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1 Introduction 

According to current seismic codes (i.e., [1]), Eccentrically 
Braced Frames (EBFs) are designed to sustain strong 
earthquakes by promoting the dissipation of the seismic 
input energy through yielding of the seismic links, which 
are conventionally made continuous with the collector 
beams. This codified design approach meets the required 
safety performance level but implies the development of 
significant damage and residual deformations, which could 
limit the repairability of the structures [2]. Innovative sys-
tems addressing these drawbacks proposed the use of re-
placeable links. In these solutions, the seismic links are 
separate from the non-dissipative elements employing 
link-beam end-plate or web connections [3],[4], or brace 
attachments [5]. Nevertheless, although replaceable links 
allow for isolating the damaged links, the replacement pro-
cess could be limited by residual deformations (due to the 
residual misalignment of the links’ ends). FEMA P-58 [6] 
identifies two damage states in terms of residual defor-
mations. Damage State 1 (DS1), with a drift limit of 0.2%, 
corresponds to damage conditions where structures can 
be repaired without the need for realignment. Damage 
State 2 (DS2), with a drift limit of 0.5%, represent the 
limit over which reparation of the structure is typically not 

economically convenient, and the option of demolition/re-
construction may be preferred. Similarly to DS2, McCor-
mick et al. [7] suggest a permissible residual drift of 0.5% 
to allow the repairability of the structures.  

Self-centring structures have been developed over the 
year to control structural damage and improve self-cen-
tring capabilities [8]-[13]. Self-centring solutions for EBFs 
have been proposed only recently. Among others, Dubina 
et al. [14] investigated a combination of EBFs with remov-
able links and elastic Moment Resisting Frames (MRFs) to 
prevent residual deformations. Further studies focused on 
self-centring systems for EBFs using elastic gap-opening 
mechanisms at beam-to-link [15] or beam-to-column in-
terfaces [16],[17]. Moreover, other solutions are based on 
the use of super-elastic shape memory alloy (SMA) ele-
ments [18]-[20].  

Within this context, the authors have recently proposed a 
damage-free self-centring link (SC-link) for EBFs [21]. The 
seismic device, located between the collector beams and 
connected through pins, employs post-tensioned high-
strength steel bars (PT-bars) with disk springs to control 
the self-centring capacity of the frame and friction devices 
(FDs) to dissipate seismic energy. The SC-link is composed 
of a T-plate and two L-plates connected to the top and 
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bottom flanges of the beams, as shown in Figure 1. The 
FDs are made of friction pads, pre-stressed with high-
strength bolts, placed at the interface of the T- and L-ele-
ments, and realised with slotted holes designed to accom-
modate the gap opening. The disk springs are arranged in 
parallel and series to provide sufficient deformability to the 
connection and an adaptable stiffness-resistance combina-
tion. 

This paper presents the experimental test’s results to 
characterise the SC-link’s cyclic response and verify its 
self-centring capacity. The SC-link is designed and tested 
under cyclic loading according to the AISC standardised 
protocol. 3D Finite Element (FE) models have been devel-
oped in ABAQUS [23] and validated against test results to 
investigate the local response of the device. Moreover, to 
evaluate the effects of the proposed device on the seismic 
performance of EBFs, a six-storey case-study structure is 
designed according to Eurocode 8 and successively up-
graded with SC-links. The seismic performances of the 
EBFs with conventional links (EBF) and with SC-links (SC-
EBF) have been investigated and compared by performing 
Incremental Dynamic Analyses (IDAs) on simplified two-
dimensional (2D) models in OpenSees [24]. 

 

 
Figure 1 Proposed damage-free self-centring link for EBFs. 

2 Damage-free self-centring link 

2.1 Seismic demand and cyclic behaviour 

This section describes the primary assumption and the 
adopted analytical model to describe the seismic response 
of the device in terms of forces and displacement/rotation. 
According to Kasai [25], analytical formulations describing 
the frame’s force-displacement (or moment-rotation) re-
sponse can be defined considering an EBF sub-assembly 
hinged at the base. With this simplification, the deformed 
shape and the free-body diagram of the forces acting on a 
generic EBF can be represented in Figure 2(a) and (b), 

respectively, together with the relationship between the 
deformation parameters and the internal forces acting on 
the isolated SC-link. Notably, the forces acting along the 
x-direction on the SC-link are longitudinal shear forces 
(Fl), while transverse shear forces (V) act along the z-di-
rection. As a result, the expected internal forces can be 
obtained as follows: 

𝑽 =  
𝑭𝑯

𝑳
;    𝑴 =

𝑽𝒆

𝟐
;    𝑭𝒍 =

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, 
respectively, the flange thickness and the section height 
of the link. Figure 2(c) shows the SC-link’s rotation gener-
ating the gap-opening mechanism of the connection and 
the corresponding longitudinal sliding (denoted with δl) 
between the SC-link’s section element (i.e., T- and L-
plates), which can be estimated by applying the following 
relation: 

𝜹𝒍 ≅ 𝜽𝑷 𝒉𝒅 − 𝒕𝒇      (2) 

where θP represents the rotation between the link and the 
beam, and it is related to the geometrical properties of the 
frame according to the equation provided in Figure 2(a). 
Finally, the flag-shaped cyclic loop of the SC-link is shown 
in Figure 2(d) in terms of longitudinal shear force and lon-
gitudinal sliding (Fl vs δl). The longitudinal shear forces 
defining the entire cycle depend on three primary param-
eters: FPT,0, FFD and ΔFPT. FPT,0 is the initial post-tensioning 
force applied to the PT-bars; FFD is the sliding force devel-
oped at the friction interfaces; ΔFPT is the increase of axial 
force in the PT-bars due to their elongation during the SC-
link rotation and can be calculated as follows: 

∆𝑭𝑷𝑻 = 𝑲𝒆𝒒𝜹𝒍     (3) 

where  is the friction coefficient of the friction interfaces; 
ns and nb are, respectively, the number of friction surfaces 
and bolts employed in the FDs; Keq is the equivalent axial 
stiffness of the self-centring system, composed of PT-bars 
and disk springs defined as [21]: 

𝑲𝒆𝒒 =
𝑲𝑷𝑻𝑲𝒅𝒔

𝑲𝑷𝑻 𝑲𝒅𝒔
;  𝑲𝑷𝑻 =

𝒏𝑷𝑻𝑬𝑷𝑻𝑨𝑷𝑻

𝒍𝑷𝑻
;  𝑲𝒅𝒔 =

𝒏𝒅𝒔,𝒑𝒂𝒓

𝒏𝒅𝒔,𝒔𝒆𝒓
𝑲𝒅𝒔,𝟏; (4) 

By referring to the Fl vs δl behaviour (Figure 2(d)), from a 
design point of view, the self-centring capability of the de-
vice is achieved if the initial post-tension in the PT-bars is 
higher than the slippage force acting in the FDs. Specifi-
cally: 

𝑭𝟒 ≥ 𝟎 → 𝑭𝑷𝑻,𝟎 ≥ 𝑭𝑭𝑫     (5) 

The interested reader can refer to Lettieri et al. [21] for 
additional details on the behaviour of the proposed SC-
link. 
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Figure 2 (a) Deformed shape of the EBF; (b) free body diagram of the EBF; (c) deformed configuration of the SC-link and internal forces; (d) 
longitudinal shear force vs longitudinal sliding relationship. 

2.2 Design procedure 

The design of the SC-link is based on the structural analy-
sis of the ‘equivalent’ conventional EBF system at the de-
sign limit state (i.e., Ultimate Limit State – ULS). The de-
vice is defined by proportioning (i) self-centring system, 
which is composed of PT-bars, anchor plates and disk 
springs; (ii) FDs; (iii) SC-link section properties (T- and L-
plate geometry); (iv) pin connections. According to the an-
alytical model presented in the previous section, the design 
actions are derived from Eqn. (1) considering F as the 
equivalent lateral force to the seismic design action. More-
over, the design longitudinal sliding (δl,d) is derived from 
Eqn. (2) considering θP as the design link rotation. 

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). The design 
longitudinal shear force of the self-centring system 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 according to the following relation-
ships: 

𝒏𝒅𝒔,𝒑𝒂𝒓 ≥
𝑵𝒚,𝑷𝑻

𝑭𝒅𝒔,𝟏
     (6) 

𝒏𝒅𝒔,𝒔𝒆𝒓 ≥ 𝒏𝒅𝒔,𝒑𝒂𝒓𝑲𝒅𝒔,𝟏
𝑲𝑷𝑻 𝑲𝒆𝒒,𝟏

𝑲𝒆𝒒,𝟏𝑲𝑷𝑻
;  𝑲𝒆𝒒,𝟏 =

𝑵𝒚,𝑷𝑻𝑵𝑷𝑻,𝟎

𝜹𝒍,𝒅
 (7) 

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. Successively, the anchor 
plates for the PT-bars are designed to have sufficient stiff-
ness, guaranteeing the complete transmission of the re-
storing forces to the SC-link. 

The FDs are designed such that the slippage force (FFD) on 
the FD interfaces resists the remaining design longitudinal 
shear force. 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 (Fp,Cd) defined in the Eurocode 3 [26]. 

The pin connections of the T- and L-plates should be de-
signed to remain elastic and thus verified against F2, V2 
and M2 (maximum longitudinal shear force, maximum 
transverse shear and maximum bending moment, respec-
tively). Furthermore, to allow the gap-opening mechanism 
of the SC-link, the T-plate’s holes are designed to accom-
modate δl,d. The pin connections are designed to transmit 
the transverse shear forces and bending moments accord-
ing to Eurocode 3 requirements [26]. Additional details on 
the design procedure are provided in Lettieri et al. [21]. 

3 Experimental campaign 

A SC-link has been designed following the design proce-
dure described in Section 2 and tested under cyclic loading. 
The specimen includes the SC-link connected to a portion 
of the external beams through pin connections (Figure 
3(a)). The plates constituting the T-, L-plates, the external 
beams and the pin connections are welded by complete-
joint-penetration (CJP) groove welds. S355 is adopted for 
all components. 

The self-centring system is realised employing two 
threaded high-strength M20 PT bars of 10.9 class, and the 
disk springs system consists of Belleville Disk Springs DIN 
6796 arranged with one disk in parallel and 26 disks in 
series. FDs employ four M10 bolts of 10.9 class and friction 
interfaces with a friction coefficient of 0.53 based on pre-
vious experimental studies [27]. The initial post-tensioning 
axial force (FPT,0) applied to the self-centring system is 
equal to 80 kN, while the bolt pre-loading force in the FDs 
provides a frictional sliding force (FFD) equal to 35 kN. It is 
noteworthy that the aforementioned forces act as longitu-
dinal shear forces. The corresponding transversal shear 
forces can be derived by applying Eqn. (1) and are respec-
tively equal to 28 kN and 18 kN for FPT,0 and FFD. 

a) b) 

c) d) 
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The test setup is shown in Figure 3(a). The SC-link speci-
men was bolted into the setup between the loading system 
and the foundation. The actuator’s centroid passed 
through the link’s mid-span, ensuring the application of 
equal and opposite bending moments at the SC-link’s 
ends. Linear variable differential transformers (LVDTs) 
were used to measure the deformation of the specimen. At 
the same time, strain gauges were employed to monitor 
the strains in the external beams and the axial load of the 
PT-bars. Cyclic loading was applied to the SC-link using the 
standardised protocol specified in the AISC provision [22] 
for testing EBF link-to-column connections. Figure 3(b) re-
ports the test results regarding transverse shear (V) ap-
plied and lateral displacement. 

4 Numerical simulations 

4.1 Local behaviour 

3D FE models of the specimen have been developed in 
ABAQUS [23] (Figure 3(c)). The FE model includes only the 
SC-link specimen, and eight-node linear brick elements 
(C3D8R) are used in the modelling. A ‘tie constraint’ sim-
ulates welding among the plated employed into the pin 

connections. The ‘surface-to-surface’ interaction property 
defines the FDs’ contact behaviour among friction inter-
faces. The ‘bolt load’ is used to model the pre-loading in 
the bolts. In contrast, post-tensioning in the PT-bars is 
modelled by applying a ‘predefined field temperature’. Ad-
ditional modelling details can be found in Lettieri et al. 
[21]. 

Cyclic simulation has been performed and validated 
against the experimental results (Figure 3(b)). Addition-
ally, the analytical cyclic response obtained based on the 
relationship described in Section 2.1 is reported in Figure 
3(b). The comparison between the experimental, numeri-
cal, and analytical results shows a good correlation, denot-
ing an accurate representation of the SC-link’s behaviour 
in the numerical simulations. The experimental and nu-
merical results for large displacement show an increase in 
the force predicted due to second-order effects not in-
cluded in the analytical model. Finally, the Von Mises stress 
distribution is reported in Figure 3(d) for a SC-link dis-
placement equal to 30 mm. The stress distributions con-
firm the investigated detail’s low-yielding behaviour, high-
lighting only the minor yielding of some components (pin 
connections in Figure 3(d)). 

  

 

 

Figure 3 (a) Experimental setup and instrumentation; (b) test results in terms of transverse shear (V) vs displacement; (c) overview of the 3D 
ABAQUS model; (d) Von mises stress distribution corresponding to a displacement of 30 mm. 

4.2 Global response 

A six-storey EBF has been designed according to Eurocode 
8 with conventional links and successively upgraded with 
SC-links. The considered EBF is the lateral resisting system 
of a building whose geometrical properties are shown in 
Figure 4. The EBF with conventional links is designed con-
sidering a uniform permanent load Gk = 4.5 kN/m2, a uni-
form variable load qk = 2.0 kN/m2 and claddings weighing 
2.0 kN/m. A Type-1 elastic response spectrum with a peak 
ground acceleration equal to 0.35g and soil type C has 
been considered to define the seismic design actions at 

ULS [1]. The behaviour factor is assumed to equal 6 ac-
cording to Eurocode 8 for EBF in DCH [1]. The lengths e of 
the links are limited at an upper value of 1.6 Mp,link/Vp,link 
according to the provisions for short links. Steel S275 is 
employed for all structural elements (i.e., columns, beams, 
and braces). The design results for the conventional EBF 
are reported in Figure 4. 

The SC-links employed in the upgraded configuration have 
been designed according to the procedure presented in 
Section 2.2. According to Eqn (5), the design actions are 
equal to 0.6Fl and 0.4Fl for the self-centring system and 
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FDs, respectively. A design link rotation equal to 0.08 rad 
is assumed, and Eqn. (2) provides the corresponding lon-
gitudinal sliding. The F2/F1 ratio (Figure 2(d)) is limited to 
1.5 according to the link overstrength () defined for short 
conventional links in [1]. Friction pads are chosen accord-
ing to previous experimental tests by Cavallaro et al. [27] 
with a friction coefficient equal to 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 sys-
tem. Disk springs are finally arranged in series and parallel 
according to Eqns. (6)-(7). 

 
Figure 4 Plan and elevation view of the case-study buildings. 

The seismic performance of the EBF and SC-EBF is evalu-
ated and compared. 2D FE models of the systems have 
been developed in OpenSees according to the modelling 
approach described in Lettieri et al. [21]. The structures 
are characterised by the same fundamental period of vi-
bration of 0.79 sec. The corresponding first-mode spectral 
acceleration at the ULS is equal to 0.90g. The seismic re-
sponses have been evaluated through IDAs. A set of 30 
natural ground motion records selected using REXEL [29] 
is used, and peak and residual interstorey drifts (θmax-peak 
and θmax-res) are monitored during the analysis. The spec-
tral acceleration corresponding to the first vibration mode 
(Sa(T1)) is assumed as Intensity Measure (IM) and re-
ported as the ratio between the IM value and the corre-
sponding spectral acceleration at the ULS, Sa(T1)ULS. The 
threshold values of the residual drifts for DS1 and DS2 
suggested by the FEMA P-58 [6], corresponding respec-
tively to θres-DS1 = 0.2% and θres-DS2 = 0.5%, are considered 
to evaluate the self-centring capability of the structures. 
Figure 5 shows the IDA [28] results in terms of peak and 
residual quantities (Figure 5(a) and (b), respectively). It is 
possible to observe that the SC-EBF configuration experi-
ences higher values of θmax-peak (Figure 5(a)) than the tra-
ditional structure (EBF), denoting an increase in the 
frame’s response at peak. Conversely, Figure 5(b) demon-
strates that introducing SC-links in the SC-EBF allows a 
significant reduction of residual deformations, ensuring the 
repairability of the structure without the need for realign-
ment.  

 

 
Figure 5 IDAs comparison in terms of (a) peak and (b) residual inter-
storey drift. 

5 Conclusions 

This paper presents the experimental characterisation of 
the damage-free self-centring link’s cyclic response re-
cently proposed by the authors. The proposed device is 
tested under cyclic loading according to the AISC stand-
ardised protocol. Numerical simulations have been per-
formed in ABAQUS and validated against test results. Aim-
ing to capture the main effects of the proposed device’s 
introduction on the seismic performance of Eccentrically 
Braced Frames, a six-storey case-study structure is de-
signed according to Eurocode 8 and successively upgraded 
with damage-free self-centring links. The seismic perfor-
mance of the systems has been investigated and compared 
by performing Incremental Dynamic Analyses on simplified 
two-dimensional models in OpenSees. The experimental 
tests demonstrated the potential of the innovative device 
to be used in seismic resilient Eccentrically Braced Frames 
since it can avoid residual deformations. The numerical re-
sults show that the introduction of the proposed and inves-
tigated connection increases the seismic response of the 
structures at peak and eliminates residual deformations. 
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