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ABSTRACT 

 

Many recent research studies have focused on developing innovative seismic-resilient structural systems to reduce repair 

costs and downtime in the aftermath of an earthquake. In this regard, dealing with steel Moment Resisting Frames (MRFs), 

recent research works have demonstrated the benefit deriving from the adoption of both low-damage and self-centring 

column base connections, both in terms of damage and residual drifts reduction. Although several technologies have been 

developed in this direction, only a few research studies investigated the significant parameters influencing the self-

centring capability of these systems. Within this framework, the present study investigates the influence of the frame 

layout (i.e., storeys and bays number) on the seismic performance, including the self-centring behaviour, of perimeter 

MRFs equipped with damage-free self-centring column bases previously studied by the authors. Nine case-study 

perimeter steel MRFs are designed and modelled in OpenSees. Incremental Dynamic Analyses are performed with a set 

of 30 ground motion records while monitoring both global and storey-level engineering demand parameters, including 

peak and residual interstorey drifts. Fragility curves are successively used to evaluate the self-centring capability of the 

structures. The present study provides insights on the use of the adopted connections for the residual drift reduction of 

MRFs and defines the boundaries of the investigated parameters for their application. Results highlight that the self-

centring behaviour is particularly sensitive to the number of storeys and tends to reduce with the increasing height of 

MRFs equipped with the proposed connections. 

 

KEYWORDS: Structural Resilience, Moment Resisting Steel frames, Self-centring, Damage-free column bases, 

Residual drifts. 

 

1 INTRODUCTION 

 

Conventional seismic design methods, suggested by most current codes and guidelines [e.g., 1-3], and conventionally 

applied worldwide, are based on the exploitation of the local ductility of structural members or connections providing the 

development of a stable plasticization and the achievement of the safety requirements in case of ‘rare’ seismic events (i.e., 

Ultimate Limit State). Such an approach implies extensive damage, often distributed throughout many non-replaceable 

structural elements, hence leading to large direct (e.g., casualties, repair cost) and indirect (e.g., downtime) losses [e.g., 

4]. To address this issue, during the past few decades, many analytical, numerical and experimental research studies have 

focused on the development of innovative structural systems, chasing the objectives of enhancing their seismic 

performance and resilience. These systems are often based on the inclusion of supplemental damping devices [e.g., 5-12] 

or base isolation systems [e.g., 13-15]. In the first case, the energy dissipation capacity is concentrated in a few, damage-

free or easy-to-replace devices, while in the second case, the seismic demand is filtered by horizontally disconnecting the 

soil from the structure. These strategies offer the opportunity to preserve structural and non-structural components from 

damage, potentially leading to a significant reduction of repair cost and time in the aftermath of an earthquake. 

 

For steel moment resisting frames (MRFs), several research studies, as well as practical applications have focused the 

attention on the replacement of conventional full-strength beam-to-column connections [e.g., 16-22] and column bases 

(CBs) [e.g., 23-27] with dissipative partial-strength joints, where dampers, such as friction devices (FDs) represent the 

dissipative elements of the connections [e.g., 28-32]. These systems represent efficient solutions in protecting the frame 

from damage; nevertheless, they do not assure any control of the residual drifts, which could impair the building 

reparability after severe seismic events [33]. 

 

To address this issue, a wide variety of self-centring seismic-resisting systems has been developed over the past two 

decades. These are conventionally based on gap-opening mechanisms and the use of elastic restoring forces provided by 

high strength post-tensioned (PT) bars or strands [e.g., 34-35]. In self-centring moment resisting frames (SC-MRFs) the 

gap opening is usually based on a rocking mechanism at the beam-to-column interface [e.g., 36-39]. Beams are post-

tensioned to the columns through high strength PT strands parallel to the beams and anchored outside the connection, 

allowing the control of the rocking mechanism. The dissipation of the seismic energy is provided by designated devices 

(e.g., yielding seat angles [36], yielding buckling-restrained devices [37], friction devices [38] or yielding web hourglass 

pins [39]) which are included in the self-centring connection. 
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Other recent research works have been devoted to the development of damage-free self-centring CBs (SC-CBs) [e.g., 

40-50]. CBs represent fundamental components, whose behaviour significantly affects the seismic performance and 

repairability of the structure (i.e., large plastic deformations [24, 25], axial shortening [26-27]) and hence, their protection 

is of paramount importance to achieve structural resilience. Several solutions for SC-CBs have been proposed in the last 

few years, based on the combination of rocking systems, dissipative devices and post-tensioned bars. Amongst others, 

Freddi et al. [46] presented and experimentally investigated [47] a rocking damage-free steel SC-CB equipped with FDs 

and high-strength steel PT bars. The main advances, respect to other similar studies, were related to the use of a circular 

steel plate with rounded edges as rocking base, preventing stress concentration and damage of the contact surfaces and 

allowing rocking towards all plan directions. Similarly, Kamperidis et al. [48] proposed a partial strength, low-damage, 

steel SC-CB equipped with PT tendons and hourglass shape steel yielding devices to dissipate the seismic energy. A 

similar approach was also followed by Wang et al. [49] while considering a concrete-filled square steel section as CB 

footing. 

 

Moreover, Latour et al. [50] developed and experimentally investigated a SC-CB consisting of a slotted column splice 

where the seismic behaviour is controlled by a combination of FDs, providing energy dissipation capacity, and PT bars 

with disk springs, introducing restoring forces in the connection. The overall connection has dimensions comparable to 

the size of a traditional column splice. It is located above a traditional full-strength base plate joint, as illustrated in Figure 

1(a). The FDs are composed of friction pads coated with thermally sprayed metal, pre-stressed with high strength bolts, 

placed between the steel cover plates and the column, as described in Figure 1(b). The disk springs, arranged in parallel 

and series, act as a macro-spring system, ensuring sufficient deformability to the connection and an adaptable stiffness-

resistance combination. Figure 1(b) shows the details of the oversized and slotted holes of the column’s web and flanges, 

which are designed to accommodate the gap opening required to reach the target rotation. 

 

 
Figure 1. Self-centring column base connection: (a) 3D view; (b) 3D exploded view. 

 

Considering this connection typology, Elettore et al. [51] recently investigated, through numerical simulations, the 

seismic response of a 4-storey – 3-bays MRF, which uses conventional beam-to-column joints and the SC-CB connections 

developed by Latour et al. [50]. The results show that the introduction of SC-CBs is an effective strategy to reduce the 

residual drifts of the whole frame and protect the first storey columns from yielding, with the additional benefit of limiting 

the number of self-centring devices. 

 

Although several technologies for self-centring connections have been developed for both beam-to-column and CB 

joints, only a few research studies investigated the significant parameters (e.g., properties of beam-to-column connections, 

properties of the CBs, frame layout) that influence the self-centring capability of these systems providing useful insights 

for the design. Moradi et al. [52] conducted a parametric analysis to study the influence of material and geometrical 

properties of PT beam-to-column connections (i.e., beam depth, column height, and PT strand force) on the lateral 

response of these systems. Kamperidis et al. [53] investigated the effects of several specific local structural properties of 

the SC-CBs (i.e., the initial stiffness, post-yield stiffness and strength of the CBs) on the seismic performance and collapse 

capacity of the benchmark frame. Moreover, Herning et al. [54] performed a reliability-based study to investigate the 
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sensitivity of SC-MRFs performances to some structural properties and geometry (i.e., PT beam-to-column connection 

details). 3-,9- and 20- storey steel prototypes SC-MRFs have been investigated in order to propose improvements to the 

existing design procedure of these systems. 

 

Within this context, the present paper performs a parametric analysis to investigate the frame layout’s influence on 

the self-centring capability of perimeter MRFs with the SC-CB connections proposed in [50]. Nine case-studies buildings 

with a different number of storeys (i.e., 4, 6 and 8) and bays (i.e., 5, 7 and 9) have been designed according to the Eurocode 

8 [1] and numerically investigated. State-of-the-art numerical models of the frames have been developed in OpenSees 

[55], with and without the investigated SC-CB connections. Incremental Dynamic Analyses (IDAs) [56] have been carried 

out considering a set of 30 ground motion records accounting for the influence of the uncertainty related to the earthquake 

input, i.e., the record-to-record variability. The spectral acceleration corresponding to the fundamental period of vibration 

(Sa(T1,x)) has been used as intensity measure (IM) while both global, and story-level engineering demand parameters 

(EDPs) have been monitored in order to compare the seismic performances of the frames. Fragility curves [57] have been 

successively developed, providing the probability of exceeding a residual interstorey drift limit equal to the 0.5%, 

conventionally associated with building reparability [33]. Results highlight that the efficiency of the SC-CBs in reducing 

the residual interstorey drifts is significantly affected by the number of storeys of the frames. In particular, the SC-CBs 

contributes to maximizing the self-centring capability at the lower storeys for all the structures, while its efficiency 

decreases along with the height. In addition, the introduction of the adopted connection does not provide detrimental 

effects in terms of peak interstorey drifts.  

 

2 SELF-CENTRING DAMAGE-FREE COLUMN BASES 

2.1 Moment-rotation behaviour 

The column base connection experimentally tested by Latour et al. [50] and considered in this paper exhibits a moment-

rotation hysteretic behaviour which can be easily calibrated. Figure 2(a) illustrates the expected forces of each component 

during the rocking behaviour: FC represents the compression force at the centre of rotation (COR); Fw and Ff represent 

the sliding forces in the friction pads on the column web and flanges respectively; FPT is the sum of the forces provided 

by the PT bars with disk springs. This force can be calculated by considering the sum of the initial post-tensioning forces 

FPT,0, and the additional force consequent to the gap opening while rocking ∆FPT. Additionally, NEd, MEd and VEd are 

the design actions (i.e., axial force, bending moment and shear force) applied to the joint section, hc is the height of the 

column section and tfc is the thickness of the column flange. 

 

The moment-rotation behaviour of the SC-CB is a function of the forces developed by each component and can be 

derived based on the static equilibrium at the COR during the rocking behaviour. The flag-shape moment-rotation 

hysteretic loop is illustrated in Figure 2(b) where: MD is the decompression moment, i.e., the sum of the moment 

contributions of the axial force MN and the moment provided by the PT bars at zero rotation MPT,0; MFD is the moment 

provided by the FDs. M1 is the moment that initiates the gap opening while M2 is the maximum moment achieved at the 

design rotation θjoint,d (e.g., 0.04 rads as suggested by AISC 341-16 [3] for Special Moment Frames). The moments 

defining of the entire cyclic moment-rotation behaviour are given by: 

 

MD =  (NEd  +  FPT,0) (
hc − tfc

2
) (1) 

 

MFD =  Ff (hc − tfc) + 2Fw (
hc − tfc

2
) (2) 

 

M1 =  MD + MFD (3) 

 

M2 =  MD + MFD + Keqθjoint (
hc − tfc

2
) (4) 

 

M3 = M2 − 2MFD (5) 

 

M4 = M3 − MPT (6) 

 

where Keq  is the equivalent axial stiffness of the system PT bars and disk springs [51]. 
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Figure 2. (a) Force interaction among the components during rocking; (b) Theoretical moment-rotation hysteretic curve. 

 

2.2 Design of the components 

The design of the proposed SC-CBs is based on the structural analysis of an ‘equivalent’ MRF with a fixed base. The 

axial design load NEd is derived from the amplified combination as required by Eurocode 8 [1], i.e., NEd = NEd,G + 

1.1ovNEd,E, where: NEd,G is the compression force due to the gravity loads of the seismic load combination; NEd,E is 

the axial force due to the seismic design action; ov is the overstrength factor equal to 1.25 while  is the minimum beam 

overstrength calculated as i = Mpl,Rd,i/MEd,i, where MEd,i is the design value of the bending moment in beam i in the 

seismic design situation and Mpl,Rd,i is the corresponding plastic moment. The design moment MEd is calculated 

considering the amplified combination as required by Eurocode 8 [1], i.e., MEd = MEd,G + 1.1ovMEd,E, while the design 

shear force is assumed equal to VEd = MEd/L0, where L0 is the shear length. 

 

Two main requirements must be satisfied during the design [51]: 1) the maximum moment of the SC-CB, M2, 

corresponding to the design rotation, θjoint,d, is lower than the yielding moment of the column Mpl,c as reported in Eqn. 

(7); 2) the self-centring behaviour of the connection is achieved if M4 > 0. This condition is satisfied if the decompression 

moment MD, is higher than the moment contribution of the FDs, MFD as reported in Eqn. (8). 

 
M2 < Mpl,c (7) 

 

MD ≥ MFD → FPT ≥ 2Ff + 2Fw − NEd (8) 

 

It is worth highlighting that the moment-rotation behaviour is strongly affected by the axial force NEd. Hence, the 

above-mentioned checks must be performed by considering both the axial force’s maximum and minimum values. In 

particular, the maximum (compressive) force represents the worst condition for the check required by Eqn. (7), while 

minimum (max tensile) force represents the worst condition for the check required by Eqn. (8). Based on these 

considerations, the initial sizing of the SC-CB is performed considering the max compressive axial force NEd for the inner 

columns where the variability of the axial force is limited. Conversely, for the external columns, where, due to the 

overturning moment, there is a significant variation of the axial force, the minimum (max tensile) force is considered for 

the design. Successively, the requirements of both Eqn.s (7) and (8) are checked for the other forces of each column. 

 

The bolts in the web are preliminarily designed for the shear force VEd = MEd/L0, and successively checked by 

considering the maximum moment developed by the connection (M2), to ensure the capacity design against the shear 

mechanism. The bolts pre-load for the FD of the web is determined considering that the slippage force Fw is intended to 

resist the applied shear load as follows: 

 
Fw = μ ∙ nb,w ∙ ns,w ∙ Fp,w  ≥ VEd (9) 

 

where μ is the design value of the friction coefficient, nb,w is the number of bolts, ns,w is the number of friction interfaces 

(equal to two) and Fp,w is the pre-load force of each bolt. 

b) a) 
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The post-tensioning force of the PT bars FPT is obtained by imposing the system of equations for the self-centring 

condition of Eqn. (8) and the equilibrium between the internal and external moment in the CB as follow: 

 

{

FPT ≥  2Ff + 2Fw − NEd

FPT ∙ (
hc − tfc

2
) + Ff(hc − tfc) = MEd − (2Fw + NEd) (

hc − tfc

2
)

(10) 

 

where hc and tfc is the thickness of the column flange. Eqn.s (10) lead to the following simple design formulation: 

 

FPT ≥
MEd

(hc − tfc)
 − NEd (11) 

 

The following expression provides the pre-load for the FDs of the flanges: 

 

Ff =
MEd

(hc − tfc)
−

1

2
(2Fw + NEd + FPT) (12) 

 
Ff = μ ∙ nb,f ∙ ns,f ∙ Fp,f (13) 

 

where Ff is the slippage force of the FD of the flange, μ is the design value of the friction coefficient, nb,f is the number 

of bolts, ns,f is the number of friction interfaces (equal to two) and Fp,f is the pre-load force of each bolt. 

 

The disk springs system, obtained by disk springs arrangement in series and parallel, provides the ideal stiffness-

resistance combination to the SC-CB. It is designed to be over-strength with respect to the PT bars by calibrating the 

number of the parallel disk springs. Conversely, the number of disks in series controls the system’s stiffness, designed to 

avoid yielding the PT bars. The stiffness of the equivalent system Keq, of the PT bars KPT  and of the disk spring system 

Kds are defined as follows: 

 

Keq =
KPTKds

KPT + Kds

             KPT =
nbEptApt

lpt

           Kds =
nds,par

nds,ser

Kds,1  (14) 

 

where nb is the number of bars employed in the connection, lpt is the bar length including the total length of the disk 

spring system (lds), nds,par and nds,ser are the number of disk springs in parallel and series respectively and Kds,1 is the 

stiffness of the single disk spring. Finally, in order to allow the gap opening, the web holes and flange slots are designed 

to accommodate the design rotation θjoint,d. The holes’ positions are designed complying with the edge distances and 

spacing of bolts suggested by Eurocode 3 [58]. 

 

3 CASE-STUDY FRAMES 

3.1 Design of the case-study frames 

Nine case-studies buildings with a different number of storeys (i.e., 4, 6 and 8) and bays (i.e., 5, 7 and 10) have been 

designed according to the Eurocode 8 [1] to investigates the influence of the frame layout on the seismic performance of 

perimeter MRFs with SC-CBs. The plan and the elevation views of the case-study frames are shown in Figure 3(a) and 

(b), respectively. The nine case-study buildings have 4, 6 and 8 storeys; 5, 7 and 10 bays in the x-direction and 3 bays in 

the y-direction. The horizontal resisting system is composed by perimeter MRFs, while the interior part is composed of 

gravity frames (i.e., with ‘pinned’ beam-to-column connections and ‘pinned’ CBs). The layout has interstorey heights of 

3.20 m except for the first level, whose height is equal to 3.50 m, while all the bays, in both directions, have spans of 6 

m. The study investigates the seismic response of the MRFs in the x-direction having 3, 5 and 8 bays. 

 

Two configurations are analysed and compared for each case-study: the first is the ‘equivalent’ MRF with 

conventional full-strength CBs, the second is the MRF including the SC-CB connections designed following the 

methodology presented in Section 2. 

 

Uniform permanent load Gk = 4.5 kN/m2 and uniform variable load qk = 2.0 kN/m2 have been assumed in the design. 

In addition, a uniform load for cladding of 2.0 kN/m is considered only for the external beams at the intermediate storeys. 

The seismic masses have been evaluated according to the seismic combination of the Eurocode 8 [1]. 
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Figure 3. Case-study buildings: (a) Plan views; (b) Elevation views. 

 

The Type-1 elastic response spectrum with a 2% damping factor x, a peak ground acceleration (PGA) equal to 0.35g, 

and soil type C is considered for the definition of the Design-Based Earthquake (i.e., DBE, Ultimate Limit State according 

to the European definition) and is illustrated in  

Figure 4. The behaviour factor used for the definition of the design spectrum is assumed equal to q = 6.5 in accordance 

with the requirements of the Eurocode 8 [1] for MRFs in DCH. The Maximum Credible Earthquake (i.e., MCE, Collapse 

Limit State according to the European definition) is assumed to have an intensity equal to 150% the DBE. 

 
Figure 4. EC 8 Elastic and Design Spectra with indications of the periods of the frames. 

 

Steel S275 (yielding stress fy = 275 MPa) and S355 (fy = 355 MPa) are used respectively for beams and columns. 

Beam-to-column connections are conventional full-strength rigid joints. The panel zones are stiffened with doubler plates 

with a thickness equal to the one of the column’s web in order to ensure adequate strength to the joints hence promoting 

the plastic engagement of the beams only, in accordance with the capacity design rules. The floor is made by HI BOND 

A55/P600 type, hence ensuring the slab’s rigid behaviour. The interstorey drift limit for the Damage State Limitation 

(DSL) requirements is assumed equal to 1% as suggested by Eurocode 8[1] for structures having non-structural elements 

fixed in a way so as not to interfere with structural deformations. Table 1 reports the profiles’ cross-section for each of 

the designed case-study frames. 

 

Table 2 reports the fundamental periods of vibrations and the spectral accelerations corresponding to both the DBE 

(Sa,DBE) and MCE (Sa,MCE), while Table 3 reports the distribution of the interstorey drifts evaluated at the DSL and the 

minimum overstrength factors (Ωmin), defined according to Eurocode 8 provisions [1]. It is important to highlight that the 

stiffness requirement related to the DSL is the one that controls the sizing of beams and columns and that the design of 

the frames has been performed by considering code prescriptions and technological requirements in a consistent way such 

that it allows assessing the influence of the design strategy on the seismic response of the different case-studies. The P-

delta effects are not taken into account since the interstorey drift sensitivity coefficient θ is less than 0.1, at all the storeys 

of all the case-study frames, where θ is calculated following Eurocode 8 requirements [1]. 

 

 

a) b) 
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Table 1. Profiles’ cross-sections. 

MRF 3-4 MRF 3-6 MRF 3-8 

Floor Beams Columns Floor Beams Columns Floor Beams Columns 

      1 IPE 600 HE 650M 

   1 IPE 600 HE 600M 2 IPE 600 HE 650M 

1 IPE 550 HE 550M 2 IPE 600 HE 600M 3 IPE 600 HE 600M 

2 IPE 550 HE 550M 3 IPE 600 HE 500M 4 IPE 600 HE 600M 

3 IPE 550 HE 450M 4 IPE 600 HE 500M 5 IPE 550 HE 600M 

4 IPE 550 HE 450M 5 IPE 550 HE 400M 6 IPE 550 HE 500M 

   6 IPE 550 HE 400M 7 IPE 500 HE 500M 

      8 IPE 500 HE 500M 

MRF 5-4 MRF 5-6 MRF 5-8 

Floor Beams Columns Floor Beams Columns Floor Beams Columns 

      1 IPE 600 HE 650M 

   1 IPE 600 HE 500M 2 IPE 600 HE 650M 

1 IPE 550 HE 450M 2 IPE 600 HE 500M 3 IPE 600 HE 600M 

2 IPE 550 HE 450M 3 IPE 600 HE 400M 4 IPE 600 HE 600M 

3 IPE 550 HE 360M 4 IPE 600 HE 400M 5 IPE 550 HE 600M 

4 IPE 550 HE 360M 5 IPE 550 HE 340M 6 IPE 550 HE 500M 

   6 IPE 550 HE 340M 7 IPE 500 HE 500M 

      8 IPE 500 HE 500M 

MRF 8-4 MRF 8-6 MRF 8-8 

Floor Beams Columns Floor Beams Columns Floor Beams Columns 

      1 IPE 600 HE 600M 

   1 IPE 600 HE 450M 2 IPE 600 HE 600M 

1 IPE 550 HE 450M 2 IPE 600 HE 450M 3 IPE 600 HE 550M 

2 IPE 550 HE 450M 3 IPE 600 HE 360M 4 IPE 600 HE 550M 

3 IPE 550 HE 360M 4 IPE 600 HE 360M 5 IPE 550 HE 550M 

4 IPE 550 HE 360M 5 IPE 550 HE 320M 6 IPE 550 HE 500M 

   6 IPE 550 HE 320M 7 IPE 500 HE 500M 

      8 IPE 500 HE 500M 

 

 

 

 

 

 

 

 

Table 2. Fundamental Period (T1) and spectral acceleration (Sa(T1,x)) for DBE and MCE. 

MRF 3-4 MRF 3-6 MRF 3-8 

T1 [sec] Sa, DBE [g] Sa, MCE [g] T1 [sec] Sa, DBE [g] Sa, MCE [g] T1 [sec] Sa, DBE [g] Sa, MCE [g] 

0.70 1.02 1.54 0.96 0.75 1.12 1.27 0.57 0.85 

MRF 5-4 MRF 5-6 MRF 5-8 

T1 [sec] Sa, DBE [g] Sa, MCE [g] T1 [sec] Sa, DBE [g] Sa, MCE [g] T1 [sec] Sa, DBE [g] Sa, MCE [g] 

0.72 1.00 1.50 0.97 0.74 1.12 1.17 0.61 0.92 

MRF 8-4 MRF 8-6 MRF 8-8 

T1 [sec] Sa, DBE [g] Sa, MCE [g] T1 [sec] Sa, DBE [g] Sa, MCE [g] T1 [sec] Sa, DBE [g] Sa, MCE [g] 

0.69 1.05 1.57 0.96 0.75 1.13 1.15 0.63 0.94 
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Table 3. Damage State Limitation (DSL) check and Ωmin. 

MRF 3-4 MRF 3-6 MRF 3-8 

Ωmin = 2.16 Ωmin = 2.14 Ωmin = 2.10 

   
MRF 5-4 MRF 5-6 MRF 5-8 

Ωmin = 2.18 Ωmin = 2.08 Ωmin = 2.03 

   
MRF 8-4 MRF 8-6 MRF 8-8 

Ωmin = 2.25 Ωmin = 2.13 Ωmin = 2.12 

   
 

3.2 Design of the self-centring column base (SC-CB) connections 

Once finalized the design of the frames with rigid full-strength CBs, the damage-free SC-CB connections are designed 

according to the procedure presented in Section 2. The design axial force NEd for the inner and outer columns of each 

case-study are reported in Table 4. 

Table 4. Design axial forces. 

MRF 3-4 MRF 3-6 MRF 3-8 

NEd [kN] NEd [kN] NEd [kN] 

Outer column Inner column Outer column Inner column Outer column Inner column 

+719 -451 +1318 -667 +1721 -812 

MRF 5-4 MRF 5-6 MRF 5-8 

NEd [kN] NEd [kN] NEd [kN] 

Outer column Inner column Outer column Inner column Outer column Inner column 

+623 -550 +1133 -815 +1434 -933 

MRF 8-4 MRF 8-6 MRF 8-8 

NEd [kN] NEd [kN] NEd [kN] 

Outer column Inner column Outer column Inner column Outer column Inner column 

+707 -574 +1023 -805 +1397 -952 

Note: negative values are for compression; positive values are for tension. 

 

With the design actions, FDs, PT bars and the disk spring system are designed accordingly. The friction pads are 

chosen according to the results of previous tests carried out by Cavallaro et al. [59-60], and consist of 8 mm of thermally 
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sprayed friction metal steel shims with friction coefficient equal to μ = 0.53. The bolts for the FDs of web and flanges are 

HV M30 10.9 class, which are one of the most commonly used types of pre-loadable bolts and they are key components 

influencing strength, stiffness and ductility of the connections [61-62]. However, the influence of the bolts type on the 

structural behaviour of the CB connections is not considered in this study. 

The PT bars are high-strength M36 with a maximum post-tensioning capacity of 514 kN, while the resistance and the 

stiffness (Kds1) of each disk spring are 200 kN and 100 kN/mm, respectively. The material properties are summarised in 

Table 5 where E, fy and fu are the nominal values of the Young’s modulus, the yield strength and ultimate tensile strength 

of the materials, respectively. The other proprieties of the adopted structural steel (i.e., the shear modulus, the Poisson’s 

ratio) are based on the Eurocode 3 [63]. Table 6 summarises the number and the pre-load for the bolts of the FDs and PT 

bars of the inner and outer columns. Table 7 reports the parameters of the moment-rotation behaviour for each SC-CB 

connection, i.e., the decompression moment MD, the moment corresponding to the gap-opening M1 and the moment at 

the design rotation M2. 

 

 

 

 

 

 

Table 5. Material properties of the column base connections. 

Elements Class [-] E [GPa] fy [MPa] fu [MPa] 

Column and plates S355 210 355 510 

Post-tensioned bars 10.9 205 900 1000 

Web Bolts 10.9 210 900 1000 

Flange Bolts 10.9 210 900 1000 

 

 

 

 

 

 

 

Table 6. Material properties. 

 MRF 3-4 MRF 3-6 MRF 3-8 

 Outer column Inner column Outer column Inner column Outer column Inner column 

PT bars Number [-] 8 6 8 6 8 4 

Web bolts Number [-] 

Pre-load [kN] 

4 

135 

4 

155 

4 

140 

4 

175 

4 

140 

4 

170 

Flange bolts Number [-] 

Pre-load [kN] 

8 

110 

8 

130 

8 

135 

8 

105 

8 

75 

8 

100 

 MRF 5-4 MRF 5-6 MRF 5-8 

 Outer column Inner column Outer column Inner column Outer column Inner column 

PT bars Number [-] 8 6 8 6 8 6 

Web bolts Number [-] 

Pre-load [kN] 

4 

120 

4 

125 

4 

130 

4 

165 

4 

135 

4 

170 

Flange bolts Number [-] 

Pre-load [kN] 

8 

105 

8 

120 

8 

120 

8 

100 

8 

135 

8 

80 

 MRF 8-4 MRF 8-6 MRF 8-8 

 Outer column Inner column Outer column Inner column Outer column Inner column 

PT bars Number [-] 8 6 8 6 8 6 

Web bolts Number [-] 

Pre-load [kN] 

4 

135 

4 

165 

4 

130 

4 

160 

4 

140 

4 

170 

Flange bolts Number [-] 

Pre-load [kN] 

8 

150 

8 

155 

8 

120 

8 

100 

8 

140 

8 

130 
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Table 7. Parameters of the moment-rotation behaviour. 

 MRF 3-4 MRF 3-6 MRF 3-8 

 Outer column Inner column Outer column Inner column Outer column Inner column 

MN [kNm] 

MD [kNm] 

M1 [kNm] 

M2 [kNm] 

(-)206 

1101 

1779 

2120 

129 

1109 

1895 

2150 

(-)409 

1007 

1883 

2104 

207 

1269 

2020 

2320 

(-)575 

951 

1557 

1852 

271 

1034 

1811 

2043 

 MRF 5-4 MRF 5-6 MRF 5-8 

 Outer column Inner column Outer column Inner column Outer column Inner column 

MN [kNm] 

MD [kNm] 

M1 [kNm] 

M2 [kNm] 

(-)149 

943 

1472 

1650 

131 

950 

1536 

1714 

(-)409 

1007 

1883 

2104 

207 

1269 

2020 

2320 

(-)479 

1047 

1980 

2275 

311 

1456 

2123 

2471 

 MRF 8-4 MRF 8-6 MRF 8-8 

 Outer column Inner column Outer column Inner column Outer column Inner column 

MN [kNm] 

MD [kNm] 

M1 [kNm] 

M2 [kNm] 

(-)169 

923 

1642 

1859 

137 

956 

1716 

1894 

(-)297 

900 

1557 

1771 

213 

1111 

1711 

1872 

(-)433 

983 

1879 

2133 

295 

1357 

2229 

2454 
Note: the moments are calculated with the values of the axial design forces reported in Table 4. Consequently, for the columns in 

tensions MN is opposite with respect to MPT. 

 

 

 

3.3 Frames and column base modelling 

Two-dimensional finite element (FE) models of the frames with and without the SC-CB connection are developed in 

OpenSees [55] for all case-studies. The ‘Steel01’ material [55] with 355 MPa and 275 MPa yield strengths and 0.2% post-

yield stiffness ratio is used for columns and beams, respectively. Beams are modelled by a lumped plasticity approach 

where the plastic hinges are modelled as suggested by Lignos and Krawinkler [64]. Conversely, columns are modelled 

with a distributed plasticity approach with non-linear beam-column elements with four integration points. At beam-to-

column connections, the ‘Scissor’ model [65] simulates the panel zone stiffness and strength. Geometric non-linearities 

are considered in the elements of the MRF. In addition, a leaning column is included in the structural model to consider 

the P- effects related to the gravity frames [66]. The rigid-floor diaphragm is modelled by assigning a high value to the 

axial stiffness to the beams. Gravity loads are applied on the beams by considering the seismic combination of the 

Eurocode 8 [1], while the masses are concentrated at the beam-to-column connections. Damping sources other than the 

hysteretic energy dissipation are modelled through Rayleigh damping where the values of the mass-related and stiffness-

related damping coefficients are considered for a damping factor of 2% for the first two vibration modes. 

 

The SC-CB connections are implemented by following the modelling strategy proposed by Elettore et al. [51]. The 

model is shown in Figure 5. The rocking interface’s rigid elements are modelled with elastic elements [55] with very high 

flexural stiffness. These are connected to four non-linear springs represented by zero-length elements in parallel with gap 

elements simulating the bilinear hysteretic response of the FDs and the contact behaviour of the column interfaces FDs 

are modelled by the ‘Steel01’ material [55] considering a very high initial stiffness and very low post-elastic stiffness, 

while the contacts elements are defined by the ‘Elastic compression-no tension’ (ENT) material [55] with very high 

compression stiffness to model the contact behaviour. A central zero-length translational spring with bilinear elastic-

plastic behaviour is used to model the system of PT bars and disk springs. The initial post-tensioning force of the PT bars 

is modelled by imposing an initial strain equal to FPT/APTEPT by using the ‘Initial strain material’ [55].  
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Figure 5. Two-dimensional column base model in OpenSees [55] 

 

4 PERFORMANCE-BASED ASSESSMENT OF THE CASE-STUDY FRAMES 

4.1 Ground motion selection 

Incremental Dynamic Analyses (IDA) [56] have been carried out to investigate the seismic performances of the nine case-

study frames in both configurations (i.e., with and without the SC-CB connections). A suite of 30 ground motion records 

is selected from the SIMBAD Database using REXEL [67] accounting for the record-to-record variability. The set of 

ground motions is selected for each case-study with the following parameters: moment magnitude (Mw) ranging from 6 

to 7, epicentral distance R ≤ 30 km and spectrum-compatibility in the range of periods between 0.2T1 and 2T1, where T1 

is the fundamental period of the structure. The mean elastic spectrum of the records is kept between 75% and 130% of 

the corresponding Eurocode 8 based elastic response spectrum [1] considered for the design. It is noteworthy 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 capture the residual deformations. 

 

Within the IDA procedure, the ground motion records are scaled to increasing IM values with a constant step of 0.1g 

until ‘collapse’. The spectral acceleration corresponding to the first vibration mode (Sa(T1,x)) is used as IM. It is important 

to highlight that the vibration periods, and consequently the IM values, are the same for the two ‘equivalent’ structures 

with and without the SC-CBs hence allowing the comparison of fragility curves. 

 

4.2 Incremental Dynamic Analysis 

Global and storey-level EDPs are monitored to investigate the influence of the frame layout on the effectiveness of the 

proposed SC-CBs. Peak and residual interstorey drifts are considered story-level EDPs, while the maximum values of 

these quantities among all the storeys are used as global EDPs. The effectiveness of the SC-CBs in reducing the residual 

interstorey drifts is evaluated by the comparison between ‘equivalent’ MRF with conventional full-strength CBs and the 

MRF with SC-CB connections (MRF-CB). In the present study, residual interstorey drifts limit is assumed equal to 0.5 

%, which is the conventional threshold beyond which repairing may not be economically viable [33]. 

 

Results are illustrated in Figure 6 only for a single case-study (i.e., the 5-bays 6-storey frame in both configurations) 

to show the selected global EDPs monitored by the IDAs. Figure 6(a) and (b) show the IDA curves for the maximum 

(among all the storeys) peak interstorey drifts (max-peak), for the case-study frames having 5 bays and 6 storeys in both 

configurations. Similarly, Figure 6(c) and (d) show the IDA curves for the maximum (among all the storeys) residual 

interstorey drifts (max-res). Highlighted in the figures are the 16%, 50%, and 84% fractiles among all ground motions as a 

synthesis of the demand values for both quantities while the single IDA curves are shown in grey. The selected fractiles’ 

values are reported for both seismic intensities of interest, DBE and MCE. The results in terms of max-res for the other 

case-studies are shown in the Appendix. Conversely, the results of max-peak for the other case-studies are not reported for 

the sake of brevity. 
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The comparison of Figure 6(a) and (b) shows that the introduction of SC-CBs does not alter the structures’ maximum 

response. The selected fractiles of the maximum peak interstorey drift for the two configurations show similar values 

along with the whole range of IM intensities. Conversely, the comparison of Figure 6(c) and (d) shows that the use of the 

SC-CBs allows a significant reduction of the maximum residual interstorey drifts. In particular, Figure 6(d) shows that, 

considering the median results (50% fractile curve) among all ground motions, the introduction of the SC-CB allows a 

reduction of the residual interstorey drifts which is lower than the limit of 0.5% [33], for both the DBE and the MCE. 

Conversely, this limit is not satisfied for the MRF with conventional column bases at the MCE intensity. 

 

Figure 6. IDA Results: Maximum peak interstorey drifts: (a) MRF 5-6; (b) MRF-CB 5-6; Maximum residual 

interstorey drifts: (c) MRF 5-6; (d) MRF-CB 5-6 

 

Figure 7 shows the comparison of the maximum residual interstorey drifts, synthesized by the median values (max-

res,50%), for all the considered structures (i.e., with and without SC-CBs). The median values correspond to the 50% fractiles 

previously illustrated for the single case-study in Figure 6. Additionally, the percentage reduction (Δ) of the 

aforementioned parameter is reported for the two seismic intensities of interest. The figure highlights that the use of the 

SC-CBs allows for a significant reduction of the maximum residual interstorey drifts for all structures for both the DBE 

and the MCE. The only exception is related to the 8-storey frames, where the percentage reduction is limited at the DBE 

(i.e., from 0% to 13%). However, it is noteworthy that all the structures equipped with the SC-CBs experience values of 

max-res,50% lower than the limit of the 0.5%, also when the ‘equivalent’ conventional MRFs overcome it. The comparison 

of these reduction values provides an understanding of the frame layout’s influence on the effectiveness of the proposed 

SC-CBs in terms of residual drifts reduction. 

 

In particular, the results show a high sensitivity of the self-centring response to the number of storeys of the structures. 

This is evidenced by the percentage reductions Δ observed in Figure 7(a), (b) and (c) of the 3-bays 4-storey, 3-bays 6-

storey and 3-bays 8-storey frames, which assume decreasing values at the MCE (i.e., from 70% to 36%). A similar trend 

can be seen for the 5-bays (i.e., from 66% to 36%) and the 8-bays frames (i.e., from 72% to 41%), at the same intensity, 

as shown in Figure 7(d), (e) and (f) and Figure 7(g), (h) and (i), respectively. It is highlighted that these results are 

particularly relevant at the MCE, due to the high plastic engagement of the plastic hinges of the structures. 
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Conversely, with respect to the number of bays, the frames’ response does not show a clear tendency. In fact, it is not 

possible to observe a significant influence of the number of bays in reducing the efficiency of the SC-CBs, as evidenced 

in Figure 7(a), (d) and (g) by the values of the percentage reductions Δ of the 3-bays 4-storey, 5-bays 4-storey and 8-bays 

4-storey frames, which experience similar values at the MCE (i.e., from 66% to 72%). Similarly, this also occurs for the 

6-storey (i.e., from 42% to 54%) and the 8-storey frames (i.e., from 36% to 41%) at the same intensity, as shown in Figure 

7(b), (e) and (h) and Figure 7 (c), (f) and (i), respectively. Moreover, it is not possible to see a consistent trend at the DBE 

intensity.  
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Figure 7. IDA Results: Comparison of the maximum residual interstorey drifts in terms of median values (50% fractile) 

among all ground motions: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8; (g) 8-4; (h) 8-6; (i) 8-8. 

 

 

In order to provide additional information about the trends of the selected EDPs at all the storeys of the case-studies 

in both configurations, the height-wise peak and residual interstorey drifts distributions are shown in Figure 8 and Figure 

9, respectively. 

 

Figure 8 illustrates the comparison of the peak interstorey drifts’ distributions, synthesized by the median value 

(peak,50%), for all the structures with and without the SC-CBs, at the MCE. As expected, based on the results shown in 

Figure 6(a) and (b), the ‘equivalent’ structures (i.e., MRF and MRF-CB), are characterized by similar values and 

distribution for the peak interstorey drifts. The only exception is related to the first storeys where the structures equipped 

with SC-CBs show a slight increase in the peak interstorey drifts. This is expected and related to the lower effective (i.e., 

tangent) stiffness of the SC-CB connection. 

 

It is worth mentioning that for the 8-storey frames the maximum values of the peak interstorey drifts tend to 

concentrate at intermediate storeys. This highlights the influence of the higher modes in the response of these structures. 

Conversely, for the 4- and 6-storey frames, peak,50% assumes its maximum value at the lower storeys.  

 

 

a) b) c) 

d) e) f) 

h) i) g) 
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Figure 8. IDA Results: Comparison of the distribution of the peak storey drifts of the case-study frames for MCE: (a) 3-

4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8; (g) 8-4; (h) 8-6; (i) 8-8. 

 

Figure 9 shows the comparison of the residual interstorey drifts’ distributions synthesized by the median value 

(res,50%), for all the structures with and without the SC-CBs, at the MCE. The distribution patterns of the res,50% for the 

MRFs with conventional CBs are similar to the height-wise peak interstorey drifts distributions previously observed in 

Figure 8. In fact, the 4- and 6- storey conventional MRFs experience the maximum values of residual interstorey drifts at 

the first storeys, with a distribution pattern which is proportionally decreasing with the height. Conversely, for 8 storeys 

frames, the highest values of residual interstorey drifts occur at the intermediate storeys. 

 

Differently, for the structures with SC-CBs it can be observed a significant reduction of the residual interstorey drifts 

in the lower storeys, while its effectiveness reduces and tends to disappear at higher storeys. For example, for the 5-bay 

6-storey frames the value of res,50% is reduced of 83% (i.e., from 0.71% to 0.12%) at the first storey, of 55% (i.e., from 

0.55% to 0.25%) at the third storey and of 41% (i.e., from 0.083% to 0.049%) at the sixth storey. Similar trends can be 

seen for the other case-studies. 
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Figure 9. IDA Results: Comparison of the distribution of the residual storey drifts in terms of median values (50% 

fractile) among all ground motions of the case-study frames for MCE: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8; 

(g) 8-4; (h) 8-6; (i) 8-8 

 

4.3 Fragility Curves 

 

Fragility curves are used in order to quantify the probability of the seismic demand exceeding an associated capacity 

threshold, given the seismic intensity, which is characterized by the IMs [68]. The spectral acceleration corresponding to 

the first vibration period (i.e., Sa(T1,x)) is assumed as IM. Global and storey-level residual response parameters (i.e., the 

maximum residual interstorey drifts and the storey-level residual interstorey drifts) are considered as EDPs in order to 

investigate the self-centring capability of the structure. These values are compared with the associated capacity threshold 

which is conventionally assumed as 0.5% [33]. Numerical fragility curves are initially derived based on EDPs-IMs pairs 

obtained by the IDAs and successively fitted by analytical lognormal curves trough least-square minimization. 

 

Such fragility curves provide the probability of exceeding the assumed residual interstorey drifts capacity value (i.e., 

probability of failure Pf) vs the seismic IM values, giving insights on the self-centring capability, and hence the 

reparability of the structures. It is noteworthy that the fragilities provide a probabilistic interpretation of the results and of 

the sensitivity of the seismic response with respect to the frame layout. In this study, storey-level (i.e., residual interstorey 

drifts as EDPs) and global fragility curves (i.e., maximum residual interstorey drifts among all the storeys as EDPs) are 

derived. 

 

a) b) c) 

d) e) f) 

h) i) g) 
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The comparison of the global fragility curves is shown in Figure 10 for all the case-studies for the two configurations 

(i.e., with and without the SC-CBs). The maximum (among all the storeys) residual interstorey drifts (max-res) is used as 

EDPs. Additionally, the percentage reductions of the probability of exceeding the limit value (i.e., ΔPf) are also reported 

for the two seismic intensities of interest (i.e., DBE and MCE).  
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Figure 10. Comparison of the global fragility curves for the maximum residual interstorey drifts with respect to the 

threshold limit of 0.5%, for the case study frames: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8; (g) 8-4; (h) 8-6; (i) 

8-8. 

 

Figure 10 provides, in a probabilistic framework, the results of the IDAs previously showed in Figure 6. In Figure 10 

it is possible to point out a clear correlation between Pf and the increasing number of storeys, for both the DBE and the 

MCE. This is evidenced by the percentage reductions ΔPf reported in Figure 10(a) (b) and (c) of the 3-bays 4-storey, 3-

bays 6-storey and 3-bays 8-storey frames, which assume decreasing values at the DBE (i.e., from 93% to 18%) and at the 

MCE (i.e., from 76% to 12%). Similar behaviour is observed for the 5-bays and 8-bays frames. These results evidence 

that the ΔPf decreases with the increasing height of the case-studies.  

 

On the other hand, it is not possible to observe a significant sensitivity to the variation of the number of bays on the 

ΔPf in all the structures, as highlighted in Figure 10(a) (d) and (g) by the ΔPf  of the 3-bays 4-storey, 5-bays 4-storey and 

8-bays 4-storey frames, which experience similar values at the DBE (i.e., from 93% to 95%) and at the MCE (i.e., from 

66% to 76%). A similar trend can be seen for the 5-storey and the 8-storey frames. 

 

Furthermore, storey-level fragility curves are carried out to evaluate the probability of exceeding the threshold limit 

of 0.5% at each storey, for each case-study. Figure 11 shows the comparison of the fragility curves for each storey of all 

the case-study frames for the two configurations (i.e., with and without the SC-CBs). The residual interstorey drifts are 

used as storey-level EDPs. The colour filled areas represent the interval between the most and the least fragile storeys 

(i.e., red for the frames with conventional CBs, blue for the frames equipped with the SC-CBs). 
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Figure 11. Comparison of the storey-level fragility curves for the residual interstorey drifts with respect to the threshold 

limit of 0.5%, for the case study frames: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8; (g) 8-4; (h) 8-6; (i) 8-8. 

 

In Figure 11 it is possible to observe a correlation with the height-wise distributions showed in Figure 9, in 

probabilistic terms. Figure 11 shows that, for all the structures equipped with conventional CBs, Pf is maximum at the 1st 

storey. The only exceptions are related to the 8-storey frames, where Pf is higher at the intermediate storeys (i.e., 3rd – 4th 

storey), due to the influence of the higher modes. Conversely, Pf assumes the minimum values at the upper storeys. This 

behaviour highlights that the higher storeys of the structures experience smaller post-elastic deformations, as a 

consequence of the technological and design criteria adopted [1].  

 

Regarding the structures equipped with the SC-CBs, the introduction of the proposed connections minimizes the 

probability of exceeding the 0.5% limit at the 1st storey (i.e., Pf ≅ 0). In some cases (i.e., 8 bays 4 storey, 5 bays 6 storey 

and 8 bays 6 storey frames), due to the almost-elastic behaviour of the beams at the last storeys, the Pf of the last storeys 

assumes similar values to Pf at the 1st storey. Conversely, Pf is maximum at the intermediate storeys. These results 

demonstrate how the adoption of the SC-CBs provides a significant reduction of Pf at the lower storeys, while this 

effectiveness decreases along with the height, resulting in a reduction of the self-centring capability. 

 

5 CONCLUSIONS 

 

This study performs a parametric analysis with the aim of investigating the influence of the frame layout on the self-

centring capability of perimeter steel Moment Resisting Frames equipped with damage-free self-centring column base 

connections, previously proposed by the authors. Nine case-study frames with a different number of storeys (i.e., 4, 6 and 

8) and bays (i.e., 3, 5 and 8) have been designed and numerically investigated in OpenSees. Each case-study is examined 

in two configurations (i.e., with and without the damage-free self-centring column bases). Incremental Dynamic Analyses 

are performed with a set of 30 ground motion records, assessing both global and storey-level engineering demand 

parameter, while accounting for the record-to-record variability. Fragility curves are derived to evaluate the self-centring 

a) b) c) 

d) e) f) 

h) i) g) 
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capability of the structures. The following conclusions can be drawn: 1) The seismic performances of the structures 

equipped with damage-free self-centring column base connections are significantly enhanced, as demonstrated by the 

significant residual drift reductions, at both the design based and maximum credible earthquake; 2) The self-centring 

capability of the adopted connections in reducing the residual interstorey drifts is particularly influenced by the number 

of storeys of the structures. Results show that the efficiency is relevant for the 4- and 6- storey frames, while it decreases 

for the 8-storey frames. Conversely, no sensitivity to the variation of the number of bays of the structures is observed; 3) 

The peak responses of the frames are not altered by the adoption of the damage-free self-centring column bases. In fact, 

the two configurations examined experience a similar height-wise distribution of the peak interstorey drifts; 4) The 

effectiveness of the adopted connection in reducing the residual interstorey drifts is relevant at the lower storeys, while it 

reduces at higher storeys, resulting in a reduction of the self-centring capability as evidenced by the 8- storey frames.  
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APPENDIX 

 

  

  

  

Figure A.1. IDA Results: Maximum residual interstorey drifts of the case-study frames: (a, b) 3-4; (c, d) 3-6; (e, f) 3-8. 
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Figure A.2. IDA Results: Maximum residual interstorey drifts of the case-study frames: (a, b) 5-4; (c, d) 5-6; (e, f) 5-8. 
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Figure A.3. IDA Results: Maximum residual interstorey drifts of the case-study frames: (a, b) 8-4; (c, d) 8-6; (e, f) 8-8. 
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