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ABSTRACT: In this paper, a device prototype based on the superelastic properties of Cu-based 
Shape Memory Alloys (SMAs), is proposed to enhance the thermal behavior of steel tie-rods. 
The thermal behavior of steel tie-rods with and without SMA is evaluated through 
comprehensive experimental tests in thermal room. During the tests, different temperature–time 
histories are considered, with air temperature varied between -10 °C and 40 °C. The results of 
the experimental tests confirm the great effectiveness of the proposed SMA device, with 
reductions of force changes due to air temperature variations of the order of 80–90%, compared 
to steel tie-rods without SMA. In the paper, the main structural components and basic 
functioning principles of a SMA-based device prototype for masonry arches and vaults are 
presented and aspects related to its implementation in practice are discussed in detail. 
 

 

1 INTRODUCTION 

Post-tensioned steel cables, tendons and tie-rods are used in several civil structures (arches, and 
vaults, cable-stayed bridges, roof structures, etc.) for structural stability under service loads or 
against wind-induced or seismic-induced effects. Nevertheless, they suffer some limitations 
under both service and ultimate conditions. The most important limitation is related to the 
effects of air temperature variations, due to seasonal weather or radiation from sunshine, which 
can produce significant changes in the tensile force acting in such structural elements under 
service and ultimate conditions. This aspect is particularly significant for steel cables, tendons 
and tie-rods directly exposed to the external environment such as in case of cable-stayed 
bridges, roof structures, arcaded and porticoed structures, etc.  
The superelastic behavior of Shape Memory Alloys (SMAs) (Funakubo 1995) can be used to limit 
force changes in steel cables, tendons and tie-rods due to air temperature variations. Superelasticity 
(Duerig and Zadno 1990) is one of the most attractive properties of SMAs. It implies the possibility 
to attain very large strains (up to 8%, i.e. one order of magnitude greater than common metals), 
showing a pseudo-elastic nonlinear behavior with considerable energy dissipation but without any 
residual deformation upon unloading. The superelastic behavior of SMAs is related to a reversible 
stress-induced solid-to-solid phase transformation. Superelasticity is highly sensitive to air 
temperature variations. The transformation critical stresses increase linearly while increasing 
temperature, with growth rate ranging from 3 up to 20 MPa/°C (Duerig and Zadno 1990). In this 
study, the thermal behavior of superelastic SMAs is favorably exploited to limit force changes in 
steel cables, tendons and tie-rods due to air temperature variations, as explained below. 



  

 

  

The basic idea (Cardone and Dolce 2009) is to put a proper number of superelastic SMA wires 
in series with a steel cable/tendon/tie-rod, the length of SMA wires being little compared to that 
of the steel element, due to the large working strain range of SMAs. The number of SMA wires 
will depend on the force level in steel cable/tendon/tie-rod. If the force level is very high (e.g. 
several thousands of KN), the SMA wires can be replaced by a SMA bar with threaded ends. 
The main performance objective of the proposed SMA-based device concept is to limit force 
changes in steel cable, tendon and tie-rod due to air temperature variations. Additional features are 
related to the possibility of: (i) calibrating the stress level during the post-tensioning process, due 
to the stress plateau associated to the forward austenite transformation, (ii) dissipating energy 
during wind- and seismic-induced structural vibrations, due to the hysteretic cyclic behavior of 
SMAs, (iii) avoiding buckling under negative structural displacements, due to the large working 
strain range of SMAs and (iv) controlling structural deformations (if the design displacement is 
exceeded), due to the drastic increase of stiffness after the completion of the forward 
transformation. More details about these issues can be found in (Cardone and Dolce 2009). 
In this paper, the effects of temperature variations on the mechanical behavior of steel tie-rods 
equipped with Cu-based SMA wires are evaluated, from an experimental perspective. The 
experimental tests have been performed on SMA units, reproducing substantially the same 
working conditions to which they are subjected to in the reality. The tests have been carried out 
in thermal room, considering different temperature-time histories, compatible with the 
temperature seasonal variations recorded in Italy in the last 30 years. During the tests, the 
influence of initial cycling and (SMA/steel) length ratio have been examined. In the last part of 
the paper, the main structural components and working principles of a SMA-based device 
prototype are presented and some aspects related to its implementation in practice are discussed. 

2 DEVICE CONCEPT 

The main performance objective of the proposed SMA-based device concept is the limitation of 
the force variations in the steel tie-rod due to temperature changes. The achievement of the 
aforesaid performance objective is related to the superelastic properties of SMAs. In service 
condition, the thermal behavior of SMAs turns out to be antagonistic compared to that of steel. 
Indeed, as soon as air temperature increases (decreases) the steel tie-rod tends to elongate 
(shorten). The consequent reduction (increase) of tension force, however, is counterbalanced by 
the increase (reduction) of the stress levels in the SMA wires. The outcome is schematized in 
Figure 1. Obviously, the implementation of the SMA device results in an increase of structural 
deformability, which shall be taken into account in the verification of the serviceability limit 
states of the structure, in order to properly estimate the structural deformations due to gravity 
loads. To this end, the effective stiffness of the in-series system tie-rod + SMA can be evaluated 
with the following expression: 
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                            (1) 

where krod = (Esteel·Arod)/Lrod is the elastic axial stiffness of steel tie-rod and ksma = 
(E’

sma·Asma)/Lsma is the secant stiffness of SMA wires at the initial post-tensioning level. The 
value of E’

sma depends on SMA type, air temperature, strain amplitude, etc.. In first 
approximation, assuming an air temperature of 20 °C and considering a pre-strain of 2-3% for 
Cu-based SMAs, E’

sma can be taken equal to (0.7÷0.8)·EA
sma for Cu-based SMAs, where EA

sma is 
the Young’s modulus of SMAs in the austenite state (equal to 40-50 GPa for Cu-based SMAs).  
 



  

 

  

    

  

  
Figure 1. Thermal behavior of the steel tie-rod with and w/o SMA unit. 

 
Assuming a SMA/steel length ratio of the order of 3.5% and a SMA/steel area ratio of the order 
of 20%, for instance, an effective stiffness (Keq) of the in-series system tie-rod + SMA of the 
order of 40-50% the elastic stiffness of steel tie-rod (krod) is found. Obviously, this would imply 
higher structural deflections due to permanent and live loads, whose order of magnitude (a few 
millimiters in terms of relative displacements between the anchor plates of the steel rod), 
however, is still compatible with the code requirements for the verification of serviceability 
limit states. In any case, the order of magnitude of the initial structural deflections depends on 
the installation mode of the device. The initial deflection due to permanent and live loads may 
be considerably reduced (or even completely avoided) by pre-tensioning the in-series steel tie-
rod + SMA system during its installation in the structure. 

3 EXPERIMENTAL TESTS 

3.1 Material properties 

The SMA material used during the tests is a Cu-Al-Be SMA with Copper weight of the order of 
60%, with austenite transformation start temperature As (Duerig and Zadno 1990) around -110 °C. 
All the specimens were hot-rolled at approximately 900°C and finally drawn to wires with diameter 
of 1.23 mm, with intermediate fully annealing heat treatments, to ensure superelastic behavior at 
ambient temperatures. All the specimens were supplied by SAES Getters (www.saesgetters.com). 
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3.2 Test set up 

Figure 2(a) shows the test set-up for thermal tests on steel tie-rods equipped with SMA. The test 
apparatus basically consists of: (i) a thermal room, working from -30°C to +80 °C, (ii) a steel 
test rig, simulating the fixed restraint conditions imposed by the structure, (iii) an Instron-
Shenck dynamic actuator, able to apply 10 kN maximum force with ±125 mm stroke, simulating 
the steel tie-rod, (iv) pre-strained SMA wire loops, simulating the SMA device. The SMA wire 
is wrapped around a reel (top) and a pulley (bottom), to which it is secured by tightening a 
couple of steel bolts. 
The test apparatus of Fig. 2(a) was purposely designed to reproduce the working conditions that 
a steel tie-rod with SMA unit would experience when inserted inside a structure. In this regard, 
some observations are needed.  
First, in this study the attention is focused on specific structural types and materials, such as: 
masonry arches and vaults, wood timber roofs, etc., whose coefficient of thermal expansion is 
little compared to that of steel. In other words, for reinforced concrete (and steel) structures, it 
would not be possible to neglect the thermal effects of the main structure and assume the ends 
of the tie-rod + SMA system rigidly fixed to the main structure, because the thermal coefficient 
of reinforced concrete is similar to that of steel (and SMAs). The assumption made in this study, 
instead, is valid for masonry and wood structures, whose coefficient of thermal expansion is of 
one order of magnitude lower than steel (and SMAs). 
Second, in the experimental tests the presence of the steel tie-rod is simulated with the dynamic 
actuator, which is driven by a special control system that applies displacements to the SMA unit 
according to the following algorithm: 
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where d0, T0, and F0 are the imposed initial displacement, corresponding initial force, and 
starting air temperature, respectively; Lrod and Arod are the length and cross-section area of steel 
tie-rod; Esteel and αsteel are the Young’s modulus and coefficient of thermal expansion of steel, 
respectively. The thermal expansion of SMAs has been neglected, being one order of magnitude 
lower than the deformations associated to their phase transformation. In Eq. (2), the force F = 
σsma·Asma = σsteel·Asteel does take into account the interaction between steel tie-rod and SMA 
wires. The force F is step-by-step measured by the load cell, thus continuously monitoring the 
experimental mechanical behavior of SMA wires. The displacement applied by the actuator to 
the SMA wires, therefore, takes into account both the thermal effects and the elastic 
deformation of steel tie-rod. 
Finally, the algorithm implemented in Eq. (2) refers to a simplified model, which neglects the 
thermal effects of intermediate connectors and plates of the real system. The experimental tests, 
however, have not been performed on SMA wires only but on SMA units consisting of SMA 
wires and steel connection elements, whose size and shape is similar to those used in the device 
prototype. As a consequence, the thermal effect of intermediate connectors and plates has been 
captured, in a certain way, in the experimental tests. 
The sensor set-up includes: (i) a 10 KN load cell, measuring the force in the system, (ii) an 
Instron dynamic clip-on axial extensometer with initial gauge length of 10mm, ± 5 mm 
measuring range and -80°C to 120°C operating temperature, placed approximately in the middle 
of the wire loop (see Fig. 2(a)) to measure the elongation of the SMA wire, and (iii) two 0.5mm 
diameter wire thermocouples with -50°C to +1370 °C operating temperature and ± 0.5 °C 
sensitivity, measuring the air temperature inside the thermal room and the surface temperature 
of SMA wire, respectively. Load cell and extensometer were in the climate chamber during the 



  

 

  

experiments, but this did not affect measurements since they were suitable for the considered 
temperature range (i.e. from -5 °C to 40 °C). 
During the tests, the Cu-based SMA wires were pre-strained to about 2.5%, corresponding to an 
initial stress level (σ0) of approximately 420Mpa at 20 °C. The initial force (F0) in the SMA 
wires turns out to be equal to approximately 1.0 kN. The same force is transmitted to the steel 
tie-rod, whose initial work rate is approximately 40% of its elastic limit, considering a yield 
stress of 235 MPa (steel type S235) and a cross section area of 11 mm2. 

 

 
                                            (a)                 (b) 

Figure 2. (a) Test apparatus and sensor setup; (b) typical test results. 

 

3.3 Test program 

Fig. 2(b) shows the typical results of a thermal test. They include: (i) the temperature-time 
history uploaded at the beginning of the test and controlled during the test by the thermostat, (ii) 
the displacement-time history generated with the algorithm reported in Eq. (2) and applied by 
the actuator to the SMA wires and (iii) the force-time history recorded by the load cell mounted 
on the top of the actuator. Herein the attention is focused on the force variations in the system, 
compared to the imposed initial value.  
The experimental tests have been carried out at the Laboratory of the University of Basilicata. 
The testing program is reported in Table 1. It includes a total of eleven tests, aimed at 
investigating the influence of a series of parameters on the thermal behavior of steel tie-rods 
with SMA unit, such as: (i) initial training, (ii) air temperature-time history and (iii) length ratio 
between SMA wires and steel tie-rod. The training effect, in particular, refers to the stabilization 
of the mechanical behavior of SMAs due to repeated cyclic deformations (Duerig and Zadno 
1990). The thermal tests presented in this paper have been carried out on SMA wires subjected 
to an initial training consisting in ten cycles at 4-8 % strain amplitude, as shown in Table 1. As 
far as the thermal sequences is concerned, it should be noted that the temperature profiles n. 10 
and n. 11 resemble the monthly average temperatures and the monthly maximum/ minimum 
temperatures, respectively, recorded in Italy in the last 30 years. 



  

 

  

Table 1. Experimental program: test sequences and parameters 

 
 
 
 
 

 
 

 

 

 

 

 

 
                                (a)       (b) 

Fig. 3. Influence of (a) rod length and (b) SMA length on the mechanical behavior of steel rod+SMA. 
 

3.4 Test results 

Figure 3(a) compares the force-temperature behavior of steel rods of different lengths (3m, 5m 
and 10m, respectively) equipped with the same Cu-based SMA wires with 180mm length. As 
can be seen, the effectiveness of SMA in limiting force changes due temperature variations 
increases while decreasing the length of steel rod. The arrangement steel rod (3 m length) + 
SMA wires (180 mm length) provides the best results probably because this combination tends 
to better balance the loading/unloading rate of SMA wires (resulting from the 
shortening/elongation of steel rod) with the increase/decrease rate of the transformation stress 
levels of SMA due to air temperature variations. Obviously, in presence of a longer steel rod, 
the same improvements can be achieved using SMA wires of greater length. Fig. 3(b), indeed, 
compares the thermal behavior of a steel rod of 5m length equipped, alternatively, with SMA 
wires of 180 mm and 280 mm length, respectively.  

Test   Initial cycling Temperature sequence (°C) L rod (m) L sma (mm) 

1 virgin 20→0→40→20 5 180 
2 10 @ 4.0% 20→0→40→20 5 180 
3 10 @ 4.0% 20→40→0→20 5 180 
4 10 @ 4.0% 20→-10→40→20 5 180 
5 10 @ 4.0% 20→-10→40→20 10 180 
6 10 @ 4.0% 20→-10→40→20 3 180 
7 10 @ 8.0% 20→-10→40→20 5 280 
8 10 @ 4.0% 20→-5 5 180 
9 10 @ 4.0% 10→40 5 180 

10 10 @ 4.0% Max/Min seasonal 5 180 
11 10 @ 4.0% Average seasonal 5 180 



  

 

  

      
Fig. 4. Comparison between the thermal behavior of steel tendons with and without SMA unit. 

 
In this case, the SMA wires of 280 mm length provide better results. It should be noted that the 
length ratio between SMA wires and steel rod that provides better results is approximately the 
same (of the order of 0.05-0.06) in Fig. 3(a) and 3(b). In such conditions, the force changes in 
the steel tie-rod, due to air temperature variations in the range from -10°C to +40°C, do not 
exceed 15%.  Moreover, the force in the system never exceeds the initial post-tensioning value. 
There are not enough experimental data to determine the optimal length ratio. However, it is 
clear that, in the case under consideration, it is equal to or greater than 5%. 



  

 

  

In order to quantify the effectiveness of the proposed SMA device in enhancing the thermal 
behavior of traditional steel tendons, the following index has been defined: 

λ = 1 − !!!"#!!"#
!!!"#

                            (3) 

where ΔFrod+sma and ΔFrod are the overall force excursion in the steel tie-rod + SMA and steel tie-rod 
only, respectively, due to the same temperature variation. Thus, a value of λ = 1 corresponds to an 
ideal behavior in which no force changes are recorded in the steel tendon during daily or seasonal 
air temperature variations. A value of λ = 0 corresponds to steel tendon without SMA unit. 
Figure 4 compares the performances of steel tie-rods with and without SMA, considering 
different temperature-time histories. In each diagram, the value of the parameter λ is reported. 
Generally speaking, the examined Cu-based SMA unit provides excellent performance in terms 
of control of the force changes in the tendon due to air temperature variations, well pointed out 
by the values of the parameter λ, ranging between 0.85 and 0.93. In case of steel tie-rod without 
SMA device, the maximum increment/decrement of force is (on average) of the order of 55% 
and -43%, respectively. In presence of SMA device, the maximum force excursions are 
significantly lower resulting, on average, of the order of 2% and -13%, respectively. 

4 CONCLUSIONS 

In this paper, a device based on the superelastic properties of Cu-based Shape Memory Alloys 
(SMAs), for the improvement of the thermal behavior of steel cables/tendons/tie-rods, is 
proposed. The effectiveness of the proposed device in limiting force changes due to air 
temperature variations has been verified through experimental tests. The experimental results 
clearly show the great effectiveness of the proposed SMA-based device in enhancing the thermal 
behavior of steel tie-rods. Using SMAs, indeed, the force changes in the steel tie-rods, due to air 
temperature variations, result 80-90% lower than without SMAs. The wider the operational 
temperature range is, the greater the advantages of the proposed device are. The effectiveness of 
the proposed device concept is significantly influenced by the length ratio between steel tendon 
and SMA wires. The choice of the optimal length ratio shall be made taking into account both the 
thermo-mechanical properties of SMA, the working rate of steel tie-rod and the order of 
magnitude of possible effects due to wind or seismic-induced vibrations. Based on the results of 
this study (in which possible effects due to wind- and seismic-induced vibrations have been 
neglected), length ratios (SMA wires/steel tie-rod) of the order of 5% appear to be suitable, 
considering both attained performances and economic/practical aspects. Further details on the 
design and practical implementation of the proposed SMA-based device, including a description 
of the main components of a prototype and modalities for its insertion in a structure are 
described in (Cardone and Gesualdi 2014). 
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