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Abstract

®
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The hysteretic damping capacity and high recoverable strains characterizing the superelastic

response of shape memory alloys (SMA) make these materials attractive for protection systems
of structures subjected to dynamic loads. A successful implementation however is conditioned
by functional fatigue exhibited by the SMA when subjected to cyclic loading. The residual
deformation upon cycling and the efficiency in material usage are the two most restrictive issues
in this sense. In this paper, a device equipped with superelastic NiTi SMA wires and capable of
supporting external tension compression loads with optimized properties is presented. It is
shown how the introduction of the wires’ pre-straining allows for the absorption of deleterious
residual deformation without affecting the self-centering capabilities upon unloading, in contrast
with what occurs for pre-strained tendons. These features were experimentally verified in an in-
scale prototype composed of two 1.2 mm diameter superelastic NiTi SMA wires. In order to
numerically assess the dynamic response of a simple structure subjected to seismic excitations, a

multilinear superelasticity model for the NiTi wires was developed.

Online supplementary data available from stacks.iop.org/SMS/24/075005/mmedia
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(Some figures may appear in colour only in the online journal)

1. Introduction

The superelastic effect is a particular behavior exhibited by
shape memory alloys (SMAs) subjected to mechanical load-
ing by which a martensitic transformation is induced once
stress reaches a critical value and reversed when the load is
relaxed [1]. A superelastic cycle presents several features
which make SMAs attractive for use as kernel elements in
protection systems for structures subjected to dynamical loads
[2]. The associated stress-strain hysteresis provides energy
dissipation. The effective stiffness drop associated with the
forward transformation plateau limits the load transfer from
the floor to the protected structure. Additionally, the force
exerted during reverse transformation provides an important

0964-1726/15/075005+13$33.00

restoring effect and reversible strains of 8-10% can be
reached [3]. This characteristic provides self-centering cap-
abilities to the protected structures which is an important
factor for preventing excessive deformation and cumulative
damage, for example, after an earthquake. This is remarked
on in modern building codes [4, 5]. Self-centering capacity
represents an important advantage of SMAs with respect to
alternative hysteresis-based damping alternatives (e.g. con-
trolled yielding members, friction braces, etc) [6].

The present work refers to the development of a device
with superelastic NiTi SMA wires acting as kernel elements
in passive protection systems exploiting both damping and
self-centering capabilities. Among SMAs, commercial NiTi-
based alloys exhibit one of the highest shape memory and

© 2015 I0OP Publishing Ltd  Printed in the UK
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superelastic strain recoveries and also acceptable fatigue,
corrosion resistance and biocompatibility. Regarding the
material geometry, as is pointed out in several research works
[7-9], SMAs in wire or bar form are usually adopted for this
kind of application. The main reasons are the efficient use of
the material loading capacity associated with the uniform
stress state upon uniaxial loading and the optimized manu-
facturing process, including continuous forming and thermal
treatment operations which made possible the increasing of
production rates with appreciably lowering costs [10]. As
occurs with almost every practical implementation of a
technological concept, problems associated with the concrete
use of materials arise, creating the need for further research.
SMAs in general, but NiTi alloys in particular, exhibit func-
tional fatigue which results in a decrease of hysteresis and the
accumulation of residual strains upon superelastic cycling
[11-13]. A difficulty concerning the use of wires or bars
under uniaxial loadings is the large lengths required for
guarantying an acceptable displacement capacity (device
stroke). Another drawback affecting slender elements like
wires is that they can be loaded only under tension and are
unstable under compression loadings (buckling). Therefore,
pairs of wires have to be frequently disposed of as tendons in
symmetrical configurations [14, 15] with them being loaded
alternatively in each hemicycle with the consequent negative
impact in material usage efficiency.

Research efforts in the materials science field include
either the development of novel SMA systems [16, 17] or the
microstructural optimization of already existing materials
[18, 19], seeking a more stable superelastic behavior,
improved dissipative and strain recovery capabilities or lower
costs. From the civil or mechanical engineering perspectives,
technical solutions are proposed to achieve an efficient use of
the available alloys in different scenarios. Dolce et al [20, 21]
presented two different designs of devices capable of sup-
porting external tension—compression loading by using NiTi
wires under a special arrangement which favors either the
dissipative or the self-centering properties of superelasticity.
Several dynamical response experiments were carried out to
demonstrate their beneficial effect in restrainer’s applications
for isolated structures [20] and in braces in framed in-scale
building structures [21]. A similar design was proposed by
Parulekar er al [22] who compared the performances with
devices working on the principle of plastic yielding. Han et al
[23] developed and tested a device equipped with NiTi wires
which is capable of supporting tension, compression and
torsion loadings. Attanasi et al [9] numerically characterized
the performance of a multidirectional device composed of
eight NiTi springs, demonstrating the possibilities of such
particular geometrical arrangement. Speicher er al [24]
designed a damper based on a NiTi Belleville washer pile-up.
These last two works are examples of alternatives to the
uniaxial type of simple loading commented on so far.

The device presented in the present work is of self-cen-
tering type and is inspired by the proposal of Dolce et al [20]
that was introduced in the previous paragraph. One of the
goals of the device proposed here is the improvement in
material usage efficiency. This is possible due to a special
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Figure 1. Schematic explanation of the device working principle
(external tube position fixed, indicated by the vertical red dashed line
at the right of the figure). (a) Initial condition upon mounting, no net
external load; each pin is in contact simultaneously with both tubes.
Relative displacement of the tubes moves the pins which in turn
produces the straining of the NiTi wires. The wires are subjected to
tension whenever the external force is positive (b) or negative (c),
respectively.

design which results in the wires always acting under a tensile
load, independent of whether the device external forces were
tensile or compressive. By adding pre-straining capability, it
is possible to improve the device performance by keeping the
wires tightened during operation without compromising the
restorative force exerted upon unloading. After a description
of the device and its working principle, it is demonstrated
how by pre-straining the NiTi wires above a certain level, the
residual deformation associated with functional fatigue can be
compensated for, thus avoiding their loosening during
operation. The results of an experimental characterization
performed with an in-scale prototype are then presented.
Characterization included tests under cycling conditions for
frequencies ranging from 0.001 to 5 Hz and amplitudes from
1 to Smm. The results were interpreted in terms of the cou-
pling between thermal effects and the mechanical response
[25-27]. Finally, a multilinear superelasticity model is
developed and used to numerically study the mitigating
effects on the dynamical response of a simple structure sub-
jected to seismic excitation.

2. Device functioning description

The functioning principle of the proposed device is explained
with the aid of the schematic drawing presented in figure 1.
The device is composed of two coaxial steel tubes, one sliding
inside the other. The tubes are transversally crossed by two
pins through longitudinal machined slots. Two superelastic
NiTi wires are extended between the pins, one at each side of
the tubes. Figure 1(a) illustrates the initial condition where the
device is free of external loads. Dots are included in the
drawings in figures 1(a)-(c) to denote the contact points
between the pins’ and the slots’ ends along a complete
working cycle. In figure 1(a), eight contact positions are
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Figure 2. Pre-straining effect. (a) Wire pre-strained to point A will describe path ABCD while the initial portion of the cycle acts as a strain
reservoir to compensate for posterior permanent strains. (b) The device performs a complete cycle described by the ‘double flag’ path A’B'C’
D’A’OA"B"C"D" in the F-X diagram. Note that one tension—compression cycle of the device involves two cycles of the wire.

indicated. For the sake of a clear interpretation of displace-
ments and force sense, the position of the external tube,
indicated by the red dashed line, is kept fixed in figures 1(a)—
(c). Upon application of an external tensile force, relative
displacement of the tubes will occur as shown in figure 1(b).
The four contact points indicated for this situation transmit
the load to the pins resulting in the NiTi wires being stretched.
The mechanism is constructed in such a way that whatever
the sense of the relative tube displacement, the wires are
always subjected to positive strains. This is depicted in
figure 1(c) where the external force is now reversed. Each
time the device position passes through the neutral position,
referred to as the inversion point in the text and represented
by the condition illustrated in figure 1(a), there is a change in
the tube that pushes each pin. This can be appreciated by the
change in the contact points acting in each case. In that way,
for one cycle of the external force, the NiTi wires perform two
complete superelastic cycles. Therefore, the force vs dis-
placement (F—X) response of the whole device will describe a
‘double flag’ type of behavior [5, 20, 21] that will be better
understood when describing figure 2.

By means of the pre-straining screws shown in
figure 1(a) it is possible to apply a certain initial strain level to
the wires during mounting. The effect on the device response
is illustrated in figure 2. Assuming that both wires are pre-
strained up to a strain level corresponding to point A in
figure 2(a), a posterior complete symmetric oscillation of the
device with an amplitude x,, will result in each wire fol-
lowing twice the partial superelastic trajectory ABCD depic-
ted in figure 2(a). Thus, in the text a distinction will be made
between wire cycles and device cycles. The corresponding
force vs displacement F—X response of the whole device will
follow the path denoted by OA'B'C'D'OA"B"C"D"0O indi-
cated in figure 2(b).

As the elastic slope around the inversion point is only
determined by the pins and pin leans stiffness, the device
would exhibit a high stiffness around this point. Due to that, it
will provide a high restoring force close to the near zero
position which results in a structure with self-centering

capability. Moreover, it is expected that permanent strains that
could have been accumulated upon cycling (typically reach-
ing 2% [25, 28]) can be compensated for by providing sui-
table levels of pre-straining.

It is worth remarking here that a different effect will be
observed in the case where the NiTi SMA wires were inserted
in a structure as symmetrical tendons [14, 15], in the typical
way illustrated in figure 3. In this case, pre-straining would
result in an improvement of the hysteresis area and conse-
quently on the dissipative capacity but to the severe detriment
of the self-centering force, which would nearly vanish.

Based on conceptual considerations explained above, an
in-scale prototype was manufactured and the results of its
basic experimental characterization are provided in the fol-
lowing section.

3. Prototype and experimental characterization

A prototype device equipped with two NiTi wires was con-
structed and tested. Ni-rich (50.8 at.% Ni) 1.2 mm diameter
superelastic NiTi wires in straight annealed condition were
provided by Memory Metalle GmbH (now Memry GmbH).
The austenite finish temperature Ay was —10 K with the wire
exhibiting superelastic behavior at room temperature.
Detailed information about transformation temperatures is
provided elsewhere [11]. The prototype was designed for a
nominal wire member length L =80 mm, it being possible to
compensate for small initial length differences with the pre-
straining screws. The analysis of performance was carried out
assuming the device will operate under standard ambient
temperature. The characterization testing was performed at
room temperature (22 °C) using a servo hydraulic testing
machine MTS 810 with 100 kN maximum load capacity.
Figure 4(a) illustrates the designed prototype with the dif-
ferent components while figure 4(b) shows the device set in
the testing machine.

The experimental characterization program started by
performing two cycling sequences aimed to demonstrate the
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Figure 3. (a) Typical symmetric configuration of NiTi wires as metallic tendons in a flexible structure. (b) Double flag F—X response
associated with the superelastic wires. (c) Schematic description of the pre-straining effect on this kind of structure showing how hysteresis is

improved but to the detriment of the self-centering capability.
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Figure 4. Designed prototype. (a) 3D schematic representation with the main components highlighted. (b) Prototype mounted on the testing

machine.

effect of pre-straining on the device performance. In the first,
the wire were just slightly tightened by the pre-straining
screws while in the second, 2% pre-strain was applied. In
both cases, a fresh pair of wire pieces was used. The device
was subjected to a number of 50 fully reversed ramp cycles at
a displacement rate of ] mmmin~". It is worth pointing out
here that, due to the working principle involved, the NiTi
wires actually perform 100 tensile cycles. Figures 5(a) and (b)
show cycles 1 in red and cycle 50 in blue for both sequences
(intermediate cycles are denoted in gray). The imposed
maximum displacement amplitudes were defined such that
full transformation of the NiTi wires was obtained. This can
be appreciated by the small load increase observed at the end
of the plateaus in both figures. Maximum displacements were

thus set in 6.75 mm and 5 mm for the pre-strain free and the
2% pre-strained conditions, respectively.

The evolutions of the superelastic response observed in
figure 5 are in line with previous studies on the effects of
functional fatigue effects of similar superelastic NiTi wires
[11, 12], i.e. a decrease of plateau stress levels, more marked
for the upper plateau, and a tendency to a more stable beha-
vior after 100 wire cycles are observed. The uneven drop in
plateau stress levels results in turn in a decrease in the dis-
sipated energy as shown in figure 6(a) where data corre-
sponding to the two sequences shown in figure 5 are
represented. Firstly, it is noted that the sequence without pre-
strain exhibits a sort of noisy behavior with damping capacity
values oscillating in a certain band after performing just a
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Figure 5. Evolution of the prototype response upon 50 constant dislplacement amplitude cycles (100 wire cycles). (a) Pre-strain free condition.

(b) Wires with 2% pre-strain. Displacement rate was 1 mm min
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Figure 6. (a) Evolution of the dissipated energy per wire cycle during the first 100 wire cycles (50 device cycles). (b) Displacement limits
associated with the development of a zero force zone for the pre-strain free case.

couple of cycles. This effect is a result of the accumulation of
residual deformation upon cycling resulting in a gradually
developing zero-force zone around the inversion point. A
consequence of this is that wires become loosened and pins
detach from their leans, favoring their crossing and uneven
straining.

The evolution of the displacement limits denoting the
extension of the zero-force zone is illustrated in figure 6(b)
where it can be seen that a 2mm width zero-force zone
develops around the inversion point after 100 wire cycles.
The width of the dead zone can be considered a good indi-
cator of the degree of pre-straining that has to be applied to
avoid wire loosening with further cycling. In fact, this was the
case for the cycling sequence corresponding to wires with a
pre-strain of 2% included in figure 6(a) where the appearance
of a zero force zone was now completely avoided. The
absolute value of dissipated energy is lower in the case of the
pre-strain free situation due to the reduced wire active length
available. Both sequences exhibit however the same
decreasing evolution upon cycling.

As can be noted from the previous figures, the first 100
cycles result in the wires exhibiting more stable behavior.

This is usually referred as ‘stabilization training’ and repre-
sents an alternative procedure for reducing the development
of a zero force zone, at the expense of greater complexity
and cost.

The experimental program continued with the char-
acterization of the frequency response. After the training stage
described in the previous paragraph, the performance of the
prototype was tested for 12 frequencies in the range of 0.001
to 5 Hz using displacement amplitudes of 1, 2, 3, 4 and 5 mm.
This totalizes a number of 60 tests for each of the considered
conditions, i.e. without and with pre-strain. Results are
reported here only for the prototype with the pre-strained
condition because no relevant differences were found
between them. Representative results are shown in figure 7
where for the sake of clarity only curves corresponding to the
first cycle for each of the considered amplitudes have been
included in the plots.

As can be observed from the figure, there exists a strong
dependence of the shape of the cycles on the frequency. This
can be quantitatively described by characterization parameters
like the energy dissipated in a whole cycle of the device
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Figure 8. Representation of the test results as a function of the cycling frequency. (a) Energy dissipated AW and (b) loss factor 7.

(hereafter AW), and the loss factor n defined as:

AW

= , 1
n = (D

where W is the strain work measured at the maximum
displacement amplitude of the cycle. This last definition result
is somewhat arbitrary, and alternative definitions can be found
in the literature, based upon the maximum stored energy or a
quasi-elastic work calculated using a secant modulus [29].
However, the definition of the # factor adopted here allows for
an easier comparison with the same factor defined for other
materials or damping mechanisms [30]. In figures 8(a) and
(b), the frequency dependence of AW and 5 corresponding to
the different amplitudes are presented. A non-monotonic
trend is obtained for both parameters, with a maximum
developed around 0.01 Hz. This behavior is related to the
coupling between the mechanical response and the thermal
effects arising from the transformation enthalpy associated
with the first order martensitic phase transformation involved

and also with the temperature dependence of the critical stress
for transformation (Clausius—Clapeyron relationship), as has
been explained elsewhere [25, 26]. The alternative represen-
tation given in figure 9 might be also illustrative. It can be
seen that the amplitude dependency is approximately linear
for AW and somewhat weaker for 7. Therefore, for amplitudes
above 1 mm (equivalent to 1.25% strain) it is possible to
associate each tested frequency with a unique value of the loss
factor 7.

In figure 10, the frequency dependence of two additional
parameters was evaluated: the stiffness associated with the
forward transformation and the value of the force at the end of
the reverse transformation. The forward transformation stiff-
ness can be conceived as the post-yielding stiffness of isolator
devices [4]. This post-yielding stiffness, associated with a
structural mass M defines a post-yielding period Tp=2x- (M/
ETr)V2 which is utilized in several building codes (e.g.
AASHTO [31]) to characterize the capacity of isolators in
limiting load transfer to a structure. In this case, the stiffness
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Figure 10. Characterization test results represented as a function of the cycling frequency. (a) Stiffness along the forward transformation.

(b) Restoring force at the end of the reverse transformation Fep,.

was determined by a linear fitting of F—X curve along the
forward transformation plateau between 0.75 mm and the
maximum displacement limit, excepting for the 5mm
amplitude cycles for which the range 0.75—4 mm was con-
sidered for the fitting. The evaluation of the force upon
reverse transformation was included in order to characterize
the feasible maximum restoring values that could be reached
under different tested cycling conditions. This capacity,
together with the re-stiffening at the end of transformation, is
unique for SMA superelastic materials and cannot be found in
other materials exploited in anti-seismic protective systems.

Regarding the transformation stiffness (figure 10(a)),
there is no clear trend followed by the points. Roughly, the
stiffness increases up to 0.01 Hz and exhibits a tendency to
saturation at values around 100 N mm™".

The restoring force Fen (figure 10(b)) exhibits an
inverted bell shape behavior, with a drop at intermediate
frequencies, it being more pronounced the higher the ampli-
tude is. This behavior can also be rationalized by considering
the thermal effects mentioned before to rationalize the fre-
quency dependence of AW and 7.

The parameters evaluated up to this point describe
superelastic behavior for the first cycle of each experiment. In

contrast, the final step of the experimental program addressed
the evolution of the superelastic behavior upon sustained
cycling for fixed frequency and amplitude. As was the case in
the previous characterization stage, here the experiments were
performed on wires in the stabilized condition. The evolutions
studied in this step are reversible and are also related to the
heat effects associated with the first order stress induced
martensitic phase transformation, responsible for the parti-
cular behavior of SMAs. Superelastic cycling at constant
frequency and amplitude will result in a transient during
which the maximum and minimum forces vary as a con-
sequence of the NiTi wire temperature change determined by
the balance between the irreversible cyclic work and the heat
dissipated to the surroundings [32, 33]. The effect can be
appreciated in figure 11 where the device force response vs
time is presented for five different imposed displacement
amplitudes and three frequencies. It can be seen that the
transient effect is particularly detectable for the highest
amplitudes and frequencies.

This transient stage is also responsible for the effect
detected in figure 8(a) where it was observed that the higher
the frequency and amplitude, the more noticeable the
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program corresponding to a typical seismic response.

difference between AW values corresponding to the first and
last cycle of the sequence.

The changes occurring in the shape of the superelastic
cycles corresponding to the experiments presented in
figure 11 are illustrated in figure 12(a). Results of the test
performed at 5 Hz with an amplitude of 5 mm were included.
Both figures 11 and 12(a) reflect the magnitude of the changes
associated with the transient effect. For applications requiring
sustained high amplitude and frequency cycling, a more
extensive characterization is necessary including not only
frequency dependence but also environment heat transfer
convective conditions (see Sun et al’s work [32] for NiTi thin
wires).

The present work is focused on the responses of struc-
tures to seismic inputs, usually consisting in a reduced
number of cycles whose amplitudes are rapidly reduced.
Therefore, it would be interesting to have an indication of
whether the just characterized thermal transients will have an
influence in such a short term type of application. In
figure 12(b), the response of the device to the displacement
program indicated in the minor axis inset graphs is presented.
This displacement program corresponds to the simulated
response of a structure to the acceleration record of the N-S

component of the ‘El Centro’ earthquake, 1942. As can be
observed from the device response, no evident influence of
transient effects could be detected. This result allows one to
conclude that all the relevant information for the analysis of
the seismic response of the device is basically contained in the
first cycle. Based on that conclusion, the transient effect will
be neglected in the superelastic behavior model introduced in
the next section.

4. Performance analysis

Parameters such as the dissipated energy per cycle AW, the
loss factor # and the restoring force F., describe quantita-
tively important aspects of the device performance. They may
be used either for the comparison among devices based on
different working principles or they can be introduced in
linearized schemes to estimate device response to simple
harmonic excitations. However, when more complex inputs
like those associated with seismic ground motion are con-
sidered, a numerical approach arises as a more appropriate
tool for the correct evaluation of the effect of the device on
the structural response. In this section, a time history analysis
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Figure 13. Schematic representation of the model one-degree-of-
freedom structure considered for the numerical simulation.

is performed to numerically evaluate the dynamical response
of a simple one-degree-of-freedom model structure subjected
to a seismic type of excitation expressed in terms of the floor
acceleration X,.

The model structure considered consists of a monolithic
mass M resting on a flat PTFE layer attached to the floor as is
represented in figure 13. The arrangement can be viewed as
an isolated structure for which relative displacements con-
centrates in the sliding surface between the mass and the
PTFE layer where Coulomb type friction with a coefficient
u=0.04 is assumed [34]. In figure 14, the F—X between mass
and PTFE layers plus the double-flag device action is repre-
sented. The analysis of friction forces should include the
contribution of friction between the coaxial tubes. This force
depends on manufacturing quality and mounting procedures
while the friction originated in the PTFE layers is propor-
tional to the mass M. Even though their different origins, in
the schematic representation of figure 14 the tube-to-tube
device friction was included as part of the total friction force
acting on the system.

For the analysis of the dynamical response, the super-
elastic behavior of NiTi wires is introduced by using the
multilinear model detailed in figure 15. Position and slope of
the linear segments are adjusted with six parameters: elastic
modulus of austenite £, and martensite Ey;, transformational
modulus Er,, transformation strain e, hysteresis stress width
ogys and upper plateau critical transformation stress ocg.
Simulations were repeated for the two sets of parameters
referred to as P1 and P2 and detailed in table 1. They have
been selected by fitting experimental curves from the previous
tests obtained at frequencies of 5 and 0.001 Hz (the two
extremes of the tested frequency range), respectively. Since
no thermal coupling effects are considered, this model is not
able to reflect the superelastic behavior under testing condi-
tions different from those under which the parameters were
selected. Effects related to sustained cycling will also not be
reproduced by this simple mechanical model. The adoption of
such a simplified approach is justified by the particular
characteristics of the problem studied here, ie. few

Table 1. Model parameters.

Pl P2
Ex (GPa) 30 50
En (GPa) 14.25 20
Er, (GPa) 3.8 1.17
ocr (MPa) 275 262
ouys (MPa) 93 175
er () 0.023 0.039

transformation cycles of diminishing amplitudes. Aside from
the assessment of dynamical responses, the differences
between results obtained with P1 or P2 can clarify the
necessity of considering the frequency dependence of the
superelastic behavior, which would require introducing more
complex material models (e.g. thermomechanical models). In
figures 16(a) and (b), the modeled cycles are superposed to
the corresponding experimental ones. It can be seen that an
adequate reproducibility has been obtained.

The response of the system is evaluated by stating the
dynamical equilibrium of the NiTi wires and friction forces
acting on the moving mass M:

Frimi + Frric + MX 05 = 0, ()

where the total friction force Fy,;. is expressed as the sum of
tube-to-tube device friction f and the corresponding to the
sliding PTFE layers uM:

2Animionimi sgn(X) + (uM + f) sgn(X)
+ MXaps =0 3)

2ANimionimi sgn(X) + (uM + f) sgn(X)
+ MX = —-MX, (€]

Here, X, corresponds to the mass coordinate measured from
an inertial reference frame (i.e. X ps =X+ X3). onyri and X
correspond to the uniaxial stress and transversal section of the
wires respectively. For the simulations, the value of f was
estimated in 30N. Equation (4) is solved numerically
following the Newmark method [35]. The kernel of the
procedure is to calculate, given a displacement increment, the
corresponding increment in oy;r;:

ENiri

Aoniti = Enimide = AX - sgn(X) &)

The effective modulus of NiTi wires Enj1; depends on
whether the wires are transforming or strained elastically. For
the elastics case, Enir; is calculated assuming that the wires
are composed of austenite and martensite portions serially
connected. The martensite portion Z can be determined from
the current o, ¢ state:

&£ — G/EA
o/lEy + €, — 0/Ep
Then, a direct expression for En;r; results:
EAE
Exiti = e (7)

EAZ+ En(1 —2)



Smart Mater. Struct. 24 (2015) 075005

H Soul and A Yawny

Superelastic Device
F

Tube to Tube +
4

A

PTFE layers friction

F-X Behavior
F

A

v
v

Figure 14. Schematic F—X behavior of the model structure obtained by superposition of the individual responses of the superelastic device

and the friction contributions.

Figure 15. Multilinear model describing the superleastic effect of
NiTi SMA.

Whenever the algorithm detects that Ex;; will change in the
current step, it is recalculated in order to find the exact instant
(within a tolerance) of the transition point. In this way, it is
possible to avoid the accumulation of numerical error in
elastic-transformation transitions and in velocity sign
changes.

For the seismic input, the accelerogram corresponding to
the Northridge earthquake, 17 January 1994, recorded at the
Jensen Filter Plant Station situated 12.97 km from the epi-
center [36] was considered (figure 17(a)). A maximum peak
ground acceleration of 9.98 ms™ was detected. Assuming a
mass M of 200kg, the displacement followed by the bare
model structure, i.e. without including the NiTi prototype, is

600 -
500
400 -

300 +

Stress [MPa]

200 -

100 +

—— Experimental

0

0.03 0.04 0.05 0.06

Strain [-]

0.00 0.01 0.02

shown in figure 17(b). A maximum displacement magnitude
of 0.206 m can be observed. It is important to note also that
after the Earthquake action, the mass resting position is
0.063 m which represents approximately 30% of the max-
imum registered displacement.

The response of the model structure is now calculated
considering the introduction of the device equipped with NiTi
wires of length L=2 m. The obtained results are summarized
in figure 18 where the relative mass displacements and the
absolute accelerations for both sets of parameters P1 and P2
are represented. For comparison purposes, together with each
calculated response (black line), the response of the structure
obtained with a fully elastic device is included (blue line).
The stiffness considered for the elastic device is equivalent to
the initial stiffness of the superelastic device.

The relative displacements obtained for both the P1 and
P2 sets of parameters are not reduced with respect to those
obtained with fully elastic wires. However, the reducing effect
is clear when comparing the resulting amplitudes with those
obtained in the structure without the damping device
(figure 17(b)). A very small residual displacement is obtained
at the end of the ground excitation for both assumed super-
elastic behaviors. Focusing now in the absolute accelerations
of the mass M, it can be seen that the superelastic device
resulted in reducing peak ground acceleration from 10 m s>
to 6ms > for Pl and 4ms™ for P2, respectively. This
reduction effect is higher in comparison with accelerations

600 - b)
500 -
400 -

300 -

Stress [MPa]

—— Experimental

003 0.04 0.05 0.06
Strain [-]

0.00 0.01 0.02

Figure 16. Superelastic stress-strain curves obtained with the multilinear model compared with their experimental counterparts. (a) Set of

parameters P1 from table 1. (b) Set of parameters P2 from table 1.
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Figure 17. (a) Accelerogram used for the analysis corresponding to the Northridge earthquake, 17 January 1994 [34]. (b) Displacement

response of the model structure with the prototype not included.
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Figure 18. Simulated dynamical response: relative mass displacements for P1 (a) and P2 (b); absolute accelerations for P1 (c) and P2 (d).

obtained with fully elastic devices, for which ground accel-
eration results amplified reaching values up to 30 ms ™.

The resultant F—X diagrams are shown in figures 19(a)
and (b). It is observed that the NiTi wires are effectively
strained in their superelastic regime. The forces exerted by
the devices can also be distinguished from those due to
friction. Figures 20(a) and (b), in turn, allow one to com-
pare the contributions of the device strain work and the
friction to the input energy dissipation for P1 and P2

respectively. In both cases, the energy dissipated due

11

superelastic hysteretic work is comparable to that dissipated
by friction.

5. Summary and conclusions

In the present work, a comprehensive characterization of a
device equipped with NiTi superelastic wires capable of
providing self-centering force and damping capability to
structures subjected to dynamic loading was performed. The
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Figure 19. F-X curves developed during the simulated dynamical responses for (a) the P1 and (b) the P2 set of parameters in table 1.
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Figure 20. Energy input and dissipative works performed by the superelastic device and the friction of the PTFE layers for (a) P1 and (b) P2.

introduction of pre-straining was shown to be highly bene-
ficial, allowing a correct functioning of the device by avoid-
ing wire loosening or the alternative time costly stabilization
training procedures. These benefits could be achieved without
sacrificing the self-centering characteristics provided by the
superelastic wires.

For all the explored displacement amplitudes, the device
exhibited non-monotonic frequency dependence of the hys-
teresis and of the loss factor. Maximum values of both vari-
ables were reached around 0.01 Hz. A linear dependence of
the hysteresis energy with the amplitude was found while the
loss factor exhibited an approximately constant value for each
of the cycling frequencies considered.

A frequency dependence of the superelastic cycles was
observed. This could be interpreted in terms of results pub-
lished elsewhere concerning the thermal effects associated
with the first order character of the stress-induced martensitic
transformation responsible for the particular behavior of
SMAs in general, and NiTi alloys in particular.

Sustained cycling produces changes in the superelastic
curves, appreciably at the highest explored amplitudes and
frequencies which can also be associated with thermal effects.
However, they were not considered for the material model
developed here. The characteristics of the responses simulated
for the superelastic device (few cycles, diminishing

12

amplitudes) endorse the validity of this assumption, at least
for this kind of structural problem.

The numerical time history analysis performed in the
present work allowed one to verify the beneficial effect of the
superelastic device for a specific structural problem. It acts as
a restrainer by limiting maximum and residual displacements
of the associated mass. Additionally, the device contributed to
the isolation of the mass by reducing the ground accelerations
transmitted from the floor to the structure. The analysis of the
response obtained with a fully elastic device yielded a similar
reduction in the maximum displacements, but the accelera-
tions are highly amplified. This result endorses the beneficial
effect of the superelastic device because of its self-centering
characteristics as well as its damping characteristics.

Finally, it is worth pointing out that the mass associated
with the device M, and the wire length L were selected
arbitrarily, and results may vary with these two design
variables. For the sake of brevity, this analysis was limited
only to this case for which the device provides a beneficial
action as a restrainer and damper. A systematic study is
being elaborated, with the aim of defining a multi-objective
selection procedure for M and L according to a determined
seismic scenario, which will be a matter of further
publications.
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