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The utilization of shape memory alloys (SMAS) to reinforce steel structures has been proven to be an efficient and
reliable method, the structural strengthening needs can be met without the need for tensioning equipment by

activating the SMAs to generate restoring stresses.

steel structure shape memory alloy (SMA) shape memory effect

| 1. Fe-SMA Strip
1.1. Reinforcement Mechanism

Fe-SMAs are often used to replace steel plates for structural reinforcement due to their low price, corrosion
resistance, and stable mechanical properties B4, First, pre-straining was applied to the Fe-SMA strip (step 1),
which was subsequently unloaded to a stress-free condition (step 2). Afterwards, the Fe-SMA strip, which was
obtained from step 2, was connected to the steel beam (step 3) and heated until the temperature reached the A;
(step 4), and it was subsequently cooled (step 5). Due to the anchorage, the shape memory effect of the Fe-SMA

strips is restricted (deformation of the strip is restricted), thus providing tensile stresses to the steel beam.

1.2. Mechanical Properties

The method described above is known as the prior activation method and is often used to repair structural cracks
and improve the bearing capacity of structures. The method has received much attention from scholars in recent

years due to the convenience of applying pre-stress to the structure 2!,

Fatigue properties are one of the most important reasons for determining whether a component can be used in a
reinforced structure, so many scholars have conducted experimental studies on the fatigue performance of Fe-
SMA strips. Ghafoori [ studied the fatigue properties of Fe-SMA strips under high cyclic loading and proposed a
safe design formula for Fe-SMA strips as pre-stressing elements. The experimental results show that Fe-SMA
strips have very good fatigue properties. Marinopoulou et al. J conducted fatigue tests on Fe-SMA strips under
pre-stressing conditions, and the recovered stress of Fe-SMA strips decreased by about 2% compared with that
before the test. Hosseini et al. [ investigated the effect of multiple thermal activations on the pre-stress of Fe-SMA

strips and showed that although the pre-stress of Fe-SMA strips subjected to cyclic loading was reduced, it could
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be restored to its original level by means of secondary thermal activation. This shows that Fe-SMAs have very

excellent fatigue properties, and they shall be considered in the design of structural reinforcements.

In addition to the fatigue properties, the pre-strain length and activation temperature of Fe-SMA strips have
received much attention from scholars because they are related to the recovery stresses of Fe-SMA strips. Izadi et
al. @ found that the recovery stress of Fe-SMA strips could reach 430 MPa at the pre-strain of 2% and the
activation temperature of 260 °C. More data on the recovery stresses of the Fe-SMA strips under different
experimental conditions can be found in Table 1. It can be seen that the activation temperature of Fe-SMA strips is
within 160—-400 °C, which is acceptable for steel structures, but the activation temperature should not be too high
for concrete structures, otherwise it may lead to the destruction of the mechanical properties of the concrete. In
addition, the size and pre-strain of Fe-SMA strips have an effect on the optimal activation temperature, so the
specific parameters of Fe-SMA strips and activation temperature should be determined through experiments in
practical applications.

Table 1. Recovery stress of Fe-SMA strips under different experimental conditions.

Size Pre-Strain Activation Recovery Stress

17 (mm) (%) Temperature (°C) (MPa) A Ce
4 225 380
0.7%x3 [10]
4 160 330
09x3 4 160 580 (1]
1.7 x
[12]
4 4 160 266
— 4 160 350 (i3]
Fe-17Mn-5Si-10Cr-4Ni- L5
1Ve ' 2 160 372 [l
10
L7 2 160 177~200 14
25
0.8 x [15]
s 2 260 406
L5 2 160 292 .
100 2 180 330
Fe-28Mn-6Si-5Cr- [17]
0.53Nb-0.06C o 4 397
Fe-28Mn-6Si-5Cr — 3 300 255 [18]
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Size Pre-Strain Activation Recovery Stress

17 (mm) (%) Temperature (°C) (MPa) A
Fe-18Mn-8Cr-4Si-2Ni- 185

0.36Nb-0.36N

15 x 2 160 308 10l
20

Fe-Mn-Si alloy 4 160 348
1.5 x _ _ [20]
15.8 =3 155 268~295

1.3. Connection and Activating Methods

A reliable connection between Fe-SMA strips and parent steel components is required when strengthening
structures. Connecting methods that have been proposed include bolt anchorage, nail-anchor, friction clamp, and
adhesive bonding BI21I[22I23] 55 shown in Figure 1 24,

i Bed

(a) (b)
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Figure 1. Connection methods between steel plate and Fe-SMA strips [24]. (a) reinforcing of steel plates; (b)

configuration detalils.

Izadi et al. 22 proposed a mechanical anchorage system for the anchoring of Fe-SMA strips to steel plates or steel
beams and verified the effectiveness of the system using fatigue tests. The results show that the parent structure
under this system has better integrity with the Fe-SMA strips, and the Fe-SMA strips exhibit very excellent fatigue
performance. Fritsch et al. 25] ysed nails to anchor Fe-SMA strips to steel beams and experimentally analyzed the
effectiveness of different nails and their distributions. Wang and Li 282728l nropnosed a two-component epoxy
adhesive SikaPower-1277 to bond the parent structure with Fe-SMA strips in order to minimize the damage of the
parent steel structure. Furthermore, thermal activation methods for Fe-SMAs include a flame-spraying gun, infrared
heating, electric heating furnace, electric ceramic, and electrical resistance heating 2422EAEL 1t js worth noting
that although nail and bolt anchors have the advantage of being stronger, damage to the parent structure due to
anchoring is unavoidable. Therefore, when selecting the choice of an anchoring method adhesive bonding and

friction clamps should first be considered.

| 2. SMAICFRP Composite Patch
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2.1. Reinforcement Mechanism

The effectiveness of pre-stressed Carbon Fiber Reinforced Polymer (CFRP) panels for reinforcing steel structures
has been demonstrated by a number of studies [32I331341[351186] hyt how to conveniently apply pre-stress is a big
challenge. To solve this problem, some scholars have proposed the concept of SMA/CFRP composite patches BZ:
NiTi-SMA wires are frequently employed in these studies, and the term “SMA wire” refers to an NiTi-SMA wire,
unless specified otherwise. First, pre-straining was applied to the SMA wires (step 1), which was subsequently
unloaded to a stress-free condition (step 2). Afterwards, the SMA wires, which were obtained from step 2, and
CFRP materials were glued together to form the SMA/CFRP composite patches (step 3). Then, the SMA/CFRP
composite patch was anchored to the steel beam and heated until the temperature reached the A; (step 4) and

subsequently cooled (step 5).

2.2. Bonding Performance between SMA and CFRP

It can be seen that the SMA/CFRP composite patch does not require large tensioning equipment and its pre-
stressing is applied to the structure using the shape memory effect of the SMA. However, effective bonding
between the SMA and CFRP is a prerequisite for the patch to work properly. Currently, epoxy resins are commonly
used as an adhesive between SMA and CFRP, and many studies have demonstrated their effectiveness 38139140l
(4114211431 - Fyrthermore, Zheng et al. 4 bonded SMA wires to CFRP with an epoxy resin and experimentally
investigated the bonding performance of the patches, and the results showed that a reasonable selection of the
number of SMA wires could effectively avoid the debonding of the two. El-Tahan et al. 45 showed that for the
patch, debonding can be effectively prevented by increasing the anchorage length between the SMA wire and
CFRP. In addition, Gu et al. 48] pointed out that debonding between the SMA and CFRP in SMA/CFRP composite
patches is the main reason for the degradation of their mechanical properties, and in order to solve this problem,
they proposed the idea of fabricating new specimens with orthogonally embedded SMA wires and sandwiched two-

dimensional SMA film lattices, which is expected to solve the debonding risk.

2.3. Mechanical Properties

In order to prove the effectiveness of this method, many studies have been conducted. Yang et al. ¥4 investigated
the fracture behavior of SMA/CFRP composites using bending and charpy impact tests. Their findings indicated
that incorporating an SMA alloy into conventional composites enhances the ductility and impact resistance of the
hybrid composite. Gu et al. 48 showed that embedding SMA wires into CFRP can effectively improve the energy
absorption capacity and toughness of CFRP. Abdy et al. 22 developed a self-pre-stressing CFRP/SMA composite
patch and verified its effectiveness through tests. The results demonstrated that it can be used as simple and
effective solutions to significantly enhance the fatigue life of cracked steel structures. Furthermore, El-Tahan et al.
48] proposed an SMA/CFRP composite patch and investigated its fatigue properties experimentally, which showed
that the patch retained more than 80% of its pre-stress after undergoing 2 million loadings. Deng et al. 49 also
compared an SMA/CFRP composite patch, CFRP sheet, and SMA patch reinforcement through experiments, and

the results showed that the SMA/CFRP composite patch was better. Russian et al. 29 investigated the effect of
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surface preparation on the effectiveness of SMA/CFRP composite patches for reinforcing steel structures. The
results show that smoother steel surfaces resulted in less effective reinforcement with SMA/CFRP composite

patches.

| 3. SMA-Based Damper and Brace

SMA dampers can provide stiffness and are usually used in conjunction with an anti-lateral brace. SMA dampers
typically utilize the superelastic and damping effects of the SMA to provide energy dissipation to a structure while
reducing its lateral displacement and providing the ability of self-centering B2l | jy et al. B3] designed a tension—
compression SMA damper and obtained its characteristic parameters through tests. The experimental results
demonstrated the distinct effectiveness of SMA dampers in reducing the displacement and acceleration responses
of structures. Han et al. 24 proposed an NiTi-SMA wires-based damper capable of tension, compression, and
torsion simultaneously. Qiu et al. B3I proposed a new type of damper, which combines SMA elements with steel
dampers based on a bending steel plate. Ma et al. 58 proposed a new SMA-based damper mainly consisting of
pre-tensioned SMA wires and two pre-compressed springs; the damper shows both good energy dissipation
capacity and re-centering capability. Fang et al. B2 proposed a new damper based on SMA ring spring. Sui et al.
(58] proposed a novel SMA-based damper making use of SMA wire, and the construction is designed so that the
SMA wire is always stretched, whether the damper is in compression or tension. Qiu et al. 22 proposed an SMA-
based anti-buckling damper by combining SMA bolts with a variable friction mechanism. It can be seen that
whether the damper is in tension or compression, the SMA bolts is in tension, thus effectively avoiding the problem
of SMA bar buckling. Jia et al. 89 proposed an innovative double SMA damper system. In the proposed system,
double SMA elements with different phase-transition temperatures are arranged in parallel. Fang et al. [l
proposed a shear damper based on an Fe-SMA. In comparative tests with a mild steel damper, it was found that

the Fe-SMA dampers offer improved ductility and fatigue properties.

In addition, the SMA-based self-centering restrainers have also made great progress in research. Miller et al. 62
used SMA bars in BRB to reduce the residual deformation of the brace. It was found that the brace had good
energy-dissipation and self-centering ability, and the self- centering ability was related to the SMA bars. Yang et al.
(621 evaluated the performance of hybrid seismic bracing with a core consisting of SMA wires and energy-
consuming struts, where the SMA wires were designed to be within a maximum strain of 6%. Numerical analysis
shows that the frame structure with hybrid damping bracing can have similar energy-dissipation capacity as the
BRB bracing system, and at the same time, it has better self-centering capacity. Shi et al. 63 proposed a brace
based on SMA cables, and the cables are configured within a bracing system in a way that they are only subjected
to tensile loads regardless of the loading direction of the bracing itself. Ozbulut et al. 84 proposed a method to
optimize the design of SMA-based braces, and using this, the best SMA parameters can be obtained. In order to
prevent buckling of SMA rods during compression, Cao et al. 62! proposed an anti-buckling system and designed
long-stroke SMA restrainer(LSR). Study shows that the LSR can exhibit stable energy dissipation capabilities with

excellent self-centering ability both under tension and compression loading. In addition, the numerical results show
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that the energy dissipation capacity, self-resetting capacity and limiting capacity of SMA rods in compression are

much higher than those in tension.
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