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1. Introduction 

 
Passive control is an effective technology to reduce the 

vibration response of structure under dynamic loads, such 
as winds and earthquakes (Housner et al. 1997, Soong and 
Spencer 2002, Wu et al. 2018). As a typical passive control 
device, tuned mass damper (TMD) have been widely used 
in engineering structures, such as the Taipei 101 tower 
(Taipei) (Chung et al. 2009), Shanghai Center Tower 
(Shanghai) (Lu and Chen 2011), Bloomberg Tower (New 
York) and Tokyo Skytree (Tokyo). The TMD has been 
proven to effectively reduce the dynamic response of 
structures under wind loads (Bortoluzzi et al. 2015). 
However, the TMD is less effective for suppressing 
structural dynamic response under seismic excitations due 
to the detuning effect (Casciati and Giuliano 2009, Wong 
and Harris 2012, Yang and Li 2017). In addition, the 
viscous damper in TMD implies oil leakage problem in 
practical engineering, which might dramatically decrease 
the performance of TMD. To improve the performance of 
traditional TMD, various new vibration control devices are 
proposed, such as magnetorheological (MR) TMD (Weber 
2014, Weber and Maślanka 2014), eddy current TMD (Bae 
et al. 2012, Chen et al. 2017), particle TMD (Liu et al. 
2020, Lu et al. 2018), pounding TMD (Wang et al. 2021, 
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Zhang et al. 2013) and friction TMD (Carmona et al. 2017, 
Jiang et al. 2019). 

In the recent two decades, superelastic shape memory 
alloy (SMA) material has increasing applications in 
earthquake engineering due to its good corrosion resistance, 
fatigue resistance, energy dissipating ability and re-
centering ability (Casciati 2019, Casciati et al. 2009, Li et 
al. 2018, Ozbulut et al. 2011, Qian et al. 2016, Qiu and Zhu 
2017, Song et al. 2006, Zhou et al. 2018). Furthermore, as 
an important form of SMA, the application of SMA helical 
spring in structural vibration control has attracted the 
attention of many researchers. For instance, Speicher et al. 
(2009) designed an SMA helical spring damper and carried 
out cyclic loading tests, and the test results show that the 
damper has good self-centering and damping properties. 
Attanasi and Auricchio (2011) suggested a new type of 
isolation device by superelastic SMA helical springs, and it 
was found that this new isolation device had a good control 
effect on structural vibrations. Huang et al. (2014, 2018) 
developed novel passive isolation and brace systems based 
on superelastic SMA helical springs, and the experimental 
and numerical results showed that the systems had a good 
energy dissipation capacity. Subsequently, Ding et al. 
(2020) numerically and experimentally studied the 
influence of two parameters, the ratio of spring diameter to 
the wire diameter and the pre-strain length, on the vibration 
reduction performance of SMA helical spring braces. 
Recently, researchers (Mishra et al. 2013, Tian et al. 2020) 
proposed an improved TMD by using superelastic SMA 
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helical springs, and demonstrated the good control effect of 
the TMD with SMA springs by numerical simulation. 
However, it is pointed out in the reference (Tian et al. 2020) 
that the energy dissipation capacity of SMA spring is 
limited due to the existence of the elastic stage of the force-
displacement relationship of SMA helical spring, and the 
detuning effect of this improved TMD is observed 
sometimes. Lv (2019) proposed a new tuned mass damper 
with pre-strained superelastic SMA helical springs, referred 
to as SMAS-TMD. The pre-strained SMA springs in the 
SMAS-TMD damper can dissipate more energy than the 
SMA springs with no pre-strain. And the experimental and 
numerical results showed that SMAS-TMD has good 
vibration reduction performance and robustness under 
seismic excitation. Additionally, it is of great significance to 
study the fatigue performance of SMA components in 
practical applications. Several researchers have conducted a 
number of important studies in this area (Carreras et al. 
2011, Fang et al. 2021, Hashemi et al. 2019, Sedlák et al. 
2014, Sherif and Ozbulut 2018). In this study, the duration 
of earthquake is usually short, and the fatigue effect on the 
performance of SMA helical spring is not obvious. 
Therefore, the fatigue problem of SMA helical spring is not 
considered in this paper. 

In order to further investigate the vibration reduction 
performance of the SMAS-TMD damper, this paper studies 
the influence of four main design parameters of SMA spring 
on the seismic response reduction of the frame. A force-
displacement relation model of superelastic SMA helical 
springs is proposed by using the multilinear constitutive 
model of SMA material, and the model is verified through 
the tension tests. Then, a simulation model of a single floor 
steel frame with the SMAS-TMD damper is established and 
verified by the shaking table tests. And four main 
parameters of SMA springs, including the wire diameter, 
initial coil diameter, number of coils and pre-strain length, 
are selected to investigate their influences on the seismic 
response reduction of the SMAS-TMD damper. And the 
numerical and experimental results show that, under 
different earthquakes, when the four main parameters of 
SMA spring are located in a suitable range, the maximum 
reduction ratios of the proposed damper can be reached. 
And in these cases, the vibration reduction performance of 
the SMAS-TMD damper is compared with that of the 
classic optimal TMD. 

 
 

2. Modeling of superelastic SMA helical spring 
 
2.1 Multilinear constitutive model of shape memory 

alloy 
 
In this section, a multilinear model about normal stress-

strain relation is used to illustrate the mechanical property 
of SMA material (Motahari and Ghassemieh 2007), which 
is shown in Fig. 1. This model can avoid solving a number 
of nonlinear thermodynamic equations and is applicable for 
the civil engineering field. 

In Fig. 1, the multiple linear segment O-T-P-Q-R-S-T-O 
means a major loop of normal stress-strain relation, and the 

Fig. 1 Normal stress-strain relationship model of SMA 
material

 
 

paths of the major loop are illustrated as follows: 
Paths O-P and T-O: 
 𝜎 = 𝐸஺𝜀 (1)
 
Path P-Q: 
 𝜎 = 𝜎ெ௦ + 𝜎ெ௙ െ 𝜎ெ௦𝜀ெ௙ െ 𝜀ெ௦ (𝜀 െ 𝜀ெ௦) (2)
 
Paths Q-R and R-S: 
 𝜎 = 𝜎ெ௙ + 𝐸ெ(𝜀 െ 𝜀ெ௙) (3)
 
Path S-T: 
 𝜎 = 𝜎஺௦ + 𝜎஺௙ െ 𝜎஺௦𝜀஺௙ െ 𝜀஺௦ (𝜀 െ 𝜀஺௦) (4)
 

where EA and EM are Young’s modulus of austenite and 
martensite, respectively. σMs and σMf are the starting and 
final stresses of the martensitic transformation, respectively. 
σAs and σAf are the starting and final stresses of the austenitic 
transformation, respectively. εMs and εMf are the starting and 
final strains of the martensitic transformation, respectively, 
where 𝜀ெ௦ = ఙಾೞாಲ  and 𝜀ெ௙ = 𝜀௅ + ఙಾ೑ாಾ . εAs and εAf are the 
starting and final strains of the austenitic transformation, 
respectively, where 𝜀஺௦ = 𝜀௅ + ఙಲೞாಾ , and 𝜀஺௙ = ఙಲ೑ாಲ . εL is 
maximum residual strain. 

As shown in Fig. 1, when an incomplete phase 
transformation occurs in SMA material, the stress-strain 
relationship model of subloop can be depicted by the curve 
O′-P′-Q′-S′-T. The elastic modulus of the incomplete phase 
on Path O′-P′ or Q′-S′ differs from that of austenite and 
martensite, and is a function with respect to martensite 
volume fraction, which is written as 

 𝐸௜ = 𝐸ெ𝐸஺𝜉(𝐸஺ െ 𝐸ெ) + 𝐸ெ (𝑖 = 𝑓, 𝑟) (5)

 
where Ef and Er are the elastic moduli of SMA on the Path 
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O′-P′ and Path Q′-S′, respectively. ξ indicates the martensite 

volume fraction. ξ is equal to 
ቀఌౣ౟౤ᇲ ିఌಲ೑ቁ൫ఌಲೞିఌಲ೑൯  for the Path O′-P′, 

and is 
ቀఌౣ౗౮′ ିఌಾೞቁ൫ఌಾ೑ିఌಾೞ൯  for the Path Q′-S′. ε′max and ε′min are the 

maximum and minimum strains in the subloop, 
respectively. 

Based on the elastic modulus defined by means of Eq. 
(5), the values of critical strain in the subloop can be 
determined as follows 

 𝜀ெ௦′ = 𝜀୫୧୬′ + 𝜎ெ௦ െ 𝜎୫୧୬′𝐸௙  (6)

 𝜀஺௦′ = 𝜀୫ୟ୶′ + 𝜀஺௦ െ 𝜀୫ୟ୶′𝐸௥  (7)

 
where ε′Ms and ε′As are the strain values at the point P′ and 
point S′, respectively. The stress-strain relations of diverse 
paths in the subloop are described in the following. 

Path O′-P′: 
 𝜎 = 𝜎୫୧୬′ + 𝐸௙(𝜀 െ 𝜀୫୧୬′ ) (8)
 
Path P′-Q′: 
 𝜎 = 𝜎ெ௦ + 𝜎ெ௙ െ 𝜎ெ௦𝜀ெ௙ െ 𝜀ெ௦′ (𝜀 െ 𝜀ெ௦′ ) (9)
 
Path Q′-S′: 
 𝜎 = 𝜎୫ୟ୶′ + 𝐸௥(𝜀 െ 𝜀୫ୟ୶′ ) (10)
 
Path S′-T: 
 𝜎 = 𝜎஺௦ + 𝜎஺௙ െ 𝜎஺௦𝜀஺௙ െ 𝜀஺௦′ (𝜀 െ 𝜀஺௦′ ) (11)
 
Since the shear stress-strain relationship about the SMA 

material is experimentally similar to the normal stress-strain 
relationship, the normal stress and strain in Eqs. (1)-(11) 
can be replaced by the shear stress and strain accordingly. 
The related details can be found in the reference (Huang et 
al. 2019). 

 
2.2 Force-displacement relationship model of 

superelastic SMA helical spring 
 
When a large axial deformation happens in an SMA 

helical spring, both of bending moment and torsional 
moment will appear on the cross-section of wire. To 
describe this mechanical phenomenon, a two-dimensional 
model (Enemark et al. 2016, Huang et al. 2019) is used in 
this paper. As shown in Fig. 2, an axial force F is applied to 
the SMA helical spring. Assume that for the SMA spring, 
the coil number is N, the initial coil diameter is D0, the wire 
diameter is d, the initial length is l0, and the longitudinal 
displacement of spring is u. The initial pitch angle is𝛼଴ =𝑎𝑟𝑐𝑡𝑎𝑛 ቀ ௟బ(గே஽బ)ቁ. The pitch angle of the deformed spring is 𝛼 = 𝑎𝑟𝑐𝑠𝑖𝑛 ቀ ௨௟ା௦௜௡ ఈబቁ, where the total length is 𝑙 = 

Fig. 2 Schematic of the SMA helical spring
 
 

 
Fig. 3 Schematic diagram of the cross-section of wire
 
 ඥ𝑙଴ଶ + (𝜋𝑁𝐷଴)ଶ. 
The normal and shear strain distributions on the cross-

section of wire can be described as follows 
 𝜀(𝑦) = 2𝑦𝐷଴ 𝑐𝑜𝑠 𝛼଴ (𝑐𝑜𝑠 𝛼଴ െ 𝑐𝑜𝑠 𝛼) (12)

 𝛾(𝑎) = 2𝑎𝐷଴ 𝑐𝑜𝑠 𝛼଴ (𝑠𝑖𝑛 𝛼 െ 𝑠𝑖𝑛 𝛼଴) (13)

 
where a is the radial coordinate accompanying the angular 
coordinate θ and y is the vertical Cartesian coordinate 
perpendicular to the center axis of the wire, which is plotted 
in Fig. 3. 

Using Eqs. (12) and (13), and considering the 
multilinear constitutive model of SMA, the distributions of 
normal and shear stress on the wire cross-section can be 
achieved. Then the bending moment MB and the torsional 
moment MT on the wire cross-section can be calculated by 

 𝑀஻ = න න 𝜎൫𝜀(𝜃, 𝑎)൯𝑎ଶ 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝑎గ
ିగ

೏మ଴  (14)

 𝑀் = න න 𝜏൫𝛾(𝜃, 𝑎)൯గ
ିగ

೏మ଴ 𝑎ଶ𝑑𝜃𝑑𝑎 (15)

 
where a is the radial coordinate accompanying with the 
angular coordinate θ, which is plotted in Fig. 3. 

As seen in Fig. 2, considering the moment equilibrium 
related to the torsional moment MT and bending moment MB 
in the spring, the axial force can be written as 

 𝐹 = 2 𝑐𝑜𝑠 𝛼଴𝐷଴ (𝑀் + 𝑀஻ 𝑡𝑎𝑛 𝛼) (16)
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Fig. 4 The SMA spring specimens ((a) SMAS-1; 
(b) SMAS-2; (c) SMAS-3; (d) SMAS-4; 
(e) SMAS-5; and (f) SMAS-6) 

 
 
 

Table 1 Geometric parameters of specimens 

Specimen d (mm) D0 (mm) l0 (mm) N 
SMAS-1 0.64 11.2 16 9 
SMAS-2 0.55 11.0 18 9 
SMAS-3 0.8 11.2 17 9 
SMAS-4 0.64 9.0 14 9 
SMAS-5 0.64 12.5 18 9 
SMAS-6 0.64 14.8 19 9 

 

 
 
 
Following the above procedure, the force-displacement 

relationship of superelastic SMA helical spring can be 
determined. 

 
2.3 Experimental validation of the proposed 

mechanical model 
 
To demonstrate the effectiveness of the proposed 

mechanical model of superelastic SMA helical spring, the 
 
 
 

 

Table 2 Parameters of the SMA material 

EA 
(GPa)

EM 
(GPa)

σMs 
(MPa)

σMf 
(MPa) 

σAs 
(MPa) 

σAf 
(MPa) εL 

57 30 420 462 271 203 0.035
 
 
 
 

 
Fig. 5 Tensile test of SMA spring

 
 
 

Nitinol SMA wires were trained into SMA helical spring 
specimens in a laboratory. Six trained SMA spring 
specimens are shown in Fig. 4, and named as SMAS-1, 
SMAS-2, SMAS-3, SMAS-4, SMAS-5 and SMAS-6, 
respectively. The geometrical parameters of specimens and 
the material parameters of SMA are listed in Tables 1 and 2, 
respectively. Then, a series of the tensile tests of the SMA 
spring specimens were carried out by a tensile testing 
machine, as shown in Fig. 5. The comparison of simulated 
and experimental force-displacement curves are plotted in 
Fig. 6, which shows the simulation curves agree well with 
experimental curves. Therefore, the proposed mechanical 
model of superelastic SMA helical spring can be used in 
subsequent simulation analysis. 

 
 
 

 
(a) SMAS-1 (b) SMAS-2 (c) SMAS-3r 

 

 

(d) SMAS-4 (e) SMAS-5 (f) SMAS-6 

Fig. 6 The simulated and experimental force-displacement curves of the SMA spring specimens 
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3. Dynamic model of the frame structure with the 
SMAS-TMD damper 
 
3.1 Equation of motion 
 
The SMAS-TMD mainly consists of two identical pre-

strained SMA helical springs and a mass block, a 
mechanical model of the single floor frame structure with 
the SMAS-TMD is established, as shown in Fig. 7. The 
equation of motion of the single floor frame structure with 
the SMAS-TMD under seismic excitation can be expressed 
as 

 
where 𝑚௔, 𝑘௔ and 𝑐௔ are the mass, shear stiffness and 
damping coefficient of the main structure, respectively. 𝑚௕ 
is the mass of the SMAS-TMD. 𝑥௔ and 𝑥௕ are the relative 
displacement of main structure and SMAS-TMD, 
respectively. 𝐹௙  is the friction force produced by the 
motion of the mass block of SMAS-TMD. 𝐹SMA  is the 
resultant force of the SMA helical springs in the SMAS-
TMD, which can be calculated by Eq. (16). 𝑥ሷ௚  is the 
acceleration of the earthquake wave in the horizontal 
direction. 𝑠𝑔𝑛( 𝑥ሶ௕ െ 𝑥ሶ௔) is a sign function, which can be 
defined as 

 
 
 

 
Fig. 7 Mechanical model of the single floor frame structure 

with the SMAS-TMD 
 
 

 

𝑠𝑔𝑛( 𝑥ሶ௕ െ 𝑥ሶ௔) = ቐ1       (𝑥ሶ௕ െ 𝑥ሶ௔ ൐ 0)0      (𝑥ሶ௕ െ 𝑥ሶ௔ = 0)െ1    (𝑥ሶ௕ െ 𝑥ሶ௔ ൏ 0)  (18)

 
The Eq. (17) can be solved by using the fourth-order 

Runge-Kutta method. 
 
3.2 Experimental setup 
 
A single floor steel frame experimental model was 

fabricated, as shown in Fig. 8. The length × width × height 

 
dimensions of the steel frame are 400 mm × 100 mm × 305 
mm. Two accelerometers and two laser displacement 
sensors were used to measure the dynamic responses of the 
steel frame. 

Based on measurements, the parameters in the Eq. (17) 
can be obtained. The mass of the main structure is 𝑚௔ =12.118 kg. The mass of SMAS-TMD is 𝑚௕ = 0.283 kg, 
and the mass ratio of the SMAS-TMD to the main structure 
is 2.34%. The friction force is 𝐹௙ = 0.06 𝑁. The damping 
ratio 𝜉௔ = 0.36%  and natural frequency 𝑓௔ = 2.655 Hz 
of the steel frame model are obtained by free vibration test. 
The shear stiffness of the main structure is 𝑘௔ =3372 N/m. The damping coefficient of the main structure 
is 𝑐௔ = 1.455 𝑁𝑠/𝑚. 

 
3.3 Comparison of the simulated and experimental 

results 
 
To verify the effectiveness of the dynamic model of the 

frame structure with the SMAS-TMD damper under 
earthquake excitation, a number of shaking table tests are 
implemented. In the experiments, two cases, which are with 
and without the SMAS-TMD damper, are investigated. The 
spring SMAS-1 is selected as the spring component of the 
SMAS-TMD damper, and the pre-strain length is 100 mm. 
Four recorded earthquake waves are selected, namely, the 
San Fernando wave, El Centro wave, Hollister wave and 

 
 

ቊ𝑚௔𝑥ሷ௔ + 𝑐௔𝑥ሶ௔ + 𝑘௔𝑥௔ െ 𝐹SMA െ 𝐹௙ 𝑠𝑔𝑛( 𝑥ሶ௕ െ 𝑥ሶ௔) = െ𝑚௔𝑥ሷ௚𝑚 𝑥௕ ሷ ௕ + 𝐹SMA + 𝐹௙ 𝑠𝑔𝑛( 𝑥ሶ௕ െ 𝑥ሶ௔) = െ𝑚௕𝑥ሷ௚  (17)

 
Fig. 8 Shaking table test of the single floor frame structure with the SMAS-TMD 
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Imperial Valley wave. The peak ground acceleration (PGA) 
of the four earthquake waves is taken as 0.15 g. The 
acceleration response spectrum of input ground motions are 
shown in Fig. 9. 

As an example, for the San Fernando wave, the 
comparison of numerical and experimental results of the 

 
 

Fig. 9 Acceleration response spectrum of input ground 
motions 

 
 

 
 

seismic responses of the main structure are plotted in Fig. 
10. Fig. 10 shows that the numerical results agree well with 
the experimental results for the two cases. Further the 
relative errors of the simulated peak seismic responses to 
those from the tests in the two cases are listed in Table 3. 
From Table 3, it is found that the relative errors of the peak 
relative displacement and the peak absolute acceleration are 
within the acceptable range. Therefore, the established 
dynamic model is available for simulating the dynamic 
response of the frame structure with the SMAS-TMD under 
earthquake. 

 
 

4. Parameter study of the SMAS-TMD damper 
 
In the size design of SMA helical spring, the initial coil 

diameter, wire diameter and number of coils are three 
important design parameters. According to the reference 
(Enemark et al. 2016), as shown in Fig. 11, the elastic 
stiffness kA of the SMA spring can be determined by 

 𝑘஺ = 𝐸஺𝑑ସ16(1 + 𝜈)𝑁𝐷଴ଷ (19)

 

 

(a) relative displacement (uncontrolled) (b) absolute acceleration (uncontrolled)r
 

(c) relative displacement (SMAS-TMD) (d) absolute acceleration (SMAS-TMD)

Fig. 10 Numerical and experimental seismic responses for the San Fernando wave 

Table 3 Relative errors of the simulated peak seismic responses of the main structure compared to 
the corresponding test results in the two cases 

Earthquake 
Relative errors of peak 

relative displacement (%) 
Relative errors of peak 

absolute acceleration (%) 

Uncontrolled SMAS-TMD Uncontrolled SMAS-TMD 
San Fernando wave 2.77 5.65 6.04 3.13 

El Centro wave 0.44 0.23 0.49 6.56 
Hollister wave 0.47 1.25 1.28 2.71 

Imperial Valley wave 5.41 2.59 4.82 4.64 
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Fig. 11 Schematic of the force-displacement curve of the 

superelastic SMA helical spring 
 
 

where 𝜈 represents Poisson’s ratio and is equal to 0.33 
(Huang et al. 2019). 

If the SMAS-TMD degenerates into a classic linear 
TMD, the elastic stiffness, kT, of the TMD can be 
determined by 

 𝑘் = (2𝜋𝑓௔)ଶ𝑚௕ (20)
 
Considering that two identical SMA springs are 

arranged on both sides of the mass block of the SMAS-
TMD, the elastic stiffness, kA, of the SMA springs is 
decided as 

 𝑘஺ = 0.5𝑘் (21)
 
However, the above design steps only consider the 

elastic stage and ignores the phase transformation stage of 
the SMA spring. Therefore, the initial coil diameter, wire 
diameter and number of coils need to be redesigned. This 
section will numerically and experimentally study the effect 
of the three parameters on the vibration reduction 
performance of the SMAS-TMD. In addition, the influence 
of the pre-strain length of SMA spring on the control 
performance of SMAS-TMD is also studied in this section. 
Four earthquake waves are selected, which are the same as 
those shown in Fig. 8. The PGA of the four earthquake 
waves is taken as 0.15 g. The reduction ratio of peak 
response is defined as follows 

 

 
 
 

4.1 Effect of wire diameter 
 
In the simulation, the wire diameter of SMA spring 

varies from 0.5 mm to 1 mm. The initial coil diameter, 
number of coils and pre-stretch length are set to 11.2 mm, 9 
and 100 mm, respectively. In the shaking table tests, the 
specimens SMAS-1, SMAS-2 and SMAS-3 are selected as 
the spring component of the SMAS-TMD damper, 
respectively. The reduction ratios of peak responses along 
with the increase of wire diameter under the four 
earthquake waves are numerically and experimentally 
obtained, and are plotted in Fig. 12. It is seen from Fig. 
12(a) that the simulated results agree well with the 
experimental results. The reduction ratio of peak relative 
displacement first increases and then decreases as the wire 
diameter increases. About the reduction ratio of peak 
absolute acceleration, the similar result can be observed 
from Fig. 12(b). It is also found that when the wire diameter 
is between 0.61 mm and 0.68 mm, the reduction ratios of 
peak seismic responses achieve the maximum values under 
the four earthquake waves. And apart from the Hollister 
earthquake, the maximum reduction ratios for the other 
three earthquakes are close to 40%. In addition, according 
to the Eqs. (19) and (20), the SMA spring elastic stiffness kA 
is between 0.37𝑘் and 0.58𝑘், where the wire diameter 
is between 0.61 mm and 0.68 mm correspondingly. 

 
4.2 Effect of initial coil diameter 
 
In the shaking table tests, the specimens SMAS-1, 

SMAS-4, SMAS-5 and SMAS-6 are selected as the spring 
component of the SMAS-TMD, respectively. In the 
simulation, the initial coil diameter of SMA spring changes 
from 9 mm to 15 mm. The wire diameter, number of coils, 
pre-stretch length are set to 0.64 mm, 9 and 100 mm, 
respectively. Fig. 13 shows that the reduction ratios of peak 
responses along with the increase of initial coil diameter 
under the four earthquake waves. From Fig. 13, it is seen 
that the experimental and simulated results are consistent. It 
is found from Fig. 13(a) that the reduction ratio of peak 

 

 
 
 

 

Reduction ratio = the peak response of the frame െ the peak response of the frame with SMAS െ TMDMDthe peak response of the frame ൈ 100% (22)

(a) Peak relative displacement (b) Peak absolute acceleration 

Fig. 12 The reduction ratios of peak responses along with the increase of wire diameter 
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relative displacement first increases and then decreases as 
initial coil diameter increases. From Fig. 13(b), it is also 
found that with the increase of the initial coil diameter, the 
reduction ratio of peak absolute acceleration has the same 
trend as the reduction ratio of peak relative displacement. 
And the vibration reduction performance of the SMAS-
TMD damper is satisfactory when the initial coil diameter 
varies from 10.3 mm to 12 mm, where the SMA spring 
elastic stiffness kA is between 0.37𝑘் and 0.58𝑘். 

 
4.3 Effect of number of coils 
 
To study the influence of number of coils on the 

vibration reduction performance of the SMAS-TMD damper, 
 
 

 
 

 
 

damper, in the experiments, the number of coils is given as 
7, 9, 11 and 13, respectively. The wire diameter, initial coil 
diameter and pre-strain length of the SMA spring are 0.64 
mm, 11.2 mm and 100 mm, respectively. And the number of 
coils is varied from 7 to 13 in the simulation. Under the four 
earthquake waves, the reduction ratios of peak responses 
along with the variation of the number of coils are plotted in 
Fig. 14. From Fig. 14, it is found that the numerical results 
are basically consistent with the experimental results. When 
the number of coils is in the range of 8 to 10, the reduction 
ratios of the peak responses can reach about 20% to 40% no 
matter for the peak relative displacement or the peak 
absolute acceleration. The interesting thing is that at those 
situations, the SMA spring elastic stiffness kA is also in the 
 
 

 
 

(a) Peak relative displacement (b) Peak absolute acceleration 

Fig. 13 The reduction ratios of peak responses along with the increase of initial coil diameter 

(a) Peak relative displacement (b) Peak absolute acceleration 

Fig. 14 The reduction ratios of peak responses along with the increase of number of coils 

(a) Peak relative displacement (b) Peak absolute acceleration 

Fig. 15 The reduction ratios of peak responses along with the increase of pre-strain length 
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Table 4 Information of 20 recorded earthquake waves 

No. Earthquake Station Year 

1 Northwest Calif Ferndale City Hall 1938 

2 Imperial Valley El Centro Terminal 
Substation Building 1940 

3 Hollister Usgs Station 1028 1961 

4 Parkfield San Luis Obispo 1966 

5 San Fernando Pacoima Dam 
(upper left abut) 1971 

6 Friuli Forgaria Cornino 1976 

7 Tabas Dathook 1978 

8 Tabas Sedeh 1978 

9 Imperial Valley Agrarias 1979 

10 Coyote Lake Gilroy Array #4 1979 

11 Loma Prieta Oakland-Title & Trust 1989 

12 Landers Amboy 1992 

13 Northridge Pacoima Kagel Canyon 1994 

14 Kobe Fukushima 1995 

15 Chi-Chi CHY024 1999 

16 Chi-Chi ILA039 1999 

17 Duzce Hava Alani 1999 

18 Hector Mine El Centro Array #10 1999 

19 Gulf of California El Centro-Meadows 
Union School 2001 

20 El Mayor El Centro-Meloland 
Geot. Array 2010 

 

 
 
 

range of 0.37𝑘் to 0.58𝑘். 
 
4.4 Effect of pre-strain length 
 
Due to the limitation of the frame width, the maximum 

pre-strain length of SMA spring needs to be less than 120 
mm in shaking table experiments. The specimen SMAS-1 
are used as the spring component of the damper and the pre-
strain length is designed as 70 mm, 80 mm, 100 mm and 
120 mm, respectively. The wire diameter, initial coil 
diameter and number of coils of the SMA spring are 0.64 
mm, 11.2 mm and 9, respectively. The reduction ratios of 
peak seismic responses along with the variation of pre-
strain length under four earthquake waves are obtained by 
numerical simulations and experiments, and are plotted in 
Fig. 15. From Fig. 15, it is found that when the pre-strain 
length increases from 70 mm to 120 mm, the reduction 
ratios of peak responses decrease gradually under the San 
Fernando wave. Under other earthquake waves, the 
variation of reduction ratio is small. Compared with the 
initial coil diameter, the wire diameter and the number of 
coils, the influence of pre-strain length on the reduction 
ratio is not large. When the pre-strain length varies from 90 
mm to 110 mm, the vibration reduction performance of the 
SMAS-TMD damper is satisfactory under the four 
earthquake waves. 

 
 

5. Vibration reduction performance of the SMAS-
TMD damper with the optimal parameters 
 
This section numerically studies the vibration reduction 

effect of the proposed SMAS-TMD damper under the 
earthquakes with the PGA of 0.2 g. The frame model in 

 
 

(a) The original frame (b) The frame with 15% increased structural frequency
 

(c) The frame with 15% reduced structural frequency

Fig. 16 Peak relative displacement of the frame under the 20 earthquake waves 
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Table 5 Average reduction ratios of the peak relative 
displacement under the 20 earthquake waves 

Structural frequency Optimal TMD SMAS-TMD 
15% increased 26.46% 24.48% 

Original 32.06% 32.08% 
15% reduced 10.21% 26.30% 

 

 
 

Section 3.2 is adopted in the simulation and the mass ratio 
of the SMAS-TMD is set to 2.34%. According to the above 
parametric study, the optimal parameters of SMA spring 
component of the SMAS-TMD damper may take the 
parameters of the specimen SMAS-1 and the pre-strained 
length is set to 100 mm. For comparison, the vibration 
reduction effectiveness of the classic optimal TMD is also 
discussed. Given that the mass ratio is the same as that of 
the SMAS-TMD damper, the optimal parameters of the 
classic TMD are determined by the Den Hartog formulas 
(Den Hartog 1956), where the optimal tuning ratio and 
damping ratio of the TMD are 0.9772 and 9.25%, 
respectively. A total of 20 recorded earthquake waves, as 
shown in Table 4, are selected for the study. 

When the true structural natural frequencies are different 
from the designed values, the detuning effect often happens 
for the classic TMD system. So, besides the original status, 
the situations that the frequency of the original frame 
increases or reduces 15% are considered here. The average 
reduction ratios of the peak relative displacement under the 
20 earthquake waves are listed in Table 5. The peak relative 
displacements of the top of the frame are calculated and 
plotted in Fig. 16. From Table 5 and Figs. 16(a) and (b), it is 
found that for the original frame and the frame with 15% 
increase of frequency, the relative displacements with the 
SMAS-TMD damper are close to that with the optimal 
TMD. On the other hand, Table 5 and Fig. 16(c) show that 
if the structural frequency reduces 15%, the displacements 
of the frame with the SMAS-TMD damper is obviously less 
than those with the optimal TMD. Also from Fig. 16(c), it is 
observed that in the case of No. 15 earthquake, the result 
with the optimal TMD is amplified compared to that 
without damper, which indicates that the detuning 
phenomenon occurs. And in this case, the vibration 
reduction performance of the proposed SMAS-TMD 
damper is still very good. 

 
 

6. Conclusions 
 
This paper conducts a parametric study of a new SMAS-

TMD damper with pre-strained SMA springs for vibration 
reduction. A force-displacement relation numerical model 
of SMA helical spring is presented, the effectiveness of 
which is verified by the tension tests. On that basis, the 
dynamic numerical model of a single floor frame with the 
proposed SMAS-TMD damper under earthquake is 
established and validated by the shaking table tests. Then 
the influences of four main design parameters of the 
SMAS-TMD damper, namely, the wire diameter, initial coil 
diameter, number of coils and pre-strain length on the 
seismic responses of the frame are investigated. 

● The numerical and experimental results demonstrate 
that when the wire diameter, initial coil diameter and 
number of coils are set to the appropriate values so 
that the designed elastic stiffness kA of the SMA 
spring is in the range of 0.37𝑘்  to 0.58𝑘் , the 
vibration reduction performance of the SMAS-TMD 
damper is satisfactory. And the maximum reduction 
ratios of the SMAS-TMD damper can reach 40% as 
the mass ratio is 2.34%. Under different earthquake 
waves, when the pre-strain length of the SMA 
springs varies from 90 mm to 110 mm, the vibration 
reduction performance of the SMAS-TMD damper 
is very well. 

● The numerical results also show that when the 
structural frequency decreases by 15%, for the 
classic optimal TMD, the seismic responses of the 
frame are amplified compared to those without TMD 
under some situations, which means that the 
detuning phenomenon occurs. However, the 
proposed SMAS-TMD damper can effectively 
suppress the responses of the frame under 20 
recorded earthquakes with the same detuning ratio, 
which demonstrates the robustness of the proposed 
SMAS-TMD damper. 
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