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Abstract: By integrating a very short shear link-shear slotted bolted connection (VSSL-
SSBC) and two self-centering SMA braces (SCBs), a novel self-centering shear link (SC-SL)
was developed for installation between a steel brace and steel beam in an eccentrically
braced frame (EBF). The SC-SL can enhance the seismic performance and seismic resilience
capacity of the EBF by achieving a high bearing capacity and low residual deformation.
The mechanical properties of the VSSL-SSBC and SC-SL were designed and analyzed using
both experimental and numerical methods. Subsequently, the seismic performances of
EBFs equipped with VSSL-SSBC and SC-SL were analyzed under different earthquakes.
Validated numerical methods were employed to investigate the deformation modes, stress
nephograms, and hysteresis curves of the EBFs. The deformation mode and hysteresis
curve of the VSSL-SSBC exhibit an initial frictional slip of the SSBC, followed by the load-
bearing response of the VSSL. The skeleton curve of the VSSL-SSBC consists of elastic,
slip, elastoplastic, and plastic stages, and the deformation and damage are significantly
reduced at the same displacement. In the SC-SL, the SCB undergoes substantial deformation
when the SMA is in tension, effectively minimizing residual deformation. Under frequent
earthquakes, the stress and displacement of all components in both the EBF-VSSL-SSBC
and EBF-SC-SL are essentially equivalent, and the VSSL-SSBC remains elastic, without
significant yielding deformation. Under rare earthquakes, incorporating SCB in EBF-SC-
SL significantly enhances the ultimate load capacity by 19.66% and reduces the residual
deformation by 27.90%. This improvement greatly contributes to the seismic resilience of
the EBF.

Keywords: eccentrically braced frame (EBF); self-centering shear link (SC-SL); very short shear
link (VSSL); shape memory alloy (SMA); self-centering SMA brace (SCB); seismic performance

1. Introduction

Eccentrically braced frames (EBFs) are composed of steel columns, steel frames, steel
braces, and links, representing a seismic design approach that effectively combines the high
energy dissipation, ductility, and damage control capabilities [1-3]. The link, commonly
known as the fuse, plays a crucial role in dissipating seismic energy and protecting the
primary load-carrying elements of EBFs [4,5]. Links are classified based on their length
ratios into three categories: shear link, flexural-shear link, and flexural link [6]. Very short
shear links (VSSLs), characterized by a length ratio less than 1.0, exhibit obviously higher
overstrength factors and inelastic rotation capacities, with values of 1.90 and 0.15 rad,
respectively, both exceeding the standard code prescribed in building codes of 1.50 and
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0.08 rad [7-9]. The ultimate shear force, deformation capacity, and lateral stiffness of VSSLs
are superior to those of the other three types, making a substantial contribution to the
overall seismic performance of EBFs [10]. In recent years, there has been growing interest in
seismic-resilient structures within the field of civil engineering [11]. On 6 February 2023, at
04:17 local time (01:17 UTC), a magnitude (Mw) 7.7 earthquake struck the Pazarcik segment
of the East Anatolian Fault (EAF) zone. This earthquake caused damage to residential
houses, bridges, hospitals, and historical buildings, posing a challenge to the seismic
performance of current structures [12-14]. However, the links in EBFs are susceptible
to severe damage and residual deformation (Figure 1), leading to increased repair costs
and the need for advanced rehabilitation techniques [15,16]. Therefore, enhancing the
energy-dissipating and self-centering capabilities of VSSLs in EBFs is crucial to achieving
higher seismic design standards.
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Figure 1. Damage and residual deformation of shear link in EBF.

Slotted bolted connections (SBCs) utilize the friction-slip mechanism generated by
high-strength bolts slipping within the slot holes to achieve simultaneous energy dissipation
and ductility improvement. This connection technology has found successful applications
in steel frame components including beam-column joints, frame beams, and energy dissipa-
tion braces, substantially boosting the seismic performance of structures [17,18]. Research
indicates that SBCs demonstrate three key advantages: stable hysteresis response, enhanced
ductility, and cost-effective post-earthquake repair [19-21]. Liu et al. [19] proposed a pre-
fabricated steel structural system with truss beams and bolted joints, and enlarged bolt
holes were adopted in the joints for easier assembly and better energy dissipation. Zhang
et al. [20] applied SBCs to replaceable steel beams in the proposed hybrid frame structure
with energy dissipation frames (HF-EDFs) to improve seismic performance and recover-
ability. Zhai et al. [21] proposed a new type of bolted connection with a dual-slot hole and
two kinds of connection-strengthening methods, including diagonal brace strengthening
and flange strengthening. By integrating a VSSL with a shear slotted bolted connection
(SSBC), a very short shear link with shear slotted bolted connections (VSSL-SSBCs) can
be developed to further enhance the ductility and energy dissipation while minimizing
damage [22]. However, VSSL-SSBCs may still experience high residual deformation, which
can reduce the overall seismic capacity of the EBFs.
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Shape memory alloy (SMA) is a category of intelligent material distinguished by its
inherent material memory characteristics. These alloys possess distinctive shape recov-
ery characteristics following repeated loading—unloading cycles, providing both energy-
dissipating and self-centering capabilities. Experimental investigations have verified strain
restoration levels reaching up to 8% under controlled deformation conditions [23]. Feng
et al. [24] proposed an asymmetric self-centering steel connection equipped with SMA
damper devices, which can experience a typical flag-shaped curve with high energy dissi-
pation and self-centering capabilities. Qiu et al. [25] developed a NiTi-SMA BRB in knee
braced frames, which can successfully eliminate residual drift ratios and has higher seismic
resilience for the protected frames. Sun et al. [26] proposed an innovative sliding self-
centering brace to reduce or eliminate residual deformation after strong earthquakes. Li
et al. [27] conducted a study on a new self-centering coupling beam (SCCB) incorporating
self-centering friction dampers (SCFDs) to improve the seismic resilience of the coupled
wall structure. Additionally, Jia et al. [28] developed an innovative SCB with superior
self-centering capacity and energy-dissipating capacity, and the hysteresis curve of the SCB
was idealized as a flag shape with low residual deformation.

Existing research has indicated that enhancing the self-centering capacity of steel
frames can effectively reduce residual deformation, which facilitates post-earthquake repair.
Rahgozar et al. [29] studied the sensitivity analysis of controlled-rocking steel cores (CRSCs)
under seismic loadings, and the results showed that CRSCs effectively prevent earthquake-
induced residual damage but may suffer large lateral displacements. Chen et al. [30]
investigated a novel K-type superelastic SMA self-centering eccentrically braced frame,
and the simulation models of the SMA-based SC-EBF and a corresponding equal-stiffness
traditional EBF counterpart were established. The results showed a much better resilience
and represent a promising attractive alternative for future applications. Xiong et al. [31]
proposed a novel self-centering frame with Y-eccentrically braced structures (SC-YEBFs)
to solve the problem that the storey drift of the structure may exceed the specified limit
in standards when self-centering beam-column joints are applied in high-rise and larger
span buildings. The test and finite element results indicated that shear link has increased
the lateral stiffness and energy dissipation capacity of the structure and maintained a good
self-centering performance and replaceability.

In this paper, a novel SC-SL is proposed to achieve high bearing stiffness and ductility
while minimizing residual deformation, as shown the Figure 2. The SC-SL includes a VSSL,
two SCBs, and two vertical braces. Compared with the self-centering devices in existing
studies, SC-SL exhibits both high energy dissipation and self-centering capacities, meeting
the high requirements of seismic design [29-31]. The SC-SL can not only be applied to new
buildings to improve the bearing capacity and energy dissipation capacity of the structure
but can also be applied to existing structures through simple bolt connections to enhance
the seismic performance and self-centering capacity of the structure. Cyclic loading tests
were conducted on a VSSL-SSBC and an SC-SL specimen. The failure modes, hysteresis
curves and skeleton curves were analyzed and their seismic performances compared.
Furthermore, to access the structural response under frequent and rare earthquakes, two
EBFs incorporating VSSL-SSBC and SC-SL were analyzed. Validated numerical methods
were employed to investigate the deformation modes, stress nephogram, and hysteresis
performance. The findings provide valuable insights for seismic design, offering reliable
references to enhance the seismic resilience capacity of EBFs.
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Figure 2. A novel eccentrically braced frame applied with SC-SL: (a) EBF; (b) VSSL-SSBC; (c) SC-SL.

2. Basic Performance
2.1. Basic Component

As shown in Figure 3, the SC-SL primarily consists of the VSSL-SSBC and two SCBs.
The VSSL-SSBC is composed of a very short shear link (VSSL) and shear slotted bolted
connection (SSBC), with the VSSL connected at both ends to the SSBC and the frame beam.
The SSBC mainly consists of the VSSL, endplates I and II, base plates, and a metallic and
rubber shim. The rubber shim is placed between endplate II (at the brace end) and the
base plate, while the metallic shim is positioned between endplate I and endplate II. The
self-centering SMA brace includes two slip plates, two slip bolts, a fixed plate, fixed bolt I,
two fixed bolts II, and SMA wires. The two slip plates and the fixed plate each have two
identically sized slot holes at corresponding positions on both sides. Initially, the two slip
bolts are positioned at the ends of the left and right slot holes, near the opposite slot hole.
Additionally, the vertical connection brace is secured to the beam by fixed bolt I, while the
other end is attached to the one end plate of the SCB with two fixed bolts II. Meanwhile,
the other end plate of the SCB is secured to the brace plate, thus forming the SC-SL.
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Figure 3. Basic components of an SC-SL: (a) VSSL; (b) SSBC; (c) SCB; (d) Vertical brace.

2.2. Working Mechanism

Figure 4 is the working mechanism of the SC-SL during cyclic loading. The SSBC
and VSSL provide the initial and subsequent energy dissipation capacity of the structure,
respectively, while the SCB provides the self-centering capacity during the entire process.
Under cyclic loading, the frame beam in the SC-SL drives the VSSL-SSBC and the SCB to
work in unison. Within the VSSL-SSBC, the SSBC first experiences frictional slip, while
the VSSL remains elastic without undergoing shear yielding. Once the high-strength bolt
reaches to the end of the slot hole, the VSSL begins to yield in shear, absorbing the load
and deforming until failure. Throughout the entire loading process, one sliding bolt in
the self-centering SMA brace remains fixed while the other moves, ensuring that the SMA
wires remain continuously in tension. As a result, SCB I and SCB II effectively provide both
energy-dissipating and self-centering capabilities during positive and negative moving.
This synergistic mechanism enhances the energy-dissipating efficiency and minimizes
residual deformation in the SC-SL.
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Figure 4. Working principle for EBF with SC-SL during cyclic loading: (a) SC-SL; (b) Positive moving;
(c) Negative moving.
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2.3. Design Method

At the ultimate limit state, both the VSSL-SSBC and the SCB within the SC-SL may
experience failure, manifested as follows: (1) When the deformation of the SCB exceeds the
deformation capacity of the SMA, while the VSSL-SSBC has not yet reached its limit state,
failure of the SC-SL primarily occurs in the SCB, leading to the fracture of the SMA. (2) The
SMA in the SCB is expected to remain in a superelastic state and continue to provide both
energy-dissipating and self-centering capabilities; however, failure may occur in the VSSL
once the SMA reaches its ultimate displacement, marking the ultimate limit state of the
SC-SL. To ensure that the SC-SL achieves the expected energy-dissipating and self-centering
performance, the design must adhere to the following requirements.

(1) VSSL-SSBC

The initial shear slip load, Fyj;,, of the SSBC must be lower than the yield shear force,
Vy, of the VSSL. At the ultimate limit state, the load-bearing capacity, F,, of the SSBC
must be higher than the ultimate shear force, V,;, of the VSSL. These relationships can be
expressed as follows [6,10]:

Fslip =nsnpPu <V = fywhwtw 1)

md?
Fy = nyns—— fo > Vu = 058 fuwhoto + (3 fuwbsts + 1.8 fuwbst?) /e )

where 1, ny, P, i, d, and f;, are the number of sliding contact planes, number of sliding
bolts, pretension force of the bolt, coefficient of friction, diameter of the slip bolt, and the
yield stress of the slip bolt in the SSBC, respectively. fyw, fuw, hw, tw, bf, tr, ts, and e are the
web yield shear stress, web ultimate shear stress, web clear height, web thickness, flange
width, flange thickness, stiffener thickness, and length of the VSSL-SSBC, respectively.

(2) SCB

The load-bearing capacity, Fscp, of the SCB primarily consists of the load-bearing
capacity of the SMA, Fsp14, and the force provided by the slotted bolt connection, Fy, which
can be expressed as follows:

Fscp = Fspa + Fr = 0spmaAs + nsnyPsp ©)

where A; and g4 are the area and stress of the SMA wires, which can be calculated by
the Graesser model [23], and n; and 1, are the number of sliding contact planes and sliding
bolts, which are equal to 6 and 2, respectively. Pg is the pretension force of the bolt, and y is
the rubber shim friction coefficient (0.075) [22].

(3) Steel brace
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The seismic design code specifies the detailed design methods for eccentrically braced
structural members. After the plastic failure occurs in the shear link, the steel brace is
expected to remain in an elastic state at all times. Its axial bearing capacity can be calculated
and designed according to the following equations:

Q= Vu/Vy (4)

Nhr =Qx Nbr,com < 0-8({7fbrAbr (5)

where () is the overstrength factor of the shear links. Ny, and Ny, ., are the calculated and
designed values of the steel brace axial force, and ¢ and Ay, are the stability coefficient and
cross-sectional area of the steel brace. fy, is the design value of the tensile strength of the
steel brace.

(4) Frame beam and column

The seismic design code also provides detailed design methods for frame beams. The
design values of internal forces can be expressed as follows:

Mb =0x Mb,com (6)
Ny M,
+ < )
Anb Tx Wnbx fb

where My, and My, o, are the calculated and designed values of the bending moment of
the frame beam. Nj, A,;,, and W,;,, are the axial force, net sectional moment of resistance,
and net sectional area of the frame beam, respectively. 7y, and f, are the plastic section
development coefficient and yield strength of the frame beam, respectively.

(5) Column

The seismic design code has provided detailed design methods for columns in EBFs.
The design values of the internal forces can be expressed as follows:

M. = Q% Mccom (8)
Ny = Q * N com )
i\]; + é\v/icc <f (10)

i <f )

where M, and M, are the calculated and designed values of the bending moment of
the column, and N, and N com are the calculated and designed values of the axial force of
the column. Ang, fc, and Wy, are the axial force, net sectional moment of resistance, and
net sectional area of the column, respectively. f, and ¢ are the design value of the tensile
strength and the stability coefficient of the column.

3. Experimental Study of VSSL-SSBC and SC-SL

3.1. Test Plan
3.1.1. Specimen Design

To explore the seismic performance and seismic resilience of the eccentrically braced
frame (EBF) with self-centering shear link (SC-SL), a specimen of a very short shear link with
shear slotted bolted connection (VSSL-SSBC-1) and a self-centering shear link specimen
(SC-SL-1) are designed according to Equations (1)—(3). The mechanical properties and self-
centering capacity of SC-SL can be effectively explored by comparing the hysteretic curves
and failure modes of the VSSL-SSBC-1 and SC-SL-1 specimens. The specific dimensions of
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each specimen are presented in Figure 5, and the main parameters of each specimen are
shown in Table 1. For the VSSL-SSBC-1 specimen, the cross-sectional dimensions of the
VSSL are H210 x 110 x 6 x 8 mm, with a length of 300 mm. Stiffeners are symmetrically
arranged on both sides, spaced at intervals of 100 mm, with a thickness of 10 mm. Endplate I
has dimensions of 440 x 250 x 20 mm, while endplate II features eight slot holes measuring
34 mm in length and is connected using M22 high-strength bolts. A copper shim is placed
between endplate I and endplate II to enhance the connection quality. For the SCB in
the SC-SL-1 specimen, the fixed plate measures 590 x 90 x 10 mm, and both slip plates
have dimensions of 548 x 90 x 10 mm. The SMA wires used in the SC-SL-1 specimen
are arranged in 30 circles with an area of 94.20 mm?. The bolt circular hole has a radius
of 14 mm, and the slot hole measures 40 mm in length. The vertical brace in the SC-SL-1
specimen has a height, width, and thickness of 644 mm, 260 mm, and 10 mm, respectively.
The lower end of the vertical brace contains two circular holes with a radius of 14 mm, and
the upper end is reinforced with two stiffeners, symmetrically arranged on both sides. Note
that all the units associated with the multiplication signs in this paper are in millimeters.

260
Ty Ry @9
60| 68|, 112 2
i A g o
| 2 % g[ = = &
g 10] 25 | |40] 323 MO 110 |52
. 4 — 1 590 1
s = High-strength 1 OU
B bolt = Fixed plate
=1 a
= S o\& P
Endplate I Nl RiA — %
e - A o & — ©|Hs
! = = = == !
Endplate IT @ 30| | 90 40 323 40] 2L5 =
[ 119 | 202 | 119 | R14 548 %
1 440 o Ll2o
FH- O ' ;s
I Slip plate L slip plate II
7 (60 ip plate L slip plate
(a) (b) (©
Figure 5. Dimensions of the VSSL-SSBC and SC-SL specimens: (a) VSSL-SSBC; (b) Vertical brace;
(c) Self-centering SMA brace.
Table 1. Primary parameters for experimental specimens.
: P VSSL SMA Area P Loading Slot Hole
Specimen /kN # /mm /mm? /KN Displacement/mm Length/mm
VSSL-SSBC-1 50 0.30 210 x 110 x 6 x 8 - - 40 34
SC-SL-1 50 0.30 210 x 110 x 6 x 8 94.20 10 40 34

3.1.2. Material Properties

The structural elements in the VSSL-SSBC-1 and SC-SL-1 specimens were fabricated
using Q355B grade steel plates with varying thicknesses ranging from 6 to 15 mm. Tensile
tests were conducted on standardized test coupons to determine the material properties of
the Q355B steel across different plate thicknesses [32], with the detailed results presented
in Table 2. As for the 10.9 grade high-strength bolts, the yield and ultimate strength are
940 MPa and 1040 MPa, respectively.
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Table 2. Mechanical parameters of steel plates.
Thickness Yield Stress Ultimate Stress  Elastic Modulus Elongation
t/mm fy/MPa f,/MPa E/MPa 51%
6 356 535 203 21.7
8 361 547 206 222
10 368 552 208 23.3
15 372 556 209 23.2

All SMA wires employed in the experimental program maintained a consistent cross-
sectional dimension of 1.0 mm in diameter. Tensile tests were conducted on a 375 mm
long SMA wire with the same diameter to determine and validate the mechanical char-
acteristics [24]. The key mechanical parameters are as follows, as illustrated in Figure 5:
the starting stresses (s®M) and ending stresses (UﬁM) for the austenite-to-martensite
phase transformation are 550 MPa and 625 MPa, respectively, while the starting stresses
(csMA) and ending stresses (O’fMA) for the martensite-to-austenite phase transformation are
265 MPa and 175 MPa, respectively. The maximum phase transformation strain and the
initial elastic modulus (EA) are 0.06 and 59,531 MPa, respectively. The SMA numerical
model can be utilized to simulate the hysteresis curve of the SMA wire through the UMAT
program in ABAQUS software 2021. Figure 6 presents the simplified relationship curve of
the SMA.

|

AM

O,

Y

e gl, — €
Figure 6. Constitutive model of SMA.

3.1.3. Test Setup and Loading Protocol

(1) Test setup

The experimental study of the VSSL-SSBC-1 and SC-SL-1 specimens was conducted in
the structural engineering lab of Nanchang University (Figure 7). The test device primarily
consists of VSSL-SSBC-1/SC-SL-1, a loading beam, upper and lower cushion beams, two
vertical columns, and a ground beam. For the VSSL-SSBC-1 specimen, the upper end is
secured to the upper cushion beam via eight high-strength bolts, which are also secured
to the loading beam. The lower end is fastened to the lower cushion beam using eight
high-strength bolts, with the lower cushion beam containing eight slot holes. In the SC-SL-1
specimen, the test setup of VSSL-SSBC is identical to that in VSSL-SSBC-1. The SCB is
connected to the vertical brace using two high-strength bolts, while the other end is linked
to the lower cushion beam via a pin connection. Additionally, the upper end of the vertical
brace is secured to the upper cushion beam using six high-strength bolts, forming the
corresponding loading setup.
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Figure 7. Test device of VSSL-SSBC-1 and SC-SL-1 specimens: (a) VSSL-SSBC-1; (b) Slot holes;
(c) SC-SL-1.

(2) Loading protocol

The VSSL-SSBC-1 and SC-SL-1 specimens were subjected to displacement-controlled
loading. At the beginning, displacements of 6 mm, 10 mm, and £16 mm were applied.
As the high-strength bolts slid to the ends of the slot holes, the displacement increments
for each loading step were set as follows: £0.551 =+ 0.01e, £0.557 £ 0.03e, £0.5S; £ 0.05¢,
£0.551 £ 0.07¢, and so on [22], until the specimens failed and loading was stopped. In
this context, S; represents the length of the slot hole on the top plate of the lower cushion
beam in the VSSL-SSBC, while e denotes the length of the VSSL. In the displacement
loading scheme, the symbols “+” and “—" indicate the maximum positive and negative
displacement values within a single cyclic loading, respectively.

3.1.4. Measurement Scheme

Throughout the loading process, the load values of the VSSL-SSBC-1 and SC-SL-
1 specimens were directly recorded by the actuator, while the displacement and strain
measurements were taken as shown in Figure 8.

[ HH i O e =
sielasz  s38fuse ‘i D2 8]' g = Alm = Slip plate [
M1 DI -
A2 A3 A4 (/\\)
Ko iR ; \/ Fixed plate
i L 78,74 |74 [ 74| 290 .

M3 g]: g AS, 3 Slip plate 1T

SLILES S7 8 |mss ‘
| 322 | 26 |

(a) (b)
Figure 8. Location of displacement and strain gauges: (a) VSSL-SSBC; (b) SCB.

(1) Displacement measurement. To ensure synchronized displacement measurements
for both the VSSL-SSBC and SCB, a horizontal displacement gauge (D1) and a vertical
displacement gauge (D2) were installed on the right side of the upper endplate of the VSSL,
as shown in Figure 8a.

(2) Strain Measurement. To monitor strain at critical sections of the VSSL-SSBC and
the SCB, strain gauges were installed as follows: strain measurement points S1 to S8 and
M1 to M3 were placed on the VSSL (Figure 8a), while Al to A5 were arranged on the SCB
(Figure 8b).

3.2. Failure Mode

3.2.1. VSSL-S5BC-1 Specimen

Figure 9 illustrates the failure mode of the VSSL-SSBC-1 specimen throughout the
entire cyclic loading sequence. Red boxes in Figure 9 are center line of sliding plates. At the
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initial stage, all high-strength bolts were aligned with the centers of the slot holes (Figure 9a).
During the first three loading steps, since the applied displacement was less than 0.55, the
high-strength bolts only slid within the slot holes without reaching the ends. At this stage,
only slippage occurred in the SSBC to dissipate the seismic energy, while the VSSL did not
yield. After the fourth loading step, when the applied displacement exceeded 0.5S;, the
high-strength bolts in the SSBC slid to the ends of the slot holes, and the VSSL began to
yield in the positive direction, as shown in Figure 9b. At this stage, the bolts in the SSBC no
longer slid, and the VSSL began to dissipate seismic energy through shear deformation.
Subsequently, during the negative displacement cycle, the high-strength bolts in the SSBC
slid to the negative end of the slot holes, causing the VSSL to yield in the negative direction,
as shown in Figure 9d. Additionally, when the applied displacement exceeded 0.551, the
VSSL experienced both web and flange buckling in the positive and negative loading
directions, as illustrated in Figure 9c—e. Finally, when the applied displacement reached
—0.551—0.09¢ in positive tension, a severe buckling and fracture developed between the
flange and the endplate of the VSSL with a force of —404.45 kN, leading to specimen
failure and termination of the loading process, as shown in Figure 9f. The SSBC remained
undamaged throughout the entire test process.

@

Figure 9. Failure model of VSSL-SSBC-1 specimen (+,— are the positive and negative loading):
(a) Initial stage; (b) Web yielding (+); (c) Flange buckling (+); (d) Web yielding (—); (e) Flange buckling
(—); (f) Failure mode.

3.2.2. SC-SL-1 Specimen

Figure 10 illustrates the deformation and failure modes of the SC-SL-1 specimen
throughout the entire loading sequence. Red squares and ovals in Figure 10 are center
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line of sliding plates and concentrated damage, respectively. The primary failure modes
include VSSL slip, yielding, and flange and web buckling. At the initial stage, the slip
plates in the SCBs underwent notable deformation, with the SMA in tension. At this
stage, the displacement of the slip plates matches that of the VSSL, as shown in Figure 10a.
When the VSSL slipped to the end of the slot hole, the lateral deformation of the VSSL
is zero (Figure 10d). At this stage, the SSBC and SCB exerted their energy dissipation
capabilities, while the VSSL was not in an operating state. As the loading displacement
was increased to 25.25 mm, the deformation of the slip plates within the SCB intensified,
while the load-bearing and energy-dissipating capacities of the SMA wires were gradually
enhanced, as shown in Figure 10b. Meanwhile, the VSSL transitioned to an elastic-plastic
state, exhibiting pronounced inelastic deformation, as illustrated in Figure 10e. At this
stage, the bolts in the SSBC slid to the ends, while the VSSL began to dissipate seismic
energy through shear deformation and the SMA dissipated seismic energy through tensile
deformation. At a loading displacement of 40.45 mm, the deformation of the slip plates in
the SCBs became approximately equal to the loading displacement, indicating that the SMA
wires contribute significantly to the load-bearing and restoring forces of the SC-SL system.
Additionally, the vertical brace provides sufficient support to the SCB, as illustrated in
Figure 10c. At this stage, both the web and flange of the VSSL entered a buckling state,
resembling the failure mode of the VSSL observed in VSSL-SSBC-1, as shown in Figure 10f.
At this point, the deformation capacity of the SMA wires reached its limit, leading to wire
fracture and termination of the loading process. The vertical braces remained undamaged
throughout the entire test process.

R

ielding
e — BE=

VSSL: (d) (e) ®

Figure 10. Failure model of SC-SL-1 specimen: (a) d = 16 mm; (b) d = 25.25 mm; (c) d = 40.25 mm;
(d) Initial slip; (e) Web yielding; (f) Web and flange buckling.
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3.3. Hysteresis Performance

Figure 11 presents the hysteresis curves of the VSSL-SSBC-1 and SC-SL-1 specimens,
where F and D represent the shear force and loading-displacement of the specimen, respec-
tively. For the VSSL-SSBC-1 specimen (Figure 11a), when the displacement is less than
0.557, the hysteresis curve exhibits an ideal rectangular shape. As the displacement exceeds
0.557, the hysteresis curve becomes increasingly full, with the load gradually increasing as
the displacement grows. Throughout the entire loading process, the specimen maintains
its load-bearing capacity without any noticeable decline before failure. However, as the
displacement increases, the slip force of the specimen gradually decreases, primarily due
to the reduction in the friction coefficient of the shims.
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Figure 11. Hysteresis curves of VSSL-SSBC-1 and SC-SL-1 specimens: (a) VSSL-SSBC-1; (b) SC-SL-1.

For the SC-SL-1 specimen (Figure 11b), at an ultimate displacement of 40.45 mm,
the high-strength bolts within the SSBC reach the end of the slot holes, marking the
transition of the VSSL into the energy-dissipating and load-bearing stage. The hysteresis
curve is formed by the contributions from the VSSL-SSBC and the SCB. At this stage,
the load-bearing capacity of SC-SL-1 shows a positive correlation with the displacement,
reaching a peak load of 525.25 kN, with a residual deformation of 26.58 mm. Compared to
the corresponding VSSL-SSBC-1 specimen, the SC-SL-1 specimen exhibits a remarkable
improved load-bearing capacity and reduced residual deformation, indicating that the
self-centering shear link possesses superior load-bearing and self-centering capabilities.

3.4. Skeleton Curves

Figure 12 shows the skeleton curves of the VSSL-SSBC-1 and SC-SL-1 specimens. The
VSSL-SSBC-1 specimen undergoes four stages, as shown in Figure 12a: elasticity, slip,
elastic-plasticity, and plasticity. The slip displacement is 17 mm, corresponding to a slip
load of 175.00 kN, which is mainly caused by the SSBC. The load capacity of the VSSL-
SSBC-1 specimen is composed of the VSSL and SSBC, which is 442.30 kN, closely matching
the calculated ultimate shear force for the VSSL in Equation (2).
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Figure 12. Skeleton curves of VSSL-SSBC-1 and SC-SL-1 specimens: (a) VSSL-SSBC-1; (b) SC-SL-1.
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The skeleton curve of the SC-SL-1 specimen, as shown in Figure 12b, includes three
stages: elasticity, elastic-plasticity, and strengthening. After the high-strength bolt slides to
the end of the slot hole, the load capacity increases significantly. The load capacity of the
SC-SL-1 specimen is composed of the VSSL, SSBC, and SCBs, which is 529.18 kN and is
notably higher than the load capacity of the VSSL-SSBC-1 specimen. This increase is mainly
due to the enhanced load capacity provided by the self-centering SMA braces.

4. Numerical Study of VSSL-SSBC and SC-SL
4.1. Numerical Analysis Method

In the finite element model, it is assumed that the SMA remains in a superelastic state
before fracture, and the friction coefficient of the shims in the SSBC remains constant under
cyclic loading. The material properties, boundary conditions, etc., are consistent with those
in the experiment.

4.1.1. Verification of the SMA

The UMAT program was used to simulate the constitutive curve of the SMA material.
An SMA bar with a diameter of 6 mm (No. 10/6-450-30) tested by Li [33] was used to
validate the SMA numerical model, as shown in Figure 13a. One end of the SMA finite
element model is fixed, and a cyclic displacement load is applied to the other end. The
hysteresis curves of the experiment and the finite element analysis are shown in the figure.
The hysteresis curves from both the experiment and the finite element analysis are flag-
shaped, and their mechanical behaviors are consistent, indicating that the SMA constitutive
model is reliable.

Figure 13. Verification of the SMA material: (a) Finite element model; (b) Hysteresis curves.

4.1.2. Numerical Method of VSSL-SSBC-1 Specimen

(1) Material properties. In the VSSL-SSBC model, the material properties of the steel
plates with different thicknesses are listed in Table 2. The constitutive curves of all steel
models are shown in Figure 14a, which is bilinear constitutive model.

(2) Mesh quality. The numerical analysis of the VSSL-SSBC was performed using
ABAQUS software. The C3D8R element, an eight-node three-dimensional solid element,
is capable of modeling large deformation and strains, enabling the accurate simulation of
various structural components. The mesh quality of the VSSL-SSBC-1 specimen is shown
in Figure 14b.

(3) Boundary conditions. For the VSSL-SSBC-1 specimen, the degrees of freedom at
both end sections of endplate II are constrained. The friction coefficient between endplate I
in VSSL and endplate Il is set to 0.30, while the coefficient between endplate II and the base
plate is 0.075. Additionally, the displacement in the X direction on the upper surface of the
top plate is released, while rotation in the Z direction is constrained. Figure 14c shows the
boundary conditions of the VSSL-SSBC-1 specimen.
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(4) Loading protocol. In the numerical analysis, applying a horizontal displacement
to the top plate of the VSSL ensures that the bending moment and shear force align with
the loading conditions in an eccentrically braced frame. The specific loading protocol
is detailed in Section 3.1.3. Based on this approach, the VSSL-SSBC-1 specimen can be
effectively analyzed using numerical analysis methods.

(a) (b) ()

Figure 14. Numerical model of VSSL-SSBC-1 specimen: (a) Constitutive curve; (b) Analytical model;
(c) Boundary condition.

4.1.3. Numerical Method of SC-SL-1 Specimen

The self-centering shear link primarily consists of two SCBs, a VSSL-SSBC, a loading
beam, and two vertical braces, as shown in Figure 14. In the numerical model, all compo-
nents are simulated using C3D8R elements in the ABAQUS software, consistent with the
VSSL-SSBC-1 specimen.

(1) Material properties. The material properties of each component are detailed in
Table 2, and the constitutive curves of all steel models are shown in Figure 14a.

(2) Mesh quality. The mesh quality of the SC-SL-1 specimen is shown in Figure 15.

(3) Boundary conditions. In the SC-SL-1 specimen, the displacements in all directions
of all nodes at surfaces 1 and 2 of the two SCBs must be constrained. Likewise, the
displacements in all directions of all nodes at surfaces 3 and 4 on both sides of endplate II
in the VSSL-SSBC must also be constrained. Additionally, all components must have their
out-of-plane displacement restricted in the XY plane.

(4) Loading protocol. A cyclic displacement in the X direction is applied to the left load-
ing surface of the loading beam, with displacement increments following those described
in Section 3.1.3. With the appropriately defined elements, material properties, boundary
conditions, and loading protocols, a comprehensive numerical simulation analysis can
be conducted.

Loading
face

Loading beam

Endplate 11

Y Surface 3 Surface 4
L

Surface 1 Surface 2

Slip bolt

SMA wire

SCB VSSL-SSBC Vertical brace

Figure 15. Numerical model of SC-SL-1 specimen.
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4.2. Comparison of VSSL-SSBC-1 Specimen
4.2.1. Hysteresis Curves

Figure 16a presents the hysteresis curves obtained from the test and numerical analysis
for the VSSL-SSBC-1 specimen. In the numerical results, the hysteresis curve also follows
four stages: elastic, slippage, elastoplastic, and plastic. A discrepancy in the bearing
capacity is observed between the test and numerical analysis results during the slippage
stage, primarily due to the cyclic friction in the shim under cyclic loading, which gradually
reduces the friction coefficient. However, during the load-bearing stage of the VSSL,
both methods yield nearly identical bearing capacities and displacement. At ultimate
displacement, the maximum loads recorded from the test and numerical analysis are
404.45 kN and 409.97 kN, respectively, with a marginal error of 1.36%. This demonstrates
that the numerical results closely align with the test results in terms of load-bearing capacity,
stiffness, and overall structural response across different loading stages.
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Figure 16. Comparison of hysteresis curves and failure modes for VSSL-SSBC-1 specimen: (a) Hys-
teresis curves; (b) Failure modes.

4.2.2. Failure Modes

Figure 16b illustrates the failure mode of the VSSL-SSBC-1 specimen under cyclic load-
ing, as determined by numerical analysis. The results indicate that the initial deformation
is attributed to the frictional slippage of the high-strength bolts. As loading progresses,
the VSSL begins to yield and sustain the load, followed by buckling of the flange and web,
which is consistent with expectations. Additionally, the highest stress concentrations in
VSSL-SSBC-1 occur at the connection between the flange and web, where failure is most
likely to initiate. This confirms that the failure modes in the test and numerical analysis are
highly consistent.

4.3. Comparison of SC-SL-1 Specimen
4.3.1. Hysteresis Curves

A numerical model of the SC-SL-1 specimen was developed and analyzed, and the
resulting hysteresis curve was compared with the test results, as shown in Figure 17a.
The loading displacement, stiffness, and bearing capacity at each loading step exhibit
close agreement. When SC-SL-1 reaches the maximum loading displacement, the ultimate
load values obtained from the numerical analysis and test are 535.23 kN and 519.28 kN,
respectively, with a minimal discrepancy of only 3.07%. This confirms that the numerical
analysis method for the self-centering shear link can accurately predict its bearing capacity.



Buildings 2025, 15, 1471

16 of 25

VSSL-SSBC

Test
Numerical

25 50

Vertical
brace

Endplate II

(b)

Figure 17. Comparison of hysteresis curves and failure modes for SC-SL-1 specimen: (a) Hysteresis
curves; (b) Failure modes.

4.3.2. Failure Modes

As shown in Figure 17b, endplate II of the VSSL-SSBC is fixed, and the VSSL un-
dergoes inelastic deformation, bearing, and energy dissipation under cyclic loading. The
displacement of the VSSL-SSBC matches that of the SC-SL, aligning with Figure 10d—f.
Driven by the vertical brace, the SCB induces movement and superelastic deformation in
both the slip plate and SMA. As the displacement increases, the SMA’s bearing capacity
and restoring force progressively increase, contributing to both energy-dissipating and
self-centering functionality in the SC-SL, consistent with the deformation mode depicted in
Figure 10a—c.

5. Seismic Performance of EBF with Self-Centering Shear Link

5.1. Analysis Model
5.1.1. Modeling

An eccentrically braced steel frame (EBF) with a VSSL-SSBC system (Model 1: EBEF-
VSSL-SSBC) and another EBF structure with an SC-SL system (Model 2: EBF-SC-SL) are
designed. Both models are composed of steel columns, steel beams, steel braces, the
VSSL-SSBC/SC-SL component, and brace plates, as illustrated in Figure 18a. The main
distinction between the two models lies in the fact that in Model 2, two self-centering SMA
braces (SCBs) and two vertical braces are installed on either side of the brace plate. As
shown in Figure 18b, both models have a span of 4800 mm and a height of 3600 mm. The
steel columns are H320 mm x 320 mm X 10 mm X 12 mm, the steel beams are H300 mm
x 250 mm x 10 mm x 12 mm, and the steel braces are square steel tubes measuring
300 mm x 10 mm.

Steel beam

! VSSL-SSBC B H300x250x10x12 CH210x110X6X%8
I L] : [ ] |
" VMVertical | | ] VRS EIR B
Steel ! 1 b]‘ElCﬁ G -'
column AT 5CB H320%320
" Brace “- - x10x12
Steel / plate \\ § b
brace ' .

N7 " // 300x10
7 NN
" Model I EBF-VSSL-SSBC . | |
[

Model 2: EBF-SC-SL

’\\1

i 4800 )
(a) (b)

Figure 18. Analysis models of EBF-VSSL-SSBC and EBF-SC-SL: (a) Basic components; (b) Details.
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In the VSSL-SSBC, the VSSL component has dimensions of H210 mm x 110 mm X
6 mm x 8 mm with a length of 210 mm. It is connected at both the upper and lower
ends using eight M22 high-strength bolts. A pretension force of 155 kN is applied at the
upper end and 30 kN at the lower end. The length of the slot hole is 50 mm. The friction
coefficient between the upper end of the brace plate and the lower end of the VSSL is
0.20, while the coefficient between the upper end of the brace plate and the base plate is
0.075. Additionally, in Model 2, the SCB has a length of 700 mm, with an SMA area of
219.80 mm?. Other parameters for the vertical brace and the SCB are the same as those
outlined in Section 3.1.1.

5.1.2. Numerical Analysis Method

The EBF-VSSL-SSBC and EBF-SC-SL specimens were comprehensively investigated
using the ABAQUS software. The steel columns, steel beams, steel braces, VSSL-SSBC /SC-
SL, brace plates, high-strength bolts, and self-centering SMA braces were all modeled using
C3D8R elements. Additionally, the friction behavior between the plates in the VSSL-SSBC
and the SCB was simulated by defining the appropriate friction coefficient, as shown in
Section 4.1. The material properties of all components are detailed in Section 3.1.2.

As shown in Figure 19, the boundary conditions of the two EBF models are as follows:
the column bases are constrained, and out-of-plane displacement of the EBFs is restricted
throughout the entire loading process. A displacement-controlled load protocol is applied
to the top ends of the two steel columns, following the same loading method as that of the
VSSL-SSBC described in Section 3.1.3.

> =» Cyclic loading Cyclic loading <— =+ <= = Cyclic loading Cyclic loading <— =»

.

e — I = |

‘ 3" Fixed

—_ — ., —_

- 7 - il
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Figure 19. Numerical analysis method of EBF-VSSL-SSBC and EBF-SC-SL: (a) EBF-VSSL-SSBC;
(b) EBF-SC-SL.

5.2. Frequent Earthquakes

The loading displacements of the designed EBFs during frequent and rare earthquakes
were determined at the inter-storey drifts of 0.4% and 2.0% [9], respectively.

5.2.1. Deformation Modes

Under frequent earthquakes, the expected displacement values of both EBF-VSSL-
SSBC and EBF-SC-SL are 14.40 mm. Figure 20 illustrates the deformation modes of the two
steel frames and braces, revealing that the maximum displacement occurs at the top end
of the steel frame and braces. Due to the low friction coefficient and small pretension of
the SSBC, the bearing capacity during the slippage of VSSL is relatively low. Consequently,
when the frames reach the expected displacement value, the deformation of the braces
remains minimal, with the maximum displacement of the braces in both EBE-VSSL-SSBC
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and EBF-SC-SL being only 0.22 mm. This suggests that the deformation modes of the
frames and braces in both EBFs are essentially the same.
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Figure 20. Deformation modes of the steel frame and brace during frequent earthquakes: (a) EBF-
VSSL-SSBC; (b) EBF-SC-SL.

Figure 21 presents the deformation modes of the VSSL and the SCBs. Due to the
slippage of the high-strength bolts in the VSSL-SSBC, the overall slippage values of the
VSSL in both EBFs are 14.40 mm, meaning that there is no significant relative slippage
between the two ends of the VSSL, which is in line with expectations. Additionally, when
the EBF-SC-SL reaches the expected maximum displacement, the vertical brace drives
the slip plates and slip bolts to move, leading to the tension of the SMA wires with an
elongation of 14.40 mm. Therefore, the deformation modes of the VSSL in both EBFs are
completely identical, and the deformation mode of the SCBs also meets the expectations.
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Figure 21. Deformation modes of the VSSL-SSBC and SCB during frequent earthquakes: (a) VSSL-
SSBC; (b) SCB.

5.2.2. Stress Nephograms

Figure 22 illustrates the stress nephograms of the steel frame and braces in both EBFs
under the expected maximum displacement. For the EBF-VSSL-SSBC and EBF-SC-SL, the
maximum stresses in the steel frame are 275.20 MPa and 275.60 MPa, respectively, and
the maximum stresses in the braces are 16.13 MPa and 17.79 MPa, respectively. These
values are remarkably close to each other. All of these stress values are below the yield
stress of the steel and braces, indicating that these components stay within an elastic
range. Additionally, owing to the low slip resistance of the SSBC, the initial slip load
and stiffness of the VSSL-SSBC are relatively low, leading to reduced stress levels in the
structural components.
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Figure 22. Stress nephograms of the steel frame and brace during frequent earthquakes: (a) EBF-
VSSL-SSBC; (b) EBE-SC-SL.

Figure 23 presents the maximum shear stress of the VSSL and the stress nephograms
of the SCB under frequent earthquakes. Since the SSBC has a low initial frictional slip load
and the VSSL remains in the slip stage, the maximum shear stress of the VSSL-SSBC in both
EBFs is 73.10 kN, which is significantly lower than the yield shear stress of the VSSL. In
the EBF-SC-SL, the maximum stress of the SMA reaches 308.00 MPa, indicating that the
SMA has entered its working state, effectively contributing to the energy dissipation and
self-centering capabilities.
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Figure 23. Stress nephograms of the VSSL-SSBC and SCB during frequent earthquakes: (a) VSSL-

SSBC; (b) SCB.

5.2.3. Hysteresis Curves

Figure 24 presents the hysteresis curves of the EBFs under frequent earthquakes. When
the displacement reaches 14.40 mm, the maximum bearing capacities of EBF-VSSL-SSBC
and EBF-SC-SL are 420 kN and 504 kN, respectively. This indicates that the EBF with SC-SL
has a higher bearing capacity than the one with VSSL-SSBC, along with a significantly
improved energy dissipation capacity. Additionally, the residual deformation values of
EBF-VSSL-SSBC and EBF-SC-SL are 2.99 mm and 1.32 mm, respectively, demonstrating
that the EBF equipped with SCBs exhibits a superior self-centering capability.

Based on the above analysis, under frequent earthquakes, the stress and displacement
values of the steel frame, braces, and VSSL in both EBF-VSSL-SSBC and EBF-SC-SL are
essentially the same. However, the incorporation of SCBs effectively enhances the load-
bearing capacity and reduces residual deformation in the EBF.
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Figure 24. Hysteresis curves of the EBFs during frequent earthquakes.

5.3. Rare Earthquakes
5.3.1. Deformation Modes

Under a rare earthquake, when both EBF-VSSL-SSBC and EBF-SC-SL reach the ex-
pected displacement of 72 mm, the deformation of the corresponding main frame and
braces is shown in Figure 25. The deformation modes of the main frames in both EBFs
are nearly identical. The maximum displacement at the upper end of the braces in the
EBF-VSSL-SSBC and EBF-SC-SL are 1.26 mm and 1.29 mm, respectively, with similar defor-
mation modes. However, the maximum displacement of the braces is significantly smaller
than that of the frame, primarily because the braces are much stiffer than the VSSL-SSBC,
causing the deformation to concentrate mainly in the VSSL.
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Figure 25. Deformation modes of the steel frame and brace during a rare earthquake: (a) EBF-VSSL-
SSBC; (b) EBF-SC-SL.

The deformation modes of the VSSL-SSBC and SCB in EBF-VSSL-SSBC and EBE-SC-SL
under a rare earthquake are shown in Figure 26. Since the braces in both EBFs provide
sufficient stiffness and bearing capacity for the corresponding VSSL, the displacement of
the brace end plates connected to the lower end plates of the VSSL remains relatively small.
The lower end plates experience a displacement of 25 mm (bolts sliding to the end of the
slot hole), while the upper end plate displacement is approximately 72 mm, effectively
reducing the relative deformation of the VSSL. Additionally, in the EBF-SC-SL, the side
plates and sliding bolts on the SCB move approximately 72 mm, matching the elongation
of the SMA wires.
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Figure 26. Deformation modes of the VSSL-SSBC and SCB during a rare earthquake: (a) VSSL-SSBC;
(b) SCB.

5.3.2. Stress Nephograms

Under a rare earthquake, the stress nephograms of the main frame and braces in
EBE-VSSL-SSBC and EBF-SC-SL are shown in Figure 27. The maximum stress values in
the steel frames of the two EBFs are 521.10 MPa and 520.80 MPa, respectively, primarily
concentrated at the beam—column joints and the bases of the columns, reaching the ultimate
stress limit of the steel. The maximum stresses in the braces are 70.85 MPa and 85.28 MPa,

respectively, which remain below the yield stress. Additionally, the brace stress in EBF-
SC-SL is relatively higher due to the increased load-bearing capacity of the SCB, which
amplifies the stress of the brace plates and the steel brace itself.

(b)

Figure 27. Stress nephograms of the steel frame and brace during a rare earthquake: (a) EBF-VSSL-
SSBC; (b) EBF-SC-SL.

The stress nephograms of the VSSL and SCBs in EBF-VSSL-SSBC and EBE-SC-SL under
a rare earthquake are shown in Figure 28. The shear stress distribution in the web of the
VSSL is nearly identical in both EBFs, with a maximum stress of 311.70 MPa, reaching the
ultimate shear stress limit and experiencing shear failure, which aligns with expectations.
Furthermore, in the EBF-SC-SL, all components of the SCB remain in the elastic state, and
the stress of the SMA reaches 597.20 MPa, staying within the superelastic range. This
enables the structure to provide both energy-dissipating and self-centering capabilities.

Slip plate |

Slip plate 11

(b)

Figure 28. Stress nephograms of the VSSL-SSBC and SCB during a rare earthquake: (a) VSSL-SSBC;
(b) SCB.
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5.3.3. Hysteresis Curves

The hysteresis curves of EBF-VSSL-SSBC and EBF-SC-SL are shown in Figure 29,
where their maximum bearing capacities are 1408.93 kN and 1685.94 kN, respectively, with
an increase of 19.66%. This indicates that the incorporation of SCBs has a significant impact
on the ultimate bearing capacity of the EBF. The hysteresis loop area at each loading step in
EBF-VSSL-SSBC is larger than those in EBF-SC-SL, and the energy dissipation values of
the last hysteresis loops of the two specimens are 186.7 k] and 193.6 k], respectively, with
an increase of 3.70%. Additionally, the maximum residual deformations of the EBF-VSSL-
SSBC and EBF-SC-SL are 35.28 mm and 25.44 mm, respectively, with a reduction of 27.90%
suggesting that the EBF-SC-SL exhibits better load-bearing and self-centering capabilities.
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Figure 29. Hysteresis curves for the EBFs during a rare earthquake.

Under a rare earthquake, the steel frames in both EBF-VSSL-SSBC and EBF-SC-SL
yield, while the braces remain in the elastic state. The VSSL in both EBFs enters the plastic
stage. However, in the EBF-SC-SL, the VSSL experienced smaller residual deformation
after the earthquake, effectively enhancing the seismic resilience capacity of the EBF. In
conclusion, a comparative analysis reveals that the EBF with a novel SC-SL demonstrates
superior stiffness, load-bearing capacity, and self-centering performance.

5.4. Seismic Results Analysis

Table 3 presents the key analysis results of the EBFs during different earthquakes.
Here, 1 represents the residual deformation, cs denotes the stress of the SMA wire, D
is the maximum displacement of the steel frame, Dy refers to the relative deformation of
VSSL, of indicates the maximum stress of the steel frame, Ty is the maximum shear stress of
the VSSL, and Dp and op correspond to the maximum displacement of the brace and stress,
respectively. Under various earthquake conditions, the frame stress and displacement,
brace stress and displacement, and the VSSL stresses and displacements in EBF-VSSL-
SSBC and EBF-SC-SL remain identical. However, under the same conditions, the residual
deformation of EBF-SC-SL is significantly smaller than that of EBF-VSSL-SSBC, which is
beneficial for the seismic resilience of the EBF.

Table 3. Comparison with the results for the EBFs during different earthquakes.

EBF-VSSL-SSBC EBF-SC-SL
Dr Dy B oF Ty op Dr Dy Dg OF Ty op os
/mm /mm /mm /MPa /MPa /MPa 17 /mm /mm /mm /MPa /MPa /MPa 1 /MPa
Frequent 14.56 0 0.22 275 73 1613 299 1438 0 0.22 275 73 1779 132 308
earthquake
Rare 7270 46.66 1.26 521 312 7085 3528 7204  46.29 1.29 521 312 8528 2544 597

earthquake
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6. Conclusions and Future Prospects
6.1. Conclusions

In this study, an eccentrically braced frame (EBF) with a novel self-centering shear link
(SC-SL) was developed and investigated through test and numerical methods to enhance
seismic resilience. The mechanical properties of VSSL-SSBC and SC-SL, along with the
corresponding seismic performance of the EBFs were analyzed. The key findings are
summarized as follows:

(1) Under seismic loading, the VSSL-SSBC mainly experienced elastic, slip, elastoplastic,
and plastic stages, while the SC-SL experienced VSSL slip, yielding, and flange and
web buckling, with the SMA wires in tension. The ultimate bearing capacities of the
two devices are 442.30 kN and 529.18 kN, respectively.

(2) The experimental and finite element results demonstrate that the SC-SL has a sig-
nificant improvement in both the ultimate bearing capacity and energy dissipation
capacity compared with the VSSL-SSBC. Moreover, due to the function of the SCB, it
exhibits an excellent self-centering capacity.

(3) Under frequent earthquakes, the frame, brace, and VSSL stresses and displacements
in EBF-VSSL-SSBC and EBF-SC-SL are basically equivalent. Both frames dissipate
energy through the slippage of high-strength bolts, and VSSL-SSBC remains elastic
without significant yielding deformation.

(4) Under rare earthquakes, the bearing force and stress of the brace of the EBF-SC-SL
are slightly increased compared with EBF-VSSL-SSBC. Its ultimate load capacity
is enhanced by 19.66%, and the residual deformation is reduced by 27.90%. This
improvement contributes to the seismic resilience capacity of the EBE.

6.2. Outlook

This paper effectively demonstrates that SC-SL has excellent self-centering ability and
seismic performance. To conduct a further exploration, development, and application of
this technology, the following contents can serve as future research topics:

(1) In this paper, a method combining experiments and finite element verification is
adopted to study the mechanical properties of SC-SL, which provides a reference for
the design of self-centering structures. However, it is necessary to carry out frame
design and experimental research for the EBF with SC-SL in the future.

(2) Based on future experiments on the EBF with SC-SL, the influencing factors on
its self-centering capacity, such as the circles and diameter of the SMA wires, can
be investigated.

(3) This paper only investigated the application of SC-SL in Y-shaped eccentrically braced
frames, whereas the application of SC-SL in other types of EBFs can be expanded in
the future.
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