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Abstract Numerical and experimental analysis on the vibrations of a 2 level frame structure
equipped/or not with shape memory alloy wires is presented in this study. The first part of
the study, the present article treats the frame in the absence of NITi wires, while the second
part considers the structure equiped with NiTi wires. The structural model consists of 2 level
structure with constant height of 350 mm and the width of each plate 300 mm. The plates are
made out of plexiglass plates to create a rigid plan system and the columns are circular
hollow brass rods of diameter 4.00 mm and thickness of 0.40 mm. Vibration system tests are
performed in order to investigate the behavior of the frame equipped or not with NiTi wires
and the effect on the SMA wires on the amplitudes reduction, the transformation behavior
for wires and avoiding of the resonance states. The FEM simulations determines the fields
of displacement and normal modes. The results are validated with experimental results.

Key words: Shape-memory alloys, experimental data, seismic protection devices,
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1. INTRODUCTION

The shape memory alloys (SMA) have the property of changing the shape, the natural
frequency and the mechanical properties of a structure by providing a source such as temperature,
stress, electrical field or magnetic field [1-3]. The SMA can be used as actuators, sensors to control
the dynamical behavior of a structure by embedding them into the structure [4, 5]. The SMA has
two remarkable properties namely: shape memory effect and superelasticity [6-9]. When the
structure is mechanically loaded below the martensite finish temperature, it regains its original
shape after removing the loading by heating the structure above the austenite finish temperature.
This phenomenon is known as the shape memory effect. The superelasticity is the reversible
response to the load caused by phase transformation.

In the 1960s were developed some nickel-titanium alloys with a composition of 53-57% nickel
by weight, that exhibited an unusual effect: the deformed specimens with residual strains of 6-10%
regained their original shape after a thermal cycle. This effect became as the shape-memory effect.
Shape memory alloys (SMA) are materials capable of very large recoverable inelastic strain (of the
order of 10%) [10]. Numerous works have been done in the area of using NiTi for vibration and
mechanical characterization with and without embedding into different types of composites [11-14].
Researchers have been used different diameters of SMA wire, composition, different environment
condition etc. However, there is scope for investigation on improvisation of SMA properties with
structure by experimental, numerical and/or analytical techniques.
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It is known the application of the shape memory alloy in earthquake engineering as both
vibration control and isolation elements for buildings and bridges [15, 16]. The Basilica of St.
Francis in Assisi, Italy damaged during the 1999 earthquake was restored maintaining the original
concept of the structure by connecting the tympanum and the roof by superelastic SMA rods. The
SMA rods have the role of reducing the seismic forces transferred to the tympanum [17, 18].

The old (XIV century) bell tower of the church of San Giorgio in Trignano, Italy made of
masonry was seriously damaged during the 1996 earthquake. The rehabilitation of the bell tower
consisted in the insertion of four vertical prestressing steel tie bars in the internal corners of the
structure with the aim of increasing its flexural strength. The tie bars were formed by six tight-
screwing segments placed in series with four SMA devices made of several superelastic wires. The
main goal of the restoration was to guarantee constant compression on the masonry by post-
tensioning the SMA devices [19, 20].

Fugazza [4, 21] tested a number of superelastic NiTi wires and bars of different size (diameter
of 0.76, 1 and 8 mm). He focused on the cyclic behavior of such elements and performed both static
and dynamic tests at loading frequencies of 0.001 and 1 Hz respectively. The maximum deformation
attained during the experiments was 6%, reached by subsequent increments of 1%. The SMA
performances in control vibrations and earthquake engineering, such as damping properties,
material strength and reentering capability are discussed in [22-25].

The source of the mechanical behavior of SMAs is a crystalline phase transformation between
the austenite and martensite. Martensitic structure is obtained from austenite with application of
mechanical load or decrease in temperature. Upon heating or reduction of stress, the austenitic
structure is recovered.

The temperature at which the alloy remembers its high temperature form when heated can be
adjusted by slight changes in alloy composition and through heat treatment. In the NiTi, for
instance, it can be changed from above +100- C to below -100 - C.

The main object of this study is the experimental investigation of the vibration system tests of a
2 level frame structure equipped with shape memory alloy wires. The first part of this study, the
present paper, treats the case of absence of NiTi wires, while a future paper will consider the
structure equiped with NiTi wires. Comparisons with numerical FEM results will be provided.

2. EXPERIMENTAL SETUP AND MEASUREMENTS

The experimental setup (fig.1) consists of a 2-level frame structure, the vibration system, and a
data acquisition system measuring the displacements of the structure at different vibration
frequencies, for two configurations of sensor positions (Fig.2, Fig.3).

The structure consists (Fig.1, Fig.2, Fig.3) of 2 level frames made of plexiglass supported by
hollow brass rods and an additional plexiglass level (level 0) that attach the structure to the
vibration system, providing also the stability for the supporting rods. The plexiglass plates were
positioned at level of 350mm high one from another. Additional steel plates were attached with
screws to the plexiglass plates to give a more realistic approach of weight of real existing structures.
The steel plates have been manufactured to weight 0.5 kg each, with geometric dimensions of
160mmx80mmx6.2mm. The geometric dimensions of the plexiglass plates are
300mmx300mmx4mm, with different holes for the supporting rods and additional steel plates, and
in future work NITI wires. The supporting rods are positioned to 40mm of the plexiglass plates
edges, and not less, to ensure that during the vibrations the plexiglass will not break. The geometric
dimensions of the supporting hollow brass rods are the exterior diameter of 4mm and the inner
diameter of 3.2mm. The total length of the rods is 1m, the purchased length, and kept so, for
subsequent experiments, that will support additional plates of plexiglass. To ensure that the
supporting rods will not collapse during the vibrations, as well as a precision mounting of the
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plexiglass plates, stiffener assemblies (fig. 9) made up of washers and nuts were used to attach the
plexiglass plates to supporting rods.

4 ch voltage -
osciloscope  2L0plifier charge  displ  regulator  accel. Structure withbras
] W gilent for displ. amplifiers  sensors  for motor with ~SeNsOrs vy
el sensor e plexiglass plates

data acquisition system vibration system flexible motor additional masses
steel plates for  with eccentric for vibration
vibration system masses system

Fig.1 Experimental setup.

Fig. 2. Configuration 1 of sensor locations connected to Fig. 3. Configuration 2 of sensor locations connected to
1,2,3,4 channels of the oscilloscope. 1,2,3,4 channels of the oscilloscope.
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Fig. 4. Schematic diagram of the experimental data acquisition system with sensors.
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Fig.7. (a) displacement sensor, (b) accelerometer Typel (c) accelerometer Type 2.

Fig. 8. aibation of Typel accelerometers. Fig. 9. Stiffener with Fig.l. Vibration system.
washers and nuts.
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The vibration system (Fig. 1 and Fig.10) consists of a wooden table, with additional masses,
mounted on parallel very flexible steel plates, that support large deflections, to ensure minimal
structural losses in the vibration system, that would be important otherwise, due to friction, in the
case of a sliding system. The wooden table is excited by an electric motor with eccentric masses
attached, controlled by an ABB ACS-300 AC drives for speed control. The vibrations frequencies are
controlled both by the rotational speed of the electric motor and the eccentric masses attached to it.

The displacements measuring system (Fig.1, Fig. 4) consists of displacements and acceleration
sensors, amplifiers with integration facilities, and an oscilloscope connected to a computer for data
acquisition. One displacement sensor of type Celesco SP2-4 was used as a permanent reference of
the displacements measured on the base of the structure and connected to the vibration system. Other
4 acceleration sensors, named usually accelerometers, were used to measure the displacements in
various points of the vibrating structure by integration of the accelerations with amplifiers having
integration facilities. Of the 4 accelerometers, one is of type Bruel&Kaer Charge Accelerometer 4381,
and named by us Type2 along this paper, and the others 3 are of type HMF KB12, and named by us
Typel. The 3 amplifiers with integration facilities are Bruel&Kaer Charge Amplifier type 2635. The
oscilloscope used was an Agilent DSO5014A, with 4 channels, 300MHz bandwidth on 16 bits. The
first channel was used to connect to the displacement sensor and used as a reference signal for the
others. For the remaining 3 channels, only 3 of the 4 accelerometers were used at one time, for both
configurations of sensor locations (Fig.2, Fig.3).

Experimental test planning was prepared to keep the next steps:
1) Experimental testing for calibration of the complete measurement system;
2) Experimental evaluation of the structural damping and free vibrations resonance frequency;
3) Experimental determination of the resonance frequencies for the 3 eigen modes of vibration,
as well as the resonance plots.

In the first step, an experimental calibration of the complete measurement system, was done. It
consists in calibration of the amplifier settings according to each sensor used, by mounting all the 3
accelerometers on the base of the vibration table (Fig. 8) and comparing with the signal given by the
reference displacement sensor, at various vibration frequencies of the structure.

In the second step, an experimental determination of the structural damping was performed by a
free vibration test and the measurement of the variation of the measured displacements over time at
level 1 and level 2 of the structure, revealing so the exponential decrease of the amplitude vibrations
as well as the resonance frequency of the structure (Fig.11). This experimental evaluation of the
structural damping ratio is an essential parameter for FEM computations. In our case it was
determined that the damping ratio is 1.3226%, and the resonance frequency is 2.2263 Hz, that will be
confirmed in the forced vibration measurements.
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— level[1] accel. sensor. X dir central
— level[2] accel. sensor. X dir central

voltage [V]
h A b b L o a v w s oo

damping ratio = 1.3226%, 7

flrae vibr = 22263 Hz

1 1 1 1
25 225 -2 175 15 125 -1 -075 -05 -025 0 025 05 075 1 125 15 175 2 225 25
t[s]

Fig. 11. Measured signal during the experimental evaluation of the structural damping.
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In the third step, the most important, the resonance frequencies for the 3 vibration modes was
determined. It was done by sweeping the vibration frequency from 1.25 Hz to 8.13 Hz, and recording
the amplitude of displacements given by the sensors positioned in different points of the structure.
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Fig. 12. Measured displacement in configuration 1 of sensor locations.
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Fig. 13. Measured normalized displacement in configuration 1 of sensor locations.
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Fig. 14. Measured displacement in configuration 2 of sensor locations.
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Fig. 15. Measured normalized displacement in configuration 2 of sensor locations.
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Fig. 16. Measured phase shift in configuration 1 of sensor locations.

Two sets of measurements of two different configurations (Fig. 2, Fig. 3) of accelerometer
positions were considered. In both configurations the structure presents, in the range of 1.25Hz-
8.13Hz) 3 eigen vibration modes, 2 for bending modes and 1 for torsion mode. These modes are
shown more clearly in fig. 16 and fig. 17 in the numerical simulation section, that will confirm that
the experimental results.

The first configuration of sensors position (Fig. 2) is chosen to ensure that a the resonance
frequencies for the bending modes (mode 1 and mode 3, as more clearly shown in Fig. 16.b, ¢ and
Fig. 17.b,c in numerical simulation section) of the structure are revealed. As the sensors are uniaxial
(measure displacements in one direction), all 3 sensors are positioned in the excitation direction (X
direction) one at each level of the structure, in the center point, in order to have a symmetrical
structure. The measured resonance frequency plots are presented in Fig. 12. It can be seen that the
measured displacements of the vibration table are not constant, so a normalization is needed to get
the correct resonance plots. They are presented in fig. 13. It can be seen that the first peak of resonance
in the normalized plot is the same as the one corresponding to free vibrations (Fig.11), that proves
that the normalization process is needed.

A second configuration of sensors positions (Fig.3) is chosen to ensure that the torsion mode
(mode 2, as more clearly shown in Fig 16.c and 17.c in numerical simulation section) of the structure,
not measured in the first configuration, is revealed. All 3 sensors are mounted on the top level of the
structure, in the center on the excitation direction, and close to the edge of the structure, in both the
excitation direction and perpendicular to it. The fourth sensor at the middle of the level 1 plate is not
connected and it is kept as additional mass, to make the measurements as similar as possible with the
ones in configuration 1. This asymmetry of the structure as well as the additional masses added to the
level 2 of the structure, lead to slightly different resonance frequencies of the structure for bending
modes, the ones measured for in the first configuration. The measured resonance frequency plots are
presented in Fig. 14. As in the first configuration a normalization is needed to get the correct
resonance plots. They are presented in Fig. 15. It can be seen that, around the first bending mode
sensors 2 and 4 recorded the same values, and around the torsion mode sensors 2 and 3 recorded the
same values. That proves that the sensors were well calibrated.

From Fig. 12 and Fig. 14 it can be seen that the complete FRF investigation reveal also a
vibration-absorber behavior of the structure against vibration system assembly, with resonance peak
before the first bending mode.

As the excitation frequency increases a phase shift is present between the signals measured at the
level 1 and level 2 of the structure related to the signal measured at level 0. It is plotted in Fig. 16.
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1. NUMERICAL FEM RESULTS. COMPARISON WITH EXPERIMENTAL ONES

The FEM computations were done in Comsol 5.3, in both eigenfrequency and frequency domain
study, for both configurations of the sensors, with a slightly simplified geometric model (Fig 17. a
and 18.a), to shorten the computational time and resources needed.

The stiffener assemblies made up of washers and nuts in experiments (Fig. 9) were simplified
to steel cylinders surrounding the rods around the joints with plexiglass plates. For these simplified
stiffeners the geometric dimensions taken in simulations are: outer diameter of 8mm, inner diameter
of 4mm and length of 50mm. The Typel and TypeZ2 sensors were approximated to blocks of aluminum
and steel with the same weight as the real ones of 225¢g, and 55g respectively. The elastic properties
of the brass rods were approximated to copper rods. The additional steel plates are considered bonded,
and not attached with screws.

The parameters for grid size were taken 'finer' for the brass hollow rods (approximated to copper
hollow rods) and steel stiffeners, and only 'fine' for plexiglass plates, steel plates and simplified
aluminum 2024 and steel sensors blocks. Additional parameters are the fixed constraints (0
displacements) considered for the bottom side of the level 0 plexiglass plate, for both eigenfrequency
and frequency domain study. The structural losses have been considered of 1.3%, as in the
experimental determination of it at the resonance frequency, even it is known that it is not constant
for all frequencies, in fact increasing with frequency.

The elastic properties of the materials, modulus of elasticity E , Poisson ratio V', mass density
P | taken in the FEM simulations are taken mainly from the Comsol 5.3 library, and are

E=126GPa ,=0335 p=8940kg/m?

3
_ for plexiglass: E=3-0GPa v=04 p=1190kg/m
_for steel: E=211.9GPa y=0.228 p=7860kg/m’

— 3
- for aluminum 2024: E=73.14GPa ', =0.331 p=2780kg/m

- for copper:

TABLE 1. Resonance frequencies measured experimentally and computed with FEM.

Experimental results Numerical FEM results
sensor config 1 sensor config 2 sensor config 1 sensor config 2
Eigen
mode Freq [Hz] Freq [Hz] Freq [Hz] Freq [Hz]
1 bending 2.234 2.13 2.34 2.04
2 torsion 3.54 4.17 3.62
3 bending 6.68 6.48 6.62 6.48

The FEM eigenfrequency study shows the presence of 3 vibrations mode, mode 1 and mode 3
for bending modes (Fig.17.a, ¢ and Fig.18.a, ¢) and mode 2 for torsion mode (Fig.17.b and Fig.18.b).
They are computed for both configurations, and can be seen as peaks in fig. 19 and fig. 20, in
normalized displacements plots. For a better comparison of the experimental and numerical values
for the 3 vibration modes, table 1 has been done. It can be seen that the differences between the values
measured experimentally and computed numerically are less than 5%, bellow the 10% accepted
usually in numerical-experimental comparisons. From Fig. 17 and Fig. 18, but also from table 1, it
can be seen that the asymmetric sensor position of the Typel sensor at the edge of the plate, alters the
resonance frequency for both bending modes as well as for torsion modes.
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Fig. 17. (a) Simplified geometry taken in FEM computation, (b), (c), (d) computed FEM mode shapes for structure in
configuration 1 of sensors locations.
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Fig. 18. (a) Simplified geometry taken in FEM computation, (b), (c), (d) computed FEM mode shapes for structure in
configuration 2 of sensors locations.
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Fig. 19. Computed FEM normalized displacement in configuration 1 of sensor locations.
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Fig. 21. Computed phase shift in configuration 1 of sensor locations.

The FEM frequency study was done for o comparison of the experimental plots from Fig. 12-
fig.15 with the numerical ones. The computed frequency domain was 1.0 Hz - 8.0 Hz in steps of 0.02
Hz. The point where the values were computed are the center and middle edges of the plexiglass
plates at the upper surfaces, in close proximity of the sensor’s locations. The computed plots in
normalized values are presented in fig. 19 for sensor configuration 1, and in fig. 20 for sensor
configuration 2. The plots presents the computed modulus of displacement in the sensing direction of

the accelerometers: Ox for Typel and Oy for Type2: \/Re(u)2+lm(u)2 and respectively

\/Re(v)z +Im(v)* , were u and v are the computed displacements in the Ox and Oy directions, both

complex values. | can be seen that the computed FEM plots (fig. 19 and fig. 20) agree well with the
measured experimental plots (Fig. 13 and Fig. 15).

A computed phase shift of computed displacements of the signals measured at the level 1 and
level 2 of the structure related to the signal measured at level 0, is plotted in fig. 21. By a visual
comparison of the computed (fig. 21) and measured (fig. 16) phase shift, it can be seen that as the
frequency increases, the differences between measured and computed values also increases, with
maximal differences around the third vibration mode (bending), but overall the trend is kept.

2. CONCLUSIONS

This paper is the first part of a study concerning the vibration of a structure made of 2 level
frames, that includes NiTi wires as passive and active dampers.

This first part presents the experimental setup, the experimental measurements and numerical
FEM computation, of the vibrations of structure without NiTi wires, as a starting point for a future
study.

The experimental setup was shown to be suited to measure the resonance frequencies of the 2-
level structure, in the vibration excitation direction. The geometrical dimensions of the structure with
hollow brass rods and plexiglass plates, and stiffener assemblies at the joints between brass rods were
well chosen to support large deflection vibrations, compared to its size, as well as stiff enough to not
collapse at resonance frequencies. A good vibration system controlled in frequency was used. A
sensitive displacement measuring acquisition system ensured a good quality of the measurements,
and so a meaningful comparison with numerical results.

Experimental investigation reveals also a vibration-absorber behavior of the structure against
vibration system assembly. The displacements amplitude of the vibration table was not constant. So,
a normalization of the measured displacement was needed, and used successfully.
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The results of this experimental modal analysis were compared with numerical FEM
computation, both in eigenfrequency and in domain frequency studies, and good agreement was
found. Differences between measured and computed values of 5% and less, are bellow the 10%
accepted in experimental-computed comparisons.

The simplifying assumptions in the geometric model taken in FEM computations as well as
approximated material properties and grid size, were well chosen to ensure both enough accuracy as
well as good computation speed.

Further investigations will include resonance frequencies of the 2 level frame structure,
considered in this study, but in the presence of NiTi wires; Investigation of the changes of the
resonance frequencies related to the tension in NiTi wires, in this studied structure; Analytical,
numerical and experimental investigation of active vibration control system using memory-alloy
materials into structure, should also be included.
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