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Abstract. Earthquake resilient steel frames, such as Self-Centring Moment Re-
sisting Frames (SC-MRFs) or Concentrically Braced Frames (SC-CBFs), have
been widely studied during the past few years while little attention has been paid
to the development of self-centring solutions based on Eccentrically Braced
Frames (EBFs). The present paper investigates a possible solution for damage-
free self-centring EBFs relying on the use of a damage-free self-centring devices
as seismic link. The device uses post-tensioned high-strength steel bars with disks
springs to control the self-centring behaviour and friction devices to dissipate
seismic energy. A four-storey EBF is designed according to the Eurocode 8 and
the third storey of the structure is extracted to investigate the behaviour of a sub-
assembly upgraded with the proposed seismic device. A 3D nonlinear finite ele-
ment model of the device is developed in ABAQUS to evaluate the local behav-
iour. The results of the conventional and upgraded systems are compared, show-
ing the effectiveness of the solution.

Keywords: Steel Structures, Eccentrically Braced Frames, Damage-Free Self-
Centring Links, Structural Resilience, Residual Drifts.

1 Introduction

According to current design codes [1-2], Eccentrically Braced Frames (EBFS), in
their traditional configuration, are designed to dissipate the seismic input energy by
developing plastic deformations in a segment of the beams denoted as “seismic link” or
simply “link”. However, this results in significant economic losses and permanent plas-
tic deformations which could compromise building reparability [3-4]. To overcome
these drawbacks, self-centring steel structural systems have been developed over the
past decade [5-8]. Only a few research studies focused on the use of EBFs including
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solutions for residual drifts reductions. Among others, Dubina et al [9] and loan et al.
[10], investigated a combination of EBFs with removable links and elastic Moment
Resisting Frames (MRFs) to reduce or eliminate residual displacements during the rep-
aration process. Cheng et al. [11] investigated a self-centring link beam of EBF in which
the rocking interface is located at the interface of the link beam and adjacent beams. Xu
et al. [12] presented a self-centring EBF system incorporating post-tensioned high
strength steel tendons and super-elastic shape memory alloy bolts. Tong et al. [13] pre-
sented the results of an experimental study of D-type self-centring EBF composed of
post-tensioned strands and replaceable hysteretic damping devices.

Within this framework, this paper presents a damage-free self-centring link for
EBFs, which uses 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. To investigate the seismic behaviour of this system, finite element (FE)
simulations are performed in ABAQUS [14] on a sub-assembly extracted from a four-
storey structure designed according to EC8 provisions.

2 Damage free self-centring link

Fig. 1 shows the damage-free self-centring device (SC-link) for EBFs investigated
in the present study. It consists of a seismic device placed between the collector beams
of an EBF, connected to them through pins. The SC-link is composed of a T-plate and
two L-plates connected to the top and bottom flanges of the beams. The damping mech-
anism of the connection is provided by the longitudinal sliding between the T-plate and
L-plates during the rotation of the SC-link. To dissipate the seismic energy, 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. The
slotted holes are designed to accommodate a rotation of 0.08 rad, representing the max-
imum seismic demand assumed by Eurocode 8 for short links under severe seismic
events [1]. The self-centring capability is provided by PT-bars placed symmetrically
and anchored outside the section of the SC-Link. Besides, disk springs arranged in se-
ries and parallel are installed to ensure sufficient deformability to the bars.
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Fig. 1. Concept of the proposed damage-free self-centring link.

Fig. 2(a) shows the forces of the components during the sliding of the SC-link. Fig. 2(b)
shows the flag shape cyclic relationship of the SC-link in terms of longitudinal force
acting on the link (i.e., F), and longitudinal sliding (i.e., 61). The force Fy is the initial



post-tensioning of the re-centring system (i.e., Fpr,0), the longitudinal force Fep repre-
sents the sliding forces in the friction pads, while the force A4Fpr is function of the stiff-
ness of the re-centring system (i.e., PT bars and disk springs), and is given by:

AFpr = Keq(sl (1)
where Keq represents the equivalent axial stiffness of the re-centring system defined as:
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where npt is the number of the PT bars employed in the connection, Ngs par and Ngs ser are
the number of disk springs arranged in parallel and in series, respectively, and Kgs is
the stiffness of the single disk spring.

a) b)

Fig. 2. (a) Forces acting in the self-centring link during rotation; (b) Theoretical longitudinal
force-displacement (Fi-4i) relationship.

By referring to the Fi-0; behaviour, the self-centring capability of the SC-link is
achieved if the following relation is satisfied:

F, 20 - Fpro = Fpp (3)

3 Case-study

A four-storey EBF designed according to EC8 has been considered for case study
purposes (see Fig. 3). To preliminarily assess the performance of the proposed SC-link,
the third storey of the frame has been extracted, and the cyclic behaviour of such sub-
assembly has been assessed considering the conventional configuration and the one
upgraded with the SC-link. The Type-1 elastic response spectrum with a peak ground
acceleration (PGA) equal to 0.35 g and soil type C has been considered to define the
seismic design actions (i.e., Design-Based Earthquake) [1]. The behaviour factor is as-
sumed equal to g = 6.5 according to Eurocode 8 for EBF in DCH [1]. The length e of
the links is limited at an upper value of 1.6 My, in/Vp,iink according to the provisions for
short links. Additionally, according to requirements for short links [1], intermediate
web stiffeners spaced at an interval not exceeding (30tw — d/5) are included. Steel S275
is employed for all structural elements (i.e., columns, beams, and braces). The design



results are summarised in Table 1. Fig. 4(a) and (b) show the sub-assembly selected in
the configuration with the traditional link and with the SC-link, respectively. As sug-
gested by Kasai et al. [15] at the ultimate conditions, corresponding to the maximum
value of the rotation between the link and the beam (i.e., 6p equal to 0.08 rad for short
links), the bending moments transferred by the columns and bracings of the upper and
lower storeys are neglected, hence the static schemes of the sub-assemblies can be as-
sumed hinged at the base. The SC-link has high equal to 280 mm, and it is composed
of T and L plates whose geometrical properties are reported in Table 2. As indicated in
Fig. 4, the link length in the two configurations is different. In fact, in the traditional
EBF, the link length represents the distance between the two ends of the bracings,
whereas, in the SC-link, it is the distance between pin connection centres.
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Fig. 3. (a) Plan view of the building; (b) Elevation view of the EBF.
Table 1. Design results for the four-storey EBF.
Storey Brace Column Link Link
section section section length [mm]
18t HE 220M HE 320B HE 360B 1100
2nd HE 220M HE 320B HE 320B 1000
3rd HE 200M HE 280B HE 280B 900
4th HE 160M HE 280B HE 200B 800
a) intermediate b) stiffened
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Fig. 4. (a) Static scheme of the case-study with traditional link; (b) Static scheme of the
case-study upgraded with SC-link.



Table 2. Geometrical properties of the SC-link.

h [mm] tw [mm] ts [mm] b [mm] Steel grade
T-plate 126 40 18 280 S275
L-plates 126 20 18 280 S275

4 Design of the damage-free self-centring link

To design each component of the SC-link (i.e., re-centring system and FDs), the longi-
tudinal force acting on the link is derived. In particular, according to the methodology
proposed by Kasai et al. [15] the moment equilibrium around a column base point of
the free-body diagram of the forces acting on a generic EBF panel (Fig. 5), provides
the following relation:

M FHe
Fl =2 hd—t'f - L(hd—tf) (4)

where Fy is the longitudinal force of the SC-link, F is the lateral force of the storey, t; is
the flange thickness of the link section.
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Fig. 5. Free-body diagram of the forces acting on EBF system.

Considering the static scheme reported in Fig. 4(b) subjected to a seismic lateral force
of 723 kN, a longitudinal design force (i.e., Fi4) equal to 809 kN is derived from Eqn.
(5). According to Eqgn. (8), in order to provide the self-centring capability of the frame,
a force equal to 0.4 F, 4 is considered as the action for the design of the FDs, whereas
0.6 Fiq represents the design action for the re-centring system. Successively, the FDs,
the PT-bars and the disk springs are designed. The friction pads are chosen according
to the results of previous tests carried out by Cavallaro et al. [16] and consist of 8 mm
of thermally sprayed friction metal steel shims with friction coefficient equal to 0.53
(i.e., ). Adopting HV M18 10.9 class bolts and a reduction factor y equal to 0.4, six
bolts are used to develop the required friction force, as derived from Eqn. (5) and con-
sidering a sliding force equal to the design action of the FDs. Given the design action
of the self-centring system, four M20 threaded bars with a maximum post-tensioning



capacity of 156 kN each is adopted to provide the self-centring behaviour. Assuming a
maximum rotation of the link equal to 0.08 rad, the maximum longitudinal sliding of
the SC-link is equal to 24 mm. Finally, disk springs with a resistance of 80 kN and a
stiffness equal to 80 kN/mm are adopted.

5 Finite element simulations

Three-dimensional FE models of the case-study frames in both configurations (i.e.,
EBF with traditional link and with SC-link) are developed in ABAQUS [14]. The mod-
els are constituted by ‘wire” elements for column and portions of bracings and beams
away from the link, while solid elements are adopted for the other parts (i.e., link sec-
tion, beams, and bracings close to the link, bolts, bars, anchored plates). A ‘tie con-
straint’ is used to simulate welding among stiffener and beam, bracing and beam, col-
umn and beam. The ‘surface-to-surface’ interaction property is used to define the con-
tact behaviour among friction interfaces of the FDs. The ‘bolt load’ is used to model
the pre-loading in the bolts, while post-tensioning in the PT-bars is modelled applying
a ‘predefined field temperature’. Cyclic simulations have been performed for the two
models considering the same lateral displacement history. Fig. 6(a) and Fig. 7(a) show
the results of the simulations for the EBF with traditional link and for EBF with SC-
link, respectively. The hysteretic curves of the EBF with traditional link (Fig. 6(a)) have
a stable cyclic behaviour characterised by cyclic hardening without degradation of the
stiffness. However, the low hardening of the device may induce large residual defor-
mations. Conversely, the results of the EBF with SC-link show that the connection pro-
posed is able to provide the EBF with self-centring capability (Fig. 7(a)) with flag-
shaped hysteretic curves similar to the theoretical relationships of Fig. 2(b). Addition-
ally, Von Mises stress distributions are reported in Fig. 6(b) and Fig. 7(b). It can be
observed that for the traditional link yielding occurs predominantly in shear, as ex-
pected (Fig. 7(a)). Conversely, in all regions of the SC-link are characterised by stresses
lower than yielding (Fig. 7(b)).
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Fig. 6. FE simulation results for EBF with traditional link: (a) hysteretic curves in term of
total horizontal force and lateral displacement; (b) Von Mises stresses corresponding to a lateral
displacement of 30 mm.
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Fig. 7. FE simulation results for EBF with SC-link: (a) hysteretic curves in term of total hor-
izontal force and lateral displacement; (b) VVon Mises stresses corresponding to a lateral dis-
placement of 30 mm.

6 Conclusions

The present paper investigates a possible solution for damage-free self-centering EBFs
relying on damage-free self-centring devices as seismic links. The device uses post-
tensioned high-strength steel bars with disks springs to provide the self-centring behav-
iour to the link and friction dampers to dissipate the seismic energy. In order to inves-
tigate the cyclic behaviour of the connection, a four-storey frame is designed according
to Eurocode 8 and the third storey of the structure is extracted and upgraded with the
proposed link connection. Both of the configurations (i.e., frame with traditional link
and with the damage-free self-centring link) are analysed through three-dimensional
finite element modelling carried out in ABAQUS. Cyclic simulations have been per-
formed for the two models applying the same lateral displacement history. The results
of the numerical simulations show that the proposed connection is able to restore the
frame at the initial configuration providing a flag-shaped hysteretic behaviour.
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