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Abstract

In recent years there have been significant advancements in the definition of innovative minimal
damage structures chasing the urgent requirements of more resilient societies against extreme
seismic events. In this context, a type of seismic-resilient moment resisting frames (MRFs) is based
on the use of Self-Centring Damage-Free (SCDF) devices in column bases and beam-to-column
joints. However, when these devices are widespread across the whole structure, the details’ com-
plexity increases significantly with respect to conventional solutions, thus limiting their practical
application. To overcome this drawback, current research works are focusing on the definition of
optimum locations for SCDF devices such that their effectiveness is maximised. Within this con-
text, the present study investigates optimum locations for a limited number of SCDF devices to be
used within mid- and high-rise MRFs. An 8-storey structure is selected for case study purposes
and nineteen configurations are investigated considering different positions of SCDF joints. Nu-
merical models of the selected configurations are developed in OpenSees and Incremental Dy-
namic Analysis are performed. The seismic responses of the case-study structures equipped with
different layouts of SCDF devices are evaluated and compared. Some considerations in terms of
optimal distributions of SCDF devices are made with the aim of maximising the efficiency of the

solution and the seismic performance of mid- and high-rise MRFs.
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1 Introduction

Traditional seismic design methods, suggested by most current
codes and guidelines and conventionally applied worldwide, are
based on energy dissipation related to construction damage. These
strategies imply large direct (e.g., casualties, repair cost) and indirect
(e.g., downtime) losses. Additionally, due to the high seismic demand
related to severe seismic events, structures might experience signif-
icant residual deformations, impairing the repairability. These situ-
ations strongly affect the overall resilience of communities sub-
jected to extreme events, especially when the damaged structures
include strategic facilities such as hospitals, fire stations, etc that
must remain operational in the aftermath of a damaging earthquake.
In this direction, nowadays Earthquake Engineering is facing an ex-
traordinarily challenging era coping with the task of providing low-
cost, thus more widely affordable, high-seismic-performance struc-
tures capable of sustaining a design level earthquake with limited
socio-economical losses. Within this
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context, many recent research studies focused on the development
of innovative seismic resilient structures chasing the objectives of
minimising both seismic damage and repair time, hence allowing the
definition of structures able to go back to the undamaged, fully func-
tional condition in a short time [e.g,, 1, 2].

Focusing on steel Moment Resisting Frames (MRFs), the design
strategy defined in modern codes [e.g., 3, 4] is based on principles of
“capacity design”. As well known, the standardised design procedure
results in over-strengthened columns and connections leading to
structures characterised by weak beams and Column Bases (CBs),
with strong joints. This approach, on one hand, allows reaching the
safety requirements specified in the seismic codes, on the other
hand, it implies high direct and indirect losses. In order to satisfy the
compelling needs of cost-effectiveness and high-seismic perfor-
mance, a wide range of low-damage solutions have been proposed
for MRFs. Among others, in this type of structures, the conventional
full-strength connections can be replaced by dissipative partial
strength joints where yielding or Friction Devices (FDs) represent
the weakest part of the connection. This approach allows a signifi-
cant improvement in terms of reparability of the structure while not
affecting its seismic performance. Many theoretical and experi-
mental works, as well as practical applications, were carried out [e.g.,
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5, 6], including FDs in Beam-to-Column Joints (BCJs). Recently,
within the European project FREEDAM [7], a new low-damage joint
typology based on symmetric FDs has been proposed for the appli-
cation in steel MRFs [8]. Although the use of beam-to-column con-
nections equipped with FDs can be an efficient solution to protect
the frame components from damage, it does not allow the control of
the residual drifts. This issue has been tackled by several research-
ers by introducing elastic restoring forces able to regulate the self-
centring capability of the structure through self-centring beam-to-
column connections [e.g., 9, 10]. Besides, it has been shown that pro-
tecting CBs from damage is an essential requirement for seismic-re-
silient structures. To this scope, several researchers proposed Self-
Centring Damage-Free (SCDF) connections also in the CBs [e.g., 11-
14]. It is noteworthy that most of these studies [e.g., 11, 14] have fo-
cused on the use of SCDF CBs within MRFs also equipped with
SCDF BCJs demonstrating advantages in terms of both self-centring
capabilities and damage-free behaviour. Nevertheless, a drawback
of these solutions is the complexity of the structural details. In fact,
if on the one hand the widespread use of SCDF devices is expected
to produce a fully damage-free and self-centring response, on the
other hand, it may represent a limit to the practical application, be-
cause of the increase of the realisation effort compared to conven-
tional buildings. To overcome this limitation, current research stud-
ies are focusing on the investigation of optimum locations for SCDF
devices such that their effectiveness is maximised. In this direction,
Elettore et al. [15], while investigating a four-storey steel MRF,
showed that the introduction of SCDF CBs results as an effective
measure in limiting the residual drifts and protects the first storey
columns from yielding without any detrimental effect on the peak
values of the seismic demands. Further research studies have been
carried out investigating the influence of the frame’s layout on the
self-centring capability of MRFs equipped with the SCDF CBs con-
nections. In this context Elettore et al. [16] while performing a para-
metric analysis of nine case studies with a different number of sto-
reys and bays, demonstrated that the use of SCDF systems localised
only at the CBs is very effective in improving the self-centring capa-
bilities of low-rise buildings, but their efficiency for mid- and high-
rise buildings is significantly reduced.

In this context, the present work investigates the optimal placement
of a limited number of SCDF devices applied in both CBs and BClJs,
such that their effectiveness is maximised. For case study purposes
atype of SCDF connectionis considered, an 8-storey MRF structure
is selected as a prototype building and nineteen different configura-
tions are investigated. Finite element models are developed in
Opensees [17] and non-linear time-history analyses are performed
in an Incremental Dynamic Analysis fashion. The seismic perfor-
mance of all the configurations is evaluated and compared. Some
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conclusions are drawn towards the identification of the optimal
placement of a limited number of SCDF devices that maximise the
effectiveness of the solution and the seismic performance of such
MRFs.

2 Methodology

The SCDF CB and BCJs used in this study are based on the one pro-
posed and experimentally investigated by Latour et al. [13]. Adesign
procedure, able to satisfy and easily control: 1) the yielding of the
first storey columns; 2) the self-centring capability; 3) the gap open-
ing mechanism, is proposed and applied. Partial safety factors for
the components and materials of the connection are assumed to sat-
isfy the aforementioned conditions. An 8-storey 3-bays MRF case
study frame is considered, and three reference frames are designed:
1) the MRF with conventional CBs and full-strength BClJs; 2) the
equivalent MRF equipped with the SCDF CBs (CB); 3) the equivalent
MRF equipped with SCDF connections in both CBs and all BCJs (CB-
BCJALL). Sixteen additional frames (CB-BCJ) are successively in-
vestigated, considering SCDF CBs and different layouts of a limited
number of SCDF BCJs. The aimis to elucidate the trends, delineating
a strategy for the identification of the best compromise in terms of
improved seismic response and reduced number of devices. State-
of-the-art numerical models are developed in OpenSees [17] for all
the frames. Non-linear static push-pull analyses are performed to
monitor the local behaviour of the structure hence: 1) the formation
of plastic hinges; 2) the elastic behaviour of the panel zones; 3) the
designed behaviour of SCDF joints. Additionally, non-linear time-
history analyses are performed in an Incremental Dynamic Analyses
(IDA) [18] fashion to evaluate the seismic response of each configu-
ration. IDAs are carried out on a set of 30 ground motion records to
account for the influence of the uncertainty related to the earth-
quake input, i.e., the record-to-record variability. The effects of
model parameter uncertainty and epistemic uncertainty are less no-
table than the effects of record-to-record variability [19] and hence
they are not considered in this study. Average spectral acceleration
in the range of periods of the stiffest and more flexible structure is
assumed as Intensity Measure (IM) and Peak and Residual intersto-
rey drift are chosen as Engineering Demand Parameters (EDPs).

3 Self-Centring Damage-Free Joint

Figure 1 shows two schematic representations of the considered
SCDF CB and SCDF BCJ which configurations are based on Latour
et al. [13]. The proposed connection is a combination of FDs, which
dissipate the seismic input energy, and a re-centring system com-
posed of Post-Tensioned (PT) bars and disk springs, which control
the self-centring behaviour of the connection.
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Figure 1 Schematic representation of the considered SCDF connection with the expected forces in the components during the gap-opening phase. (a) CB; (b) BCJ



Twosslightly different structural configurations are used for CBs and
BClJs. For CBs the first storey column is divided into two parts, a
lower and an upper part, connected by the presence of plates bolted
to the column’s web and flanges. For BCJs plates are bolted to the
beam’s web and flanges. Friction pads are inserted between the ele-
ment section and the plates. To allow the gap opening, a system of
holes and slots is realised in the upper column section along the web
and the flanges for CBs, and in the beam section along the web and
the flanges for BCJs. During the gap opening the column and the
beam sections rotate around their extremities while the steel plates
remain fixed. Therefore, the FDs are realised slotting the column
section (for CBs) and the beam section (for BCJs), adding cover
plates, and including friction pads pre-stressed with high strength
pre-loadable bolts on both web and flanges of columns (for CBs) and
beams (for BCJs). The so obtained damper typology dissipates en-
ergy through the alternate slippage of surfaces in contact, on which
a transversal force is applied by means of high strength bolts. The
cyclic behaviour of web and flanges FDs is characterised by a rigid-
plastic hysteretic model, which depends on the clamping force and
the friction coefficient of the contact interfaces. A system of PT bars
equipped with disk springs is included to ensure the self-centring be-
haviour of the connection. PT bars do not possess low enough stiff-
ness and high enough resistance simultaneously, in order to allow
the gap opening without engaging in the plastic range. Therefore,
each PT bar is equipped with a set of disk springs to provide the ideal
stiffness-resistance combination to the system. Disk springs are ar-
ranged into two different configurations which have different func-
tions within the re-centring system. The disk springs in parallel con-
trol the yielding resistance of the re-centring system while the disk
springs in series control the stiffness. PT bars are symmetrically lo-
cated along the web’s dept of the structural elements: columns for
CBs and beam for BCJs.

3.1 Expected Forces in the components

The design of SCDF joints is based on the knowledge of the design
forces developed in the connection during the gap-opening phase
(Figure 1). The forces in the FDs are slippage forces related to the
alternate slippage of surfaces in the web (F,) and flanges (F;). They
can be calculated as follows:

Fw=Fslip,w=”'ns'nbw'Fp,w (1)
Fr=Fgps=p-ng- ny-Fpp (2)

where y is the design value of the friction coefficient; nsis the num-
ber of friction surfaces and is equal to 2; n,y is the total number of
bolts in the web; ny is the total number of bolts in the flanges; Fyw
and F,rare the design pretension forces on each bolt respectively on
the web and the flanges, and they are orthogonal to the considered
friction surfaces.

The forces in the re-centring system are those related to its re-cen-
tring capacity. Fpr simulate the axis behaviour of the whole system
composed of PT bars and disk springs and it is defined as follows:

Fpr = Fpro+ AFpy (3)

where Fprp is the initial pretension force in the PT bars; AFpr is the
extra force occurring in the system during the gap opening phase.

Fpro = Npr - Fypr (4)
AFpr = Keq *Alpy (5)

where npr is the total number of PT bars; Fppr is the design preten-
sion forces on each PT bar; Kis the equivalent stiffness of the whole

system composed by PT bars and disk springs; Alpris the elongation
of the PT bars considering their axis behaviour.

Keq can be calculated as

_ . KprKps
Keq = Mer Kpr+Kps (©
where Kpr is the stiffness of a single PT bar; and Kps is the stiffness of
a set of disk springs arranged both in series and in parallel. These
partial stiffnesses can be evaluated as

KTB — EPT'/::;es,PT (7)
Dpar
Kps = *Kps1 @8)

Nger

where Epr is the elastic modulus of the PT bars; Asrespr is the re-
sistance area of a PT bar; Lpris the length of the PT bars; npa- and neer
are respectively the number of disk springs arranged in parallel and
in series; Kpss is the stiffness of one disk spring.

The elongation of the PT bars (Al7s), considering their axis behaviour,
is assumed linearly proportional to the rotation of the joint. It is eval-
uated at the maximum target rotation (Jjint) as follows:

Alpr = Ojgint * (?) 9
where h and t;are respectively the height and the flange’s thickness
of the cross-section of the structural element; Sjint is the maxim tar-
get rotation of the SCDF joint and it is assumed equal to 40 mrad,
which is the benchmark rotation established by AISC 341-16 [4] for
Special MRFs.

3.2 Moment-rotation relationship

The behaviour of the connection is characterised by two phases. A
closed phase and a gap-opening phase. The forces in the web and
flanges FDs (F., and F;) are completely developed in the closed phase
and their contribution remains constant during the gap opening. The
pretension forces on the PT bars (F,p7) are an initial condition, while
the extra forces in the re-centring system (AFpr) occur just during the
gap opening phase and linearly vary with the joint’s rotation.

The contributions to be considered in order to define the moment-
rotation behaviour of the connection are shown in Figure 2(a) and
can be calculated, with respect to the centre of rotation, by using the
following relations:

My=Ng,- (?) (10)
Mpro = Fpro- (57 (11)
Mpp = Mppy + Mppy = Fy - (S50) + Fp - (h—tp) (12)
Mpro = 8Fpr- (50) = Keg Ojotme- (52 (13)

Therefore, the decompression moment (Mp) and the elastic resisting
moment (Mg) of the connection can are defined using the following
relations:

Mp =My + Mpry (14)

Mg =Mp+ Mgy =My+ Mprg+ Mgp (15)



The moment-rotation behaviour of the SCDF joints can be repre-
sented by the flag-shape curve shown in Figure 2(b) It can be defined
by four fundamental values of the moment: the maximum and the
minimum moment at zero rotation (M1, M3), the maximum and the
minimum moment at the target rotation Gjint (M3, M4). They can be
calculated as follow:

M1:M5:MN+MPT,0+MFD (16)
M; =My + Mpry .
M; =M, -2 -Mgp .
My=M;—2 Mgp w
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Figure 2: Moment-rotation behaviour of the SCDF joint. (a) Moment contributions:
Mn, Mp1, Mep; (b) Flag shape hysteretic behaviour

3.3 Design Procedure

The design procedure requires as input parameters: i) the cross-sec-
tion properties of the structural element; ii) the maximum and mini-
mum axial force (Nedmin, Nedmax); iii) the bending moment (Mg,) in the
structural element due to the seismic combination for the Design
Based Earthquake (DBE); iv) the yielding moment of the structural
element (M,). Two partial safety factors are applied in order to con-
sider the random variability of the friction coefficient (y,) and the
pretension forces (ypr). Based on previous tests on friction materials
[20] y, is assumed equal to 1.39 while ypris assumed equal to 1.2 ac-
cording to EN 1090-2 [21]. Therefore, two safety factors are de-
fined, one for FDs (arp) and on for PT (apr) bars, as follows:

Qpp =¥y Vpr = 1.67 (20)
apr =ypr =1.2 (21)

The objective of the design procedure is to satisfy at the same time
three main conditions: 1) no damage of the structural element, 2)
self-centring behaviour of the structure, 3) occurrence of the gap
opening after the seismic design situation at DBE. The aforemen-
tioned conditions can be summarised in the following system of ine-
qualities:

M, <M,
My>0- Mp> Mg, (22)
My > Mgy

In order to ensure a higher level of safety the three conditions are
considered with the unfavourable combination of axial loads and
safety factors as follows 1) for the no damage condition (Nggmax, arp,
apr), 2) for the self-centring condition (Negmin, arp), 3) for the gap
opening condition (Ngamis, N0 coefficients). A simple rearrangement
of Equation (22) leads to:

apr Mpro + tpp " Mpp + Mprg <My, — My, ..
Mprg — @ppMpp > =My, .. (23)
MPT,O + MFD > MEd - MNE-i,min
Therefore, the design procedure consists of solving a system of
three inequalities with three unknown variables (Mpr.0, Mep, Mpr).

Assuming that the moment due to slippage forces in the FDs (Mgp) is
equally distributed among the FDs of web and flanges, the contribu-
tions of moment Mgp,, and Mgpcan be evaluated as:
Mgp,, = MFD,f =7 (24)
Deriving Mpr0, Mepw, Meps and Mpr s from Equations (23) and (24), it
is possible to calculate Fprp, Fw, Ff and Keq by inverting Equations
(11),(12) and (13). Therefore the number of bolts along the web and
the flanges (npw, Nbf) and the number of PT bars (ner) can be evaluated
by choosing the diameter and the class of bolts and PT bars, invert-
ing Equations (1), (2) and (4) and ensuring that the pretension force
in each bolt (F,w and F,¢) and Pt bar (F,pr) is smaller than the maxi-
mum pretension force (Fpmax) defined as:

Fpmax = 0,7-Asres' fub (25)

Ym7
where A; s is the resistance area of the bolt or PT bar; fy is the ulti-
mate strength of the employed steel; yu7 is the coefficient for the
pretension force whichis 1.1 for bolts and 1 for PT bars according to
Eurocode 8 [3].

Additionally, the number of disk springs in parallel and can be evalu-
ated by firstly choosing the type of the disk spring and the length of
PT bars. Thus, for disk springs in parallel (npa), the stiffness of asingle
PT bar needs to be calculated by Equation (7) and the following rela-
tion has to be applied in order to avoid the yielding of the PT bars:

Asresprfy
F =>F - Ny = 2 26
y.DS yTB par Fyps1 ( )

where Asrespr is the resistance area of a PT bar; f, is the yielding
strength of the steel used for the PT bars; Fy,ps; is the yielding
strength of one disk spring.

The number of disk springs in series (nsr) can be evaluated by substi-
tuting Equation (8) in (6) and inverting it.

4 Case study Structures

The investigated case study is an 8-storey steel building with anin-
terstorey height of 3.50 m for the first level and 3.20 m for the oth-
ers. The plan layout consists of 5 bays in the x-direction and 3 bays
inthe y-direction with a constant span of 6.0 m. Seismic resistant pe-
rimeter MRFs are located in the x-direction and y-direction while
the interior part is composed of gravity frames (with ‘pinned’ BCJs
and ‘pinned’ CBs).

The present study focuses on the assessment of the seismic resisting
frames in the x-direction. The plan and elevation view of the case
study is reported in Figure 3. In order to define the optimal location
for SCDF joints within the structures nineteen configurations
frames are investigated: three reference configurations (MRF, CB
and BCJALL) and sixteen additional configurations (CB-BCJ) with
SCDF CBs and different positions of a limited number of SCDF BClJs.
InFigure 4 a summary of the investigated configurations is reported.
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Figure 3 (a) Plan view and (b) Elevation view of the case study frame
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Figure 4 Summary of the investigated configurations

4.1 Design of the Moment Resisting Frame

The MRF is designed according to Eurocode 8 [3] requirements. Two
steel grades are used for dissipative and non-dissipative zones.
Hence the steel yield strength used is 355 MPa for the columns and
275 MPa for the beams. The DBE (i.e., probability of exceedance of
10% in 50 years) is defined considering the Type 1 elastic response
spectrum with a peak ground acceleration of 0.35g and a soil type C.
The Maximum Credible Earthquake (i.e., MCE, probability of ex-
ceedance of 2% in 50 years) is assumed to have an intensity equal to
150% the DBE. Since the structure represents an ordinary building,
it belongs to important class Il and an importance factor equal to 1
is considered. The building is characterised by plan and elevation
regularity. The behaviour factor is evaluated according to the provi-
sions of the Eurocode 8 [3] for MRFs in DCH, hence assumed as
g=6.5. The structure has non-structural elements fixed in a way so
as not to interfere with structural deformations. Therefore, the in-
terstorey drift limit for the Frequently Occurred Earthquake re-
quirements (i.e., FOE, probability of exceedance of 10% in 10 years)
is assumed as 1% accordingly to Eurocode 8 recommendations [3].
The most stringent requirement for MRF is the limitation of the in-
terstory drift at FOE which governs the design procedure. Beams’
and columns’ profiles deriving from the design of the MRF are re-
ported in Figure 3 (b). Additionally, in order to promote the occur-
rence of plastic hinges only at the ends of the beams, the panel zones
are stiffened with doubler plates with a thickness equivalent to the

column’s web. The mass of each storey is evaluated based on the
seismic combination of the Eurocode 8 [3].considering the tributary
area for seismic mass and adding the self-weight of the deigned
structural elements. The internal gravity frame is designed to resist
only the gravity loads.

4.2 Design of the CB connection

The SCDF CBs is designed following the procedure described in Sec-
tion 3.3. It is worth reminding that the cross-section profile of the
first storey column is an HE 650 M. Two different configurations of
the CBs are defined: one for the external columns (CB-EXT), which
are subjected to the high variability of the axial force during the seis-
mic event, and one for the internal columns (CB-INT). The design ac-
tions are derived based on the linear static analysis (lateral force
method) of the equivalent frame with full-strength CB connections
(MRF). The maximum and minimum axial force (Nedmin, Nedmax), and
the bending moment (Mgy) of the external and internal columns are
taken from the seismic combination of the Eurocode 8 [3] for DBE,
considering the proper location of the CBs. In order to avoid the oc-
currence of plastic hinges in the first storey columns, their lower
part is reinforced through steel plates bolted to the flanges and
characterised by a thickness of 30 mm. Therefore the yielding mo-
ment of the column (M,) to be considered in the design procedure,
takes into account the stiffened section. The design input infor-
mation for external and internal columns are reported in Table 1



where - stands for tension and + for compression. The friction coef-
ficient (u) is assumed equal to 0.53 which is the recommended dy-
namic friction coefficient value for material M4 [22]. The following
properties are chosen for the components of the CB connection: HV
M30 10.9 class bolts for web and flanges FDs, HV M39 10.9 class PT
bars with a length of 1.7 m, disk springs with a yielding strength
(Fy,ps1) equal to 250 kN and a stiffness (Kps1) of 96 kN/mm. The re-
sults of the design procedure obtained for external and internal col-
umns are reported in Table 2.

Table 1 Design input for CBs

CcB Section Profile Ned,min Ned,max Med My
[kN] [kN] [kN-m] [kN-m]
EXT HE 650 M -1556 +2749 2025 4872
INT HE 650 M +855 +863 2138 4872
Table 2 Design results for CBs
CB Nbw Fp,w Nof Fp,f ner Fp,PT Npar Nser Keq
[l [N [ kN [T kN[ [l [kN/mm]
EXT 4 282 2 282 10 562 4 20 161.6
INT 4 300 2 300 6 568 4 15 126.8
4.3 Design of the BCJ

The SCDF BClJs are designed following the procedure described in
Section 3.3. It is worth reminding that the cross-section profile of
the beams are: IPE 600 for 1%t,2",3 and 4t storey, IPE 550 for 5t
and 6t storey, and IPE 500 for 7 and 8t storey. In this case, 6 dif-
ferent configurations of SCDF joints are defined: one internal (BCJ-
INT) and one external (BCJ-EXT) for each selected cross-section.
The design procedure is the same followed for CBs with a few main
differences. Beams are not subjected to axial force therefore, the
maximum and minimum axial forces (Ngq min, Nedmax) are equal to zero.
The yielding moment of the beam (M,) to be considered in the design
procedure is the nominal one, since beams are not reinforced. The
design input information for the three cross-sections, external and
internal, are reported in Table 3.

Table 3 Design input for BCJs

BCJ Section Profile Neg Meq M,
Storey [kN] [kN-m] [kN-m]

1-4 IPE 600 0 455 810

56 IPE 550 M 0 331 640

7,8 IPE 500 0 188 508

Table 4 Design results for BCJs
BCJ Nbw Fp,w Nobf Fp,f ner Fp,PT Npar  Nser Keq
Storey [] kNI [1 kN [1 kN [] []  [kNmm]

1-4 (EXT) 4 73 2 73 4 259 3 23 440.3
1-4 (INT) 4 73 2 73 4 259 3 49 220.2
5,6 (EXT) 4 59 2 59 4 212 3 20 506.4
5,6 (INT) 4 59 2 59 4 259 3 43 253.2
7,8 (EXT) 4 42 2 42 4 150 3 20 512.3
7,8 (INT) 4 42 2 42 4 259 3 42 256.1

Keq is calculated differently for the internal and external configura-
tions. For BCJ-EXT K.qcan be simply obtained by inverting Equation
(13) as for CBs. For BCJ-INT the elongation of the PT bars consider-
ing its axis behaviour is no longer proportional to the rotation of the
joint, since the PT bars are uninterrupted along the joint. Therefore,
the elongation (Alpr) is proportional to two times the maximum tar-
get rotation of the joint (2-Gjint). Hence, for BCJ-INT, the K¢, can be

calculated by inverting Equation (13) considering a doubled elonga-
tion of the PT bars. The friction coefficient (u) is assumed as for CBs.
The properties chosen for the components of the BCJ are the same
as the CBs except for PT bars which are HV M36 10.9. The results of
the design procedure obtained for the three cross-sections external
and internal joints are reported in Table 4.

5 Finite Element Modelling

5.1 Frame modelling

A two-dimensional non-linear Finite Element (FE) model of the MRF
is developed in OpenSees [17]. The ‘Steel01’ material [17] for 355
MPa yield strength and 275 MPa yield strength and 0.2% post-yield
stiffness ratio, is employed for columns and beams, respectively.
Beams are modelled with a lumped plasticity approach with an elas-
tic internal part (‘element elasticBeamColumn’ [17]) and non-linear
rotational springs (‘element zeroLength’ [17]) at beams’ ends in or-
der to model the plastic hinges. The rotational springs are defined
with a bilinear hysteretic moment-rotation behaviour (‘uniaxial-
Material Bilin’ [17]) based on the modified Ibarra-Krawinkler dete-
rioration model [23] implemented as suggested by Lignos and
Krawinkler [24]. Columns are modelled as non-linear elements with
distributed plasticity (‘element nonlinearBeamColumn’ [17]). The
panel zones are modelled following the Scissor model [25]. The rigid
slab behaviour is modelled by imposing the same horizontal dis-
placements to the nodes belonging to the same storey (‘equalDOF’
[17]). Geometric nonlinearities are considered in the elements of the
MREF (‘geomTransf PDelta’ [17]). Additionally, in order to consider
the P-A effects related to the displacements and the axial forces of
the gravity frame a leaning column is included in the structural
model [26], as shown in Figure 3 (b). Distributed and concentrated
loads are applied on beams and columns and masses are concen-
trated at the beam-column connections. Damping sources other
than the hysteretic energy dissipation are modelled through the
Rayleigh damping matrix. The values of the mass-related and stiff-
ness-related damping coefficients are evaluated for a damping fac-
tor of 3% considering the first and the second vibration modes.

5.2 CB modelling

The CB connection is implemented following the modelling strategy
proposed by Elettore et al. [i.e., 15, 16]. The model of the CB has to
be able to capture the variability of the axial force occurring in the
column during the seismic event; therefore, each component needs
to be modelled in detail. An advanced two-dimensional non-linear
FE model of the CB is developed in OpenSees [17] as reported in Fig-
ure 5. The rocking interface is modelled with 8 horizontal rigid ele-
ments characterised by a very high flexural stiffness (‘element elas-
ticBeamColumn’ [17]). The web and flanges FDs are modelled with
4 bilinear translational springs (‘element zeroLength’ [17]) placed in
parallel, 2 internal for web FDs and 2 external for flanges FDs. They
are defined by the ‘Steel01’ material [17] considering a very high in-
itial stiffness and a very low post-elastic stiffness in order to model
the rigid plastic behaviour, a yield strength equal to the slippage
force inweb and flanges FDs (F,, or F¢) obtained from the design pro-
cedure. The rocking behaviour is modelled with 4 translational
springs (‘element zeroLength’ [17]) placed in parallel. They are de-
fined by the ‘Compression-no-tension (ENT)’ material [17] and they
exhibit an elastic compression-no tension force-displacement be-
haviour. The self-centring system composed of PT bars and disk
springs is modelled by a single central translational spring (‘element
zeroLength’ [17]). It is defined by the ‘Steel01’ material [17] consid-
ering: an initial elastic tangent equal to the equivalent stiffness of
the self-centring system (Ke,); a yield strength defined as the mini-
mum between F,ps and F,, s, multiplied by npr; a post-yield stiffness



ratio of 1%. The initial pre-tensioning force (Fpro) is modelled by im-
posing an initial strain using the ‘Initial strain material’ [17] com-
bined with the material ‘Steel01’ [17].

Column
Reinforced element
Gap opening :
mechanism Rigid elements
elements ~ PT bar Flange FDs
Rigid element
VI Web FDs EqualDOF

%

Base node: fixed

Figure 5 Two dimensional Opensees model of CB connection

5.3 BCJs modelling

Conversely to the CB’s model, the BCJ’s model does not need de-
tailed modelling of each component since in the beams the axial
force is equal to zero. Therefore, in order to relieve the computa-
tional complexity of the model, BCJs are implemented following a
simplified modelling strategy similar to the one used to model the
plastic hinges at the ends of the beams. BCJs are modelled as non-
linear rotational springs (‘element zeroLength’ [17]) allocated at the
ends of beams’ replacing the plastic hinges. The rotational springs
are defined with the design flag-shape moment-rotation behaviour
(‘uniaxialMaterial SelfCentering’ [17]) considering: a very high initial
stiffness; no slippage and no bearing.

6 Performance-Based Assessment

6.1 Push-pull Analysis

Non-linear static push-pull analyses are performed for the nineteen
case study frames. The analyses are performed up to a roof displace-
ment equal to 0.4 m which represents the displacement of the ine-
lastic system at DBE. The relation between the roof displacement
and the total base shear force, considering the contribution of the
leaning column is shown in Figure 6(a) for the three reference con-
figurations (MRF, CB, CB+BCJALL). The CB+BCJALL configuration
is completely self-centring, showing the classical flag-shape behav-
iour while the MRF and CB are very closed to each other. This
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result is coherent with previous outcomes [16] according to which
the effectiveness of SCDF CB connections decreases for mid- and
high-rise buildings. The push-pull curves of the other configurations
are between the CB curve and CB+BCJALL curve.

6.2 Incremental Dynamic Analysis

The nineteen configurations are characterised by slightly different
vibration periods due to the different stiffness of the connections.
However, all the case study frames have a fundamental period be-
tween 1.25 and 1.29 s. Therefore, it is useful to define T3, which rep-
resents the mean fundamental period equal to 1.27s. Incremental
Dynamic Analyses (IDA) [18] have been carried out to investigate
the seismic performances of the nineteen case study frames. A suite
of 30 ground motion records is selected from the SIMBAD Database
using REXEL [27] accounting for the record-to-record variability.
The same set of ground motions is selected for all case study frames
with the following parameters: moment magnitude (M,) ranging
from 6 to 7, epicentral distance R < 30 km and spectrum-compatibil-
ity inthe range of periods between 0.2T1,, and 2T1,,.The mean elastic
spectrum of the records is kept between 75% and 130% of the cor-
responding Eurocode 8 [3] based elastic response spectrum consid-
ered for the design. It is worth mentioning that a large number of
zero acceleration points (i.e., 40 s) have been added at the end of
each record to allow the free vibrations to stop and correctly cap-
ture the residual deformations. In order to allow the comparison of
the IDA’s outcomes for the different configurations, the average
spectral acceleration (avgSa), considering the range of periods from
the stiffer to the most flexible structure, has been considered as IM.
(avgSa) is equal to 0.6g and 0.9g respectively for the DBE and MCE
which represent the two seismic intensities of interest. The IDA is
performed by scaling the ground motion records to increasing IM
values with a constant step of 0.1g up to 1.0g. Global and storey-
level EDPs are monitored to investigate the effectiveness and opti-
mal distributions of the proposed SCDF joints. Peak and residual in-
terstorey drifts (Jpeak, Gres) are considered story-level EDPs, while the
maximum values of these quantities among all the storeys are used
as global EDPs. In this context, the residual interstorey drift limit
(Ores,iim) is assumed equal to 0.5% which, for building frames, is con-
ventionally associated with building reparability [28].
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Figure 6 Results for (MRF, CB, CB+BCJALL): (a) Push-pull curve; IDA Results: (b) Residual interstorey drifts for storey n°5, (c) Peak interstorey drifts for storey n°5
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Figure 7 IDA Results: height-wise average residual interstorey drifts (Bresav) at MCE. Comparison, between each configuration and the three reference configurations

The first interesting comparison can be done between the three ref-
erence configurations: MRF, CB and CB+BCJALL. Figure 6(b) and (c)
illustrate the results of IDA in terms of Gyes and Gpeqk, respectively. For
the three aforementioned configurations, the results from each
ground motion record and the mean values are reported. The sam-
ples of the demand (9peak, Tres) VS the IM (avgSa) are shown just for
storeys n° 5, but the results of the other storeys show a consistent
trend in agreement with it. Based on Figure 6(b) and (c) the following
considerations are made.

— InCB and CB+BCJALL there is a reduction of s with re-
spect to the MRF.

—  In CB+BCJALL the structure results completely self-cen-
tred with 8,5 equal to zero for all IMs.

—  CB and CB-BCJALL the Opeax of the structure are higher
with respect to the MRF configuration.

In order to provide information about the trends of the monitored
EDPs at all the storeys, their height-wise distribution is analysed.

Figure 7 reports the average values of residual interstorey drifts
(Ores,av) at MCE for all the storeys. For each configuration, the com-
parison with the three reference configurations is shown. From Fig-
ure 7, the following considerations are made.

—  All the nineteen configurations have Uyesq, lower than the
19res,lim
The CB+BCJ configurations with one level of SCDF BCJs
(e.g., CB+BCJ1,CB+BCJ2, etc) show that the effectiveness
of the introduction of SCDFJs at only one storey-level de-
crease for higher storey-level. For example, in CB+BCJ6,
CB+BCJ7 and CB+BCJ8 it results that the 954, are equal
or even higher than the ones of CB configuration.

—  Theconfigurations with more than one level of SCDF BCJs
(e.g, CB+BCJ357, CB+BCJEXT, etc) have a better re-
sponse with respect to the configurations with one level of
SCDF BCls.

—  Comparing the CB+BCJEXT and the CB+BCJINT configu-
rations, it results that the second has smaller values of



Ores,av Since it includes a doubled number of SCDFJs.

—  Focusing on the configurations with more than one level
of SCDF BClJs it can be observed that a higher number of
SCDFJs do not always lead to a better behaviour of the
structure in terms of Gyes,q. For example, CB+BCJ345 leads
to smaller Gesqaw With respect to CB+BCJ2468 or
CB+BCJ5678. This means that the position of the SCDFJs
deeply influences the response of the structure.

—  Configurations where SCDF BCJs are placed at adjacent
storey-levels show a better performance in terms of Gresay
with respect to the configurations where SCDF BClJs are
placed at alternated storey-levels. (e.g.,, CB+BCJ345 has
lower Oyes v With respect to CB+BCJ357).

Figure 8 shows global EDPs obtained as the maximum values of re-
sidual and peak interstorey drifts among all the storeys of each con-
figuration (9resmax and Fpeakmax). From Figure 8, the following consid-
erations are made.

—  For Oresmax there is a high variability of the results among
the configurations, while for Gpeakmax the values are very
closed to each other.

—  Accordingly, to the results shown in Figure 6(b) and (c) a
minimum in terms of Gresmax and a maximum in term of
Opeakmax €an be observed for the CB+BCJALL configura-
tion.

—  Thereisnota correspondence between Gres max and Gpeakmaxs
therefore many configurations with an optimal behaviour
in terms of Gresmax l€ad, at the same time, to hight Speak max-
For example, the configuration which is the best in terms
Of Oresmax at DBE is not the best for Gyesmax at DBE.

—  There is not a clear correspondence between the results
based on DBE and MCE; for example, the configuration
that leads to a minimum Gyesmax at DBE is not the same that
has the minimum Gyes mex at MCE.
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7 Conclusions

The present study investigates optimum layouts of SCDF devices to
be used within mid- and high-rise steel MRFs in order to maximise
their effectiveness on the seismic performance of this type of struc-
tures. The SCDF connection used is based on the one proposed and
experimentally tested by Latour et al. [13] and a design procedure
has been defined in order to ensure the damage-free behaviour of
the structural element (columns for CBs and beams for BCJs), the
self-centring capability of the joint, and an adequate energy dissipa-
tion capacity. An 8-storey case study frame has been considered and
several configurations have been investigated with different posi-
tions of the SCDF joints. Non-linear finite element models are devel-
oped in OpenSees [17] for all the configurations. Non-linear static
push-pull analyses are carried on in order to monitor the local be-
haviour of the structure. Additionally, IDA analyses are performed
considering avgSa as IM and s and Gpeak as EDPs. The seismic re-
sponses of the different structural configurations are evaluated and
compared, and the following conclusions are drawn.

—  The inclusion of SCDFJs CBs and BCJs within a mid- and
high-rise steel MRF results as an effective solution in pro-
tecting the structural elements from damage, avoiding the
formation of plastic hinges at the bottom of the first storey
columns and at the beam’s ends.

—  SCDFJs placed at hight storey-level do not have an effec-
tive influence on the seismic performance of the structure.

— Inorder to maximise the seismic response of the structure
more than one level of SCDFJs has to be included.

—  Both the number and the position of the SCDFJs deeply
influence the seismic response of the structure.

—  SCDFJs are an effective strategy in reducing the residual
interstorey drift but lead to higher peak interstorey drifts.

—  The optimal configuration has to be a good compromise
between the response in terms of peak and residual inter-
storey drifts and it has to be a robust solution valid for
every level of seismic input.
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