 0.00
B 1360 0.83 052027 | 0.19 | 0.14 | 7.25 [ 452 | 2.36 | 164 | 127
H320 | 145 | 0.95| 0.51 | 0.36 | 0.28 | 4.20 | 2.76 | 149 | 106 | 0.82
2 2 H500 | 124 | 0.49 | 0.25 | 0.18 | 0.13 | 3.4 | 123 | 0.64 | 0.44 | 0.34
1220 [ 0.69 [ 0.64 | 0.50 | 0.39 | 0.29 [10.70 [ 9.96 | 7.76 | 6.2 | 4.52
5 1360 0.81]049|025) 019 | 0.14 | 811 [ 488 | 255 | 188 | 135
H320 | 129 | 0.73 | 0.43 | 0.30 | 0.23 | 4.98 | 2.84 | 165 | 117 | 0.89
H500 | 103 | 0.39 [ 0.21 | 0.14 | 0.11 | 3.34 | 125 | 0.68 [ 0.46 [ 0.35
1220 0.67 | 0.57 | 0.48 | 0.37 | 0.28 | 1117 | 9.56 | 8.04 | 6.20 | 4.74
2 1360 0.82 [ 045]| 025|018 | 0.14 | 859 | 475 | 2.66 | 187 | 147
H320 | 121 | 069 | 0.41 | 0.28 [ 0.22 | 522 | 296 | 178 [ 119 [ 0.94
H500 117 {038 ] 020 | 0.13 | 0.10 | 4.19 | 136 | 0.72 | 0.47 [ 0.36
1220 117 | 102 | 0.62 | 0.00 | 0.00 | 9.03 | 7.88 | 4.77 | 0.00 | 0.00
8 1360 112 | 0.57 | 0.00 | 0.00 | 0.00 | 6.36 | 3.25 | 0.00 | 0.00 | 0.00
H320 | 2.44 | 137 | 0.76 | 0.00 | 0.00 | 3.47 | 194 | 108 | 0.00 | 0.00
H500 | 153 | 0.00 [ 0.00 | 0.00 | 0.00 | 192 | 0.00 | 0.00 | 0.00 | 0.00
1220 [ 0.78 [ 0.76 | 0.61 | 0.43 | 0.00 | 10.38 [ 10.07 | 8.06 | 5.68 | 0.00
B 1360 0.88 | 0.63 | 0.35 | 0.00 | 0.00 | 7.96 | 5.72 | 3.18 | 0.00 | 0.00
H320 161 [ 115 | 0.66 | 0.47 | 0.37 | 477 | 3.41| 196 | 140 [ 109
2 H500 | 120 | 0.61 | 0.00 | 0.00 | 0.00 | 3.13 | 159 | 0.00 [ 0.00 [ 0.00
1220 0.69 | 0.68 | 0.59 | 0.45 | 0.00 | 11.02 [10.89| 9.43 | 7.29 | 0.00
5 1360 0.82 | 0.67 | 0.40 | 0.27 | 0.21 | 8.60 | 7.04 | 4.25 | 2.80 | 2.16
H320 | 138 | 112 | 0.66 [ 0.46 [ 0.36 | 552 | 450 | 2.64 | 184 [ 144
H500 110 {060 ] 034|023 | 0.18 | 3.72 [ 204 | 113 | 0.77 | 0.59
1220 0.66 | 0.65 | 0.58 | 0.46 | 0.36 | 1139 [ 11.32 | 10.07 | 8.04 | 6.33
20 1360 [ 0.81 [ 0.67 | 0.38 | 0.26 | 0.20 [ 9.04 [ 7.44 | 423 | 2.93 | 2.26
H320 | 133 | 104 | 0.61 | 0.43 | 0.34 | 5.97 | 470 | 2.74 | 194 | 152
H500 | 107 | 0.56 | 0.31 | 0.23 | 0.7 | 405 | 2.11 | 118 | 0.86 | 0.63

R D T S Stiffness Ratio Stiffness Classification
B | | | g i SeSpre
=0% | 0=1% | 8=2% | 0=3% | 6=4% | 6=0% | 6=1%| 86=2% | 8=3% | 6=4%
1220 104 | 0.82 | 0.48 | 0.35 | 0.00 | 7.33 | 5.81 | 3.36 | 2.47 | 0.00
8 1360 103 | 0.58 | 0.33 | 0.25 | 0.00 | 5.29 | 2.96 | 167 | 130 | 0.00
H320 | 2.01 | 118 [ 0.68 [ 0.53 [ 0.44 | 2.49 | 147 | 0.84 | 0.65 | 0.54
H500 | 137 | 0.66 [ 0.39 [ 0.00 [ 0.00 [ 156 | 0.76 | 0.45 [ 0.00 [ 0.00
1220 | 0.78 | 0.69 | 0.53 | 0.37 | 0.27 | 9.33 | 8.28 | 6.38 | 4.39 | 3.27
© 1360 0.88 [ 0.60 | 0.35 [ 0.24 [ 0.19 | 7.03 | 4.78 | 2.79 | 195 | 148
H320 | 147 | 110 | 0.61 [ 0.44 [ 032 | 3.77 | 2.82 | 157 | 111 | 0.82
5 H500 | 117 | 0.68 [ 0.35 [ 0.22 [ 0.15 [ 2.72 | 158 | 0.81 | 0.51 [ 0.35
1220 0.71 [ 0.65| 055 | 0.41 | 0.30 [ 10.28 [ 9.35 | 7.86 | 5.86 | 4.39
5 1360 | 0.85 [ 0.70 | 0.43 | 0.28 | 0.17 | 7.80 | 6.47 | 3.94 | 2.53 | 156
H320 | 134 | 109 | 0.66 [ 0.46 [ 0.32 | 4.57 | 3.71 | 2.25 | 155 | 108
H500 | 114 | 0.72 [ 0.33 [ 0.19 [ 0.08 | 3.35 | 2.11 | 0.98 | 0.57 | 0.24
1220 | 0.70 [ 0.64 | 0.56 | 0.42 | 0.31 [ 10.79 [ 9.89 | 8.68 | 6.48 | 4.84
20 1360 0.85 [ 0.73 [ 0.44 [ 0.29 [ 0.15 | 8.23 | 7.03 | 4.30 | 2.78 | 147
H320 | 131 | 103 | 0.68 [ 0.46 | 0.28 | 5.04 | 4.00 | 2.64 | 177 | 108
H500 | 113 | 0.68 [ 0.30 | 0.16 | 0.07 | 3.66 [ 2.21| 0.97 | 0.52 | 0.23
1220 110 | 0.96 | 0.54 | 0.00 | 0.00 | 7.94 | 6.91 | 3.91 | 0.00 | 0.00
8 1360 114 | 0.63] 0.35 | 0.00 | 0.00 | 597 [ 3.29 | 185 | 0.00 | 0.00
H320 | 2.24 | 131 [ 0.75 [ 0.60 [ 0.00 [ 2.81 | 165 | 0.95 [ 0.75 [ 0.00
H500 | 148 | 0.73 [ 0.00 [ 0.00 [ 0.00 | 171 | 0.84 [ 0.00 | 0.00 | 0.00
1220 0.77 | 0.74 | 0.57 | 0.41 [ 0.00 | 9.62 | 9.22 | 7.06 | 5.06 | 0.00
2 1360 | 0.90 | 0.68 | 0.40 | 0.00 | 0.00 | 7.47 | 5.69 | 3.30 | 0.00 | 0.00
H320 | 170 | 123 | 0.71 [ 0.49 | 0.38 | 4.36 | 3.14 | 183 | 127 | 0.97
4~ 20 H500 | 128 | 0.71| 0.38 [ 0.27 | 0.20 | 3.07 | 170 | 0.91 | 0.65 | 0.49
1220 | 0.70 | 0.67 | 0.56 | 0.44 | 0.34 | 10.62 | 10.15| 8.50 | 6.67 | 5.11
% 1360 0.86 | 0.68 | 0.44 | 0.31 [ 0.24 | 8.27 | 6.56 | 4.19 | 3.00 | 2.30
H320 | 145 | 106 | 0.73 [ 0.51 [ 0.37 | 5.13 | 3.76 | 2.59 | 180 | 132
H500 | 114 | 0.69 [ 0.39 [ 027 [ 0.21 [ 351 | 2.1 | 119 [ 0.84 [ 0.64
1220 0.68 | 0.65 | 0.56 | 0.43 [ 0.34 | 1110 | 10.57 | 9.20 | 7.02 | 5.50
2 1360 0.85 [ 0.68 | 0.44 | 0.31 [ 0.24 | 8.66 | 6.98 | 4.53 | 3.20 | 2.45
H320 | 134 | 102 [ 0.69 | 0.51 [ 0.39 [ 544 [ 4.13 | 2.79 | 2.07 | 158
H500 | 127 | 0.64 [ 0.38 [ 0.26 | 0.20 | 4.37 | 2.20 [ 132 | 0.90 | 0.69
1220 125 | 117 | 0.73 | 0.00 | 0.00 | 9.22 | 8.59 | 5.37 | 0.00 | 0.00
8 1360 131 | 0.82 | 0.00 | 0.00 | 0.00 | 6.94 | 4.33 | 0.00 | 0.00 | 0.00
H320 | 2.88 | 169 [ 0.94 [ 0.00 [ 0.00 | 3.62 | 2.13 | 118 | 0.00 | 0.00
H500 | 190 | 0.00 [ 0.00 | 0.00 [ 0.00 | 2.22 | 0.00 | 0.00 | 0.00 | 0.00
1220 | 0.82 | 0.80 | 0.65 | 0.48 | 0.00 | 10.37 [ 10.21] 8.30 | 6.14 | 0.00
© 1360 0.97 | 0.82 | 0.50 | 0.36 [ 0.00 | 8.23 | 6.94 | 4.24 | 3.07 | 0.00
H320 | 184 | 139 | 0.81 [ 0.59 [ 0.47 | 493 | 3.73 | 2.15 | 159 | 125
2 H500 | 142 | 0.85 [ 0.45 | 0.00 | 0.00 [ 3.47 | 2.08 | 110 | 0.00 [ 0.00
1220 0.71 [ 0.71] 0.63 | 0.48 | 0.00 [ 10.95 | 10.95| 9.82 | 7.51 | 0.00
5 1360 0.89 | 0.81| 0.57 | 0.41 [ 0.00 | 8.78 | 8.00 | 5.59 | 4.05 | 0.00
H320 | 156 | 129 [ 0.86 | 0.62 [ 0.47 [ 565 [ 468 | 3.13 | 2.25 [ 171
H500 | 128 | 0.87 | 0.51 [ 0.35 | 0.26 | 4.04 | 2.75 | 160 | 109 | 0.83
1220 0.67 [ 0.67 | 0.61 | 0.49 | 0.40 | 1135 | 1134 | 10.28 | 8.23 | 6.68
2 1360 | 0.87 [ 0.79 | 0.57 | 0.40 | 0.31 | 9.10 [ 8.33 | 5.98 | 4.26 | 3.28
H320 | 146 | 124 [ 0.90 [ 0.66 | 0.50 | 6.07 | 5.4 | 3.73 | 2.73 | 2.09
H500 | 124 | 0.86 | 0.52 [ 0.37 [ 0.28 | 4.37 | 3.05 | 185 | 130 | 100

Strength performance Strength classification

Strength performance Strength classification

Level Ssec,0/Sj iniEc3 Classification Ssec,0/Sjpin.eca Level Ssec,0 /Sy iniEc3 Classification Ssec,0/Sjpinecs
STF1 >1.00 Semi rigid >1.00 STF1 >1.00 Semi rigid >1.00
STF2 0.80-1.00 Nominally pinned 0.00-1.00 STF2 0.80-1.00 Nominally pinned 0.00-1.00
STF3 0.50-0.80 Failure 0.00 STF3 0.50-0.80 Failure 0.00
STF4 0.20-0.50 STF4 0.20-0.50

STF5 0.00-0.20 STF5 0.00-0.20

0.2 < Seec /S inieca < 0.5). The joints with M24 bolts provide
performance level STF4 at 6 = 3% and 6 = 4%, thus
retaining the higher secant stiffness under cyclic actions.

In order to investigate for which levels of rotation the
stiffness of the damaged joints is negligible, Sey is also
compared to stiffness limit for nominally pinned joints
S;pinecs as classified by EN 1993-1-8 (CEN 2005), where
Sipinecs = 0.5Ely/Ly (being E the elastic modulus of the
steel, I, the second moment of area of the beam and L, the
beam length). Indeed, if the secant stiffness of the joints is
larger than S;pinecs, the damaged joints have still enough
stiffness (i.e., they can still behave as semi-rigid) that

* 3 bolt rows in the case of IPE 220 profiles

should be accounted for in the structural analysis. If the
Ssec.6/Sj pinec3 ratios are smaller than 1, the degraded stiffness
is negligible, and it can be disregarded in the structural
analysis. The connection is obviously failed if the ratios are
equal to zero.

The results in Table 3 show that the joints with the
smaller bolt diameters undergo significant stiffness
degradation. The higher values at 9 close to 0% are due to
the bolt preloading, which significantly increases joint
initial stiffness with respect to the EN 1993-1-8 prediction.
The results show that FEP joints behave as semi-rigid at
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Table 5 Strength ratios, classification and performance levels of
joints with 2 bolt rows

Table 6 Strength ratios, classification and performance levels of
joints with 4 bolt rows

R D T S Strength Ratio Strength Classification
M, chord/Mj rm Ecs [-] M chord/ M pinEcs []

R e e A A e A e =

1220 | 0.84 | 0.98 | 108 | 0.00 | 0.72 | 0.84 | 0.93 | 0.00

o | 60 [ose] 1w [ 141|000 047|056 | oes |00

H320 | 101 | 155 | 133 | 151 | 0.27 | 0.30 | 035 | 0.40

H500 | 0.97 | 124 | 0.00 | 0.00 | 0.8 | 0.23 | 0.00 | 0.00

1220 | 0.69 | 0.99 | 106 | 0.00 | 106 | 153 | 162 | 0.00

p | o0 [ 1n [ 12 [0 o072 004004070 [ 060

H320 | 123 | 124 | 105 | 082 | 051 | 051 | 044 | 0.34

- H500 | 109 | 0.87 | 0.59 | 047 | 0.35 | 0.28 | 0.9 | 0.5
1220 | 067 | 109 | 117 | 104 | 121 | 197 | 2.2 | 189

o |10 | 1u[oo1]o6o ] ost| 106 o0 06604

H320 | 105 | 0.90 | 0.74 | 0.60 | 0.57 | 0.49 | 0.40 | 0.32

H500 | 0.95 | 0.70 | 051 | 039 | 0.35 | 0.26 | 0.9 | 0.14

1220 | 0.60 | 102 | 104 | 083 | 131 | 2.23 | 2.26 | 181

5o | 1360 [ 102 [ 000 0.00 [0.00 | 107 ['0.00 [ 000 | 000

H320 | 105 | 0.88 | 0.73 | 059 | 0.57 | 0.48 | 0.40 | 0.32

H500 | 0.94 | 0.00 | 0.00 | 0.00 | 0.34 | 0.00 | 0.00 | 0.00

1220 | 0.96 | 112 | 0.00 | 0.00 | 0.83 | 0.96 | 0.00 | 0.00

o |60 | 103 [122 [000 000 [ 051060000000

H320 | 108 | 124 | 145 | 166 | 0.28 | 0.33 | 0.38 | 0.4

H500 | 107 | 0.00 | 0.00 | 0.00 | 0.19 | 0.00 | 0.00 | 0.00

1220 | 0.60 | 0.91 | 0.99 | 0.00 | 114 | 172 | 189 | 0.00

p |60 [08a]093 007 0s0 0z 103 108 |11

H320 | 0.83 | 0.96 | 103 | 106 | 0.49 | 0.57 | 0.61 | 0.63

, " H500 | 0.83 | 0.92 | 0.96 | 0.97 | 0.35 | 0.39 | 0.40 | 041

1220 | 053 | 0.86 | 0.93 | 0.99 | 126 | 2.05 | 2.22 | 237

o |10 {071 080083 oss[oee| 1w |11

H320 | 0.78 | 0.92 | 0.97 | 0.99 | 0.54 | 0.64 | 0.67 | 0.69

H500 | 0.79 | 0.87 | 0.88 | 0.90 | 0.38 | 0.41 | 0.42 | 0.43

1220 | 0.65 | 0.77 | 0.86 | 0.91 | 181 | 215 | 2.39 | 2552

s |20 |08 | 077 | oeo[oe2 | 100 | 15 | 120128

H320 | 067 | 0.78 | 0.81 | 083 | 0.57 | 0.66 | 0.69 | 0.70

H500 | 067 | 0.72 | 0.74 | 0.75 | 0.39 | 0.42 | 042 | 0.43

1220 | 124 | 152 | 0.00 | 0.00 | 105 | 128 | 0.00 | 0.00

o |60 | 149 [ 000000000072 ] 000000000

H320 | 143 | 161 | 0.00 | 0.00 | 0.38 | 0.42 | 0.00 | 0.00

H500 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

1220 | 071 | 106 | 121 | 0.00 | 134 | 2.02 | 2.29 | 0.00

» |80 | 1w [127 000|000 [132 [ 141 ] 0.00 [ 000

H320 | 112 | 128 | 138 | 143 | 0.66 | 0.76 | 0.82 | 0.85

24 H500 | 115 | 0.00 | 0.00 | 0.00 | 0.48 | 0.00 | 0.00 | 0.00

1220 | 053 | 0.92 | 108 | 0.00 | 146 | 2.52 | 2.95 | 0.00

5 | 1360 086009106 [ 109 | u51 174 [ 166 [ 101
H320 | 084 | 102 | 110 | 113 | 081 | 0.99 | 106 | 109

H500 | 0.94 | 102 | 107 | 109 | 0.62 | 0.68 | 0.71 | 0.72

1220 | 0.47 | 087 | 104 | 100 | 148 | 2.72 | 3.25 | 3.41

b |10 | 081092 096|099 163 165 | 195 [ 200
H320 | 083 | 102 | 110 | 113 | 0.86 | 105 | 118 | 117

H500 | 0.91 | 100 | 105 | 108 | 0.64 | 0.71 | 0.74 | 0.76

R D T S Strength Ratio Strength Classification
Mo chord/Mj rm,Ec3 [-] Mo chord/ M pinecs [-]

R e e = e :a=3% 8=4%| 0=106 [6=2% :ap=3% 8=4%

1220 0.58 | 0.68 | 0.73 [ 0.00 | 0.78 | 0.91 | 0.98 | 0.00

1360 121 | 139 | 162 | 0.00 | 0.64 | 0.74 | 0.86 | 0.00

8 H320 | 0.54 | 0.61 | 0.72 | 0.80 | 0.29 | 0.32 | 0.38 | 0.42

H500 121 | 142 | 0.00 | 0.00 | 0.23 | 0.27 | 0.00 | 0.00

1220 0.67 | 0.97 | 108 | 106 | 110 | 160 | 178 | 174

. 1360 090 | 107 | 112 | 114 | 104 | 123 | 129 | 131

H320 | 108 | 120 | 128 | 126 | 0.55 | 0.61 | 0.65 | 0.64

5 H500 116 | 116 | 114 | 104 | 0.47 | 0.47 | 0.46 | 0.42

1220 060 | 101 | 113 | 110 | 126 | 2.12 | 2.37 | 2.31

5 1360 096 | 116 | 113 [ 093 | 143 | 172 | 168 | 138

H320 | 0.95| 121 | 125 | 116 | 0.69 | 0.88 [ 0.91 | 0.84

H500 | 105 | 104 | 0.89 | 0.52 | 0.61 | 0.60 | 0.51 | 0.30

1220 052 | 091 | 102 | 101 | 133 | 2.33 | 2.62 | 2.60

20 1360 0.84 | 110 | 106 | 0.75 | 144 | 190 | 182 | 129

H320 | 0.94 | 124 | 125 | 101 | 0.78 | 103 | 104 | 0.84

H500 | 108 | 0.94 | 0.75 | 0.45 | 0.67 | 0.58 [ 0.47 | 0.28

1220 0.65 | 0.78 | 0.00 | 0.00 | 0.87 | 104 | 0.00 | 0.00

8 1360 137 | 153 | 0.00 | 0.00 | 0.73 [ 0.81 | 0.00 | 0.00

H320 | 0.60 | 0.68 | 0.82 | 0.00 | 0.32 | 0.36 | 0.43 | 0.00

H500 | 133 | 0.00 | 0.00 | 0.00 | 0.25 | 0.00 [ 0.00 | 0.00

1220 0.48 | 0.75 | 0.82 [ 0.00 | 120 | 186 | 2.03 | 0.00

2 1360 102 | 119 | 0.00 | 0.00 | 125 | 144 | 0.00 | 0.00

H320 | 099 | 118 | 125 | 127 | 0.58 | 0.69 | 0.73 | 0.75

. 20 H500 115 | 126 | 132 | 135 | 0.50 | 0.55 | 0.58 | 0.59

1220 0.50 | 0.89 | 102 | 106 | 127 | 2.27 | 2.60 | 2.69

5 1360 0.73 ] 0.93 | 100 | 102 | 145 | 185 | 198 | 2.04

H320 | 0.87 | 112 | 125 | 123 | 0.72 | 0.92 | 103 | 101

H500 | 0.88 | 105 | 110 | 113 | 0.61 | 0.73 | 0.77 | 0.78

1220 049 | 0.83 [ 0.99 | 103 | 141 | 2.39 | 2.83 | 2.96

20 1360 065|086 [ 091093 | 151 | 199 | 2.2 | 2.17

H320 | 0.71] 0.96 | 105 | 109 | 0.80 | 108 | 119 | 123

H500 | 0.75 | 0.87 | 0.92 | 0.94 | 0.67 | 0.78 [ 0.82 | 0.84

1220 0.79 | 106 | 0.00 | 0.00 | 106 | 142 | 0.00 | 0.00

8 1360 181 | 0.00 [ 0.00 | 0.00 | 0.96 | 0.00 | 0.00 | 0.00

H320 | 0.78 | 0.86 | 0.00 | 0.00 | 0.41 | 0.46 | 0.00 | 0.00

H500 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00

1220 0.56 | 0.90 | 100 | 0.00 | 138 | 2.23 | 2.48 | 0.00

2 1360 126 | 148 | 167 | 0.00 | 153 | 180 | 2.03 | 0.00

H320 | 0.71| 0.83 | 0.89 | 0.96 | 0.72 | 0.83 | 0.90 | 0.97

" H500 | 140 | 153 [ 0.00 | 0.00 | 0.61 | 0.67 [ 0.00 | 0.00

1220 054 | 096 | 112 [ 0.00 | 144 | 2.58 | 3.02 | 0.00

% 1360 081 | 118 | 126 | 0.00 [ 170 | 2.47 | 2.63 | 0.00

H320 | 0.71] 0.96 | 103 | 105 | 0.91 | 122 | 132 | 134

H500 | 107 | 121 | 128 | 130 | 0.84 | 0.95 | 100 | 102

1220 0.39 | 0.78 [ 0.93 | 0.98 | 140 | 2.76 | 3.32 | 3.48

2 1360 0.68 | 0.99 | 105 [ 108 | 183 | 2.64 | 2.82 | 2.90

H320 | 0.78 | 113 | 124 | 127 | 100 | 145 | 159 | 163

H500 | 0.83 | 101 | 108 | 110 | 0.92 | 112 | 119 | 121

Strength performance Strength classification

Level Mé,chora/ M rm,eca Classification Ma,coral M pingca
STR1 >1.00 Partial Strength >1.00
STR2 0.80-1.00 Nominally Pinned 0.00-1.00
STR3 0.50-0.80 Failure 0.00
STR4 0.20-0.50

STR5 0.00-0.20

low rotational demand, (i.e., the initial stiffness is higher
than the upper bound value for pinned joints). However, as
the imposed chord rotation & increases, the stiffness
degrades (i.e., SsecofSpinecs ratios become lower than 1).
This is more noticeable for joints with M16 bolts, which
display the higher stiffness degradation, than for M20 and
M24 cases, which tend to behave as semi-rigid joints for

Strength performance Strength classification

Level Mo chora/ M rm,gca Classification Mo choral M pinecs
STR1 >1.00 Partial Strength >1.00
STR2 0.80-1.00 Nominally Pinned 0.00-1.00
STR3 0.50-0.80 Failure 0.00
STR4 0.20-0.50

STR5 0.00-0.20

* 3 bolt rows in the case of IPE 220 profiles

larger chord rotations. Of course, the joints with the
shallower beams are more prone to be semi-rigid, as well as
those with larger number of bolt rows (e.g., R4 joints). The
results obtained for R4 joints (i.e., the joints with 4 bolt
rows except for IPE220 where only 3 rows are
technologically feasible) are reported in Table 4, where it
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can be recognized that adding inner bolt rows reduces the
stiffness degradation. Indeed, at & = 4% the majority of non-
failed joints exhibit performance level STF4 (i.e., 0.2 <
Ssec,o/Sjiniec3 < 0.5).

The evolution of joint strength under cyclic action was
quantified by means of the ratios Mg chord/Mjrmecs, Where
Mo,chora 1S the resistance at chord rotation ¢ and M;gmecs IS
the average strength calculated according to EN 1993-1-8
(CEN 2005). Similarly to what has been assumed for the
stiffness, a set of performance levels was proposed for the
strength ratios. As reported in Tables 5 and 6, the
performance level STR1 (being STR the acronym used for
strength) is adopted to identify the joints with bending
strength My chorg @t chord rotation @ is higher than the EN
1993-1-8 bending strength prediction M;jgmecs. STR2
identifies the cases with moment resistance within the range
0.80-1.00 times M;jrmecs. STR3 identifies the cases with
Mo.chora Within the range 0.50-0.80 times Mjrmecs. STR4
corresponds to joints with bending strength within the range
0.20-0.50 times Mjrmecs and STR5 is attributed when the
bending strength at chord rotation & is lower than 20% of
the EN 1993-1-8 bending strength.

STR1 performance level is associated to low rotation
demand, while level STR5 corresponds to the higher chord
rotational demand values (see Tables 5 and 6 for more
details).

Similarly to what has been shown for the secant
stiffness, the bending strength Mycnorg iS also compared to
the upper bound limit resistance for pinned joints M; pinecs
calculated according to EN 1993-1-8 (CEN 2005), in order
to examine the levels of rotation leading to negligible
resistance. Indeed, if Mygnorg IS larger than M;pingcs, the
damaged joints can be considered as partial strength and its
bending resistance can be accounted for in the structural
analysis. If the My chora/M; pingcs ratios are smaller than 1, the
resistance of the damaged joint is negligible, and it can be
disregarded in the structural analysis, while the joint is
failed if the ratios are equal to zero.

The results summarized in Table 5 show significant
strength degradation for the joints with smaller bolt
diameters and thicker end-plates. Indeed, for joints with
M16 bolts and t > 16 mm, the strength degradation at 9 =
4% is considerable due to damage of bolts. Fracture
initiation was observed for the cases with thinner plates
(i.e., t = 8 mm) due to higher rotational demand on the
plates. The best performance is provided by the joints with
M20 bolts, which display performance levels STR1 and
STR2. The joints with compact beam sections and larger
bolt diameters (e.g., M24) exhibit partial-strength
behaviour. The joints with t = 8 mm generally behave as
nominally pinned (Mg,cnora/M; pinecs < 1) even at low rotation
demands, whereas for t > 12 mm and IPE profiles for the
beam behave as partial-strength, while those equipped with
HE profiles ranging between HEA 320 and HEA 500
behave as pinned joints (i.e., Mgchora/Mijpinecs < 1). For 4
bolt row configurations, strength ratios at 3% and 4%
rotational demand are higher than those of the
corresponding 2 bolt row joints, see Table 6. In particular,
the results indicate that increasing the number of bolt rows
improves the joint performance when small bolt diameter
are used. For joint with M20 or M24 bolts, at 6 = 4%,

strength ratios are generally greater than 1.
4.5 Consequences for design

The response of FEP joints under cyclic actions showed
that the most of analysed joint configurations can sustain
cyclic actions compatible with those induced by seismic
events leading to chord rotations up to 4%, while
maintaining strength levels consistent with EN 1993-1-8
(CEN 2005) prediction. However, some joints designed to
enforce failure mode 1 at each bolt row, namely those with
the thinner end-plates (t = 8 mm) experience premature
fracture in the welds between the beam flange and the end-
plate, which occur prior to 6 =4%.

Hence, the revised EC3-1-8 criterion expressed in Eq.
(3) for selecting end-plate thicknesses inducing mode 1,
accounting for material variability and strain hardening is
not sufficient for FEP joints in seismic zones. Indeed, the
criterion given by Eq. (3) was formerly developed for
primary resisting joints and detailed with full penetration
welds (D’Aniello et al. 2017a).

Considering that both joints and connected members of
the secondary structural system are subjected to the same
interstorey drift demand of the primary structure, the failure
of the secondary joints under seismic action is not
acceptable. Therefore, in order to guarantee adequate
ductility, it is necessary to impose specific requirements on
the welds, which should be able to accommodate large
strain demand without collapse. This type of performance
can be obtained if the weld zone is designed with adequate
overstrength in relation to the ultimate resistance of the
connected elements. Considering the dimension of the
beams typically used for building frames, full penetration
welds between the beam flange and the end-plate would be
more effective than the commonly adopted fillet welds.
Alternatively, if fillet welds should be technologically
adopted, the minimum required strength for the fillet welds
should be determined as follows

Rd,weld =Ysh " Yov Ry,d (11)

where Rgweiq iS the resistance of the weld, R,q4 is the
maximum between the resistance of the beam flange and
that of the end-plate and ys, and y,, are the corresponding
strain hardening and overstrength factors, which can be
respectively assumed equal to 1.1 and 1.25 as provided by
EN 1998-1.

The analysis of the obtained results also indicates that
the joints showing failure mode 2 but close to mode 1 are
generally capable of withstanding the applied cyclic loading
up to 40 mrad, which is due to a lower stress concentration
in the welds, thanks to the smaller rotation between the
beam flange and end-plate. However, designing FEP joints
in mode 2 close to mode 1 may lead to loss of strength at
higher rotation demands (see Fig. 6(a)) owing to the
damage of bolts.

Designing FEP joints in seismic zones for achieving
high ductility in T-stub mode 1 appears to constitute the best
design strategy, as long as the welds are designed with
appropriate overstrength. This allows the bolt components
to remain elastic, while the ductility is mainly provided by
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the end-plate, hence avoiding softening due to the bolt
deterioration. The adoption of thin end-plates inducing
mode 1 also leads to joints with low bending strength,
which is more in line with nominally pinned behaviour and
with the typical design assumption of disregarding FEP
joint stiffness and strength for the global behaviour of the
structure. In the light of the obtained results, to achieve
rotational capacities up to 40 mrad the thickness of end-
plate should be selected with within the range 1/2 - 2/3 the
bolt diameter, which guarantee T-Stub mode 1, provided
that full penetration welds are used. For what concerns the
bolts, the use of bigger diameters (e.g., M20 and M24) and
spaced in order to minimize the group effect per row is
preferable to allow accommodating large connection
opening. Finally, to enhance both strength and rotation
capacity is more convenient to use 4 bolt rows instead of 2.
FEA results indicate that at high rotational demand, the
flexural behaviour of the joints is generally more consistent
with the assumption of disregarding its contribution,
whereas at lower demand, the high secant stiffness leads to
semi-rigid joint behaviour. Joints with small bolt diameters
(i.e., M16) behave as nominally pinned at 8 = 3% and 6 =
4%, while remaining semi-rigid for smaller demands. FEP
joints with medium/large bolt diameters tend to behave as
semi-rigid joints even at @ = 4%. Considering that during a
seismic event, joints may be subjected to both low and high
rotation demands, explicit modelling of FEP beam-column
joints is recommendable for accurate structural analysis.

5. Conclusions

In this paper, the results of parametric finite element
analyses on gravity load designed FEP beam-column joints
under cyclic bending are described and discussed, with the
aim to evaluate the suitability of this type of joint in seismic
areas. A design criterion formerly developed for partial
strength dissipative joints and based on the EN 1993-1-8
(CEN 2005) is numerically investigated. The effects of
geometrical and mechanical parameters are analysed and
the evolution of both strength and stiffness in cyclic
bending is quantified by means of ad-hoc defined
performance levels. The obtained results are compared to
EN 1993-1-8 (CEN 2005) limits for nominally pinned
joints, to evaluate the joint compliance with Eurocode
classification criteria. In light of the obtained results, the
following remarks can be drawn:

e The response of FEP joints under cyclic actions is
influenced by the joint details and the failure mode
of the equivalent T-stub per bolt row;

e Adopting thin end-plates (i.e., equivalent T-stub in
mode (1) led to moment-rotation response
characterized by large hysteretic loops; conversely,
selecting thicker end-plates (i.e., equivalent T-stub in
modes (2) and (3) led to concentrated plasticization
in bolts and to low energy dissipation capacity.
Hence, the thickness of end-plate can be selected
with within the range 1/2 - 2/3 the bolt diameter;

® The revised ductility criterion is effective to enforce
ductile failure mode (i.e., mode 1). However, the

ductility of the joints is impaired by the failure of
fillet welds;

e The fracture initiation in the fillet welds between the
beam flange and the end-plate occurs prior to
completion of the cyclic loading for the joints with
the thinner end-plates and for the cases with compact
beam section with large bolt horizontal pitch. These
results suggest that even if FEP joints are used for
gravity load resisting systems, it is necessary to
design the welds with adequate overstrength with
respect to the ultimate resistance of the thinner
connected plate. Hence, the use of full penetration
welds is advisable to guarantee adequate rotation
capacity of connections designed to exhibit failure
mode 1 per bolt row;

® The joints with the smaller diameter of the bolts and
the thicker end-plates experience severe post-
capping degradation, indicating that the mechanical
model with perfectly plastic behaviour given by EN
1993-1-8 (CEN 2005) can be non-conservative;

e |ncreasing the number of bolt rows is beneficial both
in terms of strength and rotation capacity under
cyclic actions, due to increased internal force
redistribution capacity;

® In the elastic range and up to low rotational demand
values (i.e., smaller than 5 mrad), the most of FEP
joints behave as semi-rigid, while at higher rotational
demand the stiffness degradation becomes
significant and the joints tend to behave as pinned,;

e In terms of strength, the best performance under
cyclic bending is recognized for the joints designed
to exhibit failure mode 2 per bolt row, which
minimize the plastic strain demand into the welds
and do not exhibit their premature failure. In
addition, these joints show good correspondence
with predicted resistance at 6 = 4%;

e Further investigation based on experimental tests is
advisable to validate seismic design guidelines for
FEP joints.
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