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Parametric study of SMA helical spring braces
for the seismic resistance of a frame structure
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Abstract. This paper studies the influence of parameters of a novel SMA helical spring energy dissipation brace on the
seismic resistance of a frame structure. The force-displacement relationship of the SMA springs is established
mathematically based on a multilinear constitutive model of the SMA material. Four SMA helical springs are fabricated,
and the force-displacement relationship curves of the SMA springs are obtained via tension tests. A numerical dynamic
model of a two-floor frame with spring energy dissipation braces is constructed and evaluated via vibration table tests.
Then, two spring parameters, namely, the ratio of the helical spring diameter to the wire diameter and the pre-stretch
length, are selected to investigate their influences on the seismic responses of the frame structure. The simulation results
demonstrate that the optimal ratio of the helical spring diameter to the wire diameter can be found to minimize the
absolute acceleration and the relative displacement of the frame structure. Meanwhile, if the pre-stretch length is assigned
a suitable value, excellent vibration reduction performance can be realized. Compared with the frame structure without
braces, the frames with spring braces exhibit highly satisfactory seismic resistance performance under various earthquake
waves. However, it is necessary to select an SMA spring with optimal parameters for realizing optimal vibration reduction
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performance.
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1. Introduction

In recent decades, structural integrity assurance and
disaster mitigation have received substantial attention in
civil engineering, for which two main approaches are
utilized: One approach is to use structural health monitoring
(Casciati and Wu 2012, An et al. 2014, Zhou et al. 2019) to
issue an early warning if structural damages or deficiencies
are identified so that repair or retrofitting can be performed
timely (Song et al. 2006b). The other approach is to use
structural vibration control (Huang et al. 2018a, Wang et al.
2018a) to enhance the performance of structures in
withstanding disasters such as earthquakes and hurricanes.
The use of energy-dissipating members or devices in a
structure can effectively consume vibration energy inputs to
the structure from external excitations, such as earthquakes,
strong winds, and impacts (Yang et al. 2017, Hayashi et al.
2018). Via this mechanism, the energy-dissipating members
can rapidly reduce the vibrational responses of the structure.
Therefore, the energy-dissipating members can be used to
protect the main structure from such external excitations
(Zhang et al. 2012, Yoshida and Dyke 2004). As a result,
energy-dissipation technology has received substantial
attention in structural vibration control (Sun 2011, De
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Domenico and Ricciardi 2018). Various new types of energy

dissipating devices, such as eddy current dampers (Bae et
al. 2005), viscoelastic dampers (Kim and Ryu 2006, Wang
et al. 2019), and pounding tuned mass dampers (Wang et al.
2018b), have been developed (Zapateiro et al. 2009,
Friedman et al. 2013). In recent decades, the application of
smart materials to vibration control and shock absorption
has become a new development direction (Saadat et al.
2002, Gu and Song 2007). Among various smart materials,
due to their unique mechanical properties, shape memory
alloys have been used to dissipate the input energy of
structures in earthquakes and under other types of
excitations in recent years (Casciati et al. 2007).

Shape memory alloys are a class of smart materials that
have a memory function on the shape (Song et al. 20064,
Casciati and Faravelli 2009, Casciati and van der Eijk
2008). Their most unique properties are shape memory and
superelasticity (Xu and Song 2004, Qian et al. 2016).
Superelasticity offers energy dissipation (Song et al. 2004).
The energy consumption performance of the SMA material
renders it suitable for energy dissipation control (Ren et al.
2007, Patil and Song 2016). The use of SMA helical springs
to control structural vibration has recently attracted
researchers’ attention. Huang et al. (2014) used the SMA
springs as base isolators to protect a structure from an
earthquake. Mishra et al. (2013) studied the seismic
responses of a structure with a tuned mass damper (TMD)
that was facilitated by SMA helical springs and discussed
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the vibration reduction performance of the improved TMD.
Using SMA helical springs as braces, Huang et al. (2018b)
proposed a new frame structure for resisting earthquakes,
and both experimental and numerical results demonstrated
the satisfactory performance of SMA spring braces. Since
the earthquake is a kind of random reciprocating load, the
fatigue analysis of the SMA springs needs to be considered.
Many researchers have implemented a lot of significant
studies on this aspect (Carreras et al. 2010, Sedlék et al.
2013, Casciati et al. 2016, Kundu et al. 2018, Hashemi et
al. 2019). Regarding that the earthquake seldom happens in
the same place for many times and the lasting time of one
earthquake is usually short, the fatigue problem of the SMA
springs will not be discussed in this paper.

Based on a study that was implemented in the literature
(Huang et al. 2018b, 2019), this paper mainly studies the
influence of the parameters of the helical spring in the
energy dissipation brace on the seismic resistance of the
frame structure. The influences of two spring parameters,
namely, the ratio of the helical spring diameter to the wire
diameter and the pre-stretch length, on the seismic
responses of the frame structure are investigated. To
complete this study, four SMA springs are fabricated, and
the force-displacement relationship curve of the SMA
springs is generated. A numerical dynamic model of a two-
floor frame with the spring energy dissipation braces is
constructed and evaluated via vibration table tests.

2. Mechanical model of an SMA helical spring
2.1 Constitutive model of SMA material

Boyd and Lagoudas (1996) proposed a thermodynamic
multilinear model and Motahari and Ghassemieh (2007)
modified it. The proposed model simulates the performance
of SMA under seismic applications accurately. There are
two types of SMA crystallographic phases: austenite and
martensite. It is possible to convert between the two phases
via temperature or stress change. A schematic diagram of
the constitutive model, or the stress-strain relationship, of a
superelastic SMA is shown in Fig. 1, where B, C, E and F
are called the martensite start point, the martensite finish
temperature, the austenite start point and the austenite finish
point, respectively. Their corresponding stresses are Gwms,
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Fig. 1 Schematic diagram of the multilinear constitutive
model
omi, oas and oag, respectively. Their corresponding strains
are ewms, EMf, €as and eaf, respectively.
The multilinear stress—strain relations in Fig. 1 can be
represented by the following formulas, which are related to
multi-paths:

Paths A-B and F-A

o=E,¢ Q
Path B-C
_ E— SMS _
0 =0y, + P (O’Mf O'Ms) )
Paths C-D and D-E
0 = oy, + En(e — em,) ©))
Path E-F
- ET (o
0 =0y, + P (aAf O'AS) 4)

where Ea and Ew are the elastic moduli of austenite and
martensite, respectively.

If the loading occurs during the unloading process, or
the unloading occurs during the loading process, new values
of stress and strain can be determined using the previous
unloading or loading points. The curve A’-B'-C'-E’ in Fig. 1
describes the constitutive model of the subloop. The elastic
moduli of the SMA on the paths A’-B’ and C'-E’ can be
represented as

EvE,
§(Eq — Ey) + Ey

Ei(§) = (i=FR) ®)

where & is the martensite volume fraction.
The strain values at the points B' and E' in the subloop
can be written as follows

) 1‘nin
Eg=Emin T 5 (6)
€4~ Emax
Ep=Emax + — i ™)

where 6'min and 6'max are the minimum and the maximum
stresses, respectively, in the subloop; &’ min and &’ max are the
minimum and maximum strains, respectively, in the
subloop. Following Egs. (5)-(7), the stress-strain
relationship of the SMA related to the subloop can be
determined.

Since the experimental shear stress-strain curve of the
SMA wire was found to be similar to the tensile stress-strain
curve that is obtained above, the presented constitutive
model can be used to demonstrate the shear stress-strain
relationship of the SMA wire. Hence, the normal stress,
normal strain and elastic modulus in the Egs. (1)-(4) and the
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Egs. (6)-(7) can be replaced by the shear stress, shear strain
and shear modulus, respectively.
2.2 Force-displacement relationship of the SMA
helical spring

Now let us consider a helical spring that is made of
SMA wire and is subjected to an axial load F. Suppose that
the torsional deformation occurs uniformly on the cross-
section of the wire and the shear strain linearly changes
along the radius. Then, the shear strain y at a point on the
cross-section of the SMA wire can be expressed as (Aguiar
et al. 2010)

V@) = o ®)

D2N
where u, r, D and N are the axial displacement of the spring,
the radial coordinate of a point relative to the center of the
wire, the diameter of the spring and the number of coils,
respectively.

Based on the equilibrium of torsional moment of the
SMA helical spring, the equilibrium equation can be
expressed as follows

d
FD = 41 j Tridr 9)
0

where 7 is the shear stress at the radial coordinate r on the
cross-section of the wire, which can be obtained from the
shear stress-strain relationship, and d is the wire radius. The
force-displacement relationship of the SMA spring under a
seismic load can be obtained by following the steps that are
described above.

(@) Type | (D=8,d=1) (b) Type Il (D =10,d = 1)

e —

(a) SMA helical spring

Fig. 3 Tensile test of an SMA |

It is worth mention that the constitutive model of the
SMA used in this paper does not involve in the strain rate
since the inpaction of the strain rate on the force-
displacement relationship of the SMA helical spring is not
large (Ren et al. 2007, Enemark et al. 2016).

3. Tensile tests of the SMA helical spring

In this paper, the most commonly applied nickel-
titanium (Ni-Ti) alloy wire is used to make the helical
spring. The Ni-Ti alloy wire that is used for the test was
supplied by Jiangyin Falsun Pell New Material Technology
Co., Ltd. The Ni-Ti alloy wire has a Ni metal content of
50.8%. The material is in an austenitic state at room
temperature. Two kinds of SMA wires are used in this
paper, whose diameters are 1 mm and 0.8 mm, respectively.
For the wire with the diameter of 1 mm, the temperature at
the end of the austenitic transformation is -29°C. And for
another one, the temperatures at the end of the austenitic

() Type Il (D=10,d=0.8)  (d) Type IV (D =12,d=0.8)

Fig. 2 SMA helical springs with various geometrical parameters

transformation is -14°C.

Since the fabrication technique has a strong influence on
the hysteretic behavior of the SMA helical spring, it is
necessary to find a suitable heating temperature, heating
time and cooling method such that the SMA helical spring
has a satisfactory superelastic property. In this paper, based
on previous research, the SMA helical spring is trained via
thermal processing. During the thermal processing, one
SMA wire is wrapped around a threaded rod to form the
spring and is held in an oven at 450°C for 30 minutes. After
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Table 1 Physical parameters of the SMA material and the
geometric parameters of the springs

Parameter Type | Type Il Type Il Type IV
D (mm) 8 10 10 12
d (mm) 1 1 0.8 0.8

Ga(GPa) 253 21 30 28

Gm (GPa) 25 20 29 27

™s (MPa) 156.6 124 208 161

™ (MPa) 394.2 292 819 759

tas (MPa) 151.2 120 169 149.5

taf (MPa) 16.2 12 39 345
s (%) 6.19 6.11 6.86 5.75
vt (%) 40.77 39.6 52.3 53.1
vas (%) 31.05 31 30.57 30.53
vt (%) 0.64 0.59 1.29 1.23

that, the spring is cooled in water.

Following the fabrication steps that are described in the
above section, an SMA spring can be trained. In this study,
four type of springs were manufactured, as shown in Fig. 2.
The mechanical parameters of the four springs are listed in
Table 1. Using the listed parameters and Egs. (1)-(9), the
force-displacement relationships of the springs can be
simulated numerically. Meanwhile, a series of tensile tests
on the four springs, which are shown in Fig. 3, are

25 - Simulation //
Experiment ’/

0 0.01 0.02 0.03 0.04 0.05
Displacement/m
(a) Type |
16
Simulation
14 - Experiment A

Force/N

0 0.02 0.04 0.06 0.08
Displacement/m

(c) Type 1l

conducted. Via this approach, the force-displacement curves
of the SMA springs can be obtained experimentally and are
plotted in Fig. 4. Fig. 4 shows that the simulated force-
displacement curves accord with the tested force-
displacement curves. From Figs. 4(a)-(b), it is found that
when the load surpasses 22 N and 14 N, respectively, the
quick up trend of the force-displacement curves appears for
the Type | and Il springs. This is attributed to that under
those loads, the shear stress on the cross section of the SMA
wires exceeds the value of v, which is the critical shear
stress at the end of the martensitic transformation.

4. Dynamic simulation and vibration test of
a frame with SMA spring braces

4.1 Simulation model of the frame structure system

The proposed energy dissipation brace is composed of a
trained SMA spring and two steel bars. A two-floor steel
frame model is established for studying the dynamic
responses of a frame structure that is equipped with the
proposed energy dissipation braces. Fig. 5 illustrates the
configuration of the frame structure. The model assumes
that the beam stiffness is much larger than the stiffness of
the two columns, and the axial deformation of the beam and
the columns is neglected. The two beams are simplified as
two concentrated mass points so that the frame becomes a
two-degree-of-freedom system.

Simulation /
15 Experiment 74

Force/N

0 0.02 0.04 0.06 0.08
Displacement/m

(b) Type 1l

8 5 Simulation
Experiment

0 0.02 0.04 0.06 0.08
Displacement/m

(d) Type IV

Fig. 4 Simulated and experimental force-displacement curves of the four springs
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Fig. 5 Configuration of the frame structure

4.2 Dynamic equation of the frame model

Based on the mechanical model of the frame in Section
4.1, the dynamic equation of the structure under seismic
excitation can be expressed as follows

MU + CU + KU = —M{I}%, + F (10)
Where
M= [ml (11)
m;

C = aoM + alK (12)

_ kl + k2 _kz]
=07 13)

u
U= [u;] (14)
Qo W1 W3
=2— 1

[al] wj — wf [ 1/0)2 1/0)1][ (15)
_ [Flcosoz1 — F,cosa, + Fycosa, — F3cosa3] 16
- Fiycosaz—F,cosa, (16)

where u; and u; are the relative displacements of the first
and second floors, respectively; m; and m; are the mass
values of the first and second layers of the frame,
respectively; k; and k. are the horizontal stiffness values of
the first and second layers, respectively; ai(i = 1, 2, 3, 4) is
the angle between the horizontal beam and the ith energy
dissipation brace; Fi (i = 1, 2, 3, 4) is the axial force of the
ith energy dissipation brace; w1 and w- are the first and
second frequencies, respectively, of the two-floor frame
model; & and & are the first and second modal damping
ratios, respectively, of the frame; and X, is the earthquake
acceleration input in the horizontal direction.

4.3 Vibration experiment on the frame structure

A two-floor steel frame model was produced according
to the simulation model in Section 4.1, as shown in Fig. 6.

Fig. 6 Two-floor steel frame model

(a = acceleration sensors; b = laser displacement sensors;
¢ = vibration table; and d = SMA spring brace)

Via measurement and calculation, it is determined that the
mass m; of the first layer is 2.40 kg and the mass m; of the
second layer is 1.72 kg. The lateral stiffness k; of the first
layer is 1630 N/m, and the lateral stiffness k» of the second
layer is 1890 N/m. In addition, the damping ratio of the
frame structure is determined via the free vibration
attenuation method. The values of & and & are 0.00286 and
0.00313, respectively. The four SMA springs in the energy
dissipation brace are the same, and they can be any type
among the trained four types of springs, whose parameters
are shown in Table 1.

4.4 Comparison of the simulated dynamic
responses with the experimental results

To explore the vibration reduction performance of the
proposed SMA spring brace, this paper studied the
following two types of scenarios: (1) No control: no brace
component is installed in the frame; and (2) the SMA spring
brace is installed. The spring that is used in the brace is a
Type Il spring, and the pre-stretch length is 70 mm. First, in
the frequency domain, the relative displacement amplitudes
of the second floor are simulated, where the acceleration
amplitude of input simple harmonic waves is 0.1 g. Fig. 7
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Fig. 7 Relative displacement response of the second floor of
the frame under excitations of varying frequencies
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Fig. 8 Numerical and experimental responses of the frame for the Kobe wave (no brace)
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Fig. 9 Numerical and experimental responses of the frame for the Hollister wave (no brace)
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Fig. 10 Numerical and experimental responses of the frame for the Friuli wave (no brace)
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Fig. 11 Numerical and experimental responses of the frame for the Kobe wave (SMA spring brace)

plots the simulated and experimental displacements of the ments accord with the experimental results, which
second floor of the frame under excitations of varying demonstrates the satisfactory performance of the simulation
frequencies. From Fig. 7, the simulated relative displace- model of the frame with or without braces. In addition, the
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Fig. 12 Numerical and experimental responses of the frame for the Hollister wave (SMA spring brace)
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Fig. 13 Numerical and experimental responses of the frame for the Friuli wave (SMA spring brace)

Table 2 Relative errors of the simulated peak seismic
responses to the corresponding experimental
results for two cases

Case Seismic  Hollister wave Kobe wave Friuli wave
responses (%) (%) (%)
_Relative 1.16 1655 0.62
displacement

No brace
Absolute 2.04 13.22 7.02
acceleration
Relative

SMA displacement 220 .75 534

spring

brace ~Absolute 353 2.05 4.63

acceleration

resonant frequency of the frame with braces is larger than
that of the frame without braces, and the peak response of
the frame with braces is far weaker than that of the frame
without braces. Thus, the braces substantially reduce the
dynamic responses of the frame.

To study the seismic responses of the frame structure
with the braces, three earthquake waves, namely, the
Hollister wave, the Kobe wave and the Friuli wave, are
chosen. The peak ground acceleration (PGA) of the
earthquake waves was 0.2 g. Figs. 8-13 compares the
simulated responses with the experimental results of the
frame with and without braces under various earthquake
waves. In Figs. 8-13, the relative displacement and the
absolute acceleration of the second floor are plotted.
According to Figs. 8-13, the simulated peak responses

accord with the experimental results. The relative errors of
the numerical peak responses to the experimental peak
responses are listed in Table 2. According to Table 2, the
relative errors are very small; hence, the simulated dynamic
model is highly useful for the parameter analysis of the
springs.

5. Parameter study

To obtain a rational design of the SMA spring brace, the
effects of the ratio of the helical spring diameter to the wire
diameter and the pre-stretch length are studied. Four types
of SMA springs, namely, the Type I, II, 1l and IV springs,
are selected as the spring braces. Three earthquake waves,
namely, the Kobe wave, the Hollister wave and the Friuli
wave, are considered.

5.1 Impact of the ratio of the helical spring
diameter to the wire diameter

The ratio of the helical spring diameter to the wire
diameter is an important spring parameter, which is denoted
as Rsw in this paper. The index Rsw affects the stiffness of
the SMA spring and influences the seismic performance of
the energy dissipation brace. The Rsw values of the Type I,
I, Il and IV springs are 8, 10, 12.5 and 15, respectively.
The lower the value of Rsw, the higher the stiffness of the
spring.

This paper studied the reduction ratios of seismic
responses of the frame with the helical SMA spring braces
while being subjected to the three earthquake waves. Here,
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Table 3 Vibration reduction ratios under the same pre-stretch length (the pre-stretch length is 50 mm)

R Seismic wave Absolute acceleration Relative displacement  Absolute acceleration Relative displacement
w (0.2 g PGA) of the 1% floor (%) of the 1% floor (%) of the 2" floor (%) of the 2" floor (%)
8 42.96 (38.51) 61.32 (60.45) 50.66 (44.56) 63.27 (59.93)
10 16.07 (22.42) 44.27 (41.27) 23.66 (28.71) 53.94 (41.25)
Kobe wave
125 8.17 30.82 27.76 28.97
15 2.64 1.79 5.34 2.35
8 15.15 (10.28) 41.29 (40.37) 14.26 (11.81) 42.85 (40.93)
10 _ 5.15 (11.50) 28.31 (22.82) 5.97 (13.19) 28.91 (23.66)
Hollister wave
125 12.36 14.68 9.54 16.42
15 10.26 8.23 5.36 5.83
8 39.66 (35.86) 50.24 (49.51) 35.62 (34.48) 50.63 (50.84)
10 o 30.67 (29.48) 47.84 (33.68) 27.01 (34.48) 42.20 (38.53)
Friuli wave
125 5.38 5.53 16.67 12.06
15 3.30 0.91 3.87 6.98

Table 4 Vibration reduction ratios under the same ratio of the helical spring diameter to the wire diameter (Rsw is 8)

Pre-stretch Seismic wave  Absolute acceleration Relative displacement ~ Absolute acceleration Relative displacement

length (mm) (0.2 g PGA) of the 1% floor (%) of the 1% floor (%) of the 2" floor (%) of the 2" floor (%)
30 45.95 (43.88) 63.18 (62.55) 51.21 (49.80) 64.14 (63.28)
40 Kobe wave 43.26 (40.45) 61.02 (62.21) 51.19 (48.64) 64.10 (61.97)
50 42.96 (38.51) 61.32 (60.45) 50.66 (44.56) 63.27 (59.93)
30 16.31 (17.42) 42.31 (40.64) 15.86 (16.32) 42.77 (42.64)
40 Hollister wave 15.95 (12.37) 41.44 (42.89) 15.48 (16.20) 43.02 (42.10)
50 15.15 (10.28) 41.29 (40.37) 14.26 (11.81) 42.85 (40.93)
30 40.27 (39.97) 51.21 (50.54) 36.19 (37.32) 51.24 (51.15)
40 Friuli wave 39.89 (39.44) 50.67 (50.63) 35.83 (35.00) 51.37 (50.93)
50 39.66 (35.86) 50.24 (49.51) 35.62 (34.48) 50.63 (50.84)

Table 5 Vibration reduction ratios under the same ratio of the helical spring diameter to the wire diameter (Rsw is 10)

Pre-stretch Seismic wave  Absolute acceleration ~ Relative displacement ~ Absolute acceleration  Relative displacement
length (mm) (0.2 g PGA) of the 1% floor (%) of the 1% floor (%) of the 2" floor (%) of the 2" floor (%)
30 15.19 42.94 22.18 53.14
40 16.92 4391 23.27 53.27
50 Kobe wave 16.07 (22.42) 44.27 (41.27) 23.66 (28.71) 53.94 (41.15)
60 14.71 (22.75) 44.40 (39.87) 23.81 (28.64) 54.70 (42.56)
70 15.45 (19.53) 44.84 (41.37) 23.51 (31.63) 54.38 (42.01)
30 3.91 27.60 5.06 28.65
40 4.43 28.09 5.33 28.37
50 Hollister wave 5.15 (11.50) 28.31 (22.82) 5.97 (13.19) 28.91 (23.66)
60 5.44 (11.32) 28.14 (25.98) 6.22 (11.46) 29.05 (24.48)
70 5.95 (12.71) 28.42 (25.52) 6.94 (12.62) 29.43 (26.16)
30 30.02 47.26 26.84 42.37
40 30.69 47.91 25.99 42.61
50 Friuli wave 30.67 (29.48) 47.84 (33.68) 27.01 (34.48) 42.20 (38.53)
60 32.67 (35.19) 48.74 (39.97) 28.17 (35.77) 42.78 (39.72)
70 33.95 (38.78) 50.67 (42.98) 28.39 (36.89) 43.96 (43.54)
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the reduction ratio refers to the relative percentage error
between the peak response in the no-brace case and that in
the SMA spring brace case. Table 3 lists the reduction ratios
of the seismic responses that were obtained via numerical
simulations. In Table 3, the results in parentheses are the
partial tested reduction ratios. According to Table 3, the
simulated reduction ratios accord with the experimental
results, which further demonstrates that the obtained
reduction ratios are effective. Moreover, as the value of Ry
increases, the reduction ratio decreases under the three
earthquake waves. When the pre-stretch length is the same,
the optimal Rsw is 8 among the four SMA springs for

maximizing the reduction ratio.
5.2 Impact of the pre-stretch length

In this section, the influence of the pre-stretch length of
the SMA springs on the seismic responses is studied. The
pre-stretch lengths of the Type 11 and Type 111 springs in the
vibration tests are 30 mm, 40 mm, 50 mm, 60 mm and 70
mm. For the Type | spring, Rew is so small that the
maximum pre-stretch length of the spring is only 50 mm.

To investigate the impact of the pre-stretch length of the
SMA springs on the seismic responses, the three earthquake

Table 6 Vibration reduction ratios under the same ratio of the helical spring diameter to the wire diameter (Rsy is 12.5)

Pre-stretch Seismic wave  Absolute acceleration Relative displacement ~ Absolute acceleration Relative displacement
length (mm) (0.2g PGA) of the 1% floor (%) of the 1% floor (%) of the 2" floor (%) of the 2" floor (%)
30 8.55 30.81 28.18 29.84
40 8.31 30.05 27.92 29.27
50 Kobe wave 8.17 30.82 27.76 28.97
60 7.37 (6.76) 29.43 (23.33) 27.28 (24.01) 28.04 (24.74)
70 7.95 (8.37) 29.42 (22.57) 27.09 (25.10) 28.48 (24.79)
30 12.82 13.27 9.37 15.67
40 12.27 13.36 9.64 16.38
50 Hollister wave 12.36 14.68 9.54 16.42
60 12.93 (5.75) 14.03 (9.04) 9.98 (9.38) 17.32 (9.87)
70 13.35 (13.76) 15.47 (12.72) 10.25 (5.67) 17.84 (10.88)
30 4.71 4.92 15.36 11.35
40 5.01 5.01 15.91 12.15
50 Friuli wave 5.38 5.53 16.67 12.06
60 5.25(2.79) 5.34 (5.99) 16.92 (12.90) 12.22(7.53)
70 5.08 (4.25) 5.9 (5.95) 18.96 (1..41) 12.27 (8.81)

Table 7 Vibration reduction ratios under the same ratio of the helical spring diameter to the wire diameter (Rsw is 15)

Pre-stretch Seismic wave  Absolute acceleration Relative displacement  Absolute acceleration Relative displacement
length (mm) (0.2 g PGA) of the 1%t floor (%) of the 1%t floor (%) of the 2" floor (%) of the 2" floor (%)

30 1.39 0.77 6.37 2.99

40 2.19 1.83 5.60 2.76

50 Kobe wave 2.64 1.79 5.34 2.35

60 2.42 (-6.65) 1.39 (7.83) 4.33 (1.58) 1.57 (4.79)

70 2.82 (-8.75) 0.38 (3.88) 2.94 (-5.05) 1.34 (3.87)

30 10.94 8.82 4.69 5.37

40 10.39 8.91 4.81 5.08

50 Hollister wave 10.26 8.23 5.36 5.83

60 9.49 (5.75) 8.36 (4.15) 5.76 (2.43) 6.24 (4.03)

70 9.24 (10.98) 7.36(6.26) 6.04 (2.55) 6.61 (6.68)

30 2.35 0.47 4.66 5.08

40 2.96 0.26 431 6.61

50 Friuli wave 3.30 0.91 3.87 6.98

60 3.28 (-2.66) 1.13 (0.49) 4.24 (5.50) 6.82 (1.95)

70 2.83 (-0.66) 1.37 (2.26) 5.37 (8.34) 7.27 (3.44)
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waves are used to obtain the reduction ratios. The PGA of
all earthquake waves is 0.2 g. Tables 4-7 list the reduction
ratios of the seismic responses of the frame with various
springs, which are obtained by dynamic simulations. In
these tables, the results in the parenthesis are the partial
experimental reduction ratios. According to Tables 4-7, the
simulated reduction ratios accord with the experimental
results.

From Table 4, the optimal pre-stretch length is 30 mm
for realizing a satisfactory reduction ratio for the Type |
spring. For the Type Il spring, according to Table 5, the
optimal pre-stretch length is 70 mm for the three earthquake
waves. For the Type Il spring, according to Table 6, for the
Kobe wave, the Hollister wave and the Friuli wave, when
the pre-stretch lengths of the SMA spring are 30 mm, 70
mm and 70 mm, respectively, the reduction ratios are the
largest. For the Type IV spring, the reduction ratio for each

earthquake wave is the largest when the pre-stretch lengths
are 30 mm, 70 mm and 70 mm, respectively. In summary,
these results demonstrate that for various SMA springs, the
optimal pre-stretch length is difficult to realize. However,
when the pre-stretch length is suitable, highly satisfactory
vibration reduction performance can be realized.

According to the parametric study of the four types of
SMA spring braces, the optimal values of the two
parameters, namely, the ratio of the helical spring diameter
to the wire diameter and the pre-stretch length, can be
determined for the seismic resistance of the frame. Finally,
Type | spring is selected as a result of the optimization.
When the pre-stretch length of the spring is 30 mm, the
seismic responses of the frame with the SMA spring braces
are calculated in the case of the three earthquake waves.
The PGAs of the earthquake waves are assumed to be 0.2 g.
The response histories of the second floor of the frame

SMA spring
No brace

Absolute acceleration/m/s?

0 5; 10 15 20 25 30 35 40
Time/s

(b) Absolute acceleration

Fig. 14 Response histories of the second-floor of the frame structure under the Kobe wave
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with/without SMA braces are plotted in Figs. 14-16. These
responses consist of the relative displacement and the
absolute acceleration. According to Figs. 14-16, regardless
of the relative displacement or the absolute acceleration, the
vibration reduction effects of the SMA spring braces are
substantial. Hence, the optimization of the parameters of the
SMA spring braces is highly useful for improving the
seismic resistance of the frame.

6. Conclusions

This paper conducts a parametric study of SMA spring
braces for providing seismic resistance of the frame
structure. To implement this study, four SMA springs are
fabricated and their force-displacement relationships are
evaluated via tension tests. A two-floor steel frame is
constructed and the performance of a numerical dynamic
model of the frame structure system is evaluated via a series
of shaking table tests. Then, the influences of two spring
parameters, namely, the ratio of the helical spring diameter
to the wire diameter and the pre-stretch length, on the
seismic responses of the frame structure are investigated.

The numerical and experimental results demonstrate that
when the ratio of the helical spring diameter to the wire
diameter of SMA spring is equal to 8, the reduction ratios of
the seismic responses of the frame are the largest among the
Type |, Type I, Type Il and Type IV springs. Under the
Kobe wave, the reduction ratios of the peak absolute
accelerations and peak relative displacements exceed 40%
and 60%, respectively. Moreover, the peak absolute
accelerations and the peak relative displacements of the
frame structure can be reduced simultaneously for three
types of earthquake waves when the optimal spring
parameters are utilized.

Among the four types of manufactured SMA springs,
the optimal pre-stretch lengths differ. For instance, one
optimal length is 30 mm and another is 70 mm. However,
for different SMA springs, if the pre-stretch length is
assigned a reasonable value, excellent vibration reduction
performance can be realized. It is highly important to select
SMA spring braces with optimal parameters for minimizing
the seismic responses of frame structures under various
earthquake waves. Further it is expected that the large SMA
springs can be made for the vibration reduction of the large
scale structures in the future.
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