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1 INTRODUCTION

The design of modern seismic resistant structures is based on a preliminary selection of the
so-called dissipative zones which must be designed to assure, by means of their plastic en-
gagement, the dissipation of the earthquake input energy. It is well known that Moment Re-
sisting Frames (MRFs) [1]-[4] are characterized by a limited lateral stiffness and high
ductility linked to the possibility of forming many plastic hinges. The location of such dissi-
pative zones at the beam ends is commonly preferred by designing full-strength beam-to-
column joints. It is recommended that beam-to-column joints are designed with sufficient
over-strength with respect to the connected beams to assure their yielding accounting for the
influence of random material variability and for strain-hardening occurring before the com-
plete development of the ultimate flexural resistance of plastic hinges.

Dual Concentrically Braced Frames (D-CBFs) [6]-[7] constitute an appealing structural
scheme because they combine the advantages of MRFs, which are characterized by high
global ductility due to the high number of dissipative zones, and CBF, which are character-
ized by high lateral stiffness due to the exploitation of the axial stiffness of diagonal members.
In fact, thanks to bracing members, providing additional lateral stiffness, D-CBFs allow re-
specting serviceability code requirements. However, they are penalized by the occurrence of
buckling of bracing members in compression which governs the shape of the hysteresis loops
of such dissipative zones [8]-[14]. D-CBFs are also attractive for collapse prevention re-
quirements because they allow exploiting the local ductility supply of the MR part thus giving
to the diagonal members only the stiffening task. This observation suggests a design approach
where the braced frame is dimensioned to satisfy serviceability requirements while the mo-
ment resisting part is designed to satisfy ultimate limit state requirements.

It is known that, to prevent catastrophic collapses, the structural system and members
should have enough strength and ductility to resist to earthquakes [15]-[23]. Therefore, a sta-
ble and reliable capacity for energy dissipation should be provided through proper design and
detailing of the system, members, and joints. These latter attracted much attention because an
improper design or fabrication of the connections may lead to the collapse failure of the whole
structure.

In this paper, reference is made to the use of full-strength joints [24]-[30] that has been al-
ways considered the best way to dissipate the seismic input energy. In particular, the joint ty-
pology herein investigated is the so-called “haunched” connections which are characterized
by a haunch at the lower flange of the beam having the aim of increasing the connection stiff-
ness thus allowing the yielding in the beam ends. As regards code provisions, UNI EN 1993-
1-8 [31] provides design rules and analytical models to predict the mechanical behavior of the
joints; while UNI EN 1998-1 [32] provides additional design rules for seismic resistant joints.
From the existing scientific literature, a wide data base of experimental results on beam-to-
column joints is available [33]. Moreover, several research projects have been developed and
devoted to investigating the beam-to-column joints behavior under both seismic and non-
seismic loadings. Even though these projects have provided a large amount of data dealing
with steel beam-to-column connections, none of the existing European studies has been aimed
at prequalifying specific configurations for seismic areas based on parametric experimental
investigations. In order to fill these gaps, the recently finished European research project
EQUALJOINTS [34] was aimed at providing prequalification criteria of steel joints for the
next version of UNI EN 1998-1 [32]. The following dissemination project EQUALJOINTS-
PLUS [35]-[38], had the scope to promote the valorisation and dissemination of the technical
knowledge and the design tools developed within the EQUALJOINTS project. The goal is to
reach a wider and easier use of dissipative beam-to-column connections in steel seismic resist-
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ing systems in Europe. The joint typologies selected for prequalification procedure are repre-
sentative of those most adopted in European practice. In the context of the research project
EQUALJOINTS [34], four types of prequalified connections are considered. In particular,
three types of prequalified bolted beam-to-column joints (Figure 1 a, b and c) will be consid-
ered, as well as welded dog-bone beam-to-column joint made of heavy sections (Figure 1 d).
In this paper, reference is made to “haunched” connections (Figure 1 a).

(@) (b) (c) (d)

Figure 1: Beam-to-column joints investigated in the framework of EQUALJOINTS project: a) Bolted haunched
joints; b) Bolted extended stiffened end-plate joint; ¢) Bolted extended unstiffened end-plate joint; d) Welded
dog-bone joint

However, independently of the use of either full-strength or partial-strength beam-to-
column joints, the main drawback of the traditional seismic resistant design strategy is intrin-
sic in the strategy itself. The structural damage is essential to dissipate the earthquake input
energy but, on the other hand, it is the main source of direct and indirect losses. For this rea-
son, many researchers have focused their attention on the strategy of supplementary energy
dissipation with the aim to reduce the structural damage under destructive seismic events and,
therefore, the direct and indirect losses. This strategy is based on the use of specific energy
dissipation devices which have to be inserted between couples of points of the structural
scheme for which high relative displacements or velocities are expected under the action of
severe ground motions. In this work, reference is made to beam-to-column FREEDAM [39]
connections that have been widely tested at the Laboratory of Materials and Structures of
University of Salerno and to FREEDAM connections equipping the intersection between the
diagonals of chevron brace frames (CBFs) when the structure is not a simple Moment resist-
ing frame (MRF) but dual systems given by the combination of MRFs and CBFs.
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Figure 2: Beam-to-column joints investigated in the framework of FREEDAM plus project: a) MRF
FREEDAM joint; b) FREEDAM friction damper to chevron brace.

4151



M. Maglio, C. Naddei, R. Russo, P. Todisco

The scope of the paper is investigating the influence of both the mentioned connection typol-
ogies in the seismic response of MRFs and D-CBFs. To this scope, medium-rise structures
have been designed according to the Theory of Plastic Mechanism Control (TPMC) design
approach [40]-[49], which is a powerful design. The structural response was analysed by
means of both non-linear static and dynamic analyses. All the activities described in this work
are performed in the framework of the RFCS Project FREEDAM Plus [50] aimed at the val-
orisation and dissemination of the technical knowledge and the design tools developed within
FREEDAM project, to reach a wider and easier use of dissipative beam-to-column connec-
tions in steel seismic resisting systems.

2  HAUNCHED CONNECTIONS VS FREEDAM CONNECTIONS

Bolted joints are very interesting for practice in steel buildings, owing to their inherent ad-
vantages not only in terms of high-quality execution (e.g. shop welding and bolting on site),
but also highly productive erection (less time-consuming). Full strength joints are designed to
guarantee the formation of all plastic deformations into the beam, which is consistent with EN
1998 strong column-weak beam capacity design rules (i.e. non-dissipative joint).

“Haunched” connections [51] increasing the web depth also makes an increase of the
height of panel zone, which reduces the panel zone yielding. In that case a greater beam plas-
tic rotation is needed to achieve an equivalent seismic energy dissipation. Application of the
haunches assures that plastic hinges form in the beams which increases the global seismic per-
formance of steel moment resisting frames. Appropriate detailing and use of “haunched”
joints could be an effective way for ductile design of steel frames. The haunched connection
used in this paper is described in Figure 3 where M’ is the joint resistance, My, j, .¢ rq is the
beam resistance. All the prequalifying requirements reported in Figure 3 are finalized to the
stiffening of the panel zone whose strength is also calibrated not to yield in case of destructive
seismic events.

|
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Figure 3: Details of “Haunched” connections

FREEDAM connections, studied in the framework of the recently accomplished homony-
mous project (RFSR-CT-2015-00022) have a wide-ranging use because it is a technology that
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can be used both in the construction of new buildings and for the seismic rehabilitation of ex-
isting buildings. From the technological point of view, the innovation regards the conception
of beam-to-column connections. In fact, beam-to-column connections are equipped with fric-
tion dampers which can be located either at the bottom flange level or at the levels of both the
flanges. Such friction dampers must be designed to assure the transmission of the beam bend-
ing moment required to fulfil serviceability limit state requirements and to withstand without
slippage the gravity loads. In addition, they must be designed to assure the dissipation of the
earthquake input energy, corresponding to the collapse prevention limit state, without any
damage. FREEDAM joints are extremely robust, because they are characterized by a first
phase of the response corresponding to the damper slippage and by a second phase in which a
secondary resisting mechanism is activated with the bolts acting in shear and the plate ele-
ments subjected to bearing. The added value to what has already been achieved at both Euro-
pean and worldwide level is the increase the safety buildings and reduction of the direct and
indirect costs related to the development of structural damage in case of rare seismic events or
exceptional loads. The friction resistance is calibrated by acting on the number and diameter
of bolts and their tightening torque governing the preloading. The flexural resistance results
from the product between the damper friction resistance and the lever arm. Such connections
exhibit wide and stable hysteresis loops without any damage to the connection steel plate el-
ements, so that they can be referred as “Free from Damage Connections”.
FREEDAM joints can be designed according to the following equation:

_ .ustnbnspf h (1)

Migg < Mppqg = ——hy
YF2

where pg; 1s the average value of the static friction coefficient equal to 0.76, n,, is the number
of bolts, ng is the number of the contact surfaces equal to 2, hf is the lever arm given as the
sum of H (Figure 14) and h;, (height of the beam), Y, is the partial safety factor accounting
for the randomness of friction and bolt preload, and it is equal to 1.26, P is the preloading
force that has to be calibrated to assure that the FREEDAM connection resistance is as much
close as possible to the design moment My g, at the column face resulting from the seismic
load combination. Therefore:
Mg gaYr2 @)
Pp=——
:ustnbnshf

The bolt preloading should be between 40% and 100% of the maximum bolt preloading al-
lowed by code provisions (EN 1993-1-8).

The number of bolts changes according to the standardised devices (Table 1). The friction
damper to be adopted must be selected in function of the beam height h;, and of the increase
of the lever arm due to the haunch resulting from the damper geometry (Figure 4).

Device Number of bolts

DI
D2
D3
D4
D5

Table 1: Number of bolts of the prequalified devices

S IESENEN S
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Minimum
column size

Figure 4: Dimension of prequalified FREEDAM connections

It is important underlining the need to perform a local hierarchy criterion to prevent the beam
yielding that can be expressed as follows:

[—L
My pq = Vrme.Rd( ; )

where ¥y = 1.60 [52], M}, gq is the beam plastic moment, My g, is the FREEDAM joint re-
sistance (Eq. (1)), [ is the beam length and L is the device dimension as reported in Figure 4.

3 DESIGN APPROACH

The design approaches herein proposed regard the Theory of Plastic Mechanism Control
[40], [53]-[56]. The Theory of Plastic Mechanism Control is a design approach based on a
rigorous theoretical background. It assures the development at collapse of a mechanism of
global type. TPMC exploits the kinematic theorem of plastic collapse extended to the concept
of mechanism equilibrium curve:

a=ay—yo 3)

where, following the theory of rigid-plastic analysis,  is the first order collapse multiplier of
horizontal forces, y is the slope of the linearized mechanism equilibrium curve due to second
order effects and ¢ is the plastic top sway displacement. It means that in the case of the global
mechanism Eq. (3) becomes:

a® = o9 —y s “4)
while in the case of undesired mechanism becomes:
o =), s ®

where a'(()g) and ag.tl.)m are the first order collapse mechanism multipliers for global and unde-

sired mechanism, respectively; a9) and “i(,tn) are the collapse multiplier of horizontal force for

the global and undesired mechanism, respectively and y(9 and Vi(,,tl) are the slope of mecha-

nism equilibrium curve for the global and undesired mechanism, respectively. TPMC states
that the mechanism equilibrium curve corresponding to the global mechanism (Eq. (4)) has to
be located below those corresponding to all the undesired mechanisms (Eq. (5)) until a design
displacement §,, compatible with the local ductility supply (Figure 5). The column sections at
each storey that guarantee a global collapse mechanism are the unknowns of the design prob-
lem, while the dissipative zones are preliminarily designed according to the first principle of
capacity design. In this paper, the ultimate design displacement §,, is computed as:
8y = Ohyg (6)
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where 6 is the target rotation of the plastic hinge that is assumed equal to 0.04 rad neglecting
the higher stiffness of braces, and h, is the building height. The plastic hinge rotation is set
equal to the interstorey drift ratio, since the idealized behavior of the structure is rigid-plastic.
It is worth noting that P-Delta second order effects are taken into account using the TPMC
design approach and, as a consequence, does not deeply affect the design as the use of the 6
[57] factor proposed in the framework of Eurocode 8 [32], thus allowing to optimize the de-

sign overstrength of the structure and the non-linear response as well.
o4

)
@
‘m

(1‘,”'

Figure 5: TPMC statement.

4 STUDY CASE

The seismic resistant structural system is a perimeter seismic resistant system. The inner
bays are pinned and designed for gravity loads only. The building has 4 storeys and 4 bays.
The bay span is equal to 6.00 m; the interstorey height is equal to 3.50 m. Stairs are located
outside the analysed building by means of an independent structure as the same as the elevator.
The seismic resistant scheme of the building is depicted in Figure 6 for X direction. The ele-
vation configuration is reported in Figure 7. The material adopted for the structure is steel
grade S355 using a partial safety factor equal to 1, so the nominal yield stress is 355 MPa for
beams and for columns. The following permanent loads are considered:

e Permanent loads on floors and roof: 3,25 + 0,75 = 4,0 kN /m?

e Permanent loads of external walls: 1,0 kN /m?

while the live loads are equal to 3.50 kN /m? for current floors and 3.00 for kN /m?for the
roof.

The design horizontal forces have been determined according to the new Eurocode 8 draft
[58] spectra assuming a reference spectral acceleration at plateau of 8.5 m/s?, a behaviour fac-
tor equal to 6.5 for MRFs and D-CBFs with FREEDAM joints and 4.8 for D-CBFs with tradi-
tional haunched connections.

Serviceability requirements have been checked by response spectrum anaysis to compute
the elastic displacements and to derive the interstorey drift values to be compared with the
corresponding limits according to:

d, =0.020 h (7)
where d, is the relative displacement increased by the behaviour factor and h is the intersto-
rey height. The limitation is the one reported into the new Eurocode 8 draft [59].
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Figure 7: Elevation configuration of the building (MRFs and D-CBFs)

S DESIGNED STRUCTURES

This section summarizes the description of the MRFs and Dual-CBFs designed according
to TPMC and equipped with both haunched and FREEDAM connections.

Storey Bay 1 Bay 2 Bay 3 Bay 4 (pinned)
1-2 IPE 330 haunched  IPE 330 haunched IPE 330 haunched IPE 220
34 IPE 300 haunched  IPE 300 haunched IPE 300 haunched IPE 220

Storey Column 1-5 Column 2 Column 3 Column 4
1-2 HE 340 B HE 340 B HE 340 B HE 340 B
3-4 HE 320 B HE 320 B HE 320 B HE 320 B

Weight of structural elements: 12876 kg
Table 2: Beam and column sections for 4 St DC3_MRFs X TRADITIONAL

Storey Bay 1 Bay 2 Bay 3 Bay 4 (pinned)
IPE 330 IPE 330 IPE 330
1-2 FREEDAM FREEDAM FREEDAM IPE 220
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IPE 300 IPE 300 IPE 300
34 FREEDAM FREEDAM FREEDAM IPE 220
Storey Column 1-5 Column 2 Column 3 Column 4
1-2 HE 300 B HE 300 B HE 300 B HE 300 B
3-4 HE 260 B HE 260 B HE 260 B HE 260 B
Weight of structural elements: 11500 kg
Table 3: Beam and column sections for 4 St DC3 MRFs X FREEDAM
Storey Bay 1 Bay 2 Bay 3 Bay 4 (pinned)
1-2 IPE 330 haunched  IPE 270 haunched IPE 330 haunched IPE 220
3-4 IPE 330 haunched  IPE 270 haunched IPE 330 haunched IPE 220
Storey Column 1-5 Column 2 Column 3 Column 4
1-2 HE 360 B HE 450 B HE 450 B HE 450 B
3-4 HE 320 B HE 450 B HE 450 B HE 450 B
Storey Diagonal
1-2 CHS 88.9x5
3-4 CHS 88.9x4

Weight of structural elements: 14951.8 kg

Table 4: Beam, diagonal and column sections for 4 St DC3 D-CBFs X TRADITIONAL

Storey Bay 1 Bay 2 Bay 3 Bay 4 (pinned)
IPE 360 IPE 360 IPE 360
12 FREEDAM FREEDAM FREEDAM IPE 220
IPE 330 IPE 330 IPE 330
34 FREEDAM FREEDAM FREEDAM IPE 220
Storey Column 1-5 Column 2 Column 3 Column 4
1-2 HE 300 B HE 300 B HE 300 B HE 300 B
3-4 HE 260 B HE 260 B HE 260 B HE 260 B
Storey Diagonal
1 CHS 114.3x6.3
2 CHS 114.3x5
3 CHS 114.3x4
4 CHS 88.9x5

Weight of structural elements: 12486 kg

Table 5: Beam, diagonal and column sections for 4 St DC3 D-CBFs X FREEDAM

Figure 8 shows the comparison in terms of weight among MRFs and D-CBFs equipped with
haunched and FREEDAM connections. It is evident that in both cases the structures with tra-
ditional connections leads to heavier structures.
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Structural Weight
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Figure 8: Comparison in terms of weight among MRFs and D-CBFs equipped with haunched and FREEDAM
connections designed according to TPMC.

6 MODELING ASSUMPTIONS

The modelling of these structures is carried out in SAP 2000 ambiance [60] according to the
scheme reported in Figure 7. The leaning column (Figure 7) is used to consider the vertical
loads acting on the frame (including masses) and the second order effects. The material steel
grade is S355 where the coefficients 1.20 and 1.10 are the overstrength factor due to random
material variability according to the Probabilistic TPMC [49] and the strain hardening, respec-
tively. [61]-[66]. The plastic behaviour of members has been modelled in terms of lumped
plasticity by P-hinge properties.

6.1 Structures with traditional joints

Beams and columns have been modelled by means of beam-column elements, whose non lin-
earities have been concentrated in plastic hinges (“Moment M3” elements). On the beams,
hinges are at the end of haunched connection, namely at a distance sh, from the face of the
column; while on the columns they are assigned with a relative distance of 0 and 1. Of fun-
damental importance are the demand for plastic rotation during the development of the kine-
matic mechanism and the capacity for plastic rotation. In the case of columns with
dimensionless normal stress lower than 0.30 and beams in flexure, the plastic deformation ca-
pacity is expressed as a multiple of the chord rotation at yielding ¥, defined as a property of
the member itself.

In particular, for columns arranged strong axis and for beams, the rotation of the member is:

_ YrmMpiylm
0y = 6ElLp, (8)

For columns arranged weak axis, the rotation of the member is:

_ YrmMpizlm
0, = 6Eln, ©)

where Mpiyand Mpi- are the plastic moment of the member for y and z axis respectively; lm is
the length of the member; I is the moment of inertia; E is the elastic modulus and ym is the
material overstrength coefficient place equal to 1.25. Plastic rotation capacity at the end of
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beams or columns with dimensionless axial load v not greater than 0.30 in Table B.1 of EC8-3
[67] are reported, as shown in Figure 6. The hysteresis type is kinematic.

Point Moment/SF Rotation/SF
-0.67 0.075/10
D- -1.2 0.028/1
C- 1.2 0.016/V '&"‘i
-1 0
£ ¥
o o
0 b
— oo
C 1.2 0.016/0
D 1.2 0.028/1
0.67 0.075/9

Table 6: Beams and columns hinge model.

To model the plastic hinge of the bracing diagonals in Sap2000 we start from the Georgescu
model [68] generally used for cyclic analysis (Figure 9) [67].

o s
9{‘
‘ G
Pr-]
E ) '
D/ - >
c o 3
B 1’ | Por

Figure 9: Georgescu model for cyclic analysis

The model used for the pushover analyzes starts from a first simplification of the
Georgescu model (Figure 10) that exploits the OA, AB and BC traits for compression. On the
other hand, in traction the behavior is defined with a Perfectly Plastic Elastic bound (EPP).

' : 0
'll"a. jk‘ “'-"Elr:I 'ﬁH'

B A

Figure 10: First simplification of the Georgescu model for pushover analysis
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The equations of model branches are reported in the following:

e Initial imperfection

W= : y_ A
fo==a(2> - 0.04) with @ =021,1= > (10)
e OA branch:
_EA _ . . ) — Perit
P =—604 = Kqboa withP limited to Perir; 04 = Kq (11)
e AB branch:
— Mpt (4 _ Peric
fes = Perit (1 Py ) (12
Pcri L 2
53 =_E_,;+Z_L(ft32_f02) (13)
e BC branch:
ft = %(1 - :;y) with P generic < Peyy (14)
PL 2
fOZSBC:_H-I_Z_L(ftZ_fOZ) (15)
e OF branch:
EA . . . Py
P = TgoF = K460or with P limitedto P,; 6p = P (16)
d
e FG branch:
P=P, V& (17)

A second simplification adopted in the Sap2000 model consist in considering the OA and
OF sections as rigid, while the BC section is represented with bilinear approximation (Figure
11). The elastic behaviour is demanded to the beam-column element representing the diagonal
section.

B Frame Hinge Property Data for D 88.9x5 - Axial P
Edit

Displacement Control Parameters

Point Force/SF Disp/SF ~
-0.6015 £ pa——mr—tll
-0.7385 -4
-1, -2.4434
-1. 0. .h‘
0. 0. o
1. 0.
1. 1.
T = [ Symmetric
4 o v

Figure 11: Second simplification of the Georgescu model for pushover analysis, in Sap2000

The bilinear approximation of the BC section was obtained by considering two points of
the curve, or those corresponding to the limit displacements provided by Eurocode for the
compressed diagonals. These points were also identified in traction (on the horizontal branch)
according to the limits given for taut diagonals.
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For braces in compression the inelastic deformation capacity should be expressed in
terms of the axial deformation of the brace, as a multiple of the axial deformation of the brace
at buckling load, A.. For braces in compression (except for braces of eccentric braced frames)
the inelastic deformation capacities at the three LSs may be taken in accordance with Table
B.2 of EC8-3 [67]. For braces in tension the inelastic deformation capacity should be ex-
pressed in terms of the axial deformation of the brace, as a multiple of the axial deformation
of the brace at tensile yielding load, A:. For braces in tension (except for braces of eccentric
braced frames) with cross section class 1 or 2, the inelastic deformation capacities at the three
LSs may be taken in accordance with Table B.3 in EC8-3 [67]. To allow the diagonal buck-
ling and therefore, their cyclic behaviour the diagonal must be split into two parts and the
middle node must be put out of plane with an initial imperfection.

6.2 Structures with FREEDAM joints

In the structures with FREEDAM connections the beams and columns have the same
plastic hinge described above. The P-hinge properties representing the FREEDAM connec-
tions are rigid perfectly plastic, and they are located at the column face, i.e. where it is ex-
pected the device rotation. The rotation depends on the level arm of the device used. Under
the bending action, the node is forced to rotate around the center of rotation, located at the
base of the upper T-stub, and the dissipated energy is guaranteed by the alternating sliding of
the bolts on the vertical stainless-steel plate (Figure 12).

CENTER OF ROTATION

i _ T-stub

S = -

BEAM

COLUMN

E A C@:OD
| O
~d “.SgEELPLATE

Figure 12: Center of rotation of FREEDAM hinge

In particular, the FREEDAM rotation is:
9, =% withH =hy +b (18)

where d is the distance between the bolt and the slot, h;, is the beam height, b is the distance
between the center of gravity of the bolts and the lower flange of the beam.

As already mentioned, the bracing diagonals of the D-CBFs structures equipped with
FREEDAM dampers do not suffer any damage in the case of a seismic event as the energy
dissipation occurs through the friction dampers placed at the chevron braces intersection.
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Point Moment/SF Rotation/SF
-1 -Uy
D- -1 -0.06
C- -1 -0.04
-1 0
L
o o
1 0
C 1 0.04
D 1 0.06
1 Uy

Table 7: FREEDAM hinges model.

For the sole purpose of carrying out pushover and non-linear dynamic analyses, this fric-
tion device was modeled as a “short link” with a cross-section equal to the diagonals it joins
and a cross section axial area of zero. The length of the link is: link = he/2 + 260; in other
words, it has been set equal to half the height of the beam plus the height of device D1.

H rrome Property/Stitiness Modification Factors

Property/Ssfiness Modifers for Analysis
Cross-sechon (aai) Area
Shear Area n 2 drecton
Shear Area in 3 directon
Tersional Constant
Noment of nera abeut 2 nxis
Moment of herta stout 3 axis

Nass

Wesght °
Figure 13 — Friction dampers model for pushover and non-linear dynamic analyses

A rigid plastic frame hinge “Shear V2” behaviour is assigned to “link” members with a
max displacement equal to: dmax = 0.04-h; = 0.04-3.50 = 0.14 m; where h; is the inter-storey
height of the structure. In the definition of FREEDAM hinges, the bending and shear strength
of the beam-column and diagonal intersection devices was amplified with the coefficient ym
equal to 1.6 [52].

Point Moment/SF | Rotation/SF
-1 ~Amax
D- -1 -0.07
C- -1 -0.04
-1 0
0 0 [
1 0
C 1 0.04 T
D 1 0.07

Table 8: — FREEDAM hinges “Shear V2 model
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7 PUSHOVER ANALYSES

Pushover analyses are led in displacement control considering both geometrical and me-
chanical nonlinearities under two lateral load patterns, as suggested by ECS: a load distribu-
tion corresponding to the fundamental mode shape and a uniform distribution proportional to
seismic masses at each floor. The response parameters monitored by the performed pushover
analyses are illustrated in Figure 14. Pushover analyses are carried out on SAP2000 computer
program.

In particular, V,, is the base shear at maximum plastic capacity of the structure, V/; is the
base shear at first plastic event; 6; and 8,,,4, are the roof displacements corresponding to the
formation of the first plastic hinge and to the first occurrence of the structural collapse corre-
sponding to the achievement of the ultimate rotation.

A

roof displacement at
the first plastic event
roof displacement at the
first occurrence of a 4%
interstorey drift ratio

Base shear at maximum plastic capacity

Base shear at first plastic event

Figure 14: Monitored parameters in capacity curves.

Among the strength parameters monitored the base shear V, is a measure of the overall
overstrength of the structure. In addition, the ratio V,,/V;, is a measure of redundancy. This
value depends on the frame configuration, formation of the collapse mechanism, redistribu-
tion capacity and gravity loading. Conversely, V; can be considered as an overdesign factor
related to aspects of the design procedure such as differences between actual and nominal ma-
terial strength, member oversizing due to choices of commercial cross section and design
governed by deformation and/or non-seismic loading. The p factor is defined as:

6max

n=-5 (19)
where 8,4, 1S the roof displacement at structural collapse and J; is the roof displacement as-
sociated to formation of the first plastic hinge. From the comparison of pushover response
curves (from Figure 15 to Figure 18) it is observed that the D-CBF designed according to EC8
are characterized by larger overstrength than the corresponding structures designed according
to TPMC. Moreover, EC8 rules induce overdesigning the braces to satisfy both slenderness
limits and the variation of brace overstrength along the building height, while TPMC do not
have such requirements. In general, the differences among the different “haunched” connec-
tions are negligible.
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1800

1600 |2 4 St DC3 MRFs_X_TPMC
1400 |3
1200 3
1000 |& ~_
800
600 1° Mode
400 Uniform
200
0 Displacement (m)
0 0.2 0.4 0.6 0.8 1

Figure 15: Push-over curves for 4 Storey MRFs with traditional connections

2400 =
Z 4 St DC3_D-CBFs X _TPMC
2000 |5
=
n
1600 | o
<
as}
1200
1° Mode
800 Uniform
400 ® First diagonal collapse
0 Displacement (m)
0 0.1 0.2 0.3 0.4
Figure 16: Push-over curves for 4 Storey D-CBFs with traditional connections
1000 —
z 4 St DC3 MRFs X_TPMC
800 | §
<
n
2
<
600 | B -
400 1° Mode
Uniform
200
0 Displacement (m)
0 0.2 0.4 0.6 0.8

Figure 17: Push-over curves for 4 Storey MRFs with FREEDAM connections
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1000 =
2 4 St DC3_D-CBFs_X_TPMC
800 |8
73 °
2
600 = .
400 1° Mode
Uniform
200 ® First device collapse
0 Displacement (m

0 0.2 0.4 0.6 0.8 1
Figure 18: Push-over curves for 4 Storey D-CBFs with FREEDAM connections

In Figure 19 and Figure 21 the redundancy and the ductility of the structures are reported,
respectively. It is observed that the highest values of redundancy and ductility are exhibited
by the structures designed by ECS8. The presence of the “haunched” connections seems to af-
fect not too much the seismic performances of the structures while the effect of balanced pan-
el zone is easy pointed out because of higher values of the ductility.

About global ductility (Figure 19-Figure 20), it can be noted that the MRFs FREEDAM
and D-CBFs FREEDAM structures have a higher ductility if compared with structures
equipped with traditional joints.

20

s [[4-STOREY MRFs X direction|
16 E TRADITIONAL 1° Mode
® FREEDAM 1° Mode
14 TRADITIONAL Uniform
FREEDAM Uniform
12
10
8
6
4
2
0

DC3

Figure 19: Ductility for MRFs with traditional and FREEDAM connections
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50
45 |[4-STOREY D-CBFs X direction]
40 | ®WTRADITIONAL I° Mode
u FREEDAM 1° Mode
35 TRADITIONAL _ Uniform
30 FREEDAM Uniform
25
20
15
10
5
0

DC3

Figure 20: Ductility for D-CBFs with traditional and FREEDAM connections

About the system overstrength (Figure 21-Figure 22), it can be observed that in traditional
structures it is higher than the FREEDAM ones. However, this redundancy is higher than the
one suggested by the new Eurocode draft [59].

3

|4-STOREY MRFs X direction | dr

23 m TRADITIONAL_1° Mode

= FREEDAM 1° Mode
2 TRADITIONAL Uniform
FREEDAM_Uniform

1.5

0.5

DC3
Figure 21: Redundancy for MRFs with traditional and FREEDAM connections
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4-STOREY D-CBFs X direction| Ar

25 = TRADITIONAL_1° Mode

= FREEDAM 1° Mode
) TRADITIONAL_ Uniform
FREEDAM Uniform

1.5

0.5

DC3

Figure 22: Redundancy for D-CBFs with traditional and FREEDAM connections

8 DYNAMIC NON-LINEAR ANALYSES

Non-linear Dynamic Analyses [69] are also performed to investigate the structural perfor-
mance for the 3 limit states defined in EN1998-3 [67], namely damage limitation (DL), signif-
icant damage (SD) and collapse prevention (CP). EN1998-3 [67] associates a seismic
intensity with each limit states and establishes performance limits related to global and local
damage. The IDA analyses have been carried out for three increasing values of PGA value
corresponding to the following limit state Damage limitation (DL), Severe Damage (SD) and
Near Collapse (NC). The values of the multiplier of accelerograms are assumed equal to 0.59,
1 and 1.73 for DL, SD and NC [67], respectively. The non-linear dynamic analyses are carried
out using the same structural model adopted for pushover analyses. Rayleigh formulation for
a 5% damping has been assumed with the proportional factors computed with reference to the
first and second mode of vibration. In addition, first T; and second T, periods of vibration are
required and reported in Table 10. Record-to-record variability has been accounted for by
considering 10 recorded accelerograms selected from ESM [70]. In Table 9 the analyzed rec-
ords (Earthquake name, Date, Duration, Station name, Station Country, moment magnitude
(MW), local magnitude (ML) and Fault mechanism) have been reported.

S(t:aot(ii(;n Station Name Earthquake name Date Network Mw
BAR Bar-Skupstina NW_Balkan Peninsula 15.04.1979 EU 6.9
CSO1 CARSOLI1 L'Aquila 06.04.2009 IT 6.1
KALI1 KAL1 Southern Greece 13.09.1986 HI 5.9
MCT Macerata Central TItaly 26.10.2016 IT 5.9
MZ12 Amatrice Central Ttaly 26.10.2016 3A 5.9
MZ102 Accumoli Central Italy 30.10.2016 3A 6.5
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PZI1 Pizzoli Central TItaly 24.08.2016 IT 6.0

Table 9: Analized ground motion records

These recorded accelerograms have been selected to approximately match the code elastic
response spectrum [58]. In other words, the spectra of the 7 recorded accelerograms have
been properly scaled to let their average value to be compatible with the design EC8 spectrum.
The accelerogram multipliers are reported in the Table 11.

Scheme TPMC
T (s) T (s)
MRFs TRADITIONAL 1.62 0.48
MRFs FREEDAM 1.63 0.52
MRFs TRADITIONAL 0.84 0.27
MRFs FREEDAM 0.77 0.27

Table 10: First and second vibration periods

Station Code Length Step recording Scale Factor
(O] (O] )
BAR 47.83 0.01 1.11
CSO1 99.80 0.01 11.7
KALI 30.02 0.01 1.3
MCT 96.38 0.01 5.85
MZ12 82.67 0.01 3.64
MZ102 77.15 0.01 1.04
PZI1 63.45 0.01 9.75

Table 11: Accelerogram multipliers, length and step recording

1200
Mean natural spectra
1000 Upper bound EC8
spectrum - 10%
800 — - = Upper bound EC8
spectrum + 15%
&% 600 ——— EC8 Design spectrum
=)
2,
o 400
200 TS

0 05 1 15 2 25 3 35 4
T [s]

Figure 23: Comparison between natural signals average spectrum and EC8 design spectrum
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From dynamic analyses it can be observed that the soft-storey mechanism does not de-
velop, but the collapse mechanism is almost global, i.e. it develops a pattern of hinge compat-
ible with the global mechanism.

From a comparison between the seismic performance of the structures with traditional
connections and the same structures equipped with FREEDAM connections given in terms of
Maximum Interstorey Drift, it is possible to observe that the structure equipped with
FREEDAM connections at beam-to-column joint show, on average, better performances if
compared with full strength joint ones. It is due to the high dissipative capacity of FREEDAM
connections which do not present relevant degradation under cyclic loading. In addition, it is
important observing that the performances of the structures equipped with FREEDAM con-
nections can be higher if the involvement of bolt in shear is considered after the achievement
of the ultimate stoke of dampers. However, the maximum stroke is never achieved even at
Near Collapse limit state. The average maximum absolute peak interstorey drift of
FREEDAM structures is lower than the structures with traditional full-strength joints for
MRFs. In particular this happens for increasing values of PGA corresponding to the multipli-
ers 1 and 1.5. Conversely, for the D-CBFs structures the opposite occurs, this is probably due
to the insertion of the friction device at the top of chevron braces which guarantees a maxi-
mum displacement that can be reached of 14 cm. In Figure 24 and Figure 25 the comparison
between MRFs and D-CBFs in terms of peak interstorey drift for each limit state is reported.
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A 4 L
. | . | ]
.'é |! 2 é i': 2
i---: 1 L-: 1 |—

-0.50% 0.50% 1.50%  2.50%
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Interstorey drift ratio
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Figure 24: Peak interstorey drift curves for MRFs equipped with both traditional haunched connections and
FREEDAM connections
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Figure 25: Peak interstorey drift curves for D-CBFs equipped with both traditional haunched connections (a) and
FREEDAM connections (b)
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10 CONCLUSIONS

The work herein presented, developed in the contest of the RFCS Project FREEDAM
Plus.

Both Dual CBFs and MRFs low rise structures are designed considering traditional con-
nections and FREEDAM connections.

The design methodology adopted is the Theory of Plastic Mechanism Control (TPMC).

The comparison in terms of weight among MRFs and D-CBFs equipped with haunched
and FREEDAM connections shows that in both cases the use of traditional connections
leads to heavier structures.

From the pushover it is observed that the redundancy is higher for the structure with tra-
ditional connections

Conversely, the ductility is higher for the structures equipped with FREEDAM connec-
tions.

Form the Dynamic Analysis point of view it is possible to observe that structures
equipped with FREEDAM connections have better seismic performance than structures
equipped with traditional connections.

The TPMC has proved to be an excellent design tool for both traditional and FREEDAM
structures assuring that columns sections are not involved in plastic range.
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