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Abstract: Aiming to provide a contribution to the codification of design rules for dissipative joints to be applied to MRFs,
in last five years, a comprehensive experimental and analytical work dealing with the cyclic behaviour of beam-to-column
joints has been developed by the research group of the University of Salerno. In particular, the activity has regarded the
study of both classical and innovative typologies characterized by the same initial stiffness and resistance but by different
hysteretic behaviours due to the different source of energy dissipation supply imposed in the design process. In this paper,
the main results of such a study, performed at the laboratory of materials and structures of the University of Salerno, are
reported in order to provide an overview on the main mechanisms involved in the energy dissipation of partial-strength
connections. A particular attention is given to the design issues by presenting the procedures aimed at providing to the
joints adequate characteristics in terms of stiffness, resistance and ductility supply by hierarchically controlling the behav-
iour of the single joint components. Furthermore, the results of tested joints (classical and innovative) are compared in
terms of hysteretic behaviour and energy dissipation supply in order to point out the advantages of the different connect-

ing systems.
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1. INTRODUCTION

According to performance based design, in seismic prone
areas, the dissipation of the earthquake input energy has to
be provided by the yielding of some selected zones, namely
dissipative zones, which have to be properly detailed in order
to be adequately ductile under cyclic loads [1].

Following the most recent codes, Moment Resisting
Frames (MRFs) can be designed according to two opposite
strategies. The first one provides to dissipate the seismic
input energy in beams, the second one provides to concen-
trate the plasticization in connections. In the former case,
joints are designed to be full-strength in order to allow, un-
der severe seismic events, the full development of the plastic
hinges at beam ends [2, 3]. Conversely, in the latter case,
connections are designed to be partial strength with respect
to the connected beam, so that the seismic input energy is
dissipated through the yielding of the joint components. This
last approach, as already demonstrated by [4] is particularly
cost/effective in case of low-rise frames characterized by
long spans, where the design of beams is governed by dead
loads and, by adopting partial strength joints, only a part of
the bending moment is transferred to the columns. In addi-
tion, economic advantages deriving by the adoption of par-
tial strength beam-to-column joints within MR-frames have
been already pointed out also for braced frames where the
use of partial strength connections can lead to important sav-
ings in the gravity load system.
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The strong interest of the scientific community to solu-
tions adopting partial strength joints is reflected also in last
version of EC3 and ECS8 [5-7]. In fact, the codes, after sever-
al decades of researches focused on the study of the mecha-
nisms of energy dissipation of joints, have finally opened the
door to the adoption of partial strength joints, explicitly de-
fining the rules to be respected in order to apply such solu-
tions in practical cases.

Even though a significant work has already been carried
out by the scientific community [8-14] and, even though a
great effort has been devoted by the European Commission
towards the codification of the main rules for the application
of partial strength joints in semi-continuous frames, the use
of such solutions is still far from the common practice. In
fact, the code requires that in the design phase, the dissipa-
tive capacities of the joints have to be certified and demon-
strated by means of experimental testing. As far as it is clear
that such requirement is out from the possibilities of com-
mon designers, it means that, in order to provide specific
rules for the design of dissipative joints to be used in seismic
zones, new experimental and theoretical efforts are still
needed towards the individuation of a procedure for the pre-
qualification of joints similar to that provided by the AISC
code [15].

To this scope, aiming to perform a further step towards
the codification of design rules for dissipative joints, in last
five years a significant experimental and analytical activity
has been devoted to this topic by the research group of the
University of Salerno [16-21]. In particular, to date, the ex-
perimental activity performed has regarded classical and
innovative joint solutions which, according to the basic prin-
ciple proposed by the research group of dissipating the seis-

2014 Bentham Open



228 The Open Construction and Building Technology Journal, 2014, Volume 8

mic energy always in a specific joint component (i.e. the
weakest joint component), can be divided as follows:

Classical Solutions

e Extendend end-plate joints, dissipating in the shear panel;
e Extendend end-plate joints, dissipating in the end-plate;

e Extendend end-plate joints, dissipating at the beam end
by applying the Reduced Beam Section technique;

e Double split tee joints, dissipating in the T-stubs flange
plates;

Innovative Solutions

e Double split tee joints with hourglass T-stubs, dissipating
in X-shaped dampers realized reducing the section of the
T-stub flange plate;

e Double split tee joints equipped with friction dampers,
dissipating in friction dampers located in between the T-
stub web and beam flange;

The study summarized in this paper has been developed
by applying a systematic procedure for the design and testing
of each joint. In particular, for each analysed joint, the rules
to model the components have been defined. Afterwards, a
set of rules has been developed and applied to design the
specimens which have been successively tested in order to
verify the accuracy of the applied procedure. In the follow-
ing, the main results of the activities performed at the labora-
tory of materials and structures of the University of Salerno
are reported and commented in order to provide an overview
to the main mechanisms involved in the energy dissipation
of partial-strength connections. A particular attention is pro-
vided to the design issues. To this scope procedures aimed at
providing to the tested joints adequate characteristics in
terms of resistance and ductility supply are presented and
verified against the experimental results.

2. DISSIPATION CAPACITY OF THE JOINT COM-
PONENTS

As already underlined by many past experimental activi-
ties, connections can dissipate a significant amount of ener-
gy, but their behaviour can be very variable in terms of duc-
tility, energy dissipation and shape of the hysteresis cycles,
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depending on the joint components involved in the plastic
mechanism. In general, depending on the connection, it is
possible to individuate three typologies of hysteretic loops:

e a first typology of hysteretic loops is characterized by a
stable behaviour with almost constant energy dissipation
even at large amplitude cycles (Fig. 1a);

e asecond typology is characterized by stable behaviour in
terms of resistance, but a marked stiffness degradation
(Fig. 1b);

e a third typology, characterized by strength and stiffness
degradation resulting in pinching phenomena. In this
case, the energy dissipation significantly decreases as far
as the number of cycles (Fig. 1¢).

In order to govern the dissipative capacities of joints, first
of all, a basic distinction has to be made between dissipative
and non-dissipative components, in order to make a distinc-
tion in the design phase between dissipative and non-
dissipative failure mechanisms [2, 22, 23].

Qualitatively, making reference to the joint components
defined in the method reported in last version of EC3, basing
on the past experiences, it is possible to individuate the dis-
sipative characteristics of each component and some basic
principles to be followed in the design of connections to be
applied to semi-continuous frames (Table 1).

First of all, it is well known that local buckling phenom-
ena can limit the development of dissipative mechanisms and
therefore, in case of beam-to-column joints, failure modes
relying on the plasticization of plates in compression and,
more specifically, of the column web in compression have
to be avoided. It is for this reason that, normally, the use of
ribs, such as continuity plates, should be commonly suggest-
ed in order to obtain satisfactory performances under cyclic
loads. Regarding the bolts, it is important to underline that,
both under normal and shear stresses, their limited plastic
deformation capacity and fatigue life can lead to a brittle
collapse of the joint, so that, generally, it is advisable to de-
sign them with a sufficient over strength. In particular, they
have to be over strengthened also because, their plastic en-
gagement can affect also the behaviour of joint components
that normally could provide significant energy dissipation
supply, such as end-plate, column flange and flange cleats
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a) Stable Behavior
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Fig. (1). Moment-rotation response of Joints.

b) Stable with stiffness degradation

<v
<v

¢) Unstable behavior with



Experimental Analysis on the Cyclic Response The Open Construction and Building Technology Journal, 2014, Volume 8 229

Table 1.  Dissipation capacity of the single joint components.

Component Dissipative Non Dissipative
Web panel in shear X
Crushing resistance
Column web in compression
Buckling resistance b
Column web in tension X
Welded joints X
Column flange in bending
Bolted joints X
End-plate in bending X
Beam web in tension X
Plate in tension X
Crushing resistance X
Plate in compression
Buckling resistance b
Bolts in tension X
Bolts in shear X

in bending. In fact, the occurrence of plastic deformations in
the bolts shanks can result in slips leading to the so-called
pinching phenomena.

Similarly, aiming to assure a dissipative behaviour, fail-
ure of welds has to be absolutely avoided, because of their
marked brittle behaviour. It is for this reason that, it is nor-
mally suggested to provide sufficient over-strength with re-
spect to actions corresponding to the design flexural re-
sistance of the joint also to the welds. Finally, also the yield-
ing of the panel zone in shear can lead to a significantly
dissipative behaviour but, in practical applications, its con-
tribution has to be limited in order to reduce the lateral dis-
placements of the frame and also because high panel defor-
mations can lead to the premature fracture of welds due to
stresses concentrations. In fact, to this scope, Eurocode 8 [7],
requires that column web panel in shear do not have to con-
tribute for more than the 30% to the plastic rotation capacity
of the joint.

3. EXPERIMENTAL ANALYSIS ON BEAM TO COL-
UMN CONNECTIONS

As aforesaid, in order to investigate the behaviour of
connections, in a work conducted since 2011 at the Universi-
ty of Salerno, the behaviour of several connection typologies
has been investigated from the dissipative point of view. In
particular, to date, eleven full scale tests on beam-to-column
connections have been carried out employing always the
same beam-column coupling in order to compare easily the
results in terms of energy dissipation capacity.

The experimental programme has been developed at the
laboratory on materials and structures of the University of
Salerno. Two steel hinges, designed to resist shear actions up
to 2000 kN and bolted to the carriage base have been em-
ployed to connect the specimens to the reacting system. The
specimens are assembled with the column (HEB 200) in hor-

izontal position, connected to the hinges, and the beam (IPE
270) in vertical position (Fig. 2). The loads have been ap-
plied by means of two different hydraulic actuators. The first
one is a MTS 243.60 actuator with a load capacity equal to
1000 kN in compression and 650 kN in tension with a piston
stroke equal to +/- 125 mm which has been used to apply,
under force control, the axial load in the column equal to the
30% of the squash load. The second actuator is a MTS
243.35 with load capacity equal to 250 kN both in tension
and in compression and a piston stroke equal to +/- 500 mm
which has been used to apply, under displacement control,
the desired displacement history at the beam end. In order to
avoid the lateral-torsional buckling of the beam an horizontal
frame has been employed. The geometry of the frame is de-
fined in order to work as a guide which restrains the lateral
displacement of the beam and allows the beam rotations. The
loading history has been defined in terms of drift angle, ac-
cording to the protocol provided by [15].

During the tests many parameters have been monitored
and acquired, in order to get the test machine history im-
posed by the top actuator and the displacements of the dif-
ferent joint components. Aiming at the evaluation of the
beam end displacements due to the beam-to-column joint
rotation only, the displacements measured by means of the
LVDT equipping MTS 243.35 have been corrected by sub-
tracting the elastic contribution due to the beam and column
flexural deformability according to the following relation-
ship:

6, =06,

. FL|( L Y  6a
b b [ J (1)
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where I, and I, are the beam and column inertia mo-
ments, L. is the column length, L, is the beam length and a is
the length of the rigid parts, due to the steel hinges (Fig. 3).
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Fig. (3). Scheme for evaluating the joint contribution to the overall rotation.

The experimental program carried out has concerned the

following specimens:

EEP-CYC 01 is a partial strength extended end-plate
joint having the panel zone as weakest joint component;

EEP-CYC 02 is a partial strength extended end-plate
joint having the end-plate in bending as weakest joint
component;

EEP-DB-CYC 03 is a full strength extended end-plate
joint designed forcing the development of plastic hinge in
the beam by cutting the beam flanges following the de-
sign criteria for the reduced beam section (RBS) strategy;

TS-CYC 04 — TS-CYC 05 are partial strength joints with
a couple of T-stubs bolted to the beam flanges and to the
column flanges, designed to be the main source of plastic
deformation capacity;

TSJ-XSCYC 06/ TSJ-XSCYC 07, which are two partial
strength joints with a couple of bolted X-shaped T-stubs,
designed to be the main source of plastic deformation. In
first case M20 bolts have been adopted to fasten the T-
stub flange to the column. In second case M30 bolts have
been employed;

o TSJ-MICYCO08, TSJ-M2CYC09, TSJ-M2-DSCYC10
and TSJ-BCYC11, are double split tee connections with
couple of friction dampers realized slotting the tee webs
and interposing in between the T-stubs and the beam
flanges layers of friction material. The first three joint
with layers of friction material called M1 and M2 [24],
and the fourth one with a brass plate. The slipping inter-
faces have been clamped by means of eight M20 class
10.9 bolts tightened with a torque equal to 460 Nm. Joint
TSJ-M2-DS-10 has the particularity to employ annular
disc springs which are interposed between the bolt nut
and the beam flange;

The identity tag individuates uniquely the test. In particu-
lar, the meaning of the letters is: 1- Joint typology, i.e. Tee
Stub Joint (TSJ), Extended End Plate (EEP), Dog-Bone
(EEP-DB), Tee Stub Joint with Haunch (TSJ-H) / 2 — Fric-
tion interface, i.e. Friction material M1 (M1), Friction mate-
rial M2, Brass (B), Sprayed Aluminium (SA) / 3 — Type of
washer employed in the test (DS stands for Disc Spring, oth-
erwise is a normal flat washer) / 4 — Progressive number of
cyclic tests, i.e. CYCXX.

In the following the applied design procedures and the
main results of the experimental activity are here reported.
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3.1. Design of the Specimens

In the following the procedures applied to design the
specimens of the experimental programme are reported. As
aforesaid, the dissipative capacities of beam-to-column joints
are mainly governed by the cyclic behaviour of the weakest
joint component. Therefore, in all the procedure successively
reported, a design based on the application of a hierarchy
criterion at the level of the joint components is applied in
order to govern the energy dissipation of the joint. The re-
ported procedures can be effectively applied to design con-
nections to be used in different structural typologies applying
procedures specifically devoted to the failure mode control
and to the localization of the dissipative zones in the connec-
tions [25-29].

Design of Specimen EEP-CYC 01

The first joint designed within the experimental pro-
gramme is a partial strength connection whose resistance is
calibrated in order to concentrate the energy dissipation in
the shear panel. In order to obtain such a goal, the joint is
designed so that the panel zone in shear is the weakest joint
component, while the other components are properly over-
strengthened.

Design of the Weakest Joint Component

The dissipative component of the joint, i.e. the shear
panel, is modelled by means of [30] model. According to
this approach, the yield strength of the panel zone is given by
the product of three terms:

M,=K.C,y, 2

where, the elastic stiffness is calculated considering both the
shear stiffness of the column web panel and the contribution
due to the flexural stiffness of the column flanges (K,), an
average shear deformation factor accounting for the distribu-
tion of shear stresses in the panel zone at yielding (C,) and
the shear deformation (%).In the elastic range, the shear de-
formation of the panel zone is computed as the sum of the
contribution due to the column web panel and the contribu-
tion due to the column flanges:

1 1

o[ ) Y

s

where, with reference to the tested specimen:
_ C.El, _5-210000 - 56960000
[(dh—zw,)/zT [(270-10)/2]

_G(A,+R,A,) 807692483

k= [(d,-1,)/2] [(270-10)/2]

Where C, assumed as equal to 5 as suggested by [30], E
and G are the elastic and the shear modulus, respectively, /.
is the moment of inertia of the column section, d. is the col-
umn depth, 4,.1is the column web shear area, 4, is the shear
area of doubler plates if adopted in the structural detail and
Ry is a factor accounting for the strain incompatibility be-
tween supplementary web plates and column web panel.
Therefore, the joint rotational stiffness due to the panel zone
in shear is given by:

=27222576 N/mm (4)

= 1542688 N/mm (5)
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_ k;,kx (dh _th[)(dh _thf)
ok, t+k, 2 Yij
_27222576-1542688 (270-10)°
27222576 +1542688 21

The product C e in Eq.(2) is assumed equal to 0.85
according to the suggestion of [30]. The shear deformation
has to be computed accounting also for the interaction be-
tween shear stress and normal stress due to the column axial
force. Therefore, taking into account that for the tested spec-
imens a constant axial force equal to 30% of the squash load
has been applied, according to Von Mises yield criterion, the
shear deformation at yielding is given by:

f. / PY 355 o
"= 6 : (P},] V380769 1-(03) =0.00242 (1)

Finally, the bending moment corresponding to the yield-
ing of panel zone in shear is computed by means of Eq.(2):

(6)
=4.93-10" Nmm/rad

M,, =493 10'°-0.85-0.00242=1.01-10° Nmm =101 kNm (8)

Considering that the plastic moment of the connected
beam (IPE270) is given by:

M, =W, f, =484000-275= 1.33-10° Nmm =133 kNm  (9)
Derives the following classification in terms of strength:

M,, _1o1

77ps =

pb

Therefore, according to the established hierarchy at the
level of the joint components, as far as the resistance of the
shear panel is defined, the design of the end-plate and of the
panels in tension/compression can be carried out providing
them a proper over strength.

Design of Non-Dissipative Components

The end-plate in bending, following the simplified
approach provided by Eurocode 3, can be modelled
by means of an equivalent T-stub in tension, composed
by only the first two bolt rows which are assumed
disconnected from the beam web. In particular, assuming
that the geometrical parameters of the T-stub are:
m=d-08v2a=45-08-10 =37mm ,n=45mm and
b=154mm , it is possible to design the end-plate thickness.
The loadings acting on the T-stub can be defined in order to
obtain a sufficient over-strength with respect to the shear
panel resistance, in this case an over-strength of the20% has
been assumed:

F, d=127My’pz (1)
ep,R .
v (db_tbf)

Making the hypothesis of T-stub failing according to a
mechanism-1 it is possible to design the end-plate according
to the following equation:
2b,,t; M
—L f, =12 (12)

(db - tbf)

which leads to:
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12M . .m \/1.2 -101000000- 37

(@, -1, 2b, f, \ 260-154-275

Therefore, as a simplification, a thickness equal to 20
mm has been adopted.

=20.18 mm (13)

The bolts have been designed in order to guarantee a
mechanism type-1. Assuming that the bolts are M20 made of
10.9 steel, the following limitation, assuring a mechanism
type-1, has been verified:

< 4B, nm 4.220500-45-37
P T\ by S, (m+2n) | (154/2)-275(37 +2-45)

where b.;=154/2=77mm is the effective width of the single
bolt row.

=234 mm (14)

Finally, in order to limit the plastic engagement of the
column web panel in transverse compression, a sufficient
over-strength has been provided also to this component, ac-
counting also for buckling phenomena. With reference to the
formulation provided by Eurocode 3, the buckling resistance
of an unstiffened column web panel in compression can be
determined as:

F‘cwc = akwc p beff ,cwctcwf:v ( 1 5 )

in which wis a factor accounting for the effects of shear in-
teraction in the column web panel, . is a reduction factor
accounting for the influence of normal stress on the column
web panel resistance, p provides the influence of the buck-
ling phenomenon on the collapse strength, b, is the effec-
tive width of the column web in transverse compression giv-
en by a spreading through at 45° through the end plate and
by a 1:2.5 spreading through the column. Finally, ¢, is the
column web thickness. The effective width of the column
web panel in transverse compression for bolted end-plate
connection is given by:

b .=t

v =Ly +2M2a 450t +5)+s,

=10.2+2-10+5-(15+18)+40 =235.2 mm (16)

where s in case of rolled sections is the column flange-to-
web root radius, s, is the length obtained by a 45° spreading
through the end-plate. The reduction factor for plate buck-
ling pis defined starting from the definition of the plate slen-

derness:
b, d f 235.2-134-
Lz‘“f)z().%z 3’5733;55=0]56 17)
EC, 210000-9

where d,,. is the column web panel height. Being the plate
slenderness greater than 0.72, the reduction factor p account-
ing for the buckling phenomenon is computed according to
the Winter formula:

_ (/1,,:20.2) _(0.756- ?.2) 097 s
A 0.756

A, =0.932

Besides, the w factor, which gives the influence of the
shear interaction on the resistance of the web panel in trans-
verse compression, is function of the parameter . As already
discussed phas been assumed equal to 1, which is an as-
sumption valid for external joints. The expression of the
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wfactor for =1 is given by Eurocode 3 as a function of the
ratio between column web shear area (4,.) and panel area in
transverse compression.

[ |

=0.717
b, t Y 2352.9Y (19)
1+1.3 eff ,cwe’ew 1+1.3
A 2483

c

In addition, the interaction factor accounting for normal
stress effects, i.e. k., can be assumed equal to 1, provided
that normal stress at the column root radius does not exceed
70% of steel ultimate stress,. Thus the column web panel in
transverse compression resistance is:

F,. =0717-1-0973-235.2-9-355 =524252 N (20)

cwe

Therefore, the over-strength level of the panel web in
transverse compression is given by the ratio:

Fo(d -1 :
e (d,—1,) _ 524252260 =135 1)
; 101000000

y.pz

which is consider sufficient in order to prevent brittle failure
modes.

Design of Specimen EEP-CYC 02

The second beam-to-column joint included in the exper-
imental program has been designed with the purpose of in-
vestigating the ductility and energy dissipation capacity of an
extended end-plate connection where the component mainly
engaged in plastic range is the end-plate in bending. In this
case, the exclusion of the components related to the column
web panel requires the use of stiffeners, such as doubler
plates and continuity plates. Specimen EEP-CYC 02 has
been designed aiming to obtain the same resistance of spec-
imen EEP-CYC 01, but relying on the ductility supply of the
end-plate.

Design of the Weakest Joint Component

As for the previous specimen, the first component to be
designed is the weakest component, i.e. the end-plate. Af-
terwards, all the other components are designed to have suf-
ficient over-strength aiming to avoid their plastic engage-
ment. In order to provide to the connection a fixed value of
the resistance and a sufficient ductility supply the T-stub is
designed consequently. In particular, as reported successive-
ly, starting from these two design goals, it is possible to de-
fine the position of the bolts and the thickness of the plate.

The flexural resistance of the joint, assuming that the T-
stub fails according to a mechanism type-1, can be deter-
mined as follows:

2b,, 1
fZ o (db _tbf) =M ;=100 kNm @2)

where by is the effective width of the single bolt row. It is
worth noting that Eq.(22) is appliable provided that Eq.(14)
is satisfied. In addition, aiming at the control of the plastic
rotation supply, it can be evaluated as equal to the ratio be-
tween the plastic deformation of the T-stub modelling the
bolt rows in tension and the lever arm:
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= —5“’6” 23
¢“_(db—tbf) (23)

According to Piluso et al. (2001), the ultimate plastic
displacement of a T-stub failing according to type-1 mecha-
nism can be computed as:

cm®

u,el =
? 2t,,

24

where C is a constant depending on the material properties.
The value C=0.1951 can be assumed for S275 steel grade
[11]. Therefore, the plastic rotation supply can be computed
as:

_ Cm’
2t,,(d, —1,)
By imposing that M;=100kNm (the same resistance of
specimen EEP-CYCOl) and ¢,=0.05 rad, Eq.(22) and
Eq.(25) it is possible to define a system where the unknowns

are the bolt location m and the end-plate thickness #,,, whose
solution provides:

2
Cbyf,

P, (25)

., (26)
1/3
2100000000 -0.05% - 260
= 5 =544 mm
0.1951 -(154/2)-275
and:
2 2
Cm _0.1951-54 4 — 22 2mm @7)

"= 29,(d,—1,) " 2:005-260

In addition, in order to assure a type-1 mechanism,
Eq.(14) provides the following limitation to the end-plate
thickness:

< 4B nm [ 4:220500-40-54.4
7N\ by f,(m+2n) \j(154/2)-275~(54.4+2~40)

=25.96 =26 mm (28)

On the basis of the above results, dealing with specimen
EEP-CYCO02, an end-plate thickness #,=20 mm is chosen
assuming a bolt location m=54 mm.

Design of Non-Dissipative Components

After the design of the weakest component of the joint, it
is possible to design the components related to the column
web zone. The shear panel resistance can be designed as
already discussed with reference to EEP-CYC 01 specimen.
In order to obtain a sufficient over strength degree, two 10
mm supplementary web plates have been adopted. By means
of equations (4-9) and considering a full effectiveness of the
supplementary web plates, the shear panel resistance can be
computed as:

_ GEI___5:210000-56960000
[(d,~1,)/2]  [(270-10)12]

_G(A +R,A,) 80769 (2483+3700)
©(d,-,)2]  [270-10)2]

=27222576 N/mm (29)

=3841498N/mm  (30)
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__kk (d,~ 1) (d, 1) _

k,+k, 2 B 31)

_27222576-3841498 (270-10)’
27222576 +3841498  2-1

M, =1.137-10"-0.85-0.00242 = 233.9-10° Nmm = 234 kNm (32)

=1.138-10" Nmm

Therefore, by adopting the supplementary web plates the
resistance of the shear panel is greater than the joint design
resistance of a factor greater than 2, so that it is expected that
the panel zone remains in elastic range up to the failure of
the end-plate in bending. Moreover, the use of a couple of
continuity plates with a thickness equal to the beam flange
thickness assures that the column web in tension and the
column web in compression also remain in elastic range.

Design of Specimen EEP-DB-CYC 03

This is a full strength extended end-plate connection
aimed at investigating the energy dissipation capacity of the
connected beam. However, aiming to obtain the same flexur-
al resistance of previous specimens, the reduced beam sec-
tion (RBS) strategy, namely also “dog bone”, has been
adopted. The three parameters to be designed are the dis-
tance of the reduced section zone from the face of the col-
umn flange (a), the length of the reduced section zone (b)
and the flange reduction width (c).

Design of the Weakest Component

The simple design procedure suggested in [31] has been
adopted. In particular, it is suggested to use values of the two
parameters a and b according to the following ranges:

0.5b, <a<0.75b, (33)
0.65d, <b<0.85d, (34)

last parameter to be considered is the amount of flange re-
duction (¢) which controls the maximum bending moment at
the RBS and, as consequence, the maximum moment at the
face of the column flange. The value of ¢ should be limited
in order to obtain a moment at the column face in a range
contained in the 85-100% of the beam cross section plastic
moment. According to past experiences, [32] suggest to
avoid the use of these kinds of connections for reductions
greater than 50%. Therefore, ¢ must not be greater than
0.25b,.

The design procedure usually is iterative, because the
moment at the column face can be evaluated only after the
choice of the three geometrical parameters, so that the ful-
filment of suggested limits can be checked. In addition, the
beam-column hierarchy criterion and the absence of shear
mechanisms have to be checked. With reference to IPE 270
section of tested specimens, the design parameters have been
identified after few iterations:

a=T0mm b=180mm c=22mm (35

In particular, the amount of flange reduction (¢) has been
dimensioned so that the plastic moment is equal to the joint
resistance of the other specimens. In fact, the plastic moment
of RBS is given by:
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Mp/,RBs = Wp/.RBsfy = [Wp/,b - ZCth/ (db — Iy )i|f) =

=[484000-2-22-10-(270-10)]-275 (36)
=101640000Nmm =101.6 kNm

Design of Non-Dissipative Components

The design of the other elements of the connection,
which have to remain in elastic range, has been carried out
taking in account two effects: the strain hardening of steel,
considered by a 1.15 factor and the expected yield strength
herein assumed equal to 1.13f,, resulting from a coefficient
of variation equal to 0.07, Therefore, the expected resistance
of RBS at its centre line can be evaluated as:

M s =1.15W oo £, =1.15-369600-1.13-275

(37
=132081180Nmm =132.1 kNm

Starting from the knowledge of the expected moment at
the RBS centre, it is possible to evaluate the bending mo-
ment at the column face to check that it is contained in the
stated limits and to design the end-plate and the shear panel
in order remain in elastic range. To this scope it is necessary
to evaluate the shear force acting at the RBS centreline, that
is given by the ratio between the maximum moment ex-
pected at the reduced section zone given by Eq.(37) and the
beam length up to the “dog-bone” centreline:

My 132081180
VRBS.E = b = 180 3 8
L—a=7 | |1460-70-=7 (38)

=101601N =101.6 kN

where L, is the beam length. Neglecting the end-plate thick-
ness, the moment acting on the column face and the plastic
moment of the beam can be evaluated by means of the fol-
lowing expressions:

b 180
M, =My, +VRBS.E(a+EJ =132081180 +101601(70+7) = (39)
= 148337340 Nimm =148.3 kNm

M,=W,,f,, =484000-1.13-275

(40)
=150403000 Nmm =150.4 kNm

Therefore, being M /M, =1, the suggested limit 85%-
100% is satisfied. It is easy to check that the strong column-
weak beam requirement is also satisfied, being the sum of
the plastic moments of columns, reduced to account for the
influence of the axial load, greater than the bending moment
M. transmitted by the RBS to the column face.

In addition, according to FEMA 267A [33], the shear
panel must be designed to withstand a shear action equal to
80% of the one corresponding to the maximum bending
moment acting at the column face. Adopting for the panel
zone the same structural detail of EEP-CYC 02 specimen,
assuming a f3 factor equal to one, the following over-strength
is obtained.

VR,xp _ Vk.sp _ 900000 _ 41
V., 08y, 08 s - 7! @

(d,-1,)  (270-10)
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Finally, the end-plate thickness can be evaluated, fixing
the plate width 5#=154 mm (b.,/~=77 mm), the bolt location
m=33.5 mm and adopting M24 bolts of 10.9 class as follows:

=2124mm (42)

B M.m _ \/ 148337340335
7 \(d,—1,)(2b,) £, \(270-10)-(2-77)-275

which gives the minimum thickness to be adopted to satisfy
the resistance requirement, provided that mechanism type-1
is assured, and:

=2607mm (43)

o [ ABunm [ 4-317700-35-33.5
? N\ b, f(m+2n)  \77-275-(33.5+2-35)

providing the condition to be satisfied to assure type-1
mechanism. On the basis of the above results, an end-plate
thickness equal to 25 mm has been chosen.

Design of Specimen TS-CYC 04/TS-CYC 05

This specimen is a traditional double tee connection. The
design goal is, like in test EEP-CYC 02, to avoid the plastic
engagement of the components related to the column web
panel, i.e. the column web in tension and column web in
compression and the panel zone in shear.

Design of the Weakest Component

The design of this joint can be carried out using the rela-
tionships already exploited for specimen EEP-CYC 02. Ob-
viously, in this case the modelling by means of two separate
bolted T-stubs is even more realistic. Also in this case the
same flexural resistance of the other joints has been imposed
requiring, in addition, a plastic rotation supply of about 0.08
rad so that the following geometrical requirements have been
considered:

1/3

oM. 0% (d —t ) .0.08%- "

_ /,m¢2( b b_,) _|2 1000000(2)0 008%-260 | __ o (44)
C*bf, 0.1951%-77-275

L. Cm 01951745
7 2¢(d,-1,) 2-0.08-260

f < [ ABum _ [4220500.40745 0 (46
" T\ by f,(m+2n)  \77-275-(74.5+2-40)

A plate thickness equal to 25 mm and a bolt location with
m equal to 73 mm have been chosen to respect ductility re-
quirement. The two T-stub elements have been connected
through the webs to the beam flanges by means of eight M20
bolts. The ultimate strength of such connection according to
Eurocode 3, is given by:

F=n,o,f,A=8-0.5-1000-245

26mm (45)

M.
=980000N > —28 (47)

(db ~ly

The panel zone has been over-strengthened as in the oth-
er cases. Specimen TS-CYC 05 has been designed in order
to have a resistance similar to specimen TS-CYC 04 but with
an asymmetrical position of the bolt rows with respect to the
web in order to increase their ductility supply.

=384615N
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Fig. (4). Hourglass T-stub.

Design of Specimens TSJ-XS CYC 06/TSJ-XS CYC 07

Tested specimens are two dissipative double split tee
connection which are realized by substituting the classical
rectangular T-stubs with a couple of X-shaped T-stubs [18,
34, 35]. This particular type of T-stub is conceived in order
to work as a yielding damper adopting the basic concepts
governing the behaviour of plates working under double cur-
vature, such as ADAS (Added Damping and Stiffness) de-
vices. In particular, as demonstrated by [34] by properly ta-
pering the flange plate in the region between the T-stub web
and the bolt, a T-stub with high dissipative capacities can be
developed. In fact, an hourglass shape of the T-stub flange
allows to obtainthe contemporary yielding in all the plate
sections which leads to a uniform spread along the whole
plate, improving ductility supply.

A wide experimental analysis has already been carried
out on dissipative T-stubs in order to evaluate their dissipa-
tive capacity [34] (Fig. 4). In particular, in order to complete-
ly point out the different plastic behaviour under cyclic loads
of the hourglass T-stubs and of the rectangular T-stubs, low
cycle fatigue curves have been carried out [36] pointing out
the significant improvement of the energy dissipation capaci-
ty provided by bolted hourglass T-stubs Fig. (5).

Starting from the above results, in order to show the ben-
efits related to the adoption of the X-shaped T-stubs in con-
nections, an experimental program on DST joints equipped
with hourglass T-stub flanges has been carried out [37].

As for specimens TS-CYC 04 and TS-CYC 05, aiming to
involve the connection in the energy dissipation, the design
of the DST connections has been performed by imposing
that the weakest joint components are the bolted T-stubs
while the other connecting elements have been designed with
a sufficient overstrength aiming to avoid their plastic en-
gagement. For the dissipative T-stubs, the rules already pro-
posed by [34] for predicting stiffness and resistance, have
been adopted.

In particular, in order to make a direct comparison with
ajointwith classical T-stubs, tests TSJ-XS CYC 06/07 have
been designed in order to provide a flexural resistance and
stiffness equal to that of joint TS-CYC 04, i.e. 100 kNm and
324.7 kN/mm respectively. As the design requirements are
two, i.e. stiffness and resistance, damper width and length
are assumed as design parameters, while thickness of the
flange plate is assumed equal to 25 mm. Provided that the
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T-stub in tension is the weakest joint component failing ac-
cording to type-1 mechanism, the following expression can
be written:

2B, .t
M = % £,(d, ~1,/)=100 kNm 48)

where f, is the material yield strength, d,, is the beam depth
and 7, is the thickness of the beam flangen is a factor ac-
counting for the reduction of the resistance due to moment-
shear interaction [37]. In addition, considering the equation
given in [34], defining the stiffness of the hourglass T-stub,
the following design condition can be written:

3

EB,t,
0,25—5% =8 ,,,=324737 N/mm (49)
m

by solving the system of equation defined by Eqs.52 and 53,
the flange plate geometry has been defined as follows:

n=0.827 ; s/B=0325

e [025E-1-M,y _ [025-210000-25-100000000
“\ 2n-f,(d,-1,) | 20.827-275(270-10)

=5845=59mm (50)

S pat?® .58.45°
5, S 3UT3T-S84 g 1
025-E-F  025-210000-25

B,

s B
(5)()
where s is the width of the hourglass T-stub at the mid-

section, B is the width at the clamped section and B, is the
value of the effective width proposed by [34].

B= =80.34 =81mm

As already done before the bolts have been designed in
order to assure a type-1 mechanism verifying the following
condition:

o [[#Bgm_ [4220505059 . (51)
TSJ-XS CYCO06 '~ T\ by fum+2n)  \(81)-275(59+2-50)
[4Bnm [ 4-505000-50-59 (52)

TSI-XS CYCO7 =\ mram \@)-2569+2.50) ™"

Thereforethe T-stub elements of the two joints have been
fastened to the column through bolts M20 and M30 class
10.9 respectively. In addition, in order to avoid the engage-
ment of the components on the column, as for the other
stiffened specimens, continuity plates and supplementary
web plates have been adopted.
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Fig. (5). Low-cycle fatigue curves of rectangular (TSD) and hourglass (TSD-XS) T-stubs [34].

Design of  Specimens TSJ-M1-CYCO08/TSJ-M2-
CYC09/TSJ-M2-DS-CYC10/TSJ-B-CYC11

As an alternative to classical joints, in [38, 39] another
innovative connection has been proposed, based on the ap-
plication of friction dampers to beam-to-column connections
[40, 41]. In particular, the proposed innovative joint is real-
ized by modifying the classical DST joint detail by a adding
a friction pad in between the T-stub stem and the beam
flange, which has to be designed in order to prevent its slip-
page under serviceability limit states and to be activated un-
der severe seismic loading conditions, according to the basic
principle of the passive control techniques [42-44]. With the
proposed approach the friction mechanism is used to dissi-
pate the seismic input energy and the component method is
applied in order to prevent the plastic engagement of other
joint components. In order to characterize the behaviour of
the main source of energy dissipation capacity component
(the friction damper pres-stressed with high strength bolts),
tests on different materials have been carried out in order to
determine the values of the friction coefficient to be em-
ployed in the design.

The tests have been carried out on a sub-assemblage
composed bya layer of friction material that has been placed
in between plates made of S275 steel Fig. (6). In order to
allow the relative movement of the steel on the interposed
friction material, one of the inner plates has been realized
with slotted holes.

Conversely, the other inner and the two outer plates have
been realized with circular holes. The clamping force has
been applied by means of 16 M20 bolts 10.9 class [5] and
the holes have been drilled with a 21 mm drill bit. Aiming to
evaluate the magnitude of the friction coefficient and the
cyclic response, several different layouts of the sub-
assemblage have been considered varying three parameters:
the interface, the tightening torque and the number of tight-

ened bolts,investigating the friction characteristics of the
following three interfaces:

e Brass on steel;
e Rubber material M1 on steel;
e Rubber material M2 on steel.

The results of the experimental campaign on the sub-
assemblage have provided the values of the friction coeffi-
cient for all the considered interfaces. In particular, starting
from the test results, the friction coefficients have been de-
termined as:

F
mmnNp

= (53)
where m is the number of surfaces in contact, # is the num-
ber of bolts, N,, is the bolt preloading force and F is the slid-
ing force [20].

Starting from the behavior of the sub-assemblage the de-
sign of dissipative DST connections with friction pads has
been performed (Fig. (7), Table 2). In particular, the use of
slotted holes on the tee stem and the location of a friction
pad between the stem and the beam flange allows to provide
the connection with a friction damper Fig. (8). The slip re-
sistance of the friction damper has to be designed so that the
connection is able to withstand a bending moment less than
the beam plastic resistance. Therefore, the yielding of the
beam end is prevented and the beam-to-column connection
results free from damage, provided that the connection com-
ponents are designed to exhibit a resistance greater than the
slip resistance of the friction damper. In order to control the
slip resistance at the interface, analogously with the sub-
assemblage already studied, the interface is pre-stressed by
means of high strength bolts whose tightening torque is
properly calibrated according to the adopted design criteria.
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Fig. (6). Scheme of the adopted sub-assemblage.
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Fig. (7). Cyclic response of friction materials.
The design resistance is the same assumed for joint TS- In particular, the panel zone has been designed adopting
CYC 04, i.e. Mgy =100 kNm All the joint components, the same detail previously specified for joint, obtaining,
with the only exception of the friction pad, have to be de- therefore, a proper over-strength.In order to prevent the

signed with sufficient overstrength to avoid their yielding. yielding of the T-stubs, they have been designed to
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Table 2.  Values of the friction coefficientsto be used in design.
Inteface un
Brass on Steel 0.200
M1 on Steel 0.201
M2 on Steel 0.180

withstand a tensile force equal to the design bending moment
divided by the lever arm multiplied for an over-strength fac-
tor equal to 1.5:
M, _ Ls 100000

z

F,

T—stub —

=530 kN (54)

where z is evaluated as the distance between the friction
pads. Assuming that the T-stub fails according to mechanism
type-1 of Eurocode 3, its plastic resistance can be determined
as the sum of the plastic resistances of the two bolt rows
which, in the present case, are characterized by different
values of the distance m between the bolt row and the T-stub
web:

byt . byt
ﬁpf ﬂpf;’ (55)
2

F,

T-stub —

where, according to the T-stub geometry, bgis the effective
width assumed as equal to one half of the total T-stub width
(85.5 mm), m, is equal to 63 mm, m; is equal to 78.9 mm, ,
is the plate thickness and f; is the yield strength of the plate
equal to 275 MPa. Therefore, ¢, can be determined as:

FTM[ iy ] 530000(63'78'9

mEm) 63”8'9] =28.1 mm (56)
by f,

85.5-275
As a consequence, a 30 mm thick plate has been selected
for the T-stub flange. The bolts fastening the T-stub flange to
the column have been designed in order to guarantee a type-
1 collapse mechanism. In particular, according to the com-
ponent method it is well known that this condition is satis-
fied if the following inequalities are verified:

2 2
bytth, _ 2mim by, _
2Bym, 14+2n/m; 2B,,m, 1+2n/m,

2n/m,

(57)

where n is the distance between the bolts axis and the free
edge of the T-stub flange, assumed equal to 45 mm. By
means of Eq. (12), the design of the bolts has been carried
out as follows:

_ (+nfm)bytf,

B, >
kd 4n

=201.5 kN
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Fig. (8). Concept of the tested joint.

_ (A n/m,)byt)f,

Rd —
4n
M27 bolts made of 10.9 class have been adopted.

Dealing with friction dampers, they have been designed
in order to allow the slippage of the friction pad on the T-
stub web. To this scope, the length of the slotted holes has
been properly designed as a function of the desired value of
the joint rotation capacity by means of the following equa-
tion:

leot = (nbr -1

where d, is the bolt diameter, 7, is the number of bolt rows
used to fasten the web of the T-stub to the beam flange, p is
the bolt pitch and ¢ is the design value of the joint rotation
capacity. By adopting eight M20 bolts located according to
four rows, with a spacing equal to 60 mm and by assuming a
design joint rotation equal to +/- 70 mrad, it follows:

L,, _(4 1) 60+20+2-0.07-286 =240 mm (60)

=184.6 kN (58)

)p+d,+2¢ z (59)

The bolt preloading level has been assumed for the dif-
ferent joints as equal to 460 Nm. The details of all the spec-
imens are reported in Fig. (9).

3.2. Experimental Results

In the following the main results of the experimental
analysis are reported, evidencing the accuracy of the design
procedures.

Description of Test EEP-CYC 01

According to the design criterion, specimen EEP-CYC
01 (Fig. 10a) has exhibited shear panel yielding since the
first cycles. In fact, the formation of 45° yield lines on the
panel zone has been immediately observed by means of the
white wash that was used to paint the joint. The failure con-
dition has been attained due to the collapse of the welds con-
necting the beam flange to the end-plate.

This failure mode, due to the stress concentration arising
in the welds in the central zone (Fig. 10b), is typical of end-
plate or welded joints when continuity plates are omitted.
According to the adopted hierarchy criterion, no participa-
tion of other joint components has been observed during the
test. The results delivered in (Fig. 17) show that the cyclic
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Fig. (10). a) Yielding of the panel zone b) Failure of the weld.

Fig. (11). a) Specimen before the test b) Failure of the end-plate.

response of this joint quite stable up to failure with a very
low progressive stiffness degradation, evidencing the good
ability of the connection to dissipate energy.

Description of Test EEP-CYC 02

Specimen EEP-CYC 02 has been designed in order to
concentrate the energy dissipation in the end-plate compo-
nents (Fig. 11a). In this case, the observed behaviour is
completely different from the one of the previous joint, in
fact analyzing both the moment-rotation response of the
whole joint and the displacement response monitored with
the LVDT located on the shear panel during the test, it has
been recognized that due to the presence of the doubler
plates, the shear panel almost remains in elastic range. Simi-
larly, due to the presence of continuity plates, the column
web in tension and compression does not provide significant
energy dissipation.

The only components involved in the energy dissipation,
as expected, are the left end-plate and the right end-plate T-
stub which also govern the shape of the moment-rotation
cyclic response of the joint where some pinching can be ob-
served. The joint collapse occurred due to the fracture of the
end-plate in the extended part close to the column flange
(Fig. 11b). The residual load carrying capacity occurring at
the end of the test is due to the final behaviour like a flush
end-plate connection.

Description of Test EEP-DB-CYC 03

The aim of specimen EEP-DB-CYC 03 is to show the
dissipation capacity and ductility of a full strength joint,
providing a comparison with the previously tested partial
strength joints. The adopted design criteria have been pre-
sented in the previous section, pointing out the strategy
adopted in order to assure that all the components remain in
elastic range concentrating yielding in a reduced beam sec-
tion zone far from the connection zone.

The displacements measured by LVDT registrations con-
firmed that the connection component contribution is negli-
gible, in fact yielding has been concentrated only in the re-
duced beam section zone Fig. (12). The failure mechanism is
the one typical of steel members with I section shape. In par-
ticular, after yielding of flanges and web and the attainment
of the maximum flexural resistance, flange local buckling
occurs accompanied by beam web buckling due to compati-
bility between flange and web out-of-plane displacements.

The shape of the cycles of the whole joint is, as well
known from the technical literature, wide and stable, provid-
ing a very high energy dissipation capacity and significant
plastic rotation supply Fig. (17).

Description of test TS-CYC 04/TS-CYC 05

TS-CYC 04 and TS-CYC 05 are double tee connection
where the only elements involved in the energy dissipation



Experimental Analysis on the Cyclic Response

are the top and bottom T-stubs, having four bolts, which are
alternatively subjected to tension and compression. The be-
haviour of the two connections has been analogous.

Fig. (12). Failure of the reduced section zone.

As expected the joints have provided high rotational ca-
pacity and energy dissipation Fig. (17). The shape of the
hysteresis loops of double tee connections, designed to dissi-
pate energy in the flanges of tee elements, is similar to the
one of extended end-plate connections designed to dissipate
energy in the end-plate, because both of them are obviously
affected by pinching phenomena. The main advantage of this
kind of connection, provided that the weakest joint compo-
nent is constituted by the tee elements, is due to the fact that
the beam end does not exhibit any yielding, so that after a
seismic event only the tee elements have to be substituted.

The behaviour during the tests has been the one expected
according to the design based on the component approach. In
particular, the plastic engagement of the T-stubs has been
observed with the development of plastic hinges at the bolt
rows (Fig. 13a,b).
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Failure occurred due to the development of cracks locat-
ed in the heat affected zone of the tee flange due to the weld-
ed connection with the tee web. These cracks are initially
located in a position corresponding to the projection of the
bolt axis perpendicular to the tee web. As far as the number
of cycles increases these cracks propagate both toward the
inner part of the flange and toward the flange edges leading
to complete fracture of the flange (Fig. 13a,b).

Description of Test TSJ-XS-CYC 06

The behavior of the specimen during the test has been the
one expected according to the design criteria. In fact, only
the plastic engagement of T-stubs has been observed with
development of plasticization in the dissipative elements Fig.
(14). The shape of the hysteresis loops is similar to that ex-
hibited by joint TS-CYC 04. In fact, significant pinching
phenomena, mainly due to the bolt plastic deformation, have
been evidenced Fig. (17).

Joint TSJ-XS-CYCO06 exhibited lower plastic rotation
supply and less energy dissipated at collapse compared to the
case of joint TS-CYC 04. In fact, in contrast with the predic-
tion, in case of joint TSJ-XS-CYC 06, even though bolts
were designed to allow full plasticization of the plate, col-
lapse condition was reached due to their premature fracture,
which limited the rotational capacity of dissipative T-stubs.
In particular, premature collapse of bolts was caused by the
flexural effects due to compatibility requirements with the
plate plastic deformations. In fact, the influence of bending
moment on bolts ultimate resistance is an aspect neglected in
classical T-stub theory and represents an approximation that,
as in the examined case, can lead to a poor prediction of the
T-stub ductility.

Description of Test TSJ-XS-CYC 07

Even though only bolts diameter differentiates joint TSJ-
XS-CYC 06 and TSJ-XS-CYC 07 some substantial differ-
ences can be evidenced in the hysteretic behavior. Test has
still been characterized by pinching phenomena, but did non
exhibit strength degradation up to failure, which arose at the
44™ cycle at ultimate rotation of 10% with the formation of a
crack on the flange plate Fig. (15).

Fig. (13). a) Specimen at failure (TS-CYC 04); b) Specimen at failure (TS-CYC 05).
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Fig. (14). a) Plastic engagement of the X-shaped T-stub; b)Specimen at failure.
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Fig. (15). a) Specimen during the test; b) Specimen at failure.

As expected, during this test the only components en-
gaged in plastic range have been the hourglass T-stubs in
tension and compression. Components on the column panel
have not been significantly involved in the dissipation mech-
anism. Failure condition has been reached after the full de-
velopment of the cyclic ductility supply of the steel dampers.
Collapse occurred due to the formation of a crack, which
started in the heat-affected zone and then propagated through
the plate following a circular shaped pattern. This particular
failure mode, which differentiates the behavior at collapse of
hourglass T-stubs from those of classical T-stubs, whose
failure is usually characterized by the formation of a straight
crack in correspondence of welds, may found a theoretical
justification in the results obtained in previous paragraph. In
fact, in case of dissipative T-stubs, the section of minimum
resistance where first plasticization occurs is not necessarily
located in correspondence of the section of maximum width.
As far as the bending moment is linear with point of zero at
the mid-section and shear is constant along the plate, due to
the moment-shear interaction, the section of minimum re-
sistance, depending on the plate geometry, can be in general
located somewhere in between T-stub web and damper cen-
terline.

Description of Tests on the Friction Joints

As expected on the basis of the design criteria adopted, in
all the experimental tests on joints equipped with friction

dampers there has not been any damage of the joint compo-
nents, but only the wearing of the friction pads. Therefore, a
very important result coming from the experimental program
is the confirmation that this connection typology can be sub-
jected to repeated cyclic rotation histories, i.e. to repeated
earthquakes, by only substituting the friction pads, if needed,
and by tightening again the bolts to reach the desired pre-
loading level. In addition, in all the tests the rotation demand
applied to the joint has been completely due to the slippage
of the friction material on the T-stub web).

The experimental results are in line with the results
pointed out in the tests on the friction interfaces pointing out
that, as expected, the cyclic behavior of the joint is mainly
governed by the cyclic behaviour of the friction damper. In
test TSJ-M1-CYC08, at low force values the joint exhibited
an elastic behavior while, when a bending moment level ap-
proximately equal to the design one is reached, the slippage
of the friction dampers starts. However, the cyclic behaviour
of this joint has been quite poor, mainly due to the low ten-
sile strength of the friction material which failed at a value of
the rotation amplitude relatively low, equal to about 20
mrad. In particular, the joint failure occurred due to the col-
lapse of the rubber plate in the zone weakened by the holes.
Conversely, the joint equipped with friction pads made of
material (M2) exhibited a better response. In particular, also
in this case, the hysteretic behavior of the joint has been
mainly governed by the response of the friction dampers
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obtaining, as already observed in tests on the joint compo-
nent, wide and stable hysteretic loops. For bending moment
levels less than the design resistance, the cyclic behaviour
has been characterized by loading and unloading elastic
branches.

After the attainment of a bending moment value approx-
imately equal to 100 kNm, the slippage of the friction damp-
ers has occurred. In this phase, the joint hysteretic response
has been characterized by cycles with a parallelogram shape.
It is useful to note, from the comparison with the response of
tests on friction dampers, that the shape of the hysteresis
cycle of the friction DST joint differs from that observed
during the uni-axial tension test. This difference is mainly
due to the role played by the beam rotation in the kinematic
mechanism. In fact, the beam rotation causes two effects that
give rise to an increase of the bending moment as far as the
beam rotation increases. On one hand, there is an increase of
the local pressure on the friction pads due to the reaction
force provided by the T-stub webs that behave in a way simi-
lar to a pocket foundation. On the other hand, minor yielding
of the tee stems at the web-to-flange attachment contributes
to the total bending resistance of the joint. Both of these ef-
fects lead to the hardening behaviour experimentally ob-
served. Moreover, the results of test TSJ-M2-CYC09 show
that, at high rotation amplitudes, slight strength and stiffness
degradation occurs, probably due to the consumption of the
friction pads during the sliding motion.

Starting from the behaviour previously observed, another
test with the same layout but adopting disc springs inter-
posed between the bolt head and the tee web plate has been
carried out (7SJ-M2-DS-CYC10). In this way, it was ex-
pected that the pinching and degradation behaviour due to
the wearing of the friction material observed during test TSJ-
M2-CYCO09 is overcome. This particular type of washer is a
high resistance cone shaped annular steel disc spring which
has a behaviour very similar to a classical spring [45, 46]. In
fact, it flattens when compressed and returns to its original
shape if compression loading is released. In this way, as the
friction material wears, leading to the partial loss of bolt pre-
load, the disc spring restores the force by maintaining the
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bolt shank in tension. The results of test TSJ-M2-DS-CYC10
demonstrate the effectiveness of the adopted disc springs. In
fact, the obtained cyclic behaviour is very similar to that
exhibited by specimen TSJ-M2-CYCO09, but a higher dissipa-
tion capacity and lower strength and stiffness degradation
was obtained Fig. (17).

Test on Brass TSJ-B-CYC11 (Fig. 16) also exhibited a
satisfactory behaviour in terms of shape of the cyclic re-
sponse. In fact, the cycles obtained have been very stable
also at high values of the plastic rotation. Nevertheless, a
value of the bending moment less than the design value
equal to 100 kNm was obtained. This result can be justified
on the base of the results obtained on the subassemblage
[20]. In fact, in case of brass on steel interface the value of
the static friction coefficient is much lower than the dynamic
one and, as a consequence, a bending moment lower than the
expected one has been obtained Fig. (17).

Energetic Comparison

All the tested specimens exhibited almost the same flex-
ural strength, as desired, and provided energy dissipation
mainly in the weakest component according to the adopted
design criteria. Therefore, experimental test results con-
firmed that the component approach can be a powerful tool,
even in the framework of seismic design of steel structures,
allowing the selection of dissipative elements and the appli-
cation of hierarchy criteria to design the joint components
which have to remain in elastic range.

The comparison between the different experimental tests
in terms of energy dissipation allows to make some consid-
erations. In particular, in (Fig. 18) the values of the energy
dissipated by the different joints versus the number of cycles
are reported. The highest energy dissipation capacity has
been exhibited by specimen EEP-DB-CYC 03 adopting the
RBS strategy, revealing that generally joints are able to pro-
vide an energy dissipation supply that it is always lower than
steel members. Connections providing the highest energy
dissipation capacity are those engaging in plastic range the
column web panel (EEP-CYC 01) and the friction joint em-
ploying disc springs. In these cases a reduction of about 20%

Fig. (16). Tests TSJ-M2-CYC09 (left) TSJ-M2-DS-CYC10 (middle), TSJ-B-CYC11 (right).
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Fig. (17). Cyclic behaviour of the experimental tests.
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of energy dissipation occurs with respect to specimen EEP-
DB CYC 03 was observed. Conversely, due to pinching
phenomena, joints engaging in plastic range bolted compo-
nents exhibited a significant reduction of energy dissipation,
but the results show that, if properly detailed, they can de-
velop a significant rotational capacity. In particular, even
though the classical extended end-plate joints exhibited a

41 46 51

quite poor energy dissipation capacity (EEP-CYC 02), the
classical and X-shaped T-stub joints provided a high ductili-
ty supply. In fact, from (Fig. 18) is worth to note that the
joint which exhibited the highest ductility supply is TSJ-XS-
CYC 07 which reached a rotational capacity equal to the
10%.
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CONCLUSION

In the present paper, the results of a wide experimental
research program on the cyclic response of beam-to-column
jointsare discussed focusing the attention on the possibility
of using the component approach as a design tool to govern,
within the design process, the location of dissipative ele-
ments by properly imposing the weakest component. Under
this point of view, it was underlined that all the experimental
results confirmed the design choices.

In addition, the behaviors of traditional beam to column
joints, such as extended end plate joints and double split tee
joints, are compared with those of innovative joints. Aiming
to adopt a structural solution easy to restore after a severe
seismic event, two typologies of innovative joints have been
considered: double split friction tee stub beam-to-column
joints and X-shaped tee stub beam-to-column joints. In par-
ticular, the response in terms of energy dissipation and the
shape of the hysteresis loops of the proposed innova-
tivebeam-to-column joints have been compared with those of
a traditional joints. The results obtained are very encourag-
ing, confirming the merit of both innovative proposed joint
solutions. In particular, the experimental tests have con-
firmed that the strategy of adopting friction pads between the
components of bolted connections can be effective for the
ambitious goal of damage prevention while a significant en-
hancement of the energy dissipation capacity and of the cy-
clic behavior can be obtainedfastening the beam to the col-
umn by means of dissipative X-shaped T-stubs.
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