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The present article presents a concept for semi-active 
control of earthquake-induced vibrations in building 
frames based on smart stressing of the frames using 
shape memory alloys. Smart cables composed of 
nickel–titanium shape memory alloy wires are pro-
posed to be installed externally with concrete building 
frame elements. Upon regulated electrical heating, the 
nickel–titanium shape memory alloy wires will un-
dergo a martensite to austenite phase transformation 
resulting in large shrinkage strains. The strain energy 
thus induced can be used to generate significantly ef-
fective control forces in the building frame. The con-
cept is analytically studied by numerical simulations 
of concrete building frames. 
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THE past two decades have witnessed intensive research 
activity in the area of vibration control in civil engineer-
ing structures1,2. A number of innovative schemes and 
devices have been proposed for active, semi-active and 
passive control of vibrations in building structures. In re-
cent years, the shape memory alloy (SMA)-based control 
systems have received growing interest in seismic protec-
tion of structures3. SMAs have also found successful  
applications in various engineering disciplines such as 
aerospace, mechanical and biomedical engineering. SMA 
is a smart material which exhibits two distinct attributes, 
i.e. the shape memory effect in its martensite phase and 
super-elasticity (SE) in its austenite phase, that are parti-
cularly desirable from the point of view of structural con-
trol. 
 A review of the literature shows quite a few research 
studies on application of SMAs for passive structural 
control4. Previously reported applications of SMA in 
structural base isolation include the implementation of 
SMA bars for base isolation of highway bridges5, SMA 
wire recentring devices for buildings6, SMA spring isola-
tion systems7,8 and SMA tendon isolation system for a

multi-degree-of-freedom (MDOF) shear frame structure9. 
SMAs have been implemented as passive energy dissipa-
tion devices in braces for framed structures10–14, in damp-
ers for cable-stayed bridges15 and in connection elements 
for columns16. The literature review indicates limited  
research studies on active or semi-active structural con-
trol using SMAs17,18. Most of the reported research  
focuses on application of SMAs for passive vibration 
control of structures, which takes advantage of only the 
damping property of super-elastic SMAs. The damping 
property of SMAs in their martensite phase and their 
unique shape memory effect, that offer considerable 
promise for SMAs to be utilized as dampers as well as ac-
tuators for semi-active and/or hybrid structural control, 
have received little attention thus far. 
 The present article presents an analytical study based on 
simulated semi-active structural control systems using 
smart cables composed of nickel–titanium (Ni–Ti) SMA 
wires that are externally installed in concrete building 
frames and can be electrically actuated to induce variable 
control forces for the reduction of seismic response of the 
frame. SMAs are materials that have the unique property 
to recover their shape after undergoing large deforma-
tions either through heating, i.e. the shape memory effect 
or by unloading, i.e. the super-elastic effect. The unique 
property is driven by a phase transformation between 
martensite and austenite phases. When Ni–Ti SMA in its 
parental phase (austenite) undergoes large deformations 
due to applied stresses produced by external loads,  
the deformations can be recovered or controlled by  
heating the material above the austenite finish tempera-
ture. Upon electrical heating, a martensite to austenite 
phase transformation takes place and the material  
undergoes large shrinkage strains. The strain energy  
thus induced can be used to actuate a substantial control 
force that can be varied by electrical heating, in principle, 
for semi-active vibration control of concrete building 
frames subjected to earthquake-induced ground excita-
tion. The results of the present study indicate that the 
shape memory effect (SME) in Ni–Ti SMA is an effec-
tive mechanism for semi-active control of concrete build-
ing frames using smart cables constituted with SMA 
wires. 
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Table 1. Mechanical properties of Nitinol19 

 Ni–Ti shape memory alloys 
 

Property Austenite  Martensite 
 

Density (g/cm3)  6.45 
Recoverable elongation (%)  up to 8 
Young’s modulus (GPa) 30–83  21–41 
Yield strength (MPa) 195–690  70–140 
Ultimate tensile strength (MPa)  895–1900 
Elongation at failure (%)  5–50 (typically 25) 
Poisson’s ratio  0.33 
Transformation temperature (C)  –200–110C 

 
Ni–Ti shape memory alloys 

Ni–Ti SMA originally developed and termed as Nitinol 
by the US Department of Defense is a binary, equatomic 
inter-metallic (50% atomic Ni and 50% atomic Ti sub-
jected to cold working and annealing treatment) com-
pound of nickel and titanium. Owing to their higher 
ductility, larger recovery motion, super-elastic properties, 
superior resistance to corrosion and fatigue, stable trans-
formation temperature and the intrinsic ability for shape 
recovery on heating, Nitinol alloys have the potential to 
emerge as suitable SMAs for practical applications in 
structural control devices. 

Salient properties of Nitinol 

The relevant mechanical properties of Ni–Ti SMAs are 
summarized in Table 1. 

Stress–strain–temperature curve of Ni–Ti SMA 

The unique attributes of SME and SE exhibited by Nitinol 
SMAs are manifested by a phase transformation between 
a crystallographic high-symmetry cubic crystal structure 
austenitic phase to a low-symmetry monoclinic crystal 
structure martensitic phase. Typically, martensite is sta-
ble at low temperatures and high stress values, whereas 
austenite is stable at high temperatures and low stress 
values. Figure 1 shows the mechanical behaviour of  
Ni–Ti SMA as a function of stress, strain and tempera-
ture19. Below the martensite finish temperature, Mf, SMA 
exhibits the shape memory effect. Deformations due to an  
applied stress are recovered by heating the material above 
the austenite finish temperature, Af. At a temperature 
above Af, SMA is in its parent phase, austenite. Upon  
reloading, stress-induced martensite is formed. Upon 
unloading, however, the material reverts to austenite at a 
lower stress, thereby resulting in the super-elastic beha-
viour. The nonlinear stress–strain relationship due to 
loading, unloading and reloading results in a hysteretic 
behaviour that is characteristic of Ni–Ti SMAs. In the 
context of the present study, the term ‘hysteresis’ signi-
fies the non-single-valued stress–strain–temperature 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Stress–strain–temperature curve of Nitinol (Ni–Ti) shape 
memory alloy. 
 
relationships for the Ni–Ti SMA. At a higher temperature 
above Md (T  Af), SMA undergoes ordinary plastic  
deformation with much higher strength. Thus, Ni–Ti 
SMAs display several characteristics that make them par-
ticularly amenable for applications in structural control. 
These characteristics include: (a) hysteretic damping, (b) 
large elastic strain range and related recentering capabi-
lity, (c) excellent low and high-cycle fatigue resistance, 
(d) strain hardening at large strains and (e) a stress pla-
teau, offering limited force transmission. 

Hysteretic modelling of Ni–Ti SMA 

The present study includes a modified form of the constitu-
tive model for SMA initially developed by Graesser and 
Cozzarelli for modelling of the Ni–Ti SMA device. This 
model was extended by Wilde (Figure 2) and includes the 
hardening behaviour of SMA materials after transition 
from austenite to martensite phase is completed19,20. The 
constitutive Wilde model describes the one-dimensional 
stress–strain relationship of super-elastic SMA wires. The 
modified Wilde model is of the form 
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where ,  ,   and  are slope of the stress–strain curve 
(d/d), rate of strain, stress and back stress respectively. 
The functions uI(), uII() and uIII() are given by 
 
 uI() = (1 – uII() – uIII()), (3) 
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The term Em II ( )u   represents the elastic behaviour of 
martensite, which is activated when the strain is higher 
than m. The strain value, m defines the point when the 
transformation of SMA from austenite to martensite is 
completed. The smooth transition from the curve of slope 
Ey to slope Em is obtained by adding the last term in eq. 
(1), which is evaluated only during loading and the strain 
1 < || < m. The constants a1, a2 and a3 control the cur-
vature of the transition. These are selected so that the 
slopes of the function defined by the last term at points 1 
and m are consistent with the slopes of plastic behaviour 
of SMA and martensitic elastic response. The smoothness 
of transition is governed by the selection of the slope at 
strain 2. 

Typical hysteretic parameters of Ni–Ti SMA 

The following relevant characteristic material properties 
and hysteretic parameters were specified for simulation 
of Ni–Ti SMA in the present study. 
 
 

 
 

Figure 2. Stress–strain relation of the extended hysteretic model of 
Ni–Ti shape memory alloy. 

 Elastic modulus in austenite state, E = 98.325 GPa; yield 
stress, Y = 144.9 MPa; maximum strain in superelastic 
range, m = 0.08; elastic modulus at martensite state, Em = 
7.3744e + 10 MPa and elastic modulus during phase 
transformation, EY = E/(1 + ); strain in the range of 
transition of pure martensite is given by 1 = strain – 0.03 
and 2 = (m + 1)/2.0; the various constants controlling the 
shape of superelastic loop are given by 
 
  = 0.0197; n = 1;  = 1.0 rad/sec; 
 
 a = 900; c = 0.01; ft = 0.08. 
 
The values of a1, a2, and a3 are derived as 
 
 a1 = 124.844Em + 199.75EY, 
 
 a2 = –0.344Em – EY, 
 
 a3 = –0.90188Em – 0.398EY. 
 
Figures 3 and 4 illustrate the super-elastic stress–strain 
and force–deformation behaviour of the Ni–Ti SMA  
 
 

 
 

Figure 3. Stress–strain behaviour for Ni–Ti SMA wire at (a) 8%; (b) 
4% and (c) 2% strain cycle. 
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wires derived from the modified Wilde model. These  
figures represent the solution of eqs (1) and (2). A 
MATLAB program was developed to employ the fourth-
order Runge–Kutta forward integration along with the  
parameters defined above for the solution of the equations. 
The frequency of strain loading was taken as  = 1 rad/sec 
and time step = 0.025 sec was used in conjunction with 
300 numerical integration steps for the cyclic response of 
three SMA models corresponding to different strain  
cycles of 2%, 4% and 8%. It may be best to use a combi-
nation of super-elastic and martensitic SMAs to exploit 
the characteristics of both damping and recentring and 
induce the required actuating force. Therefore, modified 
Wilde model of SMA semi-active tendons composed of 
Nitinol wires corresponding to 8% strain cycle was  
employed in the simulink model of building frame. 

Semi-active control of building frames using  
Ni–Ti SMAs 

In theory, the single degree-of-freedom (SDOF) frame 
can be considered as a mathematical model of a single- 
 
 

 
 

Figure 4. Force–displacement behaviour for Ni–Ti SMA wire at  
(a) 8%; (b) 4% and (c) 2% strain cycle. 

storey concrete building frame with the idealized semi-
active tendons representing the smart stressing cables 
composed of Nitinol SMA wires that are installed in a 
building frame. In practice, the smart cables need to be 
designed, detailed and implemented in the concrete build-
ing frame to achieve the theoretically desired and pre-
dicted semi-active control of the actual building frame. It 
should be mentioned here that the practical implementa-
tion issues of the proposed semi-active control technique 
using smart cables composed of SMAs are beyond the 
scope of the present study. In principle, however, the  
Ni–Ti SMA wires that constitute the smart cables for 
semi-active control of the idealized SDOF frame model 
have the unique ability to recover their shape after under-
going large deformations at a given temperature either by 
heating or removal of the external load. 

Design considerations for semi-active tendons 

The semi-active control force can be actuated by electri-
cal heating of the Ni–Ti SMA wires comprising the semi-
active tendons by a design pulsed current. For the pur-
pose of design, a modified version of the analytical model 
proposed by Wilde et al.5 for the hysteretic stress–strain 
relationship of super-elastic Ni–Ti SMA wires may be em-
ployed for predicting the hysteretic force–displacement 
behaviour of these wires. Practically, the semi-active ten-
don would comprise of a large number of SMA wires 
whose numbers are assessed on the basis of maximum 
control force required during the entire duration of the 
earthquake ground motion. Theoretically, the control 
force can be altered based on feedback from sensors for 
closed loop control by actuating a specified number  
of SMA wires using electrical heating at constant tempera-
ture. 
 The composition and properties of Nitinol SMA wires 
that constitute the smart cables are: 
 Percentage of Ni by weight = 55.32; percentage of Ti 
by weight = 44.68; marsenite finish temperature, Mf = 
24.6C; marsenite start temperature, Ms = 40.2C; austen-
ite start temperature, As = 53.7C; austenite finish tempe-
rature, Af = 74.4C, and diameter of Nitinol wire = 
0.6 mm. 
 As an actuator, Nitinol wire of 0.6 mm diameter and 
308 mm length is capable of developing internal restora-
tion stresses of around 170 MPa at 4% strain. An electric 
current of 4.91 A generates sufficient heat to trigger the 
required phase transformation. The force induced over 
the cross section of the wire can be calculated as 
 
 F = 170  (/4)  (0.6)2 = 48 N. 
 
Theoretically, therefore, a single Ni–Ti SMA wire 
(length = 308 mm and diameter = 0.6 mm) can actuate a 
force of 48 N at 4% strain. 
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Control algorithm 

Consider a multi degree-of-freedom (MDOF) structure 
with n degrees of freedom, subjected to earthquake 
ground acceleration g .x  Assuming that the control forces 
f are adequate to keep the entire structure within the elastic 
range, the equation of motion is given by 
 

 gd ,MX CX KX f MIx       (6) 
 

where X is the vector of relative displacement; f a vector 
of control force corresponding to nc number of dampers; 
M, C and K are mass, damping and stiffness matrices  
of appropriate size d representing an n  nc location  
matrix denoting the control force location on the structure 
due to location of SMA dampers, and I is a vector of 
unity. The state-space form of the equation of motion is 
given by 
 
 e gz Az Bf E x     o o ,y C x D    
 

 11 1

0 0
, ,

I
A B

M dM K M C  

           
 

 

   e
0and ,1E     

 (7) 

 
where A is a 2n  2n system matrix, B a 2n  nc control 
matrix, Ee a 2n  1 location matrix of the excitation, z a 
2n  1 state vector, y the measured output, Co and Do are 
the output matrices. 
 The bang–bang type controller has been implemented 
in the Simulink model of MATLAB, using an integration 
time step of 0.02 sec. The structural model is incorpo-
rated with the help of the state space block of Simulink. 
For the present SMA device, the control strategy is given 
by 
 

 a

max

strain 4.0%,
otherwise,

f
f

f


 


 (6) 

 
where f is the control force of the SMA device, fa the  
desired control force which is obtained by the classical 
optimal as primary controller and fmax is the maximum 
capacity of the semi-active control device. For a given 
state, the desired control force and corresponding current 
for actuation of SMA wires are obtained. 

Case studies for numerical simulation of  
SMA-based semi-active control 

Two numerical examples were simulated for theoretical 
evaluation of the efficacy of the proposed semi-active 
control technique using Ni–Ti SMAs. 

Example 1 – Single-storey frame model with  
SMA-based semi-active tendons 

The dynamic parameters of SDOF model were assumed 
as: mass, m = 29,485 kg; stiffness, k = 11,912 kN/m and 
damping coefficient, c = 23.71 kN-s/m. The structural 
frame model was subjected to the El Centro earthquake 
ground motion depicted in Figure 5. Simulation of the 
idealized structural control system was performed using 
the Simulink toolbox in MATLAB. The flowchart of the 
simulation is illustrated using the block diagram approach 
in Figure 6. The feedback variables x(t) and ( )x t  for 
closed-loop control were assumed to be sampled at an  
interval of 0.02 sec. A time instant of 0.02 sec was used 
to calculate the instantaneous control force to be induced 
in the semi-active tendon. The closed-loop control force 
was calculated using a simplistic control algorithm  
described earlier. 

Example 2 – Eight-storey frame model with multiple  
SMA-based semi-active tendon systems 

An eight-storey frame model was considered for numerical 
simulation of the proposed semi-active control scheme  
 

 
 

Figure 5. El Centro earthquake ground motion. 
 

 
 

Figure 6. Flow chart using block diagram approach for simulation of 
structural control system. 
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Table 2. Response reduction in single-storey frame model controlled with semi-active tendons composed of Nitinol  
 shape memory alloy (SMA) wires 

 Maximum Maximum Maximum control 
Control system displacement (m) velocity (m/s) force (kN) 
 

Uncontrolled frame 0.0262 0.56 – 
Single-storey frame with SMA-based 0.0136 0.29 59.4 
 semi-active tendons   

 
 

Table 3. Comparison of dynamic response and control force parameters for the eight-storey frame model with SMA-based semi-active tendons2 

    Maximum control force (kN) 
  Maximum Maximum Floor no. 
  displacement at velocity at  
Control system top floor (m) top floor (m/s) I/II III/II V/III VII/IV Total 
 

Uncontrolled 0.171 1.06 – – – – – 
Frame with SMA-based semi-active  0.0627 0.57 74 214 327 398 1013 
 tendons at floors 1, 3, 5, 7  
Frame with SMA-based semi-active  0.0819 0.68 121 239 350 450 1161 
 tendons at floors 1–4  
Frame with active mass driver 0.0431 0.3912 – – – – 1774 
 on the roof  

 
 
using SMAs in MDOF structures2. The proposed semi-
active tendons constituted with Ni–Ti SMA wires were 
assumed to be implemented in alternate floors (storeys  
1, 3, 5 and 7) as well as lower consecutive floors (storeys 
1–4) for investigation of the control performance. The  
dynamic structural parameters specified for the originally 
reported model were floor mass, m = 245.6 tonnes;  
lateral stiffness of each storey k = 3.404  105 kN/m and 
viscous (natural) damping constant of each storey, 
c = 2937 tonnes/sec, which corresponds to a 2% damping 
ratio for the first vibration mode of the entire structure. 
The angle of inclination of the semi-active tendons with 
respect to the horizontal is 60. The computed natural 
frequencies for the MDOF structural model are 5.79, 
17.18, 27.98, 37.82, 46.38, 53.36, 58.53 and 61.69 rad/ 
sec. The Simulink model was developed in MATLAB for 
simulation of the structural control system using SMA-
based semi-active tendons. The closed-loop control forces 
in the semi-active tendons were computed using the con-
trol algorithm explained earlier. 

Results of simulated case studies 

SDOF single-storey frame model 

Comparison of the simulated dynamic time-histories of 
displacement for the single-storey frame model with 
SMA-based semi-active tendons with the uncontrolled 
dynamic response of the frame model under the action of 
the El Centro earthquake ground motion is illustrated in 
Figure 5. The number of SMA wires that need to be  
actuated will vary with the computed control force as  

assessed by the control algorithm of the system. Table 2 
summarizes the peak values of the dynamic response and 
control force for the single-storey frame model with 
SMA-based semi-active tendons in contrast to the uncon-
trolled frame. 

MDOF eight-storey building frame model 

Comparison of peak values of the dynamic response and 
control parameters for the eight-storey frame model with 
SMA-based semi-active tendons installed at alternate 
floors (1, 3, 5, 7), consecutive floors (1–4) versus the cor-
responding uncontrolled frame is given in Table 3. The 
table also includes the peak displacement response and 
control force for the originally reported multi-storey 
frame model with an active mass driver (AMD) installed 
on the roof. An alternative arrangement of the SMA-
based semi-active tendon system with the tendons located 
at lower consecutive floors 1–4 was also investigated in 
the present study. The peak values of the response and 
control force for the alternative arrangement are also  
included in Table 3. 

Conclusions 

The present study is based on a theoretical investigation 
of semi-active control of concrete building frames using 
smart stressing cables composed of Ni–Ti SMA wires 
that are externally installed in the building frames and 
can be electrically actuated to induce variable control 
forces for controlling the seismic response of the frame. 
The results of the present study indicate that the shape 
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memory effect and super-elasticity in Ni–Ti SMAs are an 
effective mechanism for semi-active control of concrete 
building frames using smart cables constituted with SMA 
wires. The results of mathematical modelling and  
numerical simulation of the buildings frame with the 
smart cables idealized as semi-active tendons composed 
of Nitinol SMA wires point to the following specific con-
clusions: 
 (1) The proposed semi-active control technique imple-
menting the SMA-based tendons is distinctly effective in 
the response reduction of the building frame. Displace-
ment is reduced by 63.3% and 52.1% for the tendons are 
placed at odd floors 1, 3, 5, 7 and at consecutive floors  
1–4 respectively, compared to the reduction of 74.7% in 
the case of AMD on the top floor. Similarly, the velocity 
is reduced by 46.22% and 35.85% for the tendons placed 
at odd floors 1, 3, 5, 7 and at consecutive floors 1–4 re-
spectively, compared to 63.1% in the case of AMD on the 
top floor. 
 (2) The proposed control algorithm is simple and 
straightforward in terms of implementation. It requires 
only judicious selection of the number of wires to be  
actuated by electrical heating to induce the required con-
trol force. 
 (3) The arrangement of Ni–Ti SMA-based semi-active 
tendon controllers at the alternate floors results in supe-
rior control effectiveness in comparison to placement at 
lower consecutive floors. It reduces the displacement by 
0.0627 m compared to 0.0819 m in case of tendon con-
trollers at consecutive floors from the bottom. 
 (4) The response reduction resulting from the SMA-
based semi-active control and the benchmark active mass 
driver is comparable and proportionate to the applied 
control force. 
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