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ABSTRACT : 

This paper presents a new isolation device concept using shape memory alloy elements, to evaluate the 
possibility of its application and to investigate the effectiveness in reaching the structural design goals compared
with traditional isolation devices. Shape memory alloys (SMAs) are characterized by unique mechanical 
properties due to solid-solid transformation between phases of the alloy. The nonlinear hysteresis due to the 
superelastic effect, which can be described by a flag shape relation, provides supplemental damping, reduction
on the residual deformation given by the recover of the original shape, and limitation on the force transmitted to
the connected elements. Moreover it is possible to obtain high strength and strain capacity, high resistance to
corrosion and to fatigue. Actual devices used in base isolated systems have been taken into account and
“equivalent” SMA isolation devices have been designed to get the same characteristics in term of global
structure period elongation, displacement capacity, capability to sustain the base shear and the vertical load, but 
also in order to provide energy dissipation and to sensibly reduce residual deformations. The design device 
process has been then checked through numerical analyses comparing the response of SMA bearing systems and 
“traditional” bearing systems and their effectiveness on the global structural response. 
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1. INTRODUCTION TO SEISMIC ISOLATION  
 
Seismic isolation is a technology which mitigates the earthquake effects on buildings and their potentially 
vulnerable contents. The concept of protecting a structure from the damaging effects of an earthquake 
introducing a support isolating the building from the shaking ground is quite old, but research continues for 
effective, economical, and reliable seismic isolation systems. Advantages in seismic isolation are evident: first, 
the level of damage is more safely controlled and confined to generally well-replaceable spots; then, an isolation 
system not only damps and reduces the action demand of the global structure, but also limits the force 
transmittable to the superstructure. However, design of isolated structures has some particular concerns. 
Practical isolation systems must balance between the extent of force limitation and acceptable relative 
displacements across the isolation system during earthquakes. For this purpose, additional damping can be 
useful, because both forces transmitted and deformations within the structure are reduced. In general, seismic 
design of the superstructure will be considerably simplified, apart from the service connections need to 
accommodate the large displacements across the isolating layer. 
 
1.1 Fundamental Concepts 
Seismic isolation is a technique for reducing the seismic risk in different types of structures modifying the 
global response and improving the structural performance. The objective is to regularize the response and to 
modify the relative effective stiffness and strength in the structure. In fact, isolation layer is more flexible with 
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respect to the rest of the structure, hence it absorbs a large part of the displacement demand. Since the 
displacement demand of the superstructure is small, we can assure its elastic response. Moreover, if we use 
nonlinear isolation system devices, the maximum base shear transmitted to the superstructure is limited and 
capacity design can be performed. In this way all the nonlinear and dissipating phenomena occur at the isolation 
level avoiding any brittle failure mode. 
Fundamental period of the isolated structure increases with respect the one in the not isolated condition, 
inferring to either the displacement or the acceleration demand. Moreover the isolated fundamental mode is 
characterized by a large participating mass, almost equal to the total mass. Therefore the isolation system 
determines the first period and damping of an isolated structure, and these, in their turn, control the structure 
seismic response. 
The presence of isolation system can even increase the global energy dissipation capacity of the structure and 
this helps to reduce the displacement demand.  
 
 
2. SHAPE MEMORY ALLOYS 
 
Shape memory alloy (SMA) is a novel functional material with increasing applications in many areas, recently 
also in response control of civil structures. 
 
2.1 Basics on Shape Memory Alloys 
The first record of the shape memory transformation was the observation of a reversible phase transformation in 
the gold-cadmium (AuCd), but the shape memory effect was discovered in the nickel-titanium (the material was 
named Nitinol). Among the various alloys, nickel-titanium, also called Nitinol, possesses superior 
thermo-mechanical and thermo-electrical properties and is the most commonly used SMA. In this work, SMAs 
are referred to as Nitinol SMAs. 
2.1.1 Shape Memory and Superelastic Effects 
The most important properties showed by the SMA are the shape memory and the superelastic effects. These are 
the result of reversible phase transformations of SMAs. There are two crystal structure phases in SMAs: the 
austenite one, stable in high temperature, and the martensite one, stable in low temperature. In its low 
temperature phase, SMAs exhibit the shape memory effect (SME). When SMAs in martensite are subjected to 
external stress, they deform through a so-called detwining mechanism. From its martensitic form, the SMAs are 
easily deformed to several percent strain. Unloading results in a residual strain, as shown in (Fig.1a). In its high 
temperature form, SMAs exhibit a superelastic effect. Originally in austenitic phase, martensite is formed upon 
loading beyond a certain stress level, resulting in the stress plateau shown in (Fig.1b). However, upon unloading, 
the martensite becomes unstable, resulting in a transformation back to austenite and the recovery of the original, 
undeformed shape. 
2.1.2 Other Mechanical Properties of Shape Memory Alloys 
Regarding the cyclic behavior of SMA, repeated cyclical loading leads to gradual increases in the residual 
strains. This results from the occurrence of micro-structural slips during the stress-induced martensitic 
transformation, which causes residual strains and internal stresses. The other observation is that the forward 
transformation stress decreases for increasing number of cycle. 

 
                           (a)                           (b) 

Figure 1: idealized stress-strain curve for shape memory effect (a) and for superelastic effect (b)  
[from (Desroches and Smith 2003)]. 
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However, the reduction in the reverse transformation is less than that in the forward phase transformation. The 
degradation of the cyclical properties of the SMAs, known as fatigue, can be improved. In fact training, which 
consists of pre-cycling of the specimen, decreases the fatigue effect. 
Concerning temperature, it is likely the single most important factor when predicting the behavior of shape 
memory alloys. The shape memory process is a thermo-elastic process, meaning that a decrease in temperature 
is equivalent to an increase in stress. Therefore, as the temperature decreases, an increase in stress results, 
thereby a lower stress value is required to induce transformation. 
 
 
3. FEASIBILITY OF SMA TECHNOLOGY FOR SEISMIC ISOLATION APPLICATION 
 
In this context, the definition “shape memory alloys device” refers to a bearing systems characterized by a 
non-linear horizontal force-displacement relation which can be described by a flag-shape hysteresis, as shown in 
Fig.2. 

 
Figure 2: parameters for the SMA superelastic force-displacement model. 

 
The key parameters characterizing the nonlinear behavior of the device Fig.2 are: 

o K, r1K, r2K,αK are respectively the initial stiffness, the second stiffness in loading and the second 
stiffness in unloading and the second hardening stiffness; 

o Vd, ud, Vy, uy are respectively the design shear and displacement and the yielding shear and displacement 
of the device, while Vmax is the maximum lateral force which the device can stand without breaking; 

o β Vy is the lateral force difference between the level of force at which the first transformation (when it is 
loaded) occurs and the level of force at which the second transformation (when it is unloaded) occurs; 
therefore β is a parameter that measure the dissipation capability of the flag-shape hysteresis. 

The device we consider behaves in the same way both in tension and in compression, which implies the 
force-displacement relation is symmetric respect the origin between first and third quadrant. 
 
3.1 SMA Technology Isolation Device Design 
To evaluate the advisability in using a SMA technology in base isolation we assume to be able to design and 
manufacture a SMA bearing based on the superelastic effect for the horizontal force-displacement relation. At 
this first stage of work, since we are still investigating the feasibility of the concept, the device has been defined 
just in terms of hysteresis rule. 
 

Table 1: nominal design properties of reference lead rubber bearing diameter 500 mm (a)  
and elastoplastic model parameters (b) [courtesy AGOM International srl]. 

(a)   (b)  
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3.1.1 Goal of the Design Process 
We model a SMA bearing device with equivalent properties of an actual nonlinear isolator. Obviously the SMA 
device is characterized by a different force-displacement relation, but it has the same yielding and design forces, 
and the same yielding and design displacements with respect to a traditional device. Therefore in this context, 
the concept of equivalence involves that the two different nonlinear relations are characterized by the same 
initial and second stiffness and the same yielding force and strength. This choice affects the secant stiffness 
computation according the Direct Displacement Based Design approach design philosophy (Priestley et al. 
2007). Hence given that the effective periods are the same and from a DDBD point of view the only difference 
between the traditional bearing and the actual isolation device is the nominal hysteretic energy dissipation. 
3.1.2 Reference Isolator Device 
The isolator we consider as a starting point for the referring parameters is an actual lead rubber bearing, which 
has been fully characterized by an experimental campaign. It is produced by AGOM International srl and the 
nominal parameters used for the design purpose are listed in Tab.1.  
 

 
Figure 3: force-deformation relations for LRB 500: comparison of experimental test and elastoplastic model 

(experimental data and model parameters have been provided by AGOM International srl). 
 
Results of experimental tests carried on the bearings are shown in Fig.3, compared with the elasto-plastic 
hysteresis used to model it. Elastoplastic model is clearly an approximation of the real behavior of the isolator. 
In particular, the comparison with the experimental results shows that the elastoplastic model does not estimate 
the initial stiffness nor the degradation well. However, for the representation of the general characteristics of the 
devices, the adopted model is acceptable, being exact in terms of secant stiffness at the design displacement and 
giving a good estimation, even if not exact, of the hysteretic energy dissipated and of residual displacements. 
3.1.3 Equivalent SMA Isolator Device 
We simulate the idealized design of an equivalent SMA isolator considering the properties of the lead rubber 
bearing. Starting from the elastoplastic model of the actual device as described in Tab.1 we use an equivalent 
flag-shape model referring to the hysteresis in Fig.2. Consistently with the latest, we describe SMA device 
force-displacement relation using parameters summarized in Tab.2. 
 

Table 2: flag-shape model parameters for SMA bearing equivalent to LRB diameter 500 mm 
[parameters as shown in Fig.2]. 

 
 

With respect to model in Fig.2 we consider r1 = r2 = r, which means that the device has the same stiffness for 
loading and unloading in the flag-shape plateau, and we assume a large ductility available in the flag-plateau, so 
that the final hardening occurs far away from the area of displacement we care about. Finally, we take into 
account a large dissipation capability of the flag-shape hysteresis, considering β = 95%. 
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3.2 Flag-Shape Hysteresis Reduction Factor Estimation Using the Equivalent Damping Approach 
The equivalent damping modeling and estimation, given by the contribution of the elastic and hysteretic 
component is a key point in the isolation devices design because it strongly affects the structural displacement 
demand. Moreover in our analysis and comparison, we consider two systems with the same secant stiffness, 
because the design displacement and shear are the same, and initial and second stiffness are also the same: 
therefore according a displacement based approach the most important difference is given by the damping ratio. 
As shown in Fig.4, we compare two very different relations. Following the area-based Jacobsen approach (Grant 
et al. 2005) to determine the equivalent hysteretic damping estimation we would get, as a function of the 
ductility μ and for a maximum flag-shape dissipation capability (β = 100%), the relation for hysteretic damping 
component and for force and displacement reduction factor as shown in Fig.5. 

 
                           (a)                             (b) 

Figure 4: hysteretic area-based analysis comparison for elasto-plastic model (a) and flag-shape model (b). 
 

The area-based approach for hysteretic damping estimation leads to the conclusion that an isolation device 
based on a SMA technology and flag-shape hysteresis is always supposed to be significantly less favorable in 
terms of displacement and force demand respect to a similar system based on elastoplastic hysteresis. This is 
because the damping reduction factor computed considering the hysteresis results to be significantly lower for 
SMA flag shape force displacement relation respect to LRB elastoplastic relation. Nevertheless, we do not have 
evidences of the suitability of the approach itself to determine the hysteretic energy dissipation for flag-shape 
force-displacement relation with high ductility demand. 

   
                              (a)                            (b) 

Figure 5: hysteretic area-based damping comparison as a function of ductility (a) and force and displacement 
reduction factor computed for far field and near field events (b)  

 
3.3 Effective Seismic Response Evaluation of Different Hysteresis Isolation Devices 
To investigate the response of a shape memory alloy isolator device and to compare it with the response of an 
equivalent classical lead rubber bearing, we perform time history analyses. 
Given an isolated structure, which has been designed considering a simulated project consistent with the 
properties of the actual lead rubber bearing, we perform the analysis set considering a rigid superstructure 
approach, assuming that all the displacement occurs at the isolation system level. The system hence can be 
modelled as a single degree of freedom system in which the superstructure is participating only as an additional 
mass. 
 
We repeat the analysis three times, modelling the isolation system taking into account: 
 elasto-plastic model (Fig.6a). It is representative of the real lead rubber bearing device and the parameters 

we use are those reported in Tab.1a; 
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 flag-shape model (Fig.6b). It reproduces the shear-horizontal displacement relation of the shape memory 

alloy device characterized by the design properties reported in Tab.2. We target a device that performs like 
the real LRB system in the sense of equivalent shear and displacement capacity and initial and second 
stiffness; 

 linear elastic model (Fig.6c). Given the design displacement ud and the design shear Vd, common for the 
previous models, we consider the equivalent linear system, using parameters reported in Tab.1b. 

 

   
                (a)                         (b)                         (c) 

Figure 6: base shear horizontal displacement model for lead rubber bearing (a),  
shape memory alloy (b) and equivalent linear elastic with secant stiffness (c) isolation device. 

 
We model the elastic damping component considering a 5% elastic damping in the equivalent secant stiffness. 
Regarding the nonlinear models, we consider a constant damping ratio (proportional to the initial stiffness) in 
order to have the same damping energy with respect the previous one if the displacement history is the same. It 
turns out that given the different critical damping, to have the same nominal dissipation capability the damping 
ratio in elastoplastic and flag-shape model the damping ratio has to be equal to 2.2%. The reason of having the 
same elastic dissipation capability is to be consistent in result comparison and get an estimation of the hysteretic 
effect in terms of energy balance, displacement and force demand reduction. 
We used seven scaled natural ground motions for the analysis compatible with Eurocode 8 spectra Pga = 0.25g 
and soil C, 5% elastic damping ratio type 1. They are listed in Tab.3. 
 

Table 3: ground motion records considered in the analysis 

    
 
3.4 Time History Analysis Results 
We perform comparisons between flag shaped, elastoplastic and linear elastic systems considering force and 
displacement time-history demand and system energy balance. The base shear and displacement demands are 
reduced in the elastoplastic and flag shape systems with respect the linear elastic equivalent system (Fig.7a-b). 
This is an expected result because the linear elastic model reproduces the isolation system without any energy 
dissipation (Fig.7c). 
 

 
(a)                             (b)                            (c) 

Figure 7: comparison between the response of the three models in terms of displacement (a)  
and force (b) versus time and force-displacement relation (c) considering Tabas (FP) record. 
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In particular we are interested in the force and displacement reduction factors, which are the ratio between the 
demands considering the actual hysteresis force-displacement relation with respect to the one given by a linear 
elastic secant stiffness model (Fig8a-b); conceptually reduction factor in the analysis conditions represents the 
effectiveness of the hysteretic energy dissipation. Moreover we evaluate the energy balance of the system in 
time, looking at the amount of hysteretic dissipated energy over the total input one, as shown in Fig.8c. 
 

 
(a)                             (b)                            (c) 

Figure 8: maximum displacement (a) and force (b) reduction factor and energy balance comparison (c)  
between the three systems considering Tabas (FP) record. 

 
General comparison of all the ground motion results in terms of force and displacement reduction factor as well 
as hysteretic absorbed energy is reported in Fig. 9. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 9: maximum displacement (a) and force (b) reduction factor and absorbed energy (c) comparison 
between LRB and SMA systems: each set of column corresponds to a ground motion; last set is the mean value. 
 
The first and most important information we can learn from the comparison is that differences between the lead 
rubber bearing elastoplastic model and shape memory alloy flag shape model are quite small if compared with 
the linear elastic force and displacement demand. This is shown in Fig.9a-b and proved also by fact that the total 
absorbed energy, which is the part of input energy dissipated through hysteretic cycles is almost the same 
between the two nonlinear models. Hence the differences are almost negligible with respect to the fact that the 
elastoplastic hysteresis is characterized by an area which for the most dissipating case (β = 95%) is more than 
twice of the flag shape one. 

                 
                           (a)    

    
             (b) 

Figure 10: residual displacement comparison between the three systems in Landers ground motion (a)  
and residuals in LRB system in all the ground motions (b) 

 
Another issue for isolation bearings is the residual displacement. This is very undesirable in an isolation system 
device because it leads to the needing of reparation of the system after the seismic event. Of course this problem 
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strongly affects an elastoplastic model, especially when the seismic input is coming from a near fault event, 
characterized by a pulse-like load; on the other side, the SMA bearing is supposed to perform zero residual 
displacements, as shown in Fig.10a, together with all the residual displacement values recorded in the LRB 
device in all the ground motions (Fig.10b).  
 
 
4. CONCLUSIONS 
 
An investigation about the feasibility of shape memory alloy technology application to seismic isolation devices 
has been performed. The evaluation of responses data from time history analyses has been considered the most 
suitable method to study the problem. We have compared behavior of a model representing a conventional lead 
rubber bearing device with the behavior of a shape memory technology device and of an equivalent linear 
elastic model. Results show that the overall behavior of the isolation system characterized by the flag-shape 
hysteresis is close to the response of isolation system with elastoplastic one. In particular, reduction factors in 
terms of displacements and forces of LRB and SMA models with respect to linear elastic secant model response 
are quite similar for large SMA dissipation capability. Also in terms of absorbed energy over input energy ratio 
differences are small. 
Given these results, the conclusion of this investigation is that the SMA application in seismic isolation is 
possible and can lead to several advantages. SMA devices are characterized by energy dissipation and numerical 
investigations have demonstrated that it is comparable, for its influence on the response, to the dissipation of 
actual highly dissipating devices. 
Moreover SMA devices have good recentering capability, either because of the superelastic effect, which has 
been taken into account in this work, or because of the shape memory effect, that can provide a further restoring 
force if for any reason some residuals are still present. 
Possible applications of SMAs in isolating bearing systems are relative to dissipating-recentering additional 
element for any other bearings, existing or new. Hence in theory we are considering a quite flexible device 
characterized by large range of application. For instance we can think to apply this kind of restrainer to rubber 
bearing, in substitution of the lead component, or in friction pendulous system to be able to control not only the 
horizontal displacement, eventually provide a recentering force if the gravity is not enough to be larger than the 
friction, but also it could be possible to control a possible uplift. 
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