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This paper proposes a tandem self-centering double-stage yielding buckling-restrained brace (TSCDY-BRB). A
staged-stiffness restoring-force model and a three-dimensional finite element model are developed and validated
against quasi-static tests, and reproduce the hysteretic response within about 15% error. The brace exhibits stable
flag-shaped hysteresis, transitioning from a single-flag loop at small drifts to a flag with a second yielding plateau
after the Group-2 cores engage. Parametric studies indicate that prestress sets the strength baseline and controls
recentering; strand diameter influences post-activation stiffness; the Group-1 core area dictates initial strength,
stiffness and low-amplitude energy dissipation; the Group-2 core area governs Stage II strength, stiffness and
high-amplitude dissipation; and a larger preset gap delays Stage II activation, improving recentering but reducing
damping. Within the studied range, single-cycle energy dissipation reaches 6.5-10.5 kJ, with an equivalent
viscous damping ratio of 0.12-0.17, and the residual-to-peak displacement ratio remains below 3% with suitable
prestress and gap. For design, an initial prestress about 1.5 times the combined yield force of the two core groups
is recommended, and the preset engagement gap and the yield displacement of the Group-2 cores should be
coordinated with the target peak displacement to ensure effective recentering and staged energy dissipation.
System-level analysis of a six-story steel frame shows that, compared with a double-stage yielding BRB frame of
identical initial properties, the TSCDY-BRB frame achieves much smaller residual drifts while maintaining
comparable peak drifts under 0.2 g and 0.4 g excitations, confirming its effectiveness over different seismic
levels.

1. Introduction

Conventional buildings can experience notable residual drift after
strong earthquakes, and repair costs are high, which conflicts with rapid
functional recovery [1,2]. Passive energy-dissipation devices are there-
fore widely used. Among them, buckling-restrained braces (BRBs) are
popular for their stable, repeatable hysteresis; however, the yielding
core still accumulates plasticity and leaves residual drift [3-5].

To limit residual deformation while retaining energy dissipation,
self-centering (SC) elements are placed in parallel with dissipative
components to produce a flag-shaped response. Christopoulos et al. [6]
proposed and validated the self-centering energy-dissipative bracing
(SC-EDB) concept at component and frame scales. Erochko et al. [7]

conducted shake-table tests of SC-braced frames and reproduced the
response numerically. For SC-BRBs with metallic cores, subsequent
studies established trilinear hysteresis and provided design-oriented
formulations, including displacement evaluation under trilinear
behavior and design-load selection for first and subsequent loading
[8,9]. Other SC solutions include SMA-based BRBs [10], cross-anchored
dual-core self-centering braces [11], low-prestress strategies [12], disc-
spring SC braces and compounded layouts verified by mechanics and
cyclic tests [13,14], and pre-pressed disc-spring SC braces with clarified
cyclic behavior and failure mechanisms [15,16]. Assembled SC-BRBs
showed high post-yield stiffness and replaceability in component and
application studies [17,18]. Additional mechanisms include an
embedded-friction-spring SC brace [19], a self-centering friction damper
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with confined SMA bars [20], viscous damper and a disc-spring variants
[21,22], a coaxially formed SC-BRB verified experimentally [23], and
variable damping SC braces [24]. More recently, Hu et al. [25] devel-
oped hybrid self-centering braces combining SMA U-shaped dampers
and rate-dependent viscoelastic dampers, and demonstrated through
validation tests and system-level analyses that such braces can simul-
taneously control peak and residual drifts as well as floor accelerations
of multistory steel frames.

Performance-based design also requires matching resistance across
hazard levels. For frequent events, nonstructural damage should be
limited; for rare events, higher strength and dissipation should engage.
To this end, staged or multilevel yielding has been developed, including
segmented cores, replaceable fuses, trigger mechanisms, and dual-
stiffness or coupling devices. Two-level-yield BRB tests and parametric
studies documented staged yielding and design implications [26-28].
Sitler et al. [29] carried out full-scale tests on a multistage BRB. Mini-
ature dual-stiffness dampers and double-stage coupling components
were proposed and evaluated by tests or simulations [30-32]. Sun et al.
[33] developed and validated an assembled double-stage BRB. Hu et al.
[34] designed and analyzed a cross-shaped double-stage BRB and
identified key parameter effects. A shape-optimized dumbbell-type slit
damper showed phased yielding and stable cyclic performance [35]. At
the frame level, resilience comparisons between double-stage and con-
ventional BRB systems were also reported [36].

Coupling staged yielding with self-centering has recently gained
attention, showing the potential to combine recentering with tunable
multi-stage dissipation. Zhang et al. [37] introduced and validated an
assembled self-centering dual-stage yield BRB and analyzed its hyster-
etic behavior. Jiang et al. [38] proposed a double-activation brace using
two disc-spring groups and verified frame response. Chen et al. [39]
reported a self-centering brace with staged-yield dissipation that ach-
ieved full flag-shaped loops and offered design guidance, and Yang et al.
[40] developed a dual-stage energy-dissipation and self-centering fric-
tion damper, further demonstrating the feasibility of the coupled
concept.

On the methodology side, numerical modelling for these devices has
matured. Calibrated finite element (FE) models are routinely used to
study force transfer, initial and equivalent stiffness, and cyclic response,
with parameters identified against tests [41-45]. System-level studies
further inform performance objectives [46]. This methodological foun-
dation supports the application of the finite element method for verifi-
cation work and parameter exploration.

Building on prior research, a tandem self-centering double-stage-
yielding buckling-restrained brace (TSCDY-BRB) is proposed. The brace
comprises two groups of core plates that engage sequentially and a
tandem tendon-bundle self-centering system, enabling Stage I and Stage
II activation while preserving recentering. Compared with the afore-
mentioned self-centering braces and double-stage yielding BRBs (DY-
BRBs) without explicit self-centering, the TSCDY-BRB adopts a config-
uration in which the self-centering and staged-yielding subsystems are
clearly separated yet coupled in parallel; the tendon-bundle branch re-
mains active over the entire deformation range, whereas the two groups
of core plates in the energy-dissipation branch are engaged at different
drift levels, which facilitates design and analytical modelling. The
concept and working mechanism are presented. A segment-wise
restoring-force model is formulated, and a numerical model is devel-
oped in ABAQUS [47]. Both are validated against full-scale quasi-static
test results. The calibrated three-dimensional FE model is then used to
quantify the effects of strand prestress and diameter, the yielding-
segment areas of the two core-plate groups, and the preset engage-
ment gap of the second group on the hysteretic behavior of the TSCDY-
BRB. The results establish parameter-response relationships and pro-
vide design guidance for multi-level performance objectives. In addi-
tion, nonlinear response-history analyses of a six-story steel frame
equipped with TSCDY-BRBs and, for comparison, DY-BRBs are carried
out to examine how the TSCDY-BRB influences peak and residual inter-
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story drifts at the system level.
2. Configuration and working mechanism of TSCDY-BRB
2.1. Configuration

The structural layout of the TSCDY-BRB is illustrated in Fig. 1. The
brace integrates two parallel subsystems: a tandem self-centering system
and a double-stage yielding energy dissipation system. The self-
centering system comprises two prestressed tendon sets, an inner tube,
an intermediate tube, an outer tube, and end plates. The tendon sets are
threaded through the inner tube in opposite directions, each anchored at
one end to an inner end plate and at the other end to the corresponding
outer end plate. Prestressing keeps all tubes tightly seated against their
end plates, with the inner tube suspended in a floating, non-contact
position parallel to the intermediate and outer tubes. In this tandem
arrangement, the two tendon sets share the total axial deformation
equally, thereby increasing the overall elongation capacity.

The double-stage yielding energy dissipation system employs a
staged activation scheme using T-shaped blocks and two groups of
dumbbell-shaped core plates, hereafter referred to as Group-1 and
Group-2. Each core plate consists of connection, transition, energy-
dissipation, and free segments. The free segments contain rectangular
holes aligned with corresponding openings in the outer tube; the
connection segments are welded to the surface of the intermediate tube.
Four plates are arranged symmetrically between the intermediate and
outer tubes and grouped by the hole sizes in their free segments (two
plates per group). Group-1 core plates are mounted on the top and
bottom faces of the intermediate tube with their free segments oriented
toward the left end; Group-2 core plates are mounted on the front and
rear faces with free segments oriented toward the right end. This
orthogonal arrangement ensures that the two groups exhibit comple-
mentary tension-compression yielding during bidirectional loading, as
described in Section 2.2.

Each plate is flanked by constraining plates, and a buckling-
restraining plate covers the assembly. Together with the intermediate
tube, these components form a restraining unit that allows in-plane
expansion of the plates while preventing out-of-plane buckling. Eight
guide blocks are placed between the intermediate and outer tubes to
reduce sliding friction. All components—including the constraining
plates, buckling-restraining plates, and guide blocks—are welded to the
intermediate tube.

The brace's left and right connection ends are bolted to steel at-
tachments welded to the outer and intermediate tubes, respectively.
External loads applied to these connections induce relative axial
displacement between the intermediate and outer tubes, simultaneously
activating both subsystems. Rectangular holes and slotted holes are
machined into all faces of the outer tube: the rectangular holes serve as
engagement interfaces between the T-blocks and the free segments of
the core plates, while the slotted holes accommodate the axial sliding of
the right connection end of the intermediate tube, thereby enabling its
movement and driving the relative displacement between tubes. The T-
blocks are welded to the outer tube and extend inward through the
rectangular holes toward the free-segment holes of the core plates.

2.2. Working mechanism

The working principle of the TSCDY-BRB is governed by the relative
axial displacement (Ad.e)) between the intermediate and outer tubes
(Fig. 2), which causes the end gaps at the tube-end-plate interfaces to
open at the activation threshold and to close on reverse sliding when the
displacement returns to the activation value. For explanatory purposes,
the left connection end is assumed fixed. Under this assumption, the
outer tube and its welded T-blocks remain stationary, while axial
loading applied to the right connection drives the intermediate tube to
slide relative to the outer tube, triggering both self-centering and
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Fig. 1. Configuration of the TSCDY-BRB.

energy-dissipation mechanisms.

In this article, the two yielding stages of the TSCDY-BRB are denoted
as Stage I and Stage II. In Stage I, only the Group-1 core plates yield; in
Stage II, both the Group-1 and Group-2 core plates yield. The ends of
each T-block are fully inserted into the rectangular holes in the free
segments of both core-plate groups. In Group-1, the holes are machined
for a zero-clearance fit with the T-block ends, ensuring immediate
engagement: any relative displacement causes the hole walls to bear
directly against the T-block ends, transferring load to the plates without
delay. In Group-2, the holes incorporate a preset axial gap u between
each sidewall and the corresponding face of the T-block end. This design
delays engagement until Ad. reaches +u, at which point one sidewall
contacts the T-block end and the plates begin to carry load. Reversal of
loading requires a displacement change of 2u to engage the opposite
sidewall, ensuring a defined delay before Group-2 activation in the
opposite direction.

Under tensile loading (A, > 0), the intermediate tube moves
rightward. Group-1 plates yield in tension immediately due to zero
clearance, whereas Group-2 plates remain inactive until Ad reaches u,
at which point they yield in compression. Under compressive loading
(Abre] < 0), the intermediate tube moves leftward, causing Group-1
plates to yield in compression immediately, and the Group-2 plates
yield in tension once Ad. reaches —u. Once Group-2 engages, both
groups deform in parallel, increasing the total energy-dissipation
capacity.

Upon unloading, the prestressed tendons restore Ady to zero,
providing complete self-centering. The tandem tendon configuration
allows the total Ad. to be twice the elongation of each tendon set,
enabling larger permissible deformations without exceeding tendon
elastic strain limits. This ensures the stability of the energy-dissipation
process and reliable post-earthquake recentering. In summary, Stage I
consists of the immediate yielding of Group-1 plates, analogous to a
conventional buckling-restrained braces, while Stage II begins when the
displacement threshold u is reached, activating Group-2 in a comple-
mentary yielding mode. This staged activation provides graded energy
dissipation and improved seismic resilience, while the prestressed
tendon system maintains robust self-centering performance.

3. Theory analysis
3.1. Model overview and notation

To interpret the hysteretic behavior of the TSCDY-BRB, a simplified
physical model is formulated in the assembly-end (total displacement)
coordinate (Fig. 3); the total axial displacement is denoted by § and the
total restoring force by F(5). The brace is idealized as a series system
consisting of a main body and two end connections. The main body
comprises a self-centering system (SCS) in parallel with two energy-
dissipation subsystems (EDS-1 and EDS-2), corresponding to the
Group-1 and Group-2 core plates, respectively. Consistent with Section
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2, the SCS is modeled as bilinear elastic with stiffnesses Ky (pre-acti- .
vation) and K., (post-activation). The initial slope K. includes the Kue — (i n 1 +L) o
elastic contribution of the intermediate and outer tubes together with Ka = Kiody Kea

the tendons; after activation, the effective slope reduces to the tendon-
only stiffness Kyo. EDS-1 is modeled as bilinear elastoplastic element
without gap. EDS-2 is modeled as a gapped bilinear elastoplastic sub-
system with a symmetric clearance u at the T-block-hole interface: it
remains idle until the local slip reaches u, and upon unloading requires
an additional slip of 2u to re-engage on the opposite wall.

The activation and peak displacements are §, and Syax. The yield
displacements of the two groups are &y1 and &y, with elastic tangents
Ke1, Ke2 and post-yield tangents K;,1, Kp2. The end-connection stiffnesses
are K¢; and K. The initial tendon prestress is F,. Component elastic
stiffnesses are evaluated as K = EA/L over the effective gauge length.

With the main body and the end connections acting in series, the
assembly-end tangent stiffness in any working segment is

where the segment-wise main-body tangent Ky is specified in Table 1
according to engagement and yielding states; In the initial stage
(segment 0a), no sliding occurs and all parts deform together, Kpody, 0a =
Kse1 + Ke1, hence the assembly initial stiffness and the activation
displacement read

1 1 1\
Kinit = Keotoa = | — — 2
init tot,0a (Kcl + Kbody,oa + KcZ) ( )
F,
5y =2 3
* 7 Kinit

The SCS has the following two levels of stiffness before and after



Y. Kang et al.

Journal of Constructional Steel Research 240 (2026) 110254

(a) F F __5a+u<5mwc<5a+2u+5yz 2u F
2u = (Sa+2u + 5}/2 g 5max
pl f 2u I sz
Y . [ 2 _
’ O’ 0 /7 dy: o
YA Rl L~“’)’|__ 2u ‘“Z h
2u
Energy dissipation subsystems 1 Energy dissipation subsystems 2 @ Energy dissipating system
F
(b) © o ) «
K, AAYAYA
© : ® ® e
sel e AVAVAVA o —\/V\/\—o
> 3 EDS-1 & 3
_/,,J ’ EDS-2 P
o
@
@ Self-centering system | | ® End connection
e — Omax<dutu F a: Activation: '
5a+1/l<6max<5a+2u+($y2 b: Group 1 yleldlng'
F —pibyprs <5 c¢: Group 2 engagement.
BT g o d: Group 2 yielding.
e: Unloading.
o 0 f: Group 2 disengagement.
g: Group 1 reverse yielding.
h: Group 2 reverse engagement.
i: Group 2 reverse yielding.
; . . j: Deactivation.
1 J
(e) First loading TSCDY-BRB () Subisequent loading k: Residual displacement.

Fig. 3. Simplified physical model and hysteretic behavior of the TSCDY-BRB.

Table 1

Segment-wise tangents and key-point coordinates.
Path Key-point coordinate Kbody
Loading
0—a 84 = Fp / Kinic (Eq. (3)) Kse1 + Kaa
a—b Op = 8a + y1 Koo + Ke1
b-c Sc=06a+U Ksea + Kp1
c—d 84 = Jc + dy2 Ksc2 + Kp1 + Kez
d—e Se = Omax Kseo + Kp1 + Kp2
Unloading
e—f 8¢ from Eq. (15) Kseo + Ke1 + Kea
fog g from Eq. (16) Kseo + Ke1
Case A (re-engage occurs, Smax > 8 + 2U + dy2)
g—h &y from Eq. (17) Ksea + Kp1
h—-i &; from Eq. (18) Kseo + Kp1 + Keo
i—j 5 =5, Kseo + Kp1 + Kpa
j=k &y from (Eq. (19)) Kser + Kp1 + Kpa
Case B (no re-engage, 6y + U < Smax < 01 + 2U + Jy2)
g—n Op = 6, Kse2 + Kp1
n-k 8 from (Eq. (19)) Kse1 + Kp1

Notes. (i) All listed stiffnesses are main body segment tangents Kpody. the
assembly-end tangent used in Eq. (1). (ii) At points j or n, end gaps close;
equivalently, the total-displacement coordinate returns to the activation value, i.

€., 0 = 0a.

activation:
Kscl = Kint +K0u + st (4)
Ko = K ()

where Kj,: and K, are the axial stiffnesses of the intermediate and outer
tubes, and the series equivalent of the tendon sets and inner tube is

1 1
Kg=(—+—
sd (K51+K52+

13!
%)

where K;1, Ky and Kj, are the stiffness of the two tendon sets and the
inner tube, respectively; for a tendon set with n parallel strands, K
nEAy/Ls.

For each core plate group i = 1, 2, the elastic and post-yield tangents
are

(6)

1

- (Kcon,i

aKei

1 1 1

1
ot
Ky; Ky Kf,i)

K + @

Kpi = ®)

where Keon i, Kur,i» Ky,i and Kg; represent the stiffness of the connection
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segments, transition segments, energy dissipation segments and free
segments of a given group of core plates; « is the second stiffness ratio,
and in this paper, it is set to 0.01.

From the displacement-compatibility condition for a series assembly,
the increments of the total device displacement A5 and the main-body
relative slip Ay satisfy

As = (]- +ﬂKb0dy)A§rel ©)

where = 1/K.1 + 1/K.o. After activation, the end connections are much
stiffer than the main body in the configured range (fKpody < 1), s0 Ad ~
Abrel. Consequently, the model is evaluated in the total-displacement
coordinate, while the mechanism (engagement, elastic recovery,
yielding) remains governed by the main-body slip.

3.2. One-cycle loading-unloading path

Fig. 3(e) and (f) illustrate the hysteretic response under initial and
cyclic loading. Despite minor differences, the same restoring-force
formulation applies; the compression-first case is analogous. Under
tension, the brace follows the assembly-end stiffness to the activation
displacement at point a, where end gaps open at the tube-end-plate
interfaces on both sides as the intermediate and outer tubes slip relative
to each other. Stage I then develops with the self-centering system acting
in parallel with EDS-1: the Group-1 cores remain elastic to point b, yield
at b, and continue with the post-yield tangent to point c. The Group-2
cores are disengaged in this stage, and their first engagement occurs at
point ¢, where §, = §, + w. Stage II follows from point ¢ to point e: the
Group-2 cores are elastic to point d, yield at d, and loading proceeds to
the peak point e with the SCS, EDS-1 and EDS-2 acting together, forming
the double-stage skeleton.

Upon reversal from e, all active elements unload elastically. Because
EDS-2 carried load on the preceding branch, the Group-2 cores unload
and separate at point f and remain idle to point g, where the Group-1
cores reverse-yield. The subsequent path depends on the displacement
demand. If 6yax > 64 + 2u + by (Case A), the Group-2 cores re-engage
after an additional local slip of about 2u at point h, reverse-yield at
point i, the path then reaches point j at end-gap closure (simultaneous
seating of the end plates against the ends of the intermediate and outer
tubes), and tendon recentering returns the response to the zero-force
point k; the unloading branch thus also exhibits double-stage yielding.
If 83 + U < Smax < 62 + 2u + Jy2 (Case B), the accumulated local slip from
point f to the zero crossing is less than 2u, so no re-engagement occurs;
the path proceeds to point n (the simultaneous-seating counterpart of
point j) and then to k. If 6max < 84 + u, Stage II never activates and the
loop reduces to a single-flag response governed by SCS in parallel with
EDS-1. Segment-wise tangent stiffness and key-point coordinates are
listed in Table 1 and map one-to-one to the labeled segments in Fig. 3(e).

3.3. Restoring-force evaluation and key-point calculations

Building on the stage-wise mechanics summarized in Section 3.2, the
response is cast below into a computable piecewise form. Only the
segment slope and the state at the starting key point are required to
march along the curve.

(a) General line-segment rule
For any segment with constant tangent stiffness Kot xy (as specified in

Eq. (1) and Table 1) and starting key point (x, F(5x)), the restoring force
within that segment is

F(3) = F(8x) + Kiotxy(6 — 6x), 8 € [0x,8y] (10)

(b) Peak-force sharing at e
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Let 5 be the peak displacement. The total restoring force de-
composes as

Fe :Fp+RSCS.e+R1e+R2e (11)
Post-activation, the SCS contributes
RSCS.e = Ksc2 (65 - 5a) (12)

The force portions carried by EDS-1 and EDS-2 at the peak,

_ Kel(57§a) §a S(sS(sb
Ri(8) = {Keléyl YK (5—8) 8> b as
0 0 < o
Rz((s) = Kez(é — 5c) O < 0 < éq (14)
Ke25y2 +Kp2((3 — 5d) o> 5d

here &, = 6 + 6y1, 6c = 62 + U, and 8q = 6 + by2 (Table 1), 50 Rye = R1(Je),
Roe = Ro(5e).

(c) Coordinates of key points on the unloading branch

Starting from e, the coordinates of the unloading key points follow
from elastic recovery of the engaged elements and the fixed 2u re-
engagement at the T-block-hole interface:

First disengagement of Group-2 (point f):

RZe

O = 0 K., (15)
e

Reverse yielding of Group-1 (point g):

R
Sy = B — (K—:Mﬂ) (16)

For Case A re-engagement and reverse yielding of Group-2 (points h,
i)
5}1 = 5f —2u (17)

6; = O — Oy2 (18)

For Case B, no re-engagement occurs before the zero crossing and
points h and i are absent.

For the last segment x-k (x = j or n) that contains the zero crossing,
the residual displacement is

F(8x)

Sk =0y —
« * Ktot.xk

19

where Kiotxi is the assembly-end tangent over x-k from Eq. (1) and
Table 1.

The above peak-sharing definitions R e, Rie, R2e close the expres-
sions for the unloading key points (6, g, Jn, 6;). Combined with the
segment stiffness entries in Table 1 and the general line rule, they pro-
vide a self-contained and reproducible evaluation of the restoring force
over the entire loop. For simplicity, isotropic and kinematic hardening of
the core steel are not included in the closed-form model; they will be
considered in the numerical study to better reflect possible field
behavior.

4. Numerical simulation
4.1. Specimen geometry and dimensions

This subsection briefly summarizes the quasi-static test program only
to give context for the finite element (FE) and test comparison; the full
experimental procedures and observations are documented separately
and are not detailed here, the present study focused on the modelling
approach, mechanism verification, and parametric analysis. The
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numerical model uses the nominal dimensions of the full-scale TSCDY-
BRB specimen. The overall geometry and key sizes are shown in Fig. 4. It
is noted that the relatively large brace-end widths shown in Fig. 4 were
chosen to suit the spacing and clearance of the laboratory reaction frame
and actuator grips, and can be reduced in building applications without
affecting the proposed self-centering double-stage mechanism or the
restoring-force model.

The two groups of core plates and the restraining plates are 8 mm
thick, and the buckling-restraining plates are 10 mm thick. The core
plates are Q235 steel; all other steel parts are Q345. The self-centering
system uses 4 prestressed steel strands with a diameter of 15.2 mm.
The total prestress is set as Fj, = @Fy tor = 141 kN, where ¢ = 1.5 and Fy 1o
is the total yield force of the two groups of core plates. The T-block fits
the rectangular openings of the Group-1 cores with zero clearance, while
a lateral gap of u = 5 mm between the two sidewalls of the Group-2 cores
openings. Fig. 5 shows the test setup (PWS-4000 loading system, 4000
kN static capacity). The specimen, which serves as the first full-scale
validation test of the TSCDY-BRB concept, was installed horizontally
between the reaction block and the actuator with pin connections at
both ends. Displacement-controlled loading was applied with peak
amplitudes of 2, 4, 6, 8, 10, 12, 14, 16 and 18 mm. With these di-
mensions and prestress, an end displacement of 18 mm corresponds to
an additional elongation of about 9 mm in each tendon set (=~ 0.4%
strain), so that the peak tendon strain, including the initial prestress (~
0.25%), is about 0.65%, which is below the design elastic limit (0.75%)
and the measured yield strain of the strands. Within this range the
hysteretic loops remained stable and repeatable, showing a flag-shaped
response; as the displacement increased, the second group of core plates
gradually engaged and the loops evolved into the intended double-stage
pattern, without noticeable strength or stiffness degradation or visible
global bowing of the brace. The measured monotonic stress-strain
curves of the strand, Q235 and Q345 steels are shown in Fig. 5(b), and
the corresponding test results are listed in Table 2. These results are used
to define the material models in the FE analysis.

4.2. Finite element modelling

A three-dimensional FE model of the TSCDY-BRB was developed in
Abaqus. Prestressing strands were modeled with T3D2 truss elements,
and all other parts with eight-node linear reduced-integration solids
(C3D8R). To capture cyclic hardening and the Bauschinger effect of the
core plates under load reversals, a combined isotropic-kinematic hard-
ening law was adopted. The parameters of this mixed hardening model
were taken with reference to [42] and then calibrated by matching
simulations to the test results. For the remaining components that pri-
marily provide restraint or load transfer, material properties were ob-
tained from material tests and represented by a bilinear kinematic
model. Considering that there are many contacts in the assembly, we
introduce simple modelling choices to keep the analysis stable and
efficient without losing accuracy. Considering the numerous contact
interfaces in the assembly, simple modelling choices were adopted to
keep the analysis robust and efficient without sacrificing accuracy at the
global-response level. Bolts at both end connections were not modeled
explicitly, as they primarily serve to assemble the parts and would
introduce many small, irregular contact pairs; welded and bolted in-
terfaces were instead represented by Tie constraints. In the physical test,
lithium-based grease was applied to the yielding segments of the core
plates to reduce friction against the restraining members. Because
explicit contact modelling tends to cause numerical instability and
convergence difficulties and is extremely time-consuming, several
effective simplifications for the restraining units have been reported in
the literature [43]. Guided by repeated simulation-test comparisons, the
restraining units were represented as boundary restraints that capture
the out-of-plane constraint on the core. For the interfaces between the
end plates and the tubes, and between the T-shaped block and the
rectangular openings of the core plates, the normal behavior is defined
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as hard contact with separation allowed after contact; the tangential
behavior uses penalty-formulation Coulomb friction with a friction co-
efficient of 0.1. Strand anchorage to the end plates is realized by kine-
matic coupling between the strand end nodes and the anchoring
surfaces. Prestress F, is applied using the temperature method (cooling)
before cyclic loading. Boundary conditions and the displacement-
controlled loading history match the test: the left end connected to the
outer tube is fixed; the outer surface of the right end, which is connected
to the middle tube, is coupled to a reference point (RP-1), and the cyclic
displacement is prescribed at that point. The mesh is refined where
plasticity and contact occur, 10 mm in the yielding parts of the T-block
and the core plates, and 20 to 50 mm elsewhere. The full FE model is
shown in Fig. 6.

4.3. Model validation

To validate the finite element model, simulated hysteresis loops were
compared with quasi-static tests at three displacement amplitudes
(Fig. 7). For each amplitude, the average peak loads in tension and
compression and the single-cycle energy dissipation Ep (area enclosed
by the hysteresis loop) were extracted and compared with the tests
(Table 3), with relative errors within 15% In addition, the model re-
produces the segmental tangents and the characteristic strengths within
the same accuracy range. The simulations also capture re-engagement
after an additional slip of about 2u and the shift of the second yield
point to the unloading branch, consistent with the theoretical mecha-
nism. Although a few individual errors exceed this range and the tests
exhibit larger residual displacements than both the simulations and the
theoretical predictions, the modelling strategy and material inputs
capture the main features of the brace hysteresis. The remaining dis-
crepancies likely arise from incomplete and time-dependent prestress,
fabrication tolerances and geometric imperfections, limited slip at bol-
ted or pinned connections, and modelling idealizations such as omitting
explicit bolt representation and using simplified contact.

Fig. 7 (b) reveals the two working stages of the brace predicted in
Sections 2-3. In stage AC, only the first-stage core yields. In stage BE,
both the first- and second-stage cores yield, and the load capacity in-
creases. During loading, the end gap between the outer end plate and the
tubes equals the sum of strand elongations. When the two strand groups
have the same length, the elongation of one group is approximately half
of the end gap. Fig. 7(c) shows that, in the FE results, the strand elon-
gation is about half of the predicted end-gap opening at the tube-end-
plate interfaces, which is consistent with the intended tandem tendon
mechanism [11].

Fig. 8 shows the von Mises stress contours at the maximum imposed
displacement of 18 mm. In the FE results, plastic strains concentrate in
the reduced yielding segments of the two core-plate groups, while the
tubes, T-shaped block and end plates remain essentially elastic, indi-
cating that the dominant inelastic mechanism in the present test range is
stable yielding of the core plates rather than buckling-induced degra-
dation. Interface separation (end-gap opening) is observed at the tube-
—end-plate interfaces on both sides under tension and compression. The
two core-plate groups engage sequentially and yield in their designated
zones, while the remaining members stay elastic. The prestressing
strands experience the largest computed stresses among the modeled
components but do not reach yield under the specified material prop-
erties. Local stress concentrations occur near the anchorages of the inner
and outer end plates. These results are consistent with the proposed
mechanism and the simulated hysteresis and support the fidelity of the
finite-element model. It should be noted that the end-gap opening was
not directly instrumented in the physical test; its evolution is inferred
from the calibrated FE model and the restoring-force model. Future
TSCDY-BRB tests will adopt a bolted, demountable configuration so that
the end gaps and internal sliding gaps can be measured directly.
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Fig. 5. The schematic diagram of the quasi-static test of TSCDY-BRB.

Table 2
Material properties.
Material fy/ MPa fu/MPa E/GPa
Strand 1745.3 1901 201
Q235 294.2 432.2 206
Q345 372.8 546.1 206

Note: fy, fu, and E are the yield strength, nominal maximum stress, and Young's
modulus, respectively.

5. Parametric analysis

Following the validation in section 4, this section presents a para-
metric numerical study to quantify the influence of five design variables:
the prestress (P), strand diameter (D), cross-sectional areas of the Group-
1 and Group-2 cores yielding segments (A; and A), and the preset gap
(U) on the TSCDY-BRB hysteretic response. The previously defined
analysis model 1 is used as the reference, around which 16 one-factor
variants are constructed (Table 4). The response metrics include the
characteristic forces Fp and Fp at the stiffness change points of the
subsequent loading curve and the segmental tangential stiffnesses Koa,
Kac, Kcp, Kpg of the labeled segments [8] (Fig. 7 (b)), for which the
corresponding values for model 1 are 185.79 kN, 261.34 kN, 566.20 kN/
mm, 13.05 kN/mm, 55.75 kN/mm, and 14.19 kN/mm. Table 4 records
each quantity in dimensionless form as the ratio to Model 1. Overall
performance is additionally assessed by the equivalent viscous damping
ratio feq (feq = Ep/(21KA3), computed from the single-cycle energy
dissipation Ep, the secant stiffness K, and the peak displacement A) and
the residual displacement 6.

5.1. Effect of prestress P

Fig. 9 shows that all four hysteresis loops retain a full flag shape for

all prestress levels. As P increases, the traces in the first and fourth
quadrants shift upward, while the segmental tangent stiffnesses remain
nearly unchanged. From Table 4, relative to Model 1, F5 ranges from
0.66 to 1.15 of the baseline and Fg from 0.74 to 1.12, while Koa, Kac,
Kcp, and Kpg remain at the baseline. This indicates that prestress lifts the
force baseline and the characteristic strengths, while the stiffnesses are
governed mainly by geometry and material property and are only
weakly related to P.

Fig. 10 further shows that Ep is essentially insensitive to P, at the 18
mm amplitude the spread among the curves is below about 3%. &eq
decreases from 0.148 to 0.118 as P increases, a reduction of about 21%.
This is because, at the same peak displacement, higher prestress raises
the elastic force level and the effective stiffness, so more of the input is
stored elastically while the plastic work changes little. A short dip over a
narrow amplitude range is more noticeable at lower prestress when the
Group-2 cores engage but remain elastic; this added elastic participation
briefly lowers &eq until yielding develops. §; at 18 mm decreases mark-
edly with prestress, from about 3.35 mm to about 0.40 mm, showing
stronger self-centering.

5.2. Effect of strand diameter D

Fig. 11 shows that enlarging D makes the subsequent loading and
unloading-return branches steeper, while the loops remain full and the
initial loading segment changes little. Relative to Model 1, Fa stays
within 0.99-1.03 of the baseline, Fg and Kop varies within 4%. In
contrast, the later-stage tangent stiffnesses after activation are highly
sensitive to diameter, Kac ranges from 0.73 to 1.87 of the baseline, Kgg
from 0.75 to 1.82, and K¢p from 0.93 to 1.24. Thus, strand diameter
mainly tunes the stiffness of the later-stage branches rather than the
initial strength.

Fig. 12 shows that Ep grows with displacement and is only weakly
affected by diameter. At 18 mm it decreases slightly from about 6.88 to
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Fig. 7. Validation of the FE model: (a) hysteresis comparison; (b) double-stage response; (c) tandem self-centering mechanism.
Table 3
Comparisons of the test results and estimated values.
Amplitude /mm Peak load average value/kN Energy dissipation/kJ
Experiment Theory Simulation Experiment Theory Simulation
245.05 242.19 0.67 0.56
4 222.75 (10.00) (8.73) 052 (28.85) (7-69)
376.65 378.94 2.69 2.55
10 351.44 (7.14) (7.82) 268 0.37) (4.85)
481.87 483.23 6.26 6.75
18 446.52 (7.92) (8.22) 6.93 (9.67) (2.60)
6.53 kJ as diameter increases. {q also decreases with diameter, at 18 mm it falls from 0.142 to 0.087, a reduction of about 39%. The reason is
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Stage I strength and the initial slope rise clearly, while the subsequent

branches change little. Relative to Model 1, Fy is about 1.10-1.28 of the

baseline, Fg about 1.05-1.25, and Koa about 1.10-1.28; Kac, Kcp and
Eégﬁz Kgg increase only slightly, generally within about 10%. These results
168300102 Stage I: Only Group-1 core plates yield confirm that the Group-1 cores govern the onset of yielding and the
ber overall initial stiffness; hence the largest gains appear in Fy and Koa,
with Fp also increasing because the Stage II capacity includes the Group-
1 contribution.
Stage I1: Both groups yield Fig. 14 show that Ep increases over the whole displacement range; at
18 mm it rises from about 6.75 to 10.5 kJ, an increase of about 56%. &eq
also increases and at 18 mm rises from about 0.124 to 0.171, about 38%
higher, because a larger A; engages more Stage I plasticity and the
plastic share becomes larger. §; increases notably with A;; at 18 mm it
End gap Undertonsion End gap grows from about 0.51 to 3.15 mm, roughly a sixfold rise, indicating that
opening opening heavier Stage I plastic deformation weakens self-centering.

S, Mises

(Avg: 75%)
+1.102¢+03
+1.010e+03

+1.837e+02
+9.185e+01
L +2.834¢-05

5.4. Effect of Group-2 core area Az

Fig. 15 shows that larger A, raises and stiffens the Stage II branch,
while the Stage I branch changes little. Compared with A;, the
enhancement in loop fullness is less pronounced. From Table 4, Fa, Koa
and Kxc stay at the baseline; Fy increases to aboutl.02-1.21, K¢p to
about 1.14-1.51, and Kgg to about 1.01-1.04, with K¢p showing the

Under compression

Fig. 8. Stress contour of specimen (units: MPa).

that stiffer strands carry more load elastically at the same peak largest gain of 51%.
fhsp.laf:ement, so more energy is stored. and ret}lrne.d elastically and lf:ss Fig. 16 show that Ep increases with A,, at 18 mm it increases from
is dissipated plastically. &, decreases slightly with diameter and remains about 6.75 to 9.01 kJ; &q increases modestly with Ao, at 18 mm it rises
small overall, with a maximum of only about 0.54 mm. from about 0.124 to 0.147, with a brief mid-amplitude inversion
because the Group-2 cores first engage mainly elastically and add elastic
5.3. Effect of Group-1 core area A; input before yielding develops; &; increases from about 0.51 to 1.97 mm,
about four times. Overall, Ay mainly governs Stage II strength and
Fig. 13 shows that larger A; makes the loops progressively fuller. The stiffness and contributes to high-amplitude energy dissipation once
Table 4
Parametric models and response metrics.
Specimen ID Design variables Response metrics
Ay/mm? Ay/mm? P/kN D/mm U/mm Fa Fy Kon Kac Kep Kgg
1 80 80 141 15.2 5 1.00 1.00 1.00 1.00 1.00 1.00
2 80 80 71 15.2 5 0.66 0.74 1.00 1.00 1.00 1.00
3 80 80 101 15.2 5 0.81 0.86 1.00 1.00 1.00 1.00
4 80 80 171 15.2 5 1.15 1.12 1.00 1.00 1.00 1.00
5 80 80 141 12.7 5 0.99 1.01 1.01 0.73 0.93 0.75
6 80 80 141 17.8 5 1.01 1.03 1.03 1.32 1.09 1.30
7 80 80 141 21.6 5 1.03 1.04 1.04 1.87 1.24 1.82
8 104 80 141 15.2 5 1.10 1.05 1.10 1.02 1.02 1.03
9 128 80 141 15.2 5 1.19 1.16 1.19 1.04 1.03 1.05
10 152 80 141 15.2 5 1.28 1.25 1.28 1.08 1.06 1.06
11 80 104 141 15.2 5 1.00 1.02 1.00 1.00 1.14 1.01
12 80 128 141 15.2 5 1.00 1.12 1.00 1.00 1.39 1.03
13 80 152 141 15.2 5 1.00 1.21 1.00 1.00 1.51 1.04
14 80 80 141 15.2 3 1.00 1.00 1.00 1.00 1.00 1.00
15 80 80 141 15.2 7 1.00 - 1.00 1.00 1.00 1.00
16 80 80 141 15.2 9 1.00 - 1.00 1.00 1.00 1.00
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Fig. 9. Hysteretic curves of TSCDY-BRB with different prestress: (a) 71 kN, (b) 101 kN, (c) 141 kN, and (d) 171 kN.
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Fig. 10. Comparison of performance indices for analysis models: (a) energy dissipation, (b) equivalent viscous damping ratio, and (c) residual displacement.
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Fig. 11. Hysteretic curves of TSCDY-BRB with different strand diameter: (a) 12.7 mm, (b) 15.6 mm, (c¢) 17.8 mm, and (d) 21.6 mm.
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Fig. 12. Comparison of performance indices for analysis models: (a) energy dissipation, (b) equivalent viscous damping ratio, and (c) residual displacement.
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Fig. 13. Hysteretic curves of TSCDY-BRB with different area of A;: (a) 80 mm?, (b) 104 mm?, () 128 mm?, and (d) 152 mm?.
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Fig. 14. Comparison of performance indices for analysis models: (a) energy dissipation, (b) equivalent viscous damping ratio, and (c) residual displacement.
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Fig. 16. Comparison of performance indices for analysis models: (a) energy dissipation, (b) equivalent viscous damping ratio, and (c) residual displacement.

engaged. the peak drift is below the threshold defined by the activation
displacement, twice the preset gap, and the Group-2 yield displacement.

In the baseline specimen, U = 5 mm is therefore adopted as a moderate

5.5. Effect of preset gap U gap that, under the target displacement of 18 mm, produces clear two-
stage behavior with Stage II participation on both loading and unload-

Fig. 17 shows that enlarging U delays the engagement of the Group-2 ing while keeping the plastic demand of the Group-2 cores at a

cores and reduces loop fullness. At U of 3 and 5 mm the Group-2 cores reasonable level.

engage in both loading and unloading. At U of 7 mm the response is Fig. 18 show clear monotonic trends at the target amplitude. Ep
transitional. At U of 9 mm the Group-2 cores engage on loading but not decreases with U and at 18 mm drops from about 7.38 to 5.67 kJ, a
on unloading under the present displacement demand, consistent with reduction of about 23%. &.q also decreases with U and at 18 mm falls
Section 2. Table 4 indicates that F and the segmental stiffnesses remain from about 0.135 to 0.104. The crossover and inversion occur because a
at the baseline. For the larger gaps, Fp is not identified because the smaller gap triggers earlier but mostly elastic engagement of the Group-
subsequent loading branch has not yet transitioned to point B. The 2 cores, increasing elastic input and temporarily lowering &q, Larger

preceding unloading did not re-engage and yield the Group-2 cores, as
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Fig. 17. Hysteretic curves of TSCDY-BRB with different preset gap value of U: (a) 3 mm, (b) 5 mm, (¢) 7 mm, and (d) 9 mm.
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Fig. 18. Comparison of performance indices: (a) energy dissipation, (b) equivalent viscous damping ratio, and (c) residual displacement.

gaps delay this elastic participation and can show a higher &4 at that
stage; once yielding develops, the case with a smaller gap overtakes due
to greater plastic dissipation. §; decreases steadily with U and at 18 mm
reduces from about 0.672 to 0.110 mm. The reason is that a smaller gap
triggers Stage II participation earlier and accumulates more plastic
deformation in the Group-2 cores, which weakens self-centering, while a
larger gap postpones that plastic work and improves recentering.

6. System-level analysis
6.1. Prototype frame and analysis model

Nonlinear response-history analyses were conducted on a six-story
planar steel frame to assess the system-level performance of the pro-
posed brace. The frame layout and member sizes follow the prototype
reported in Ref. [48], with five 6.6 m bays and a story height of 3.1 m. As
shown in Fig. 19, the columns and beams are wide-flange H sections of
700 x 300 x 18 x 34 mm and 400 x 300 x 13 x 21 mm, respectively,
both made of Chinese steel Q235. To account for the slab constraint
effect on the beams, their Young's modulus was taken as 1.2 times that of
the columns, consistent with Ref. [48].

Since the gravity loads were not provided in Ref. [48], an equivalent
non-structural mass of 2800 kg was assigned to each floor beam to match
the reported first two natural periods of the bare frame, approximately
0.71 s and 0.22 s. After installing the braces described below, the first
two periods of the braced frames reduce to 0.31 s and 0.10 s, reflecting
the stiff brace configuration.

The tested TSCDY-BRB specimen was used as a reference, with
properties adjusted to match the frame's specific geometry. Diagonal
braces were installed in the second and fourth bays at each story,
following the layout in Ref. [48]. For comparison, a double-stage
yielding BRB (DY-BRB) frame was constructed by removing the self-
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Fig. 19. Prototype steel frame with diagonal braces.

centering branch while preserving the same initial axial stiffness and
first stage yield force as the TSCDY-BRB. The combined stiffness and
yield force of the SC and BRB; branches in the TSCDY-BRB were lumped
into a single BRB branch in the DY-BRB, giving a first stage yield force of
about 188 kN and initial axial stiffness of 6 x 10° kN/m. The second
stage BRB branch (BRB;) was kept identical in both systems, with the
same stiffness, yield force (47 kN) and activation gap (u = 5 mm).
This analysis model represents a “strong-brace, weak-frame” system,
designed to concentrate inelastic action in the braces and highlight re-
sidual drift control, rather than to propose a complete building design
guideline. Beams and columns were modeled with nonlinear beam ele-
ments, and rigid diaphragms were enforced at each floor by tying all
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joints to a master node. The TSCDY-BRB and DY-BRB components were
modeled using axial connector elements calibrated against the tests and
the FE simulations in the preceding sections. Rayleigh damping was
applied, with the first and second modes of the bare frame having a 4%
damping ratio, consistent with Ref. [48]. All analyses were performed
using ABAQUS.

6.2. Earthquake records

Three horizontal ground motions (El-Centro, Taft, and a spectrum-
compatible artificial record) were selected to represent seismic actions
for a region with seismic fortification intensity 8 and Site Class II soil
conditions according to the Chinese seismic design code [49]. Two in-
tensity levels were considered: a design-basis earthquake (DBE, PGA =
0.2 g) and a maximum-considered earthquake (MCE, PGA = 0.4 g).

To ensure spectral compatibility, the response spectra of the selected
records were first scaled to match the shape of the 5%-damped Chinese
design spectrum over the period range 0.2 T; to 1.5 Ty, which covers the
fundamental and higher-mode responses. Subsequently, this spectrally
consistent suite of records was uniformly scaled to achieve the target
PGA levels of 0.2 g for the DBE and 0.4 g for the MCE analyses. The same
set of processed motions was applied to both the TSCDY-BRB and DY-
BRB frames. Fig. 20 compares the 5%-damped spectra of the three
scaled records and their mean with the target design spectrum for the
0.2 g level.

6.3. Time history analysis

For system-level evaluation, the peak inter-story drift ratio (IDR) and
the residual inter-story drift ratio (RIDR) are critical indicators of
seismic performance. Floor responses were obtained from the dia-
phragm reference nodes, and IDRs and RIDRs were calculated from the
relative displacements between adjacent stories. Unless otherwise
stated, the results presented are averaged over the three ground mo-
tions. Fig. 21 compares the envelopes of the average peak IDR and RIDR
for the TSCDY-BRB and DY-BRB frames under the two intensity levels,
and additionally presents representative brace hysteresis loops at the
third story.

Under the 0.2 g (DBE) motions [Fig. 21(a)], both frames exhibit
similar IDR distributions, with the largest drifts occurring in the middle
stories and remaining well below the serviceability limit of 1/250. The
TSCDY-BRB frame shows a mean IDR of about 0.18%, with a maximum
of 0.24%. The corresponding values for the DY-BRB frame are 0.12%
and 0.17%. Therefore, despite identical design stiffness and yield force,
the TSCDY-BRB frame exhibits peak drifts approximately 1.5 times those

T T T
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—— Mean

< o
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o
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Fig. 20. Acceleration response spectra of the selected ground motions and
design spectrum.
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of the DY-BRB frame, though both values remain very small.

Under the 0.4 g (MCE) motions, the second stage cores are more
extensively activated. The TSCDY-BRB frame exhibits a mean IDR of
about 0.40% (maximum of 0.54%), while the DY-BRB frame shows
0.33% (maximum of 0.44%). Hence, the peak drifts of the TSCDY-BRB
frame are about 20-25% larger, and all values remain comfortably
below 1%, satisfying typical life-safety criteria. The similar drift profiles
indicate that the self-centering mechanism does not significantly alter
the global deformation pattern.

A clear difference emerges in the residual deformations [Fig. 21(b)].
For the 0.2 g motions, the TSCDY-BRB frame exhibits negligible residual
drifts, with a mean RIDR of about 5 x 10~° and a maximum of 9 x 107°.
In contrast, the DY-BRB frame develops mean and maximum RIDRs of
about 4.8 x 107> and 6.6 x 107>, respectively. Thus, the residual drifts
in the DY-BRB frame are nearly an order of magnitude larger than those
of the TSCDY-BRB frame, so that the TSCDY-BRB residual drifts are
roughly one-tenth of the DY-BRB values.

At the 0.4 g level, the mean and maximum RIDRs of the TSCDY-BRB
frame increase to about 1.9 x 107> and 3.5 x 10~°, while those of the
DY-BRB frame reach 8.8 x 107> and 1.56 x 10™*, respectively. Even at
the MCE level, the TSCDY-BRB frame retains mean and maximum RIDRs
about four to five times smaller than those of the DY-BRB frame.
Moreover, the residual drifts of the TSCDY-BRB frame remain nearly
uniform and very small across the height, while those of the DY-BRB
frame concentrate in the upper stories.

To further illustrate brace behavior within the frame, Fig. 21(c)-(d)
present the axial force-deformation hysteresis of the third-story braces
under 0.2 g and 0.4 g El-Centro excitations. The DY-BRB braces develop
wide bilinear loops with noticeable residual offsets, whereas the TSCDY-
BRB braces exhibit flag-shaped loops with clear recentering and slightly
slimmer loops. At 0.2 g, the TSCDY-BRB loops already show the onset of
a second-stage yielding plateau, but the participation of the Group-2
cores remains limited; at 0.4 g this plateau becomes much more pro-
nounced, indicating extensive engagement of the Group-2 cores. This
evolution is consistent with the restoring-force model in Section 3 (Cases
A and B), and further confirms that the intended self-centering double-
stage mechanism is effectively mobilized in the frame at both DBE and
MCE levels.

These results show that the restoring force provided by the tandem
tendons is sufficient to overcome accumulated plastic deformations and
drive the frame back toward its original position, while keeping peak
inter-story drifts well within conventional design limits. Taken together
with the component tests and parametric studies in Sections 3-5, the
time-history analyses confirm that the TSCDY-BRB can deliver staged
energy dissipation while markedly mitigating residual drift at the frame
level.

6.4. Design implications for frame applications

The findings of this study provide practical implications for imple-
menting TSCDY-BRBs in braced steel frames. At the component level,
the brace should be proportioned so that the tendon prestress is not less
than the total resistance of the two-stage energy-dissipation cores
(including strain hardening), thereby maintaining a stable flag-shaped
hysteresis and reliable recentering. At the system level, the six-story
frame example indicates that, when the TSCDY-BRB frame is designed
with initial stiffness and first-stage strength comparable to a DY-BRB
frame, peak inter-story drifts remain of similar magnitude whereas re-
sidual drifts are markedly reduced under both DBE and MCE motions.
These observations suggest that, by appropriately choosing prestress,
staged strengths and preset gap, TSCDY-BRBs can provide combined
self-centering and double-stage energy dissipation at different seismic
intensity levels while keeping residual deformation under control in
practical applications. A more comprehensive parametric study of bra-
ce—frame systems for different building heights and performance goals is
left to future work.
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Fig. 21. System-level response comparison of frames with DY-BRBs and TSCDY-BRBs: (a) peak inter-story drift ratios, (b) residual inter-story drift ratios, (c)-(d)
hysteresis of third-story braces under 0.2 g and 0.4 g El-Centro records, respectively.

7. Conclusions

This study proposes and validates a tandem self-centering double-
stage yielding BRB (TSCDY-BRB), develops a staged-stiffness restoring-
force model and a FE model, validates both against full-scale quasi-static
tests, and conducts a parametric study to inform design.

1. The restoring-force model captures activation, Stage I and Stage II
yielding, and re-engagement after about twice the preset gap, and
clarifies when the second yield point to shift to the unloading branch.
Together with the FE model, it reproduces the flag-shaped loops and
stage transitions, with differences from tests within about 15%.

2. Across the examined ranges the brace maintains stable flag-shaped
hysteresis. At the target amplitude, single-cycle energy is about
6.5-10.5 kJ, the equivalent viscous damping ratio is about
0.12-0.17, and the residual-to-peak displacement ratio can be kept
below about 3% with adequate prestress and a moderate gap.

3. Prestress sets the strength baseline and recentering, with little effect
on segmental tangent stiffness or single-cycle energy at a given
amplitude. Strand diameter mainly tunes later-stage tangent stiffness
while leaving initial strength nearly unchanged. The Group-1 core
area governs Stage I, increases initial strength and stiffness, and
markedly raises energy dissipation. The Group-2 core area governs
Stage II, increases second-stage strength and stiffness, and adds high-
amplitude energy once engaged. The preset gap controls Stage II
engagement and re-engagement: larger gaps reduce loop fullness,
energy dissipation and damping but improve recentering.

4. For design, use prestress to control recentering; choose strand
diameter to tune later-stage stiffness; size Group-1 cores for low-
amplitude strength and energy; size Group-2 cores for Stage II ca-
pacity and high-amplitude energy. Select the preset engagement gap
together with the activation displacement and the Group-2 yield
displacement so that their sum with twice the gap is below the target
peak displacement, ensuring two-stage participation on both
branches while balancing self-centering and energy dissipation.

5. System-level analyses show that, when the TSCDY-BRB frame is
designed with the same initial stiffness and first-stage yield strength
as a DY-BRB frame, it develops peak inter-story drifts of similar
magnitude but much smaller residual inter-story drifts under 0.2 g
and 0.4 g ground motions, demonstrating the effectiveness of the
TSCDY-BRB for reparable frame design.
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