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Numerical study

This paper aims to develop a novel shape memory alloy (SMA) omega damper (denoted as SMA-Q damper) as a
new self-centering component for developing seismic resilient engineering structures. The mechanical behavior
and deformation mechanism of the SMA-Q damper were presented firstly. Experimental studies were subse-
quently conducted to investigate its hysteretic behavior and failure mode under cyclic loadings. Test results
confirmed that the proposed SMA-Q dampers could achieve reliable self-centering performance with negligible
residual deformations under cyclic loadings. Parametric numerical studies were further carried out to understand
the strain and stress development in SMA-Q dampers under cyclic loading and to investigate the influence of
design parameters. Parametric analyses revealed that the geometric parameters t, R, r, and d; governed stiffness,
strength, and strain distribution. Larger thickness (t), smaller radii (R, r), and shorter transition lengths (d;)
increased stiffness, strength, and energy-dissipation capacity but might induce stress concentration and reduce
deformation capacity. Based on the test and numerical results, the design recommendations of SMA-Q dampers

were finally proposed.

1. Introduction

Earthquakes are one of the most severe disasters for modern struc-
tures and infrastructures [1,2]. The plastic design method is widely
adopted in modern seismic design guidelines (e.g., Eurocode 8 [3], GB
50011-2010 [4], and ASCE 7-16 [5]). Plastic behavior with sufficient
ductility is encouraged to achieve reliable energy-dissipation capacities
against structural collapse under strong earthquakes [6-8]. Neverthe-
less, plastic behavior inevitably introduces considerable residual de-
formations [9-11]. Fahnestock et al. [12] found that the residual
deformation of traditional buckling-restrained braced frames (BRBFs)
after maximum considered earthquakes (MCEs) is up to 1.2%. Erochko
etal. [13] pointed out that residual drifts of BRBFs and moment-resisting
frames designed based on existing design codes are, on average, between
2.0% and 4.0%. These significant residual displacements pose a serious
threat to the safety of structures during aftershocks and severely hinder
the post-earthquake repair and functional recovery of the structures.
According to FEMA P—58 [14], major structural realignment is required
to restore the margin of safety for lateral stability of the structure with a
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residual story drift ratio over 1.0% and this realignment may not be
economically and practically feasible. After the 2011 Christchurch
earthquake, a substantial number of non-collapse structures underwent
demolition due to severe residual deformations, leading to extensive
economic loss [15]. The residual deformation becomes an essential
index for designing [16-18] and evaluating [19-21] engineering
structures, and reducing post-earthquake residual displacements is a
crucial task for the development of the next generation of
seismic-resistant engineering structures and reducing the life-cycle costs
induced by earthquakes [22,23].

Shape memory alloys (SMAs) constitute a distinctive category of
metals with the ability to recover significant strains either through
heating (shape memory effect) or spontaneously (superelastic effect),
contingent on their thermal-mechanical condition [24,25]. Superelastic
Ni-Ti SMA is the most popular class, showing stable superelastic
behavior at room temperature. The typical stress-strain responses of
superelastic Ni-Ti SMA are plotted in Fig. 1, which is realized by the
solid-to-solid transformation between the austenite and martensite
phases. The austenite finish temperature can be set below ambient
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Fig. 1. Superelastic hysteretic behavior of Ni-Ti SMA.

temperature using modern mature manufacturing technology. Without
loading, the superelastic Ni-Ti SMA can remain in the austenite phase.
Loading will activate the austenite-to-martensite transformation, and
unloading will activate the martensite-to-austenite transformation,
resulting in flag-shaped hysteretic behavior with restrained residual
deformation and moderate hysteretic energy dissipation. The recover-
able strain of superelastic Ni-Ti SMA is up to 8% at room temperature
[26]. This unique behavior makes superelastic Ni-Ti SMA a promising
solution to reduce structural residual deformations under earthquakes.
Note that superelastic Ni-Ti SMA is simply referred to using SMA in the
following parts of this paper.

Table 1 summarizes the SMA components developed for seismic
applications in previous publications. The existing SMA components can
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be divided into three types [73], including axial, bending, and hoop. The
axial SMA components include wires, cables, bars, plates,
buckling-restrained bars, and buckling-restrained plates. They utilize
the axial tension or compression behavior of SMA material. The bending
SMA components include angles and U-shaped plates. They utilize the
tension and compression behavior of SMA material in the same section
through the bending deformation mechanism. The hoop SMA compo-
nents include disc rings, outer friction springs, and rings. They utilize the
tension or compression behavior of SMA material through radial
deformation. These components were originally made of steel. The use
of SMA materials enables these components to possess both
self-centering and energy-dissipation capabilities simultaneously. Each
of these elements possesses distinct advantages and drawbacks in me-
chanical performance, manufacturing processes, connectivity, etc.,
rendering them suitable for diverse application scenarios. They have
found widespread application in the development of self-centering
braces, beam-to-column connections, column bases, bridge columns,
link beams, isolators, and related components. Compared with alterna-
tive types, bending-type SMA components exhibit a unique capability to
alleviate cumulative residual deformations and mitigate loading ca-
pacity deterioration under cyclic loading, leveraging the bending
deformation mechanism. Additionally, the utilization of the
tension-compression behavior of SMA materials enables bending-type
SMA components to circumvent the loss of loading capacity observed
in tension SMA components due to cumulative residual deformations.
Although various SMA dampers exist (as shown in Table 1), current
components still fall short in balancing high deformation capacity with
low stress concentration. Therefore, this study aims to address the brittle
fracture problem of SMA dampers under complex stress states by pro-
posing a novel Omega configuration (denoted as SMA-Q damper). This
study focuses on (1) theoretically proposing the geometric configuration

Table 1
Summary of existing SMA components.
Type Components Mechanical Advantages Disadvantages Application
behavior
Axial Wire [24,27] Tension Mature manufacturer, good quantity Low loading capacity, difficult anchoring, Brace[28-30], isolator[31], composite
cumulative residual deformation, loading beam[32]
capacity deterioration

Cable [33-35] Tension High loading capacity, good quantity,  Difficult anchoring, cumulative residual Brace[36,37], isolator[38,39],

non-abrupt fracture deformation, loading capacity deterioration reinforced concrete[40]

Bar[41,42] Tension High loading capacity, good quality Difficult manufacture of connection, abrupt Brace[43], beam-to-column
fracture, cumulative residual deformation, connection[44,45], column|[46,47],
loading capacity deterioration reinforced concrete beam[48], isolator

[49], wall[50]

Plate[51,52] Tension High loading capacity, good quantity, =~ Cumulative residual deformation, loading Beam-to-column connection[53],

easy connection capacity deterioration self-centering damper[54]

Buckling- Tension- High loading capacity, good quantity,  Additional buckling restrained device, Knee brace[57], self-centering damper

restrained bar compression high utilization of material difficult manufacture of connection, abrupt [58]

[55,56] fracture, cumulative residual deformation,
loading capacity deterioration

Buckling- Tension- High loading capacity, good quantity,  Additional buckling restrained device, Beam-to-column connection[51]

restrained plate compression high utilization of material, easy cumulative residual deformation, loading

[59] connection capacity deterioration

Bending  Angle[60,61] Tension- easy connection, restrained High cost of manufacture, premature fracture ~ Eccentrically braced frame[62],
compression cumulative residual deformation, and beam-to-column connection|[61]
loading capacity deterioration

U-shaped plate Tension- easy connection, restrained High cost of manufacture, premature fracture  Brace, isolator[65]

[63,64] compression cumulative residual deformation and

loading capacity deterioration,
Flexible deformability
Hoop Disc spring[66, Tension- Flexible deformability High cost of manufacture, small loading beam-to-column connection[67]

671 compression capacity, cumulative residual deformation,
loading capacity deterioration

Outer friction Tension High loading capacity, excellent High cost of manufacture, cumulative Brace[69], beam-to-column

spring[68] energy dissipation residual deformation, loading capacity connection[70]
deterioration

Ring[71,72] Tension- High loading capacity Cumulative residual deformation, the Brace[71]

compression requirement of special connection

Note: A common problem with the above components is that when the SMA material enters the late stage of phase transformation, the sudden increase in stiffness
prevents the full development of plastic hinges, leading to brittle fracture at geometric discontinuities.
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and deformation mechanism of the SMA-Q damper; (2) experimentally
validating its self-centering capability and failure mode through quasi-
static testing; and (3) numerically revealing the influence of geometric
parameters on performance through parametric analysis. The remainder
of the paper is organized as follows: Section 2 will preliminarily intro-
duce the working mechanism and mechanical behavior of SMA-Q
dampers; Section 3 will present the validation tests for the proposed
SMA-Q damper under cyclic loadings; Section 4 will conduct parametric
numerical simulations to understand the strain and stress development
in SMA-Q dampers under cyclic loading and investigate the influence of
design parameters; Section 5 will summarize the remarkable findings;
and Section 6 presents the limitations and future work.

2. Working mechanism and mechanical behavior of SMA-Q
damper

Fig. 2 sketches the proposed SMA-Q damper. The SMA-Q damper is
developed based on the steel pi damper proposed by Koetaka et al. [74].
As illustrated in Figs. 2(a) and 2(b), the pi damper and Q damper all
consist of a U-shaped segment and two flat segments. The U-shaped
segment consists of a semicircular plate and two vertical plates. The
height of the pi and Q dampers can be easily controlled by adjusting the
length of the vertical plates. The pi and the Q dampers differ in two
aspects. First, in the pi damper, the flat segment is thicker than the
U-shaped segment, whereas in the Q damper, the flat and U-shaped
segments have equal thickness. Second, in the pi damper, the flat and
U-shaped segments are connected by a single-sided circular transition,
while in the Q damper, they are joined by a quarter-circle plate. This Q
damper configuration minimizes stress concentration at the section
transition and thereby improves structural ductility, as validated
through comparative tests in Section 3. The proposed SMA-Q damper
can be easily connected to adjacent structural members using bolts,
enabling rapid construction and convenient post-earthquake replace-
ment if necessary.

As shown in Fig. 2(c), the SMA-Q damper can transfer the axial
tension or compression deformation to the bending of the U-shaped
segment and the quarter-circle plate. The flexible deformation will
activate the SMA material to provide self-centering and energy-
absorbing capacities. The strength of the SMA-Q damper can be flex-
ibly designed by adjusting the thickness, width, and height of the U-
shaped segment, the semicircular radius, and the quarter-circular radius.

The mechanical model of the SMA-Q damper can be simplified as
shown in Fig. 3, where the U-shaped segment, junctions between the U-
shaped and flat segments, and the non-connected flat segments are
modeled using beam elements, and the connected flat segments are
modeled using rigid elements. The nonlinear behavior of the SMA-Q

(a) pi damper

1 Plastic hinge
A Tension
A Compression

y_
Zds

Tension
—_—
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Fig. 3. Analytical model of SMA-Q damper.

Vertical plate

~ Semicircular plate

damper is characterized by the SMA material properties and the ge-
ometries in Fig. 2(b), including b, t, r, R, d1, and ds. In this study, the
stiffness of the SMA-Q dampers is evaluated using the elastic-center
method and the force method. A coordinate system is established as
shown in Fig. 4. The elastic center of the SMA-Q damper can be
computed by the following equation:

o Jads

€8]

in which EI denotes the flexural rigidity of the SMA-Q damper cross-
section. The integral in the denominator of Eq. (1) can be evaluated
using Eq. (2):

lds_§+§+d1+d2

EI EI 2

The numerator integral in Eq. (1) can be decomposed into four
segments. As shown in Fig. 4, the integral for the upper quarter-circular
arc can be calculated as:

EI

= 3)

/52 Y 4 /”/2R(l — cosO)R-d0 (%— 1)R2
s 0

- El El

1

(b) Q damper

Compression

I Plastic hinge
A Tension
A Compression

(c) deformation mechanism of the 2 damper

Fig. 2. Illustration of the considered dampers.
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The integral for the connecting plate between the upper and lower
quarter-circular arcs:

s; R+d. 2 2
Y o Y (R+d;)"—R
/52 0% _A gY@ “

The integral for the lower circular arc:

/s“lds_/”/z(Rerl +r-sin0)-rdo (R+d1)rg+r2 ©
o EL o EI n EI

The integral for the horizontal segment:

Yy .. R4rtdi)d
/34 g% EI ©

Accordingly, the elastic center of the SMA-Q damper can be
computed by:
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1 S3 ‘R+d; y2 (R + d1)3 _ R3
EI ﬁds*/R a? = 3E 13

The integral for the lower circular arc:

EI 3EI

e ar

EI\ 2 2

{(n/z —1)R? +Rd, +%d12 +g<R+d1>r+r2 + (R+r+d1>d2}
aR/2+ar/2 +dy + d,

¥ =
@)

It should be noted that, unless otherwise stated, the line integrals are
taken along the centroidal (mid-line) of each segment. In this study, only
the flexural deformation of the cross-section is considered, and the axial
and shear deformations are neglected. According to the force method,
the horizontal displacement produced by a unit force can be evaluated
as:

_\2 5 _
- — 25+
o1 = b4 Ely) ds = /%ds = 0111 + 6112 + 113 (€C))
1 1= 1/ 1 1 s
5111151/}/2(15:5/51 y2d5+ﬁ-/52 y2d5+§/s; }'2d5+EI . yzds
9
__Y
S112 = El/yds
-z [(;;/271)R2+Rd1 +%d12+g<R+d1>r+r2+ <R+r+d1)dz]
(10)
s ¥ (R ar
6113_ﬁ ds—ﬁ<?+5+d1+dz) (€8]

The numerator integral in Eq. (9) can be decomposed into four
segments. As shown in Fig. 4, the integral for the upper quarter-circular
arc can be calculated as:

7/2 3
(1 — cos 9)2(1975(%”72) 12)
0

1 2 R3
_ ds = — =
EI J Y EI EI\4

The integral for the connecting plate between the upper and lower
quarter-circular arcs:

V] 2 V4
5 Rz(Bﬂ 2) ﬂ(R*dl)r”(R*dl)rz*er (R+d)’ —R  (R+7+d)’dy
11 — &7 | 44—

R 2y 1
+—(”—+5+d1 +d2) —E—}I,[(ﬂ/z—l)RZJerl +§d12+z(R+d1)r+r2+ <R+r+d1>d2]

'S4 /2 e 2,
1 y2ds — (R+d; +r-sin6) " 40
EIJ, o EI
g(Rerl)errz(Rerl)r2 +2r 14
= I a4
The integral for the horizontal segment:
1 55 o (R+r+d1)2d2
EIJ, yids = EI (15)
Accordingly, 511 can be computed by:
EI
(16)
The initial stiffness of the SMA-Q damper can be obtained as:
1
k=— a7
o1

When the loading strength is larger enough to make the maximum
stress greater than oys shown in Fig. 1, SMA materials start to transform
from the austenite phase to the martensite phase, leading to the yield-
like nonlinear behavior. It is worth noting that no yielding or plastic
behavior occurs in SMA in this stage. For convenient reference, the
strength associated with the austenite-to-martensite transformation is
referred to using the yield strength of the SMA-Q damper. As shown in
Fig. 5, three plastic hinges are expected to occur in SMA-Q dampers,
including one at the midpoint and two at the end of the lower quarter-
circular arc plate. In Fig. 5, Fy is the yielding strength, 6y is the
yielding deformation, 6y is the yielding rotation, and My is the yielding
moment. Eq. (18) can be obtained based on the conservation of energy:

F,5, = M, (40,) (18)
M, = thZMS (19)

Based on the geometrical relation, &y can be calculated as:
8, = 2[hy sin 6, + (R+r)cos 6, — (R+7)] (20)

By assuming small deformations, sinfy can be taken as 6y, and cosfy
can be taken as 1. Accordingly, Eq. (20) can be rewritten as:

—15,=2n,
“ F

Fig. 5. Yielding mechanism of the SMA-Q damper.
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Fig. 6. Specimen of SMA-pi damper.
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Fig. 7. Specimen of SMA-Q damper.

8, = 2h,0, = 2(r+d, +R)6, 1)

By substituting Eq. (21) and Eq. (19) into Eq. (18), a closed-form
expression for Fy can be obtained:

bt2(7M5

b=3rrd+Rr

(22)
The von Mises yield criterion is adopted to consider the biaxial stress
state with 2/+/3 times the uniaxial yield stress:

btzoMs
F=——— > 23
Y= A(r+di 4 R) @3

3. Validation tests
3.1. Design and manufacture of SMA-£2 damper specimens

SMA-Q and SMA-pi damper specimens were designed for compara-
tive purposes. Figs. 6 and 7 show their geometries and photographs. The
SMA-Q and SMA-pi damper specimens have the same width (i.e.,
20 mm) and thickness of the U-shaped segment (i.e., 6 mm). The
thickness of the SMA-pi damper’s flat segment is 8 mm, which is higher
than that of the U-shaped segment (i.e., 6 mm) to ensure that the
nonlinear behavior only develops in the U-shaped segment. The
centerline radius of the semicircular plates in the U-shaped segments of
both dampers is 20 mm. In the SMA-pi damper, the radius of the circular
transition between the flat and U-shaped segments is 6 mm. In the SMA-
Q damper, the centerline radius of the quarter-circle plates is 20 mm.

Two bolt holes with a diameter of 8 mm were arranged in each flat
segment to assemble the SMA-pi and SMA-Q dampers to the loading
plate through steel bolts. The SMA-pi and SMA-Q damper specimens
were manufactured by cutting the superelastic SMA plate with a thick-
ness of 20 mm by wire electrical discharge machining technology. The
polishing process was included in the manufacturing of specimens to
eliminate surface defects generated during cutting. All manufactured
SMA-Q damper specimens underwent heat treatment by being subjected
to 510 °C for a duration of 12 min in an electrical furnace, followed by
rapid water quenching. As per the supplier-provided information, the
superelastic SMA material possesses an austenite finish temperature (Af)
proximate to 0 — 5 °C. This characteristic ensures the superelastic
behavior of the manufactured SMA-Q damper specimens at room tem-
perature. The price of the manufactured SMA-Q damper is about 2000
USD/kg, which is useful for investigating the life-cycle benefits of
structures adopting the proposed SMA-Q dampers.

3.2. Experimental arrangement

The experimental setup was arranged to simulate the relative axial
deformation of structural members connected using the proposed SMA-
Q dampers. As shown in Fig. 8(a), two SMA-Q or SMA-pi dampers were
symmetrically connected to the stiff steel plates through bolts. The stiff
steel plates have a thickness of 20 mm and are made of Q345 steel with a
nominal yield strength of 345 MPa. The loading protocol adopted in this
study was developed with reference to FEMA 461 [75]. As shown in
Fig. 8(b), displacement-controlled cyclic loading with stepwise
increasing displacement amplitudes was used, and two cycles were
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Fig. 8. Test setup and loading protocols.
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Fig. 9. Test Results.

applied at each displacement amplitude to capture the cyclic response
and possible degradation characteristics of the damper while main-
taining a reasonable test duration. The cyclic tests were conducted under
a consistent loading rate of 0.1 mm/s at a room temperature of about
25 °C. The internal data acquisition system of the MTS machine was
utilized for measuring both forces and displacements of the tested
specimens.

3.3. Test results

3.3.1. Hysteretic behavior
Fig. 9 shows the test results of the SMA-pi and Q damper specimens,
where the force was provided by two dampers. As shown in Fig. 9(a),

compared to the traditional steel pi damper [74], which exhibits full and
stable hysteresis loops, the SMA-pi damper shows a typical flag-shaped
hysteretic response, characterized by reduced energy dissipation but
significantly smaller residual deformations. The deformation capacity of
the SMA-pi damper is also lower, with a maximum ductility of 3.12. This
behavior stems from the unique material characteristics of SMA. During
the austenite-to-martensite phase transformation, SMA exhibits a stress
plateau similar to the yielding stage of steel. Once the austenite is fully
transformed into martensite, however, the material undergoes an abrupt
increase in stiffness. This sudden post-transformation hardening pre-
vents the formation and spread of plastic hinges in SMA components,
making them more sensitive to stress concentrations than their steel
counterparts. As shown in Fig. 10(a), the SMA-pi damper eventually

(a) SMA-pi damper

(b) SMA-Q damper

Fig. 10. Fracture of SMA-pi and Q damper.
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fractured at the circular transition between the flat and U-shaped seg-
ments, where the stress concentration is the most severe. In contrast, the
SMA-Q damper connects the flat and U-shaped segments through
quarter-circle plates, effectively relieving stress concentration and
achieving a markedly improved deformation capacity, as shown in Fig. 9
(b). The SMA-Q damper exhibits a ductility ratio of 3.90, which is 1.25
times that of the SMA-pi damper. As shown in Fig. 10(b), the Q damper
ultimately fractured at the top of the U-shaped segment, representing
the desired failure mode.

Compared with SMA axial members (e.g., SMA bars or wires), the
SMA-Q damper demonstrates a more pronounced hardening behavior
after entering the nonlinear regime (analogous to “post-yield”
behavior). This difference arises because axial SMA members experience
relatively uniform stress and strain along the cross-section, whereas the
bending deformation of the Q damper leads to highly non-uniform strain
distribution. Consequently, the outer “fibers” of the cross-section un-
dergo the forward austenite-to-martensite transformation earlier than
the inner “fibers”. This unsynchronized phase transformation produces a
more significant "post-yield” hardening in the hysteretic response of the
Q damper. Moreover, the SMA-Q damper also exhibits asymmetric
behavior in tension and compression. This phenomenon results from the
stress/strain states and deformation modes in the two loading directions.
As illustrated in Fig. 11, the height of the SMA-Q damper decreases
under tension and increases under compression. Section 4 will further
investigate the stress and strain distribution patterns of the SMA-Q
damper under both tension and compression through refined finite
element analyses.

3.3.2. Loading capacity

Fig. 12(a) shows the average yield strength of the SMA-Q damper
under different loading displacements. According to the MIIT definition
[76], the yield point is identified as the intersection between the
extrapolated linear segments of the austenite phase and the
austenite-to-martensite transformation phase. It can be observed that
the yield strength of the SMA-Q damper exhibits only minor variation
under different loading displacements, with the maximum difference
being approximately 0.351 kN. Fig. 12(b) presents the peak strength of
the SMA-Q damper at various loading cycles. Owing to the distinct
hardening behavior in tension and compression, the post-yield tensile
resistance is significantly greater than the compressive resistance. At a
loading displacement of 22 mm, the peak tensile strength is approxi-
mately 1.47 times the peak compressive strength.

3.3.3. Self-centering behavior

Fig. 13(a) illustrates the residual displacements of the SMA-Q
damper under different loading amplitudes. As the loading displacement
increases, the residual deformation gradually increases. However, the
maximum residual deformation remains limited to only 1.48 mm.
Fig. 13(b) shows the deformation recovery ratio of the SMA-Q damper at
each loading amplitude, defined as the difference between the maximum

(a) compression
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deformation and the residual deformation, normalized by the maximum
deformation. As observed in Fig. 13(b), the deformation recovery ratio
exceeds 93%, confirming the excellent deformation recovery capability
(i.e., self-centering ability) of the SMA-Q damper upon unloading. This
superior self-centering performance highlights the significant potential
of the SMA-Q damper in enhancing the seismic resilience of structural
systems.

3.3.4. Energy-dissipation capacity

Fig. 14 presents the equivalent damping ratios of the SMA-Q damper
under various loading amplitudes. The equivalent damping ratio is
calculated using Eq. (24). As shown in Fig. 14, once the SMA-Q damper
yields, its equivalent damping ratio increases progressively with the
loading displacement, demonstrating a stable energy-dissipation ca-
pacity. The maximum equivalent damping ratio reaches 8.08%.
Although the equivalent damping ratio of the SMA-Q damper is smaller
than that of conventional steel dampers, it provides superior self-
centering capability. According to the related studies by Hu et al. [30,
771, the damping of SMA components can be effectively enhanced by
incorporating parallel viscous or viscoelastic dampers without
compromising their self-centering performance.

"~ 27E,

Se (24

in which Eq is the hysteretic energy dissipation in one cycle, and E, is the
elastic strain energy stored in the equivalent linear system with the
secant stiffness determined at the peak displacement.

4. Numerical investigation
4.1. Numerical modeling and validation

To gain deeper insight into the stress-strain states of the SMA-Q
damper under external loading and to investigate the influence of key
design parameters on its mechanical performance, numerical analyses
were conducted using ABAQUS [78] in this section. Fig. 15 illustrates
the 3D solid finite element model of the SMA-Q damper developed in
ABAQUS. All components were modeled using C3D8R solid elements.
The superelastic behavior of SMA was defined using the superelastic
material model available in ABAQUS, and the key material parameters
are summarized in Table 2.

The steel components were modeled using a bilinear kinematic
hardening material model. The interactions between all components
were defined using surface-to-surface contact. The normal contact
behavior was specified as hard contact with no penetration, while the
tangential behavior was modeled using a penalty friction formulation
with a friction coefficient of 0.3. Fig. 15 also illustrates the meshing
strategy adopted in the finite element model. Since the connecting
components remain elastic throughout the loading process, relatively

Fig. 11. deformation mechanism.
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Fig. 15. Numerical model of the SMA-Q damper.

Table 2

Parameters for defining the superelastic material model.
Definition Parameter  Value
Young’s modulus of austenite Ex 55.0 GPa
Young’s modulus of martensite Ey 26.0 GPa
Start of transformation stress in loading under tension oMs 325.0 MPa
End of transformation stress in loading under tension oumyp 500.0 MPa
Start of transformation stress in unloading under tension Gas 350.0 MPa
End of transformation stress in unloading under tension Oaf 50.0 MPa
Start of transformation stress in loading under OMS com 325.0 MPa

compression

Maximum transformation strain £ 2.5%
Poisson’s ratio of austenite va 0.33
Poisson’s ratio of martensite Um 0.33

small mesh sizes were assigned to these regions. In contrast, finer mesh
elements were used for the SMA-Q damper and the bolts. In particular,
six mesh layers were generated through the thickness of the SMA-Q
damper to accurately capture the stress and strain distributions across its
cross-section.

Fig. 16 compares the finite element (FE) predictions with the
experimental hysteresis curves. The FE model exhibits excellent agree-
ment with the test results and accurately captures the tensi-
le-compressive loading and unloading behavior of the SMA-Q damper,
thereby confirming the validity of the adopted modeling approach.
Fig. 17 presents the maximum principal strain distribution of the SMA-Q
damper during tension and compression, providing a clear visualization
of the martensitic phase transformation process in SMA under loading.
Unlike SMA bars or wires subjected to axial loading, which typically
exhibit uniform strain fields, the strain in the SMA-Q damper is highly
localized. Three critical regions experience the highest strains: (i) the
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Fig. 17. Maximum principal strain distribution of the SMA-Q damper.

top of the U-shaped segment, and (ii) the areas where the quarter-circle
plates come into contact with the bolts. As shown in Fig. 17(a), at a
loading displacement of 3.67 mm, the maximum principal strains at the
top of the U-shaped segment and at the bolt-plate contact regions reach
0.70% and 0.49%, respectively, indicating the onset of the austenite-to-
martensite transformation in these regions. The maximum principal
strain distributions across the cross-section further demonstrate a

Table 3

The specific parameters considered in the parametric analysis.
Component Name t (mm) R (mm) r (mm) d; (mm)
SMAQ1 6 20 20 0
SMAQ2 6 20 20 10
SMAQ3 6 20 20 15
SMAQ4 6 20 5 5
SMAQ5 6 20 10 5
SMAQ6 6 20 15 5
SMAQ7 4 20 20 5
SMAQS8 8 20 20 5
SMAQ9 10 20 20 5
SMAQ10 6 20 20 5
SMAQ11 6 25 20 5
SMAQ12 6 30 20 5
SMAQ13 6 40 20 5

pronounced non-uniformity: the strain at the outer fibers is significantly
larger than that at the inner fibers. As the loading displacement in-
creases, the strain level rises accordingly. When the SMA enters the
transformation phase (i.e., after starting the phase transformation from
austenite to martensite), the strain distribution during tension and
compression begins to differ significantly. For example, at a displace-
ment of 10 mm, the maximum cross-sectional strain under tension is
2.67%, which is greater than that under compression (i.e., 2.10%) due to
the different deformation modes. This difference in local strain evolu-
tion explains the macroscopic behavior in which the tensile strength of
the SMA-Q damper exceeds its compressive strength.

4.2. Parametric simulations

Parametric numerical analyses were conducted in this section to
investigate the influence of key design parameters (including ¢, R, r, and
d;) on the nonlinear behavior of the SMA-Q damper. The specific pa-
rameters considered in the parametric analysis are summarized in
Table 3. The variation ranges of the geometric parameters in the para-
metric study were selected primarily to investigate their influence pat-
terns on the damper behavior. For each parameter, four representative
values were considered to capture both the overall trend and the
possible nonlinear effects of parameter variation within a reasonable



S. Hu et al.

Thin-Walled Structures 228 (2026) 115068

40 ~10 300
—=u— Stiffness
30 - -a- - Strength . 15 —_
4 . --o=- Yielding deformation g .
204 ’E\ N\ . |[—*— Energy dissipation | , -8 E -
= g T2z § 200 §
e o =3 g 27 ¢
= > = £ R
8 = 9 6 E 3
5 0+ 62 3 5 S
= =) =3 = >
k= L @ e [ 100 £
-10 7 1 . L4 % E’
h e e
=20 L3 >~
'30 T T T T T 0 T T T T g 2 0
-20 -10 0 10 20 4 6 8 10
Displacement (mm) ¢ (mm)
(a) hysteretic responses (b) stiffness, strength, and yielding deformation
Fig. 18. Influence of t.
12
— 1.2 7 12
R=20 —m-Stiffness o
—A—Strength o L
8 —e— Yielding deformation! 4 g 80 P
. —e— Energy dissipation -6 10 £ 2
- £038- =z 5
=" A z| £ 2
) z 2| % 60 &
O = L5 S = ‘@
2 < @ &0 L RZ]
50 3 Sr8 © S|
B~ £ =] = >
2047 2 & 205
-4 < o ~A F4 2 s
- 2 m
e -6 e
o
-8
T T T T T 0.0 T T T T 3 £20
-20 -10 0 10 20 20 25 30 40

Displacement (mm)

(a) hysteretic responses

R (mm)
(b) stiffness, strength, and yielding deformation

Fig. 19. Influence of R.

range. It should be noted that these parameter ranges were intended for
sensitivity analysis rather than to define strict theoretical limits.

Fig. 18(a) presents the hysteresis curves of the SMA-Q damper for
thicknesses t = 4, 6, 8, and 10 mm, with R = 20 mm, r = 20 mm, and d;
= 5 mm. As shown in the figure, the thickness t has a pronounced in-
fluence on the stiffness, strength, and energy-dissipation capacity of the
SMA-Q damper. Fig. 18(b) illustrates that, as t increases, both the initial
stiffness and the yield strength progressively increase, whereas the yield
displacement decreases. This trend arises because, for a given section
rotation, a larger cross-sectional height results in higher strain at the
outer fibers, causing strain development to proceed more rapidly in
thicker sections. It is noteworthy that when t =10 mm, the SMA-Q

damper exhibits a pronounced hardening behavior in tension once the
displacement exceeds 15 mm, which is attributed to martensitic hard-
ening of the SMA material. These findings indicate that increasing the
thickness effectively enhances the lateral stiffness and load-carrying
capacity of the SMA-Q damper but may also lead to premature
martensitic hardening behavior.

Fig. 19(a) illustrates the influence of the semicircular radius R of the
U-shaped segment on the hysteretic behavior of the SMA-Q damper,
where t = 6 mm, r = 20 mm, and d; = 5 mm. As shown, the radius R has
a clear and systematic effect on the stiffness, strength, and energy-
dissipation characteristics of the damper. As shown in Fig. 19(b),
when R increases from 20 mm to 40 mm, the overall stiffness and peak
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Fig. 20. Influence of r.
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strength decrease noticeably. This is because a larger radius reduces the
curvature of the U-shaped segment, effectively lowering the bending
stiffness and decreasing the strain demand at the critical curved regions
for a given displacement. Consequently, the forward transformation of
SMA occurs more gradually, leading to a smoother and less steep
hardening branch. For R = 20 mm, the damper exhibits the highest
initial stiffness and peak strength, along with the largest energy-
dissipation capacity, as evidenced by the wider hysteresis loops. When
R =40 mm, the loops become significantly narrower, indicating
reduced energy dissipation and a more compliant global response. The
results demonstrate that a smaller semicircular radius promotes higher
curvature, larger local strains, and earlier martensitic transformation,
thereby enhancing both stiffness and strength. In contrast, increasing R
weakens the mechanical performance but is expected to improve
deformability due to reduced strain concentration, which is evidenced
by the increasing yielding deformation (see Fig. 19(b)).

Fig. 20(a) illustrates the effect of the quarter-circle plate radius r on
the hysteretic behavior of the SMA-Q damper, where t =6 mm, R
= 20 mm, and d; = 5 mm. The radius r significantly influences the local
curvature and bending stiffness of the transition region, which in turn
affects the stiffness, strength, and energy-dissipation capacity of the
damper. As shown in Fig. 20(b), decreasing r leads to a substantial in-
crease in both the initial stiffness and the peak strength. This is because a
smaller radius produces higher curvature at the quarter-circle plates,
inducing larger local strains for the same global displacement and
thereby accelerating the martensitic transformation of SMA. When
r = 5 mm, the damper exhibits the highest stiffness, largest peak force,
and the widest hysteresis loops, indicating superior energy-dissipation
capacity. In contrast, for r = 20 mm, the response becomes noticeably
softer, and the hysteresis loops narrow considerably, reflecting reduced
energy dissipation and delayed phase transformation. The progressive
reduction in stiffness and strength with increasing r demonstrates that
the geometry of the curved transition region plays a critical role in
controlling the strain development within the SMA material. Similar to
the influence of R, reducing the radius r may also degrade the defor-
mation capacity of the SMA-Q damper. This trend is reflected in the
decreasing yield displacement observed as r becomes smaller (see
Fig. 20(b)). A smaller radius induces higher curvature and localized
strains at the quarter-circle plates, which can trigger earlier phase
transformation and martensitic hardening, thereby limiting the overall
deformation capacity of the component.

Fig. 21(a) shows the effect of the connecting length d; between the U-
shaped segment and the quarter-circle plates on the hysteretic behavior
of the SMA-Q damper, where t = 6 mm, R = 20 mm, and r = 20 mm.
Increasing d; effectively increases the overall height of the damper,
thereby reducing the curvature demand in the transition region for a
given global displacement. As shown in Fig. 21(b), the SMA-Q damper
exhibits progressively lower stiffness, peak strength, and energy-

Thin-Walled Structures 228 (2026) 115068

dissipation capacity as d; increases from 0 mm to 15 mm. When d;
= 0 mm, the hysteresis loops are the widest, demonstrating the highest
energy dissipation and the most pronounced martensitic transformation.
In contrast, for d; = 15 mm, the loops become noticeably narrower,
indicating a softer global response and reduced energy dissipation. The
reduction in mechanical performance with increasing d; can be attrib-
uted to the redistribution of deformation along a taller structural profile.
A larger d; lowers the strain concentration in the curved regions and
delays the initiation of the austenite-to-martensite transformation,
resulting in decreased stiffness and peak strength. In addition, as shown
in Fig. 21(b), the yield displacement increases with increasing dj,
reflecting the lower curvature-induced strain for the same global
displacement, which is beneficial in enhancing deformability.

4.3. Design recommendation

Fig. 22 compares the stiffness and yield strength predicted by the
theoretical formulations in Section 2 with those obtained from the finite
element analyses and tests. As shown in Fig. 22(a), Eq. (17) predicts the
initial stiffness of the SMA-Q damper with good accuracy, yielding an
average error of 3.6 %. However, Fig. 22(b) shows that the yield strength
calculated using Eq. (23) differs considerably from the yield strength
obtained from both the experiments and FE analyses. Two primary
reasons account for this discrepancy: (1) Eq. (23) calculates the force
corresponding to the onset of the austenite-to-martensite trans-
formation, whereas in engineering design, the yield strength is typically
defined as the force at the noticeable turning point on the force-
—displacement curve, at which most of the cross-sectional fibers in SMA-
Q damper have already stared the phase transformation from austenite
to martensite; and (2) Eq. (23) is derived based on the small-deformation
assumption, while the actual yield displacement of the SMA-Q damper is
relatively large, making the small-deformation approximation insuffi-
cient. To address these issues, a strength modification factor 1 is intro-
duced to Eq. (23). Accordingly, the engineering yield strength of the
SMA-Q damper can be evaluated using Eq. (25). Based on the experi-
mental and FE results, the modification factor A is taken as 1.96 in
tension and 1.78 in compression. Fig. 23 presents the comparison be-
tween the yield strength predicted by Eq. (25) and the experimental and
FE results. The modified formulation provides a significantly improved
prediction, with an average error of only 3.2%, confirming its suitability
for engineering design of SMA-Q dampers.

btzaMS

Fy=d—e s
Y UV3(r+di +R)

(25)

5. Conclusions

This paper developed a novel SMA-Q damper as a new self-centering
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component for developing seismic resilient engineering structures. The
theoretical mechanical behavior of the proposed SMA-Q damper was
analyzed. Validation tests and parametric numerical simulations were
conducted to investigate its nonlinear behavior. The major conclusions
are summarized as follows:

@® The SMA-Q damper provides stable flag-shaped hysteresis with
negligible residual deformation and reliable recovery ratios
exceeding 93% under cyclic loading, demonstrating strong potential
for seismic resilience-oriented design.

@® The SMA-pi damper eventually fractured at the circular transition
between the flat and U-shaped segments, where stress concentration
was the most severe. In contrast, the SMA-Q damper fractured at the
top of the U-shaped segment, indicating a more desirable failure
mode. Owing to the improved geometric configuration, the SMA-Q
damper effectively alleviated stress concentration and achieved
markedly enhanced deformation capacity, with a ductility ratio of
3.90, which was 1.25 times that of the SMA-pi damper.

12

@ Parametric analyses reveal that the geometric parameters t, R, r, and
d; govern stiffness, strength, and strain distribution. Larger thickness
(t), smaller radii (R, r), and shorter transition lengths (d;) increase
stiffness, strength, and energy-dissipation capacity but may induce
stress concentration and reduce deformation capacity. Conversely,
smaller t and larger R, r, and d; improve deformability but reduce
stiffness, strength, and energy dissipation.

@ The developed initial stiffness prediction formula (i.e., Eq. 17) and
the adjusted yield-strength expression (i.e., Eq. 24) can accurately
predict the initial stiffness and yield strength of the proposed SMA-Q
damper in both tension and compression, with an average error
lower than 3.2%.

6. Limitations and future work
It should be noted that the influence of ambient temperature on the

behavior of the proposed SMA damper was not explicitly considered in
the present study. Since SMA materials are sensitive to temperature
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variations, especially under low-temperature conditions where their
superelastic behavior may deteriorate, the self-centering performance of
the damper may be affected accordingly. Therefore, the findings of this
study should be interpreted within the investigated temperature range
and loading conditions. Future research should systematically examine
the thermo-mechanical behavior of the proposed damper under
different ambient temperatures, with particular attention to its energy
dissipation capacity, deformation recovery ability, and overall self-
centering performance.

The proposed correction coefficient values (i.e., 1 in Eq. (25)) were
derived based on the present parametric analysis and are applicable only
within the investigated ranges of geometric parameters considered in
this study. If the adopted parameters fall outside these ranges, further
validation is required.

The damper specimens tested in the present study were relatively
small in size. Although the obtained results provide useful insight into
the mechanical behavior of the proposed damper, the performance of
larger-scale dampers should be further investigated to meet the demands
of different application scenarios.

The objective of this study is to propose a new bending-type SMA
component and investigate its nonlinear behavior and mechanical
characteristics, rather than to carry out a systematic comparative eval-
uation with other existing bending-type SMA components. Such a
comparison is meaningful and will be considered in future work.

The present study mainly focuses on the global mechanical behavior
of the proposed SMA-Q damper, including its hysteretic response, load-
carrying capacity, self-centering capability, energy dissipation capacity,
and deformation capacity. More detailed investigation of local failure
characteristics, such as fracture initiation and propagation, local
yielding zones, and martensitic transformation evolution, requires
dedicated experimental measurements and is beyond the scope of this
study. Future work should address these aspects through more
comprehensive testing and local response monitoring.

The present experimental program was primarily conducted as a
validation-oriented study to verify the feasibility and fundamental me-
chanical behavior of the proposed SMA-Q damper. The variability and
uncertainty among test specimens were not considered. A rigorous
evaluation of specimen-to-specimen scatter would require a larger
number of repeated tests and statistical analysis, which is beyond the
scope of the present study. Future work should further examine the
uncertainty and variability of damper behavior through more extensive
experimental investigations.
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