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Abstract 

 
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 functional condition in a short time. Steel seismic-resilient structures have been widely investigated in the past few years 

while considering solutions based on moment-resisting and concentrically braced frames. While the first category may be 

characterised by low stiffness, the second category is often characterised by low ductility. Conversely, eccentrically braced 

frames (EBFs) represent a compromise between the two and allow both strength and stiffness to be optimised while providing 

‘good’ ductility capacity. The present study investigates a solution for damage-free self-centring EBFs relying on damage-free 

self-centring devices as seismic links (SC-links). The SC-links are based on post-tensioned high-strength steel bars with disk 

springs to provide the self-centring behaviour, and friction dampers to dissipate the seismic energy. Analytical equations 

governing the global behaviour of the connection are developed. A four-storey EBF complying with Eurocode 8 provisions is 

designed with conventional seismic links and upgraded with the proposed SC-link. The third storey of the structure is extracted 

to develop refined 3-D finite element (FE) models in ABAQUS. The results of the FE simulations are used to investigate the 

local behaviour of the seismic device and validate the accuracy of the analytical predictions. Moreover, a simplified 2-D FE 

model is developed in OpenSees to carry out Incremental Dynamic Analysis providing information on the global response of 

the structure. Residual and peak interstorey drifts and link rotations are monitored as Engineering Demand Parameters, and the 

seismic performances of the frames are compared. 
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1. INTRODUCTION 
 

The design philosophy implemented in modern seismic design codes [e.g., 1, 2] is based on the dissipation of the seismic 

input energy through the controlled damage of ‘some’ ductile structural components following the ‘capacity design’ 

approach. These components are properly detailed in order to sustain large inelastic deformations (i.e., ductile behaviour) 

with limited strength and stiffness degradation. However, despite the energy dissipation capacity of the structures allows 

preventing the collapse of buildings subjected to ‘rare’ seismic events, it may result in significant direct (e.g., casualties, 

repair cost) and indirect (e.g., business interruption) losses [e.g., 3, 4]. Besides, plastic deformations in the structural 

components often result in large residual drifts, significantly compromising building reparability [5]. Several research 

efforts proposed and investigated innovative seismic-resilient structural systems to control the structural damage and 

enable improvements in their self-centring capabilities [e.g., 6-9]. Many of these studies focused on the development of 

self-centring moment-resisting frames (MRFs) [e.g., 10-23] and concentrically braced frames (CBF) [e.g., 24-30] by 

employing a combination of high-strength post-tensioned (PT) steel bars (or strands) to promote the self-centring 

capability of the structure, and dedicated fuses, e.g., yielding or friction devices (FDs), to dissipate the seismic input 

energy. Additionally, other proposals improve the seismic performance of steel MRFs employing shape memory alloys 

(SMA) connections to restore the deformations and ductile energy dissipation links [22, 23]. Conversely, only a few 

studies focused on the development of seismic-resilient self-centring eccentrically braced frames (EBFs). 

 

     EBFs have been proposed, since the 1970s, as lateral force resisting systems able to combine the main advantages of 

MRFs and CBFs [e.g., 31-35], providing the structure with a balanced stiffness, strength and ductility capacity. MRFs 

and CBFs dissipate the seismic energy by developing plastic hinges at beams’ ends and within braces, respectively [36-

37]. Conversely, EBFs dissipate the seismic input energy by developing plastic deformations in a segment of the beams 

denoted as ‘seismic link’ (or simply ‘link’), while the other structural elements (i.e., columns and braces) are properly 

over-strengthened. If properly designed, EBFs exhibit significant ductile deformations during strong seismic events, and 

the observations of their performances after recent seismic events showed that these structures performed well in 

preventing collapse [38]. Nevertheless, structural damage is unavoidable. 

 

     In the last decades, a few innovative systems for EBFs have been proposed with the aim of minimising structural 

damage, service disruption, and repair costs. Among others, several replaceable links for EBFs have been proposed. 

Stratan et al. [39] investigated EBFs with replaceable horizontal links. The authors studied a bolted connection with flush 

end-plates and high-strength bolts between links and beams to facilitate the replacement of damaged links after moderate 

to strong seismic events. Subsequently, several other replaceable links have been presented, including web-connected 
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links [40-41] and links with direct brace attachments [42]. Bozkur et al. [43] proposed another detachable replaceable 

link based on splicing the link at its mid-length. This solution uses standard end-plates at the mid-splice connection and 

gusseted joints to connect the bracings. 

 

     Although concentrating plastic deformations in replaceable elements is one of the main requirements to easily repair 

structures after earthquakes, successful replacement procedures can be implemented only if the structures’ residual 

deformations (i.e., residual drifts) are limited. In fact, residual drifts result in a misalignment of the collector beams’ ends 

which may not allow the replacement of the links. McCormick et al. [5] suggested a residual drift equal to 0.5% as the 

threshold value beyond which the repairability of the structure may be compromised. Similarly, FEMA P-58 [44] suggests 

two damage states, i.e., Damage State 1 (DS1) and 2 (DS2), with assigned residual drift thresholds, respectively, equal to 

0.2% and 0.5%. DS1 and DS2 correspond respectively to damage conditions where structures can be repaired without the 

need for realignment and to situations beyond which the repairability of the structure may not be economically convenient.  

 

     For this reason, alternative strategies to replaceable links, such as self-centring steel structural systems, have been 

developed over the past few decades. Several research activities have focused on the use of dual configurations by 

combining EBFs with removable links and elastic MRFs to prevent excessive residual drifts [e.g., 45-46]. In these 

systems, the elastic response of the MRFs provides the restoring forces to reduce residual displacements and facilitate the 

residual drift reduction during the reparation process. Further studies have been focused on self-centring systems for EBFs 

using elastic gap-opening mechanisms at beam-to-link [47] or beam-to-column interfaces [48,49] to re-centre the frame, 

in combination with energy dissipation devices. Among others, Cheng et al. [47] proposed and experimentally 

investigated a self-centring rocking link for EBFs. In this system, the rocking motion is developed between the link and 

adjacent beams and is controlled by post-tensioned strands providing the self-centring behaviour, while frictional hinge 

dampers are installed to increase the energy dissipation capacity. Tong et al. [48] experimentally investigated a D-type 

self-centring EBF composed of post-tensioned strands and replaceable hysteretic damping devices. Different 

arrangements of replaceable hysteretic devices were tested to study the seismic performance of the frame. Al-Janabi et 

al. [49] investigated the seismic performance of EBFs with self-centring conical friction dampers as seismic links. This 

device consists of steel plates with conical surfaces clamped by PT tendons. The energy dissipation mechanism is 

provided by the relative movement of the conical surfaces, while the compressive forces of the PT tendons provide the 

self-centring behaviour.  

 

     Although experimental and numerical results demonstrated the self-centring behaviour of these systems, the EBFs 

equipped with these devices still suffer from the detrimental frame expansion effect and local slab damage due to the gap-

opening and closing mechanisms. To overcome this issue, Rezvan et al. [50] investigated a self-centring EBF with sliding 

rocking link beams and replaceable hysteretic dampers. In this case, the link is able to accommodate the expansion 

between the rocking link and the side beam, overcoming the ‘beam growth’ phenomenon. The self-centring capability is 

enabled by PT steel-stranded cables, while the energy dissipation of the system is provided by the yielding flexural 

mechanism of the plates.  

 

     Furthermore, other solutions for self-centring EBFs are based on the use of super-elastic SMA bolts [51,52], tendons 

[53] or dog-bone shaped plates [54]. However, although some studies demonstrated the feasibility of these solutions for 

seismic-resilient structures, their application is still limited by several factors, such as the cost of the material and of the 

manufacturing process. 

 

     Within this framework, this paper presents a damage-free self-centring link (SC-link) for EBFs. The seismic device 

employs post-tensioned high-strength steel bars (PT-bars) with disk springs to control the self-centring capacity of the 

frame and FDs to dissipate the seismic energy. The flag-shape behaviour and the analytical equations governing the global 

behaviour of the connection are provided. A four-storey EBF has been designed according to Eurocode 8 [1] with 

conventional short links and upgraded with the proposed SC-links. The third storey of the structure is extracted to develop 

refined 3-D finite element (FE) models in ABAQUS [55]. The results of the FE simulations are used to capture the local 

behaviour of the seismic device and validate the accuracy of the analytical predictions. Moreover, based on the 3-D FE 

modelling results, a simplified 2-D FE model is developed in OpenSees [56]. Non-linear static push-pull analyses have 

been performed, and Incremental Dynamic Analyses (IDA) are carried out considering a set of 30 ground motion records 

accounting for the record-to-record variability. The seismic performances of the EBFs with conventional links (EBF) and 

with SC-links (SC-EBF) are investigated and compared. The spectral acceleration corresponding to the fundamental 

period of vibration (i.e., Sa(T1)) is used as Intensity Measure (IM), while residual and peak interstorey drifts, as well as 

residual and peak link rotations, are used as Engineering Demand Parameters (EDPs). The results of the conventional and 

upgraded systems are compared, showing the influence of the SC-links on the seismic performance of the frames. 

 

2. DAMAGE-FREE SELF-CENTRING LINK 
 

2.1 Concept and structural details 

 



Figure 1 shows the proposed SC-link. It consists of FDs to dissipate the seismic energy and PT-bars with disk springs 

able to develop restoring forces in the system providing the self-centring behaviour of the connection. The device is placed 

between the collector beams of an EBF, and it is connected to them through pins. The beam-link connections are located 

at the top and bottom flanges, where plates are welded to allow the placement of the pins. The SC-link’s cross-section is 

composed of a T- and two L-plates placed in such a way as to reproduce an I-shaped profile. Symmetrical FDs are realised 

by slotting the web of the T-plate and adding friction pads of thermally sprayed steel shims, pre-stressed with high-

strength bolts at the interface of T- and L-plates (Figure 1(b)). The slotted holes are designed to accommodate the design 

target rotation (i.e., link rotation angle, θPR equal to 0.08 rad in the present study according to the maximum seismic 

demand assumed by Eurocode 8 for short links [1]). PT-bars are placed symmetrically and post-tensioned against anchor 

plates outside the section of the SC-link. The PT-bars post-tensioning force acts at both ends of the SC-link, ensuring the 

firm contact between the anchor plates and the T- and L-plates sides and, thus, the transmission of the restoring forces. 

Besides, disk springs are installed to ensure the elastic behaviour of the PT-bars during their elongation (Figure 1(b)). 

Disk springs (or Belleville springs, [57]-[58]) are conical washer-type springs which can be arranged in parallel and in 

series, allowing an adequate stiffness-resistance balance to the self-centring system (Figure 1(c)). Additionally, doubler 

plates are welded to the collector beams’ web to increase its strength and stiffness, as indicated in Figure 1(d). It is worth 

mentioning that the flooring system of the SC-EBFs is based on a disconnected steel-concrete slab in order to avoid 

damage due to the link rotation. Similar solutions have been used in previous studies [e.g., 59].  

 

 

 

Figure 1. Damage-free self-centring link: (a) 3-D view; (b) details of the friction devices (FDs) and self-centring 

system; (c) details of PT-bars and disk springs; (d) lateral view and section. 

 

2.2 Analytical model and hysteretic behaviour 

 

According to Kasai et al. [60], the bending moments in columns of EBFs under the design target rotation can be assumed 

as negligible. Hence, analytical formulations describing the frame’s force-displacement (or moment-rotation) response 

can be defined considering an EBF sub-assembly hinged at the base. With this simplification, Figure 2(a) and (b) 

schematically show the deformed shape of a generic EBF sub-assembly and the free-body diagram of the forces acting 

on it, respectively. In addition, the corresponding rotational equilibrium of the isolated SC-link is reported in Figure 2(b). 

The forces acting on the SC-link are longitudinal shear forces acting along the x-direction and transverse shear forces 

acting along the z-direction.  

 

a) b) 

d) 

c) 



 

Figure 2. (a) Deformed shape of the EBF sub-assembly; (b) Free-body diagram of the forces acting on EBF sub-

assembly and isolated SC-link. 

 

     The SC-link is subjected to a constant transverse shear force and double-curvature bending along its length. The 

transverse shear force (V), the bending moments (M) and the longitudinal shear force (Fl) acting in the SC-link are given 

by: 

 

𝑉 =
𝐹𝐻

𝐿
;                𝑀 = 𝑉

𝑒

2
;               𝐹𝑙 = 2

𝑀

ℎ𝑑 − 𝑡𝑓

=
𝐹𝐻𝑒

𝐿(ℎ𝑑 − 𝑡𝑓)
; 

(1) 

 

where H is the storey height; L is the span length; F is the storey’s shear force; e is the link’s length; tf and hd are the 

flange thickness and the section height of the link, respectively. Figure 3(a) and (b) show the kinematic mechanism of the 

SC-link, including the expected longitudinal shear forces developed during its rotation, and the flag-shape cyclic 

relationship of the SC-link, respectively. As illustrated in Figure 3(a), the link’s rotation generates the gap-opening 

mechanism of the connection and the longitudinal sliding between the T- and L-plates (i.e., within the FD), inducing the 

elongation of the PT-bars. Consequently, the increase of the tension forces in the PT-bars, along with the compression of 

the disk springs, provides the restoring forces to the SC-link. The restoring forces are transmitted to the SC-link through 

the anchor plates, which remain in contact with the T- and the L-plates corners during the longitudinal sliding. The 

deformation parameters describing the SC-link’s behaviour are related to the geometrical properties of the frames (Figure 

2(a)) and can be determined as follows: 

 

𝜃𝑃 ≅ 𝛾
𝐿

𝑒
=

Δ

𝐻

𝐿

𝑒
;               𝛿𝑙 ≅ 𝜃𝑃(ℎ𝑑 − 𝑡𝑓); 

(2) 

 

where θP represents the rotation between the link and the beam;  represents the drift ratio; Δ is the frame sway 

displacement; δl is the longitudinal sliding which provides the damping mechanism of the SC-link. Besides, in Figure 

3(a), FFD is the sliding force developed in the friction pads; FPT,0 is the post-tensioning force in the PT-bars; ΔFPT is the 

additional post-gap-opening force in the PT-bars. The flag-shape cyclic relationship of the SC-link (Figure 3(b)) is 

reported in terms of longitudinal shear force acting in the link (i.e., Fl) vs. longitudinal sliding (i.e., δl). It is worth noting 

that the formulations listed in Eqn. (1) can be used to represent the analytical response in terms of transverse shear force 

– longitudinal sliding (i.e., V - δl), transverse shear force – link rotation (i.e., V – θP), bending moment – link rotation (i.e., 

M – θP) into a form equivalent to Fl – δl relationship. The backbone flag-shape curve of the device consists of four 

branches: the first and the second branches represent the loading phase before and after the gap-opening mechanism 

occurs (due to the longitudinal sliding in the SC-link), respectively, up to the maximum longitudinal sliding δl,d (the 

corresponding link rotation can be derived by applying the Eqn. (2)). The third and the fourth branches describe the 

unloading phase during which the SC-link returns to its initial position. The stiffnesses of the branches are equal to the 

stiffness of the first (i.e., k1) and the second branch (i.e., k2), respectively. The first one (i.e., k1) is characterised by an 

infinite stiffness value due to the rigid behaviour of the connection before the gap-opening mechanism occurs. The 

stiffness of the second branch (i.e., k2) depends on the stiffness of the system PT-bars and disk springs. 

 

a) b) 



 
Figure 3. (a) Deformed configuration of the SC-link and internal forces; (b) longitudinal shear force (Fl) vs. longitudinal 

sliding (δl). 

     The longitudinal shear forces’ contributions defining the entire cycle (i.e., F1, F2, F3, and F4), are shown in Figure 

3(b). Besides, the F2/F1 ratio represents a measure of the strain-hardening developed within the SC-link at δl,d. The main 

parameters which allow deriving each significant point are F1 and ΔFPT. F1 is the sum of the initial post-tensioning force 

applied in the PT-bars (i.e., FPT,0) and the sliding forces developed in the friction pads (i.e., FFD). In the analytical model, 

the FDs are characterised by a rigid-plastic hysteretic behaviour, which depends on the clamping force and the friction 

coefficient μ of the contact interfaces. According to Coulomb’s friction law, the friction forces are given by: 

 

 𝐹𝐹𝐷 = 𝜇𝑛𝑠𝑛𝑏𝐹𝑝𝑟𝑒𝑙𝑜𝑎𝑑,𝐹𝐷 (3) 

 

where μ is the friction coefficient of the interfaces; ns is the number of the friction interfaces (i.e., two in the considered 

configuration); nb is the number of bolts in the FDs; Fpre-load,FD is the pre-loading force of each bolt. The increase of force 

in the PT-bars due to elongation (ΔFPT) is a function of the stiffness of the system of PT-bars and disk springs [57-58] 

and is given by: 

 

Δ𝐹𝑃𝑇 = 𝐾𝑒𝑞𝛿𝑙;                𝐾𝑒𝑞 =
𝐾𝑃𝑇𝐾𝑑𝑠

𝐾𝑃𝑇 + 𝐾𝑑𝑠

;                𝐾𝑃𝑇 =
𝑛𝑃𝑇𝐸𝑃𝑇𝐴𝑃𝑇

𝑙𝑃𝑇

;                𝐾𝑑𝑠 =
𝑛𝑑𝑠,𝑝𝑎𝑟

𝑛𝑑𝑠,𝑠𝑒𝑟

𝐾𝑑𝑠,1; 
(4) 

 

where Keq represents the equivalent axial stiffness of the self-centring system; KPT and Kds represent the stiffness of the 

PT-bars and the disk spring, respectively; nPT is the number of PT-bars in the SC-link; EPT, APT, lPT are, respectively, the 

Young’s modulus, the cross-sectional area and the length of each PT-bar; nds,par and nds,ser are the number of disk spring 

in parallel and in series, respectively. Considering the flag-shape behaviour and the equations to derive it, it is easy to 

recognise that, from a design point of view, the self-centring behaviour is achieved if the following inequality is satisfied: 

 

 𝐹4 ≥ 0 → 𝐹𝑃𝑇,0 ≥ 𝐹𝐹𝐷 (5) 

 

2.3 Design procedure 

 

The design of the SC-link is based on the structural analysis of the equivalent conventional EBF system at the design 

limit state (i.e., Ultimate Limit State – ULS). According to the analytical model presented in the previous section, the 

design transverse shear force and design longitudinal shear force are derived from Eqn. (1), considering F as the lateral 

equivalent force to the seismic design action. Furthermore, the design longitudinal sliding (i.e., δl,d) is derived from Eqn. 

(2) considering θP as the design link rotation. 

 

     The T-plate, L-plates, anchor plates, and pin connections should be designed to remain elastic. Hence, their resistance 

must be verified against their maximum forces at the design link rotation. In particular, F2 (Figure 3) represents the 

maximum longitudinal shear force acting in the SC-link. Considering this value, Eqn. (1) provides the maximum 

transverse shear force (i.e., V2) and the maximum value of the bending moment (i.e., M2). 

 

     Based on the cross-section of the collector beams, the dimensions of the links’ cross-section are selected according to 

practical and geometric considerations. For the sake of simplicity, the link height (hd) is taken equal to the height of the 

collector beams. This allows simplifying the geometry and manufacturing of the device. The other geometrical properties 

of the T- and L-plates (thickness of the webs and flanges) are designed to prevent their damage and, thus checked against 

the aforementioned maximum forces, considering both shear and bending resistance. Furthermore, to allow the gap-

opening mechanism of the SC-link, the T-plate’s holes are designed to accommodate δl,d. At the same time, the slotted 

section must be verified against F2, considering the bearing resistance. The pin connections are designed to transmit the 

transverse shear forces and bending moments through their equivalent horizontal force components. They are designed 

according to Eurocode 3 requirements [61] and verified for V2 and M2. Specifically, each pin is designed with V2/4 and 

a) b) 



(M2/(hd-tf))/2 as design actions and considering their failure modes (i.e., shear resistance of the pin, bearing resistance of 

the plate and the pin, bending resistance of the pin, combined shear and bending resistance of the pin, as indicated in 

[61]).  

 

     The self-centring capability is provided by distributing the design longitudinal shear force (Fl) between the FDs and 

the self-centring system, according to Eqn. (5). In particular, γSCFl and (1 - γSC)Fl represent the design forces of the self-

centring system and FDs, respectively. γSC is the repartition factor of Fl, which needs to be greater than 0.5 to ensure the 

self-centring capability of the system. The design longitudinal shear force of the self-centring system (γSCFl) is the initial 

post-tensioning force of the PT-bars (i.e., FPT,0) and allows designing the number and dimension of the PT-bars. 

Successively, the number of disk springs in parallel and in series is calculated. The number of disk springs in parallel 

(i.e., nds,par) is determined based on the bar’s yielding resistance. Conversely, the number of disk springs in series (i.e., 

nds,ser) depends on the equivalent axial stiffness of the self-centring system and must provide sufficient deformability to 

the SC-system to avoid the PT-bars’ plasticisation at δl,d. The parameters nds,par and nds,ser can be calculated as follow: 

 

𝑛𝑑𝑠,𝑝𝑎𝑟 ≥
𝑁𝑦,𝑃𝑇

𝐹𝑑𝑠,1

;               
𝑁𝑦,𝑃𝑇 − 𝑁𝑃𝑇,0

𝛿𝑙,𝑑

= 𝐾𝑒𝑞,1 ≥ 𝐾𝑒𝑞  →  𝑛𝑑𝑠,𝑠𝑒𝑟 ≥ 𝑛𝑑𝑠,𝑝𝑎𝑟𝐾𝑑𝑠,1 (
𝐾𝑃𝑇 − 𝐾𝑒𝑞,1

𝐾𝑒𝑞,1𝐾𝑃𝑇

) 
(6) 

 

where Ny,PT is the yield strength of the PT-bar; Fds,1 is the resistance capacity of a single disk spring; NPT,0 is the post-

tensioning force of the PT-bar. It is noteworthy that Eqn. (6) provides the minimum number of nds,ser. This value can be 

further increased to reduce Keq and, consequently, decrease the maximum longitudinal shear forces (F2) used to design 

the geometrical properties of the SC-link (i.e., T- and L-plates, pin connections). 

 

     Successively, the anchor plates for the PT-bars are designed. The height and width of the anchor plates are defined 

according to geometric considerations, while the thickness is designed to resist the total force of the PT-bars (i.e., FPT,0 + 

ΔFPT) and to have sufficient stiffness, guaranteeing the fully transmission of the restoring forces to the SC-link. 

 

     In conclusion, the FDs are designed such that the slippage force (FFD) on the FD interfaces resists the remaining design 

longitudinal shear force (i.e., FFD = (1 - γSC)Fl). The number of bolts can be designed based on the Eqn. (3), by choosing 

the diameter and the class of the bolts, and ensuring that the pre-loading force in each bolt (Fpre-load,FD) is smaller than the 

maximum pre-loading force (i.e., Fp,Cd) defined in [61]. 

 

3. CASE-STUDY STRUCTURE 
 

3.1 Design of the eccentrically braced frame 

 

Figure 4 shows the plan and elevation views of the four-storey, five-bay by three-bay prototype steel residential building 

selected for case-study purposes. The layout has interstorey heights of 3.20 m except for the first level, which is equal to 

3.50 m, while all bays have a span length of 6 m. Seismic-resistant perimeter K-type EBFs are located in the x-direction, 

while the interior part is composed of gravity frames (i.e., pinned beam-to-column connections and column bases). 

Composite deck slab floors are employed, producing a rigid horizontal diaphragm, providing stability to the overall 

building system. 

 

     The study focuses on the assessment of the EBFs in the x-direction. Two configurations are analysed and compared: 

the conventional EBF and the equivalent SC-EBF. The conventional EBF has been designed according to the Eurocode 

8 recommendations and successively upgraded with the proposed SC-links. 

 

     Steel S275 is used for all structural elements (i.e., columns, beams, and braces). The gravity and variable loads are 

assumed to be uniformly distributed with values of Gk = 4.5 kN/m2 and qk = 2 kN/m2 (i.e., suggested values for residential 

buildings), while the cladding load is assumed as 2.0 kN/m. The seismic mass, according to the Eurocode 8 [1] seismic 

combination, is equal to 156.1 and 154.4 tons, respectively, for the intermediate storeys and the roof. The cross-section 

profiles for the gravity columns are HE 200B at the first and second storey, while HE 180B are adopted for the third and 

fourth storey. The design earthquake at the ULS (probability of exceedance of 10% in 50 years) is defined considering a 

Type-1 elastic response spectrum with a peak ground acceleration equal to 0.35 g and soil type C [1]. The seismic action 

at the Collapse Limit State (i.e., CLS, probability of exceedance of 2% in 50 years) is assumed to have an intensity equal 

to 150% of the ULS. The behaviour factor (q) is assumed equal to 6.0 according to Eurocode 8 [1] for EBFs designed in 

Ductility Class High (DCH). The length e of the links is limited at an upper value of 1.6 Mp,link/Vp,link according to the 

provisions for short links. In addition, to achieve a global dissipative behaviour of the structure, the link overstrength (i.e., 

Ω defined as 1.5 Vp,link/VEd,i for short links according to [1]) at each storey do not exceed the minimum Ω by more than 

25% [1]. The design results are summarised in Table 1, while the Ω distribution is reported in Figure 5(a). Additionally, 

to ensure an adequate link rotation capacity, intermediate web stiffeners spaced at an interval not exceeding (30tw – d/5) 

are included, according to requirements for short links [1]. Doubler and continuity plates are used to ensure sufficient 



strength and stiffness to beam-to-column joints. Figure 5(b) shows the distribution of the interstorey drifts evaluated for 

the serviceability check at the Damage Limit State (i.e., DLS, probability of exceedance of 10% in 10 years). It is 

important to highlight that, for the considered EBF, the requirements at the ULS control the design while the serviceability 

limitations are largely satisfied. In fact, the interstorey drifts shown in Figure 5(b), are much smaller than the interstorey 

drift limit (assumed as 1%, accordingly to Eurocode 8 [1]). Finally, the P- effects are not taken into account since the 

interstorey drift sensitivity coefficient (calculated following the Eurocode requirements [1]) is less than 0.1 at all the 

storeys. Figure 6 shows the hysteretic responses of the conventional link of the EBF in terms of link transverse shear (V) 

vs. link rotation (θP).  

 

 

  
Figure 4. (a) Plan view and (b) Elevation view of the case-study building with EBF. 

 

Table 1. Design results or the EBF. 

Storey  Brace  

section 

Column 

section 

Link 

section 

Link 

length, e 

[mm] 

1st  HE 240M HE 320B HE 360B 1100 

2nd  HE 220M HE 320B HE 320B 1000 

3rd  HE 200M HE 280B HE 280B 900 

4th  HE 180M HE 280B HE 200B 600 

 

  
Figure 5. (a) Link overstrength (Ω, [1]) distribution; (b) Drift distribution for the serviceability check at DLS. 

 

    
Figure 6. Hysteretic response of conventional links in terms of link transverse shear (V) vs. link rotation (θP) for the 

EBF. 

a) b) 

a) b) 



 

3.1 Design of the damage-free self-centring links (SC-links) 

 

The EBF has been upgraded with the SC-links herein proposed. The SC-links have been designed based on the ULS limit 

state, according to the procedure presented in Section 2.3. In particular, the design action of each SC-link is provided by 

Eqn. (1), in which F represents the total storey shear demand of the EBF. According to Eqn. (5), by adopting a repartition 

factor (γSC) equal to 0.6, the design actions are equal to 0.6Fl,d and 0.4Fl,d for the self-centring system and FDs, 

respectively. Table 2 reports the design longitudinal shear forces of the SC-links and the corresponding values to define 

their components. In addition, assuming a design link rotation equal to PR = 0.08 rad, the design longitudinal sliding 

(δl,d) of the SC-links is provided by the Eqn. (2) and indicated in Table 2. Besides, the F2/F1 ratio is limited to 1.5, 

consistently to the minimum Ω value defined in the Eurocode 8 [1] for short links. 

 

     The friction pads are chosen according to the tests carried out by Cavallaro et al. [62] and consist of 8 mm thick 

thermally sprayed friction metal steel shims with a friction coefficient μ = 0.53. HV bolts of 10.9 class have been selected 

for the FDs, and high-strength bars of 10.9 class have been used for the self-centring systems. The number and the pre-

load for the bolts of the FDs and PT-bars of the SC-links are summarised in Table 3. Finally, based on Eqn. (6) disk 

springs are arranged in series and parallel, providing the equivalent stiffnesses to the self-centring systems reported in 

Table 3. The hysteretic behaviour of the SC-links, obtained by applying the formulations presented in Section 2.2, is 

illustrated in Figure 7 in terms of link transverse shear (V) vs. link rotation (θP). The EBF and SC-EBF are characterised 

by the same fundamental period of vibration T1 = 0.55 sec. The corresponding spectral accelerations at the ULS (Sa(T1)ULS) 

and the CLS (Sa(T1)CLS) are 1.2g and 1.8g, respectively. 

 

Table 2. Longitudinal shear forces and sliding of SC-links’ components of the SC-EBF. 

Storey 

Total longitudinal 

shear force, 

Fl 

[ kN ] 

Longitudinal shear 

force of the FDs, 

(1 - γSC)Fl 

[ kN ] 

Longitudinal shear force 

of the SC-system, 

γSCFl 

[ kN ] 

Longitudinal 

sliding, 

δl,d 

[ mm ] 

1st 2152 861 1291 29 

2nd 1802 721 1081 26 

3rd 1434 574 860 23 

4th 768 307 461 16 

 

Table 3. Design results of SC-links for the SC-EBF. 

Storey 

Bolts 

 

[ - ] 

Bolt 

pre-load 

[ kN ] 

PT-bars 

 

[ - ] 

PT-bar 

post-tension 

[ kN ] 

Keq 

SC-link 

[ N/mm ] 

1st 6 M22 135 4 M30 323 6899 

2nd 6 M20 113 4 M27 270 5490 

3rd 6 M18 90 4 M24 215 4434 

4th 4 M16 72 4 M20 115 5992 

 

    
Figure 7. Hysteretic response of SC-links in terms of link transverse shear (V) vs. link rotation (θP) for the SC-EBF. 

 

4. NUMERICAL MODELS AND CYCLIC RESPONSE OF THE DAMAGE-FREE SELF-CENTRING LINK 
 

4.1 SC-link properties 

 

The third storey of the case-study structure presented in the previous section is extracted to investigate the behaviour of 

a sub-assembly upgraded with the proposed SC-link and the local response of the device. The cyclic behaviour of such 

sub-assembly has been assessed considering both the EBF and the SC-EBF. The geometry of the investigated SC-link is 

illustrated in Figure 8. The SC-link depth is equal to 280 mm, and it is composed of T- and L-plates whose geometrical 



properties are summarised in Table 4. FDs are realised with S275 steel plates, characterised by a thickness of 8 mm and 

thermally sprayed with frictional metal shims with a friction coefficient μ = 0.53 [62]. Besides, steel S355 is adopted for 

the PT-bars’ anchor plates and pins’ connection plates. The anchor plates for the PT-bars have dimensions equal to 140 

× 280 × 50 mm (i.e., height, width and thickness, respectively), as shown in Figure 8. Pins with a diameter equal to 20 

mm and four connection plates are used for each pin connection. Four HV M24 10.9 class PT-bars with a length of 1.9 m 

each are employed in the SC-system. Standard disk springs with a diameter equal to 56 mm, thickness equal to 6 mm and 

height equal to 6.8 mm are used. The resistance and stiffness of each disk spring are, respectively 122 kN and 87739 

N/mm. The disk springs’ arrangement provides Keq equal to 4434 N/mm, as previously reported in Table 3. Doubler plates 

of 10 mm have been included to increase the strength and stiffness of the collector beams.  

 

Table 4. Properties of the SC-link for the third story. 

 H 

[mm] 

tw 

[mm] 

tf 

[mm] 

b 

[mm] 

L 

[mm] 

Steel grade 

T-plate 252 40 18 280 810 S275 

L-plates 252 20 18 280 810 S275 

FDs shims 244 8 - - 810 S275 – thermally sprayed 

 

 

 
Figure 8. Geometry of the SC-link for the third story (dimensions in mm). 

 

     A detailed 3-D FE model in ABAQUS [55] and a simplified 2-D FE model in OpenSees [56] of the sub-assembly of 

the third story are developed and presented in the following sections to simulate their cyclic behaviour. The 3-D FE model 

is used to capture the local behaviour of the components and validate the analytical formulation describing the behaviour 

of the device. The 2-D FE model in OpenSees is validated against the results of the 3-D FE ABAQUS model and 

successively used in Section 5 to perform non-linear time-history analyses of the entire SC-EBF to evaluate its global 

response. 

 

4.2 Finite Element (FE) model in ABAQUS 

 

3-D FE models of the third story of the case-study frames in both configurations (i.e., EBF and SC-EBF) are developed 

in ABAQUS [55]. The typical mesh and details of the models are shown in Figure 9. The eight-node linear brick element 

(C3D8R) are used in the modelling. The EBF and SC-EBF are pinned at the base (according to the assumptions made in 

Section 2.2). The models are constituted by ‘wire’ elements for columns and the portions of braces and beams away from 

the link. 3-D solid elements are adopted for the other parts (i.e., link section, portions of braces and beams close to the 

link, bolts, PT-bars and anchored plates). A ‘tie constraint’ is used to simulate welding among stiffener and beam, bracing 

and beam, column and beam. The ‘surface-to-surface’ interaction property is used to define the contact behaviour among 

friction interfaces of the FDs and steel parts. In particular, the ‘Hard Contact’ option is adopted to describe the behaviour 

of the interaction in the normal direction, whereas the tangential behaviour is modelled by adopting a ‘Penalty’ friction 

formulation with friction coefficients equal to 0.30 for interfaces among steel parts and 0.53 for FDs [62]. In addition, the 

relative motion is defined using the finite-sliding approach. It is noteworthy that no constraints are applied to attach the 

anchor plates, and the aforementioned interaction property is used to describe the contact behaviour between the anchor 

plates and the T- and L-plates corners (with friction coefficient of 0.30). The ‘bolt load’ is used to model the pre-loading 

in the bolts and the ‘apply force’ option is used to keep the force constant during the analysis. The self-centring system is 

modelled only by including the PT-bars. The disk springs are not explicitly included in the model, and their contribution 

is taken into account by assigning to the PT-bars an equivalent axial stiffness (i.e., Keq). The post-tensioning in the PT-

bars is modelled as a thermal field applying a ‘predefined field temperature’ and calibrating its magnitude to have the 

FPT,0 design value in each PT-bar. The materials’ mechanical properties are defined according to an elastic-plastic 



behaviour. In particular, Young’s modulus and Poisson ratio equal to 210 GPa and 0.3 are adopted for the elastic 

behaviour, respectively, while the plasticity is described with ‘isotropic hardening’. 

 

  

  
Figure 9. ABAQUS [55] modelling: 3-D views of (a) conventional link; (b) SC-link. 

 

4.3 Finite Element (FE) model in OpenSees 

 

2-D FE models of the EBF systems in both configurations (i.e., EBF and SC-EBF) are developed in OpenSees [56]. To 

accurately consider the interaction between bending moments and axial forces, columns, beams and bracings are modelled 

using fibre section ‘nonlinearBeamColumn’ elements with four integration points. Additionally, the ‘section Aggregator’ 

function is used to model the plastic shear capacity (i.e., Vpl,Rd as defined in [1]) of columns, beams and bracings. The 

‘Steel01’ material with 275 MPa yield strength and 0.2% post-yield stiffness ratio is employed for columns, bracings and 

beams. At beam-to-column connections, elastic elements with very high flexural stiffness are used to simulate their full-

strength rigid behaviour. The seismic links are modelled with two ‘nonlinearBeamColumn’ connected in their mid-section 

through a non-linear vertical spring modelled as a ‘zeroLength’ element. This modelling strategy is used for both 

configurations (i.e., EBF and SC-EBF). Conversely, the material assigned to the zero-length element is different between 

the two models: the ‘Steel 01’ material is adopted for conventional EBF, whereas the ‘SelfCentering’ material is used to 

model the SC-link in the SC-EBF. A very high initial stiffness is assigned to the material models for both links to account, 

in one case for the shear stiffness of the conventional link and, in the other case, for the rigid-plastic behaviour of the 

device. For the conventional link, the yield strength is equal to the plastic shear of the link (i.e., Vp,link defined in [1]) 

increased by 15%, taking into account the kinematic hardening effect not explicitly modelled in OpenSees [56]. A strain-

hardening ratio of 0.003 is used. For the SC-link, the post-gap-opening stiffness is assigned equal to k2, whereas 2FFD 

defines the amplitude (i.e., the energy dissipation provided by the FDs) of the SC-link flag-shape behaviour. 

 

4.4 Comparison of the numerical results 

 

The results of the ABAQUS [55], OpenSees [56] and the previously described analytical model are compared. Cyclic 

simulations have been performed for the two models, considering the same lateral displacement history. In particular, 

horizontal displacements are applied along z-direction (Figure 9), with an increasing amplitude at each step up to a 

maximum displacement of 32 mm, corresponding to a link rotation of about 0.07 rad. The cyclic behaviour in terms of 

lateral force (F) vs. lateral displacement (Δ) of the frame is illustrated in Figure 10(a) and Figure 10(c) for the EBF and 

the SC-EBF, respectively. Similarly, the cyclic behaviour in terms of link transverse shear (V) vs. link rotation (θP) is 

illustrated in Figure 10(b) and Figure 10(d) for the EBF and the SC-EBF, respectively. The hysteretic curves of the EBF 

have a stable cyclic behaviour characterised by cyclic hardening without degradation of the stiffness. Conversely, the 

results of the SC-EBF show that the connection proposed is able to provide the self-centring capability to the system. The 

results show a good agreement among the ABAQUS [55] and OpenSees [56] models. For large displacement, the 

ABAQUS model of the sub-assembly with SC-link (Figure 10(c) and (d)) shows a slight increase of the force predicted. 

This is due to the axial restraint provided by the pin connections for large rotations of the SC-link, with a consequent 

occurrence of tensile axial forces due to second-order effects [63, 64]. This phenomenon is not captured in the 2-D 

modelling. In addition, by comparing the analytical flag-shape behaviour of the SC-link and the numerical hysteretic 

curves (Figure 10(d)), it is possible to observe that the analytical formulas presented in Section 2.2 accurately predict the 

hysteretic response of the SC-link. 

 

b) a) 



  

  
Figure 10: Comparison of the cyclic behaviour in terms of lateral force (F) vs. lateral displacement (Δ) of the frame for 

(a) EBF and (c) SC-EBF; and in terms of link transverse shear (V) vs. link rotation (θP) for (b) EBF and (d) SC-EBF.  

 

     Figure 11(a) and (b) show the Von Mises stress distributions obtained from the ABAQUS results, corresponding to a 

lateral displacement of 32 mm (i.e., link rotation of 0.07 rad) of the sub-assembly in the frames with the conventional and 

SC-link, respectively. It can be observed that, as expected, the conventional link is subjected to extensive shear yielding 

(Figure 11(a)), resulting in large residual displacement (Figure 10(a)). Conversely, all regions of the SC-link are 

characterised by stresses lower than yielding, with only some stress concentrations in the pin connections. Additionally, 

the stresses observed at the T- and L-plates edges (ranging from about 130 MPa to 180 MPa) are due to the contact 

pressure produced by the additional axial forces developed in the PT-bars during their elongation. Furthermore, Figure 

12(a) and (b) show the plastic strains (output parameter PEEQ [55]) obtained from the ABAQUS results at the end of the 

cyclic simulation of the sub-assembly in both configurations. As expected, significant plastic deformations are observed 

for the conventional link in the web panel and in the flanges adjacent to the collector beams (Figure 12(a)). Conversely, 

Figure 12(b) shows that the introduction of the SC-link significantly reduces the plastic deformations. In fact, no residual 

deformations are observed in the elements of the SC-link (i.e., T- and L-plates, anchor plates). This validates the approach 

presented in the design procedure (Section 2.3) to avoid their yielding, hence confirming the low-yielding behaviour of 

the device. Some slight stress concentration and residual deformation (< 0.01 PEEQ) are observed at the collector beams’ 

flanges adjacent to the pin connections, due to the additional tension axial forces developed in the SC-link (previously 

shown in Figure 10(c) and (d)) for large rotations. To mitigate this phenomenon, the thickness and the length of the plates 

could be slightly increased, hence increasing the transmission area of the stresses and avoiding damage. 

 

     Figure 13(a) shows the PT-bars force (FPT) vs. the link rotation (θP) of the SC-EBF for both the ABAQUS [55] model 

and the analytical prediction showing a good agreement of the results. In addition, Figure 13(b) shows the ABAQUS [55] 

results of the bending moment (M) at different sections of the SC-link vs. the link rotation (θP) of the SC-EBF. In 

particular, M is reported for the external sections of the SC-link (right section, M - right, and left section, M - left) and at 

mid-length (M - mid length). These results verify the simplifying assumption presented in Section 2.2 used to define the 

analytical formulations. 

 

a) b) 

c) d) 



 

 

 
Figure 11. ABAQUS [55] results: Von Mises stresses corresponding to a lateral displacement of 32 mm (i.e., link 

rotation of 0.07 rad) for (a) EBF with the conventional link and (b) EBF with SC-link. 

 

 

 

 
Figure 12. ABAQUS [55] results: Equivalent plastic strain (PEEQ) at the end of the cyclic simulations for (a) EBF with 

the conventional link and (b) EBF with SC-link. 
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Figure 13. ABAQUS [55] results: (a) PT-bars force (FPT) vs. link rotation (P) and (b) bending moment (M) vs. link 

rotation (P) within the SC-link for the SC-EBF. 

 

5. SEISMIC RESPONSE OF THE SC-EBF 
 

5.1 Finite Element (FE) models of the case-study EBFs 

 

2-D FE models are developed in OpenSees [56] for the one-bay, four-storey perimeter EBF and SC-EBF in the x-direction. 

The modelling approach used for all the members (i.e., beams, columns and bracings) and the links’ (or SC-links) follows 

the one presented in Section 4.3, both for the EBF and SC-EBF. Furthermore, large displacement effects are simulated 

through the P-Δ formulation (i.e., ‘geomTransf PDelta’ [56]). Moreover, the P-Δ effects due to the gravity frame are 

included through a leaning column pinned at the base and continuous along with the height. It is connected to the frames 

through rigid trusses, and its flexural and axial stiffnesses are equal to the sum of the flexural and axial stiffnesses of the 

gravity columns contained in half of the building plan (Figure 4) [36]. Gravity loads are applied on the beams by 

considering the seismic combination of the Eurocode 8 [1], while the seismic masses are applied at beam-to-column 

intersections. In the dynamic analyses, the Newmark method with β = 0.25 and γ = 0.5 is used, and Rayleigh damping is 

adopted by considering a 2% viscous damping ratio to the first and second modes.  

 

5.2 Push-pull analysis 

 

Non-linear static push-pull analyses have been carried out for the case-study frame in both configurations (i.e., EBF and 

SC-EBF). The analyses are performed as displacement-controlled up to a roof displacement equal to 0.20 m, 

corresponding to the mean value (among all ground motion), obtained from the non-linear time history analyses for a 

seismic intensity corresponding to the ULS. The non-linear time history analyses results are described in the following 

Section 5.4. 

 

     Figure 14 shows the comparison of the push-pull results in terms of total base shear (Vb) vs. roof displacement (Δtop). 

As expected from the design, the EBF (red lines) results in large residual deformations due to yielding in shear of the 

links. Conversely, the results of the SC-EBF (blue lines) show a flag-shape behaviour of the system. 

 

     Figure 15 shows the push-pull results in terms of link transverse shear (V) vs. link rotation (θP) for all storeys. The 

comparison of the V–θP curves (Figure 15) highlights that small differences exist in the link rotation demand of the 

conventional link of the EBF and the SC-links of the SC-EBF. In particular, for the first storey (Figure 15(a)), the SC-

EBF experience slightly smaller link rotations (i.e., 0.11 vs. 0.12 rads), while for the third and fourth storeys, the SC-EBF 

experience slightly larger link rotations (i.e., 0.12 vs. 0.09 rads at the third storey and 0.13 vs 0.11 rads at the fourth 

storey). Finally, the same maximum link rotations (i.e., 0.12 rad) occur at the second storey. These differences are due to 

the slightly different post-yielding stiffness exhibited by the conventional links compared to the post-gap opening stiffness 

(i.e., Keq) in the SC-links. In the conventional links, the post-yielding stiffness is controlled through the Ω values defined 

in the Eurocode 8 [1] and previously reported in Figure 5(a). Conversely, in the SC-links Keq depends on the self-centring 

system’s design. In particular, as evidenced by Eqn. (4), its value is provided by the stiffness of the PT-bars and disk 

springs arrangement (i.e., KTB and KDS, respectively). 

 

     It is worth mentioning that the SC-EBF is characterised by a reduced energy dissipation capacity with respect to the 

EBF, as shown in Figure 14 and Figure 15. This is a typical characteristic of self-centring systems due to their flag-shape 

behaviour [20], and the effects on the seismic response of the frame are discussed in the following section. 

 

a) b) 



 

Figure 14. OpenSees [56] results: Push-pull results in terms of total base shear (Vb) vs. roof displacement (Δtop) for EBF 

and SC-EBF. 

 

    
Figure 15. OpenSees [56] results: Push-pull results in terms of link transverse shear (V) vs. link rotation (θP) for EBF 

and SC-EBF. 

 

5.3 Ground motion selection and scaling to perform time history analyses 

 

A set of 30 natural ground motion records is selected in this study to account for the record-to-record variability and 

evaluate the seismic response of the case-study structures through IDAs [65]. The set is selected using REXEL [66], 

considering a 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. The ground motions set is selected to match, on average, the Eurocode 8 

elastic response spectrum [1] adopted for the design, considering upper and lower tolerance limits equal to 30% and 25%, 

respectively. A large number of zeros acceleration points (i.e., 40 s) is added at the end of each record in order to allow 

the free vibrations to stop and to correctly capture the residual displacements. The spectral acceleration corresponding to 

the first vibration mode (Sa(T1)) is assumed as IM, and the IDAs are performed by scaling each ground motion record to 

increasing IM values with a constant step of 0.1g. Figure 16(a) and (b) show the selected spectra and the scaled spectra at 

the ULS intensity, respectively. 

 

  
Figure 16. (a) Spectra of the selected ground motion records; (b) Spectra scaled at the ULS intensity. 

 

a) b) 



5.4 Incremental Dynamic Analyses (IDAs) 

 

The seismic performance of the EBF and SC-EBF is evaluated through IDAs [65]. Peak and residual interstorey drifts 

(θmax-peak and θmax-res), as well as peak and residual link rotations (θP,max-peak and θP,max-res), are selected as EDPs, and the 

results are expressed by means of the maximum values obtained among all the storey of the structures. The threshold 

values of the residual drifts for DS1 and DS2 suggested by the FEMA P-58 [44], corresponding respectively to θres-DS1 = 

0.2% and θres-DS2 = 0.5% are considered to evaluate the self-centring capability of the structures. The seismic intensity is 

reported as dimensionless quantity, i.e., IMN, defined by the ratio between the IM value and the corresponding spectral 

acceleration at the ULS, Sa(T1)ULS. In this way, the IMN intensities which identify the DLS, the ULS and the CLS limit 

states are equal to 0.5, 1.0 and 1.5, respectively. It is important to highlight that the vibration periods, and consequently 

the IMN intensities, are the same for the EBF and SC-EBF hence allowing the comparison of the IDA results. 

 

     Figure 17 shows the results of the IDAs. The red and blue lines represent the individual IDA curves for the EBF and 

the SC-EBF, respectively. The results are synthesised through the 16%, 50% and 84% fractiles among all ground motions, 

as indicated from the bold lines (for the 50% fractile) and the filled areas (for the 16% and 84% fractiles). Additionally, 

to compare the seismic responses of the frames (EBF and SC-EBF), the percentage reduction (Δ) of the median values 

(50% fractile) is reported for the seismic intensities of interest. 

 

     Figure 17(a) and (b) show the results of the IDAs in terms of peak EDPs (i.e., θmax-peak and θP,max-peak). Highlighted in 

Figure 17(b) is PR value (i.e., the design target rotation). For the θmax-peak (Figure 17(a)), the 50% fractile in the EBF at 

the ULS and CLS levels are 1.55% and 2.79%, respectively, compared to 1.96% and 3.42% in the SC-EBF. Besides, 

θP,max-peak (Figure 17(b)) in the EBF experiences values equal to 0.09 rad and 0.17 rad at the ULS and the CLS, 

respectively, in comparison with 0.12 rad and 0.30 rad in the SC-EBF. These values show that using the SC-links 

increases the frame’s response at peak, both in terms of interstorey drifts and link rotations. In particular, as indicated 

from the Δ values, an increment between 24% and 37% is observed for θmax-peak,50%, while greater dispersion occurs for 

θP,max-peak,50% (i.e., 105% at DLS, 38% at ULS and 63% at CLS). The aforementioned results allow some observations. In 

particular, in the EBF θP,max-peak reached values close to PR at the ULS according to the seismic demand in terms of link 

rotation provided by the seismic code [1] for designing short links, ensuring the link rotation capacity hence preventing 

local fracture risk in the links. Conversely, greater link rotation demand should be taken into account for the CLS. In the 

SC-EBF, the increment of the peak deformation parameters is a consequence of the minor dissipation capacity of the SC-

EBF. This effect does not compromise the self-centring capacity of the structure but highlights the need for careful 

considerations in the design, accounting for the lower dissipation capacity of the system. 

 

     Figure 17(c) and (d) show the results of the IDAs in terms of residual EDPs (i.e., θmax-res and θP,max-res). The horizontal 

lines indicate the values for θres-DS1 and θres-DS2 [44]. In the EBF the 50% fractile of θmax-res (Figure 17(c)) is 0.3% and 0.4% 

at ULS and CLS, respectively. These values meet the threshold limit θres-DS2 but are higher than θres-DS1, indicating the 

need to realign the frame after a rare seismic event. The median value of θP,max-res (Figure 17(d)) experiences values equal 

to 0.02 rad and 0.03 rad at the ULS and the CLS, respectively. Conversely, for the SC-EBF the 50% fractile both in terms 

of θmax-res and θP,max-res is almost zero for all the IMN, ensuring the reparability of the structures without the need for 

realignment [44]. These results show that the introduction of the SC-links allows obtaining a significant improvement in 

terms of residual interstorey drifts. Besides, this is evidenced by the Δ values, which indicate a high percentage reduction 

for all the IMN both in terms of θmax-res and θP,max-res. 
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Figure 17. IDA comparison in terms of (a) peak interstorey drifts and (b) peak link rotations for the case-study frames 

(c) residual interstorey drifts, and (d) residual link rotations for the case-study frames. 

 

     Figure 18 shows the seismic response of the two configurations in terms of first story displacement time histories for 

a single ground motion record scaled at ULS (Figure 18(a)) and CLS (Figure 18(b)) intensities. The comparison of the 

responses for the EBF and SC-EBF shows how the proposed SC-link provides significant improvements in terms of 

residual drifts reduction, ensuring the reparability of the building. The figures further highlight how the peak displacement 

response is higher in the SC-EBF at both intensities. 

 

     Figure 19(a) and (b) show the distribution among the storeys of the peak interstorey drifts (θmax) and peak link rotations 

(θP,max) at the ULS. The 50% fractile of the aforementioned quantities among all ground motion is highlighted with bold 

lines (i.e., red and blue bold lines for EBF and SC-EBF, respectively). The results show that the increase of both the θmax 

and θP,max in the SC-EBF is higher at the upper storeys of the structure, while smaller increments of the aforementioned 

parameters are observed at the first storey. Similarly, Figure 19(c) and (d) show the distribution among the storeys of the 

residual interstorey drifts (θres) and the residual link rotations (θP,res) at the ULS. The results show that the use of SC-links 

allows for eliminating the residual drifts at all the storeys. 

 

  
Figure 18. Comparison of the first-storey displacement time-history for a single ground motion record scaled at (a) ULS 

and (b) CLS intensities. 
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Figure 19. IDA comparison in terms of vertical profiles for (a) peak interstorey drift; (b) residual interstorey drift; (c) 

peak link rotation; (d) residual link rotation for the case-study frames at the ULS. 

 

     Figure 20 shows the variation of the Fmax/F1 ratio for all the storeys of the SC-EBF. Fmax is the maximum longitudinal 

shear force registered in the SC-links during the non-linear time history analyses, and F1 represents the design longitudinal 

shear force adopted for designing the SC-links. The 50% fractile among all ground motions is highlighted in the figures 

with solid lines, while the single IDA data are reported as cloud data. 

 

     This figure shows that at the ULS, which represents the design limit state for the SC-links, the median Fmax/F1 ratio is 

close to 1.5 at all storeys, as expected from the design assumption (F2/F1 ratio is limited to 1.5). Conversely, an increase 

in this value is observed for seismic intensity higher than the ULS. In particular, at the CLS the 50% fractile of the Fmax/F1 

ratio is equal to 1.78, 1.88, 1.78 and 2.62, respectively, from the first to the fourth storeys. It is important to observe that 

high Fmax/F1 ratios can affect the damage-free behaviour of the SC-links, due to high longitudinal shear forces acting in 

the SC-links, which can result in the yielding of the T-plate, L-plates, pin connections and anchor plates. For this reason, 

further limitations of the F2/F1 ratio could be required in the design procedure to account for the strain-hardening of the 

SC-links. 

 

 

    
Figure 20. Evolution of the maximum longitudinal shear force acting in the SC-links (Fmax) and link’s design 

longitudinal shear force (F1) ratio for SC-EBF. 
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6. CONCLUSIONS 
 

This paper presents a damage-free self-centring link (SC-link) for eccentrically braced frames (EBFs). The SC-link uses 

post-tensioned high-strength steel bars with disk springs to control the self-centring capacity of the frame and friction 

devices to dissipate seismic energy. The flag-shape behaviour and the analytical equations governing the global behaviour 

of the connection are provided. A four-storey EBF is designed according to Eurocode 8 provisions with conventional 

short links and upgraded with the proposed SC-link. The third storey of the structure is extracted to develop refined 3-D 

finite element (FE) models in ABAQUS. The results of the 3-D FE simulations are used to investigate the local behaviour 

of the connection and validate the accuracy of the analytical predictions. Based on the 3-D FE modelling results, a 2-D 

simplified nonlinear FE model is developed in OpenSees. Non-linear static push-pull analysis and Incremental Dynamic 

Analysis are carried out. A set of 30 ground motion records is used to perform non-linear dynamic analyses accounting 

for the record-to-record variability. The seismic performances of the EBF with conventional links and the EBF with SC-

links are investigated and compared. The spectral acceleration corresponding to the fundamental period of vibration is 

used as intensity measure (IM). Residual and peak interstorey drifts, as well as residual and peak link rotations are 

identified as Engineering Demand Parameters (EDPs). The results of the conventional and upgraded systems are 

compared, showing the influence of the SC-links on the seismic performance of the frames. The following main outcomes 

can be drawn: (1) the ABAQUS results show that the proposed SC-link is characterised by a damage-free behaviour and 

is able to restore the frame at the initial configuration, providing the flag-shape hysteretic response; (2) a good agreement 

is observed between the hysteretical behaviour obtained from numerical simulations and predicted by the analytical 

formulations; (3) the OpenSees results show that the introduction of the proposed SC-link in conventional EBF allows 

limiting/avoiding the residual interstorey drifts for the whole range of intensity measure values investigated, ensuring the 

repairability of the structures without the need for realignment; (4) the reduced dissipation capacity of the self-centring 

system produces an increase of the peak values of the frame responses, both in terms of interstorey drifts and link rotations. 

This effect does not compromise the self-centring capability of the structures (as demonstrated by the residual maximum 

interstorey drift and residual maximum link rotation results). However, it highlights the need to carefully consider the 

lower dissipation capacity of the self-centring structures in the design phase. 
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