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setup and the measured changes in the dynamic characteristics of the monument after the application of the SMA
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1. Introduction

Any intervention in the structural system of ancient monuments should be such that it neither violates
their form nor changes drastically their structural behavior and most importantly should be reversible.
In addition, the materials to be used must be compatible with the ones the monument is constructed.
Traditional seismic retrofitting techniques have the disadvantage that most of them violate the above
conditions. An alternative to the above is the use of innovative seismic-protection techniques, such as
shape memory alloy (SMA) based devices. Such devices can be made very inconspicuous and therefore
not violating the form of the monuments and at the same time can be very effective in dissipating the
energy generated by earthquakes and hence protect the monuments. Such techniques have been
evaluated within the INCO-MED project, “Wide-Range Non-Intrusive devices toward Conservation of
Historical Monuments in the Mediterranean Area,” WIND-CHIME. The application of SMA and other
innovative devices in protecting monuments are reported by Biritognolo, ef al. (2000), Croci (2000),
and Chrysostomou, et al. (2003, 2004 and 2005).

In this paper a literature review on shape memory alloys is briefly presented along with the
characteristics of the SMA supplied by the last author team. In addition, the results of the system
identification study, which includes measurements and computational models and is described by
Chrysostomou, et al. (2004 and 2008), are presented briefly. Finally, the experimental results of the
application of SMA prestressing devices on the monument are presented and discussed.

2. Shape memory alloys

The series of Nickel/Titanium alloys developed by Buehler and Wiley (1965) in the 60’s, exhibited a
special property allowing them to regain and remember their original shape, although being severely
deformed, upon a thermal cycle. This remarkable characteristic became known as the shape memory
effect, and the alloys that exhibit it were named shape memory alloys. Later, it was found that at
sufficiently high temperatures, such materials also have the super-elasticity property: the recovery of
large deformations during mechanical loading-unloading cycles performed at constant temperature
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Fig. 1 Temperature-induced phase transformation and shape memory effect of SMA (Smartlab 2007)
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(Auricchio 1995). Subsequently, SMAs lend themselves to innovative applications.

The SMAS have two stable phases: austenite at high temperature and, martensite at low temperature.
In addition, the latter one (martensite) can be in one of two forms: twinned or de-twinned. If cooled, and
in the absence of any applied load, the material transforms from austenite into twinned martensite
phase. Here, no observable macroscopic shape change is seen. When the material in its martensitic
phase is heated, a reverse phase transformation occurs and the material is transformed to the austenite
phase. In Fig. 1, this process is illustrated and four characteristic temperatures are defined: i) M", the
martensitic start temperature (transformation from austenite to martensite); ii) MY, martensitic finish
temperature (the material is fully in the martensitic phase); iii) A%, austenite start temperature (beginning of
the reverse transformation, austenite to martensite); and iv) 4%, austenite finish temperature (the material is
in the austenitic phase).

A detailed references list on the use of SMA metals in different engineering applications is provided
in the book Auricchio ef al. 2001. The same book illustrates their use in vibration control in the form of
austenitic wires. More recently, investigations are focused on the possibility of using the pre-stressed
SMA wires to sew ancient buildings made by blocks (Casciati and Faravelli, 2004b and Casciati et al.,
2005).

The mechanical characteristics of the Nickel/Titanium (abbreviated Nitinol or NiTi) alloys have already
been widely investigated (Auricchio 2001, Saadat, et al. 2002 and Casciati 2003). Commercial
products of Nitinol were already adopted in the retrofitting of a famous church (Auricchio, et al. 2001
and Saadat et al. 2002), and a numerical simulation when implementing the constitutive law of a
commercial Ni-Ti alloy as a subroutine in the retrofitting of a large Egyptian monolithic statue, called
the Memnon Colossus, were presented in Casciati and Osman (2005).

Because of their high cost and their limited range of potential transformation temperatures, the
application of the NiTi alloy might not be the best candidate for the seismic retrofit of cultural heritage
structures. Therefore, Casciati and Faravelli (2004a) checked the suitability of an alloy different from
NiTi for the application in monumental retrofitting. The interest was focused on Copper-based SMA
that consists of Cu, Al and Be chemical composites.

Several mechanical tests were also performed on this kind of alloy (Isalgue, et al. 2002, Faravelli
and Casciati 2003, Casciati and Faravelli 2003 and Casciati and Faravelli 2004a), that was used, in
the form of 2.85 mm wires, to reinforce a prototype of masonry wall to be tested in the laboratory
(Delmonte 2007).
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Fig. 2 Typical super-elasticity behaviour of SMA
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In the loading-unloading stress strain curve shown in Fig. 2, the SMA material is first loaded (ABC),
showing a nonlinear behaviour. Then, when unloaded (CDA), the reverse transformation occurs. This
behaviour is hysteretic with no permanent strain (Auricchio et al. 1997). The pre-tensioned wires used
in this study (3.5 mm diameter) are labeled AH140 and have the following values as chemical composition
by weight:

Al=11.8%; Be =0.5%; Cu=87.7%
The producer provides the following transformation temperature:

M® =-18°C; M” = -47°C; 4%” =-20°C; 4”7 =2°C

The “M” and “4” mean here the martensite and austenite temperatures respectively, where the indices “s”
and “f” denote respectively “start” and “finish”.
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Fig. 3 Rupture test of a treated SMA at 50 °C
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Fig. 4 Cycling of the 3.5 mm SMA wire: 20 cycles between 0 and 3% strain and 10 cycles between 1% and 3% strain
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3. Characteristics of the SMA devices used in this research

The thermo-mechanical characteristics of the 3.5 mm diameter AH140 SMA wires used in this
research are described by Casciati and Faravelli (2004). This type of alloy is selected on the basis of its
typical temperature window, in which it maintains its super-elastic properties.

A basic aspect in managing the Cu Al Be alloy is the thermal treatment. Each SMA wire needs to
be heated in an oven at 850 °C for a time period that ranges between 1 and 5 minutes and depends
on the specimen’s cross section. The cooling to ambient temperature follows this process by direct
immersion in water. To complete the process, the wires are treated for 120 minutes in an oven at
100 °C, and then cooled again to ambient temperature. It is interesting to note that the thermal
treatment has as an effect the reduction of the stress of the material from 500 MPa to about 250
MPa for the same strain of 6%.

Figure 3 gives the results of a rupture test of a 3.5mm diameter SMA wire at 50 °C, while Fig. 4
a cyclic test of 20 cycles between 0 and 3% strain and 10 cycles between 1% and 3% strain. From
the second graph it is clear that cycling between 1% and 3% results in a plateau with a centre at a
strain of 2%.

Fig. 6 Sixty centimeters long SMA wires of diameter 3.5 mm
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Fig. 7 Connection of the steel cable to the SMA wire

Fig. 8 Prestressing device

4. Experimental setup

After obtaining permission from the Antiquities Department of Cyprus for applying the SMA
prestressing devices on the aqueduct, an effort was made to design the experiment in such a way so as
to minimize any damage that the experiment would cause on the monument. For this reason it was
decided to fix the wires at the base of one of the piers using bolts and at the top to support the wires on a
rigid base (Fig. 5) that would transfer the force onto the aqueduct. This of course resulted in a setup that
is not inconspicuous, but since this experiment was performed to test a hypothesis it is considered
acceptable. In the event that such devices will be applied on the monument, then a discussion should be
made with the Department of Antiquities to find the most inconspicuous way of applying the devices
that would also serve the purpose of their application.
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Fig. 11 Bolts used to fix the assembly at the bottom of the pier

Twenty 60 cm long SMAs, as the ones shown in Fig. 6, were prepared by adding fixing devices at
each of their ends. These devices were then connected to steel strands (Fig. 7) that extended from the
top to the bottom of the pier of the aqueduct.

In order to be able to apply a prestressing force, the prestressing devices shown in Fig. 8 were used by
placing them along the length of the steel strand. Two such devices were used for each strand, in order
to be able to provide the required strain, taking into account the elongation of the SMA wire and that of
the steel strand.

The use of 10 wires on each side of the pier would require the drilling of 20 holes. This was
considered excessive damage to the monument, therefore it was decided to connect two wires on a rigid
pipe, which was in turn connected to one steel strand. This resulted in a decrease of the required holes
from 20 to only 10.

Fig. 9 shows 10 of the wires hanging from the rigid base at the top of the pier. Every two wires are
connected to a steel pipe which is in turn connected to one steel strand. Each of the strands is connected
to two prestressing devices, which are placed in series (Fig. 10), which is anchored on a bolt at the
bottom of the pier (Figs. 10 and 11).

Having setup all twenty wires, tensioning of the wires took place in a symmetric manner. First the
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20 19 18 17 16 15 14 13 12 11
Fig. 12 Plan view of the top support showing the numbering of the SMA wires

Table 1 Strains in the loaded wires

Wire Initial Length Final Length Strain Wire  Initial Length Final Length Strain
No (cm) (cm) (%) No. (cm) (cm) (%)
1 53.5 55.0 2.80 11 53.8 54.5 1.30
2 51.6 53.6 3.88 12 54.2 55.2 1.85
3 51.0 52.1 2.16 13 52.1 53.2 2.11
4 52.1 52.9 1.54 14 53.1 54.0 1.69
5 52.5 53.5 1.90 15 53.0 54.3 2.45
6 52.5 53.9 2.67 16 54.0 55.6 2.96
7 53.0 53.5 0.94 17 52.0 53.0 1.92
8 523 53.0 1.34 18 53.0 54.3 2.45
9 53.0 53.8 1.51 19 53.3 54.0 1.31
10 53.5 54.8 2.43 20 53.8 54.9 2.04
Average strain 2.12 Average Strain 2.01

four central wires were tensioned. At first the prestressing devices were used to remove any slack that
existed in the assembly. When that was done, the initial length of the SMA devices was measured, as
shown in Fig. 9. This length was used to calculate the strain in the wire as the tensile force was
increased by turning the prestressing devices. Based on the data in Fig. 4 it was decided that a 2% strain
would be applied in the SMA wires since that constituted the center of the plateau.

As it can be observed from Fig. 9 only two of the SMA wires (on each side of the pier) appear to
be stretched since the experiment started by applying a prestressing force to only 4 of the 20 wires
(wire no. 5, 6, 15 and 16 in Fig. 12). Two more measurements were taken and in each case 8 more
wires (4 on each side) were prestressed giving a total of 12 and 20 wires, respectively, by stressing
first wires no. 1,2, 9, 10, 11, 12, 19 and 20, and then wires no. 3, 4, 7, 8, 13, 14, 17 and 18. Then
an unloading cycle took place by removing first the central 4 wires (wires no. 5, 6, 15 and 16)
resulting in a 16 wire loading and then removing 8 more wires (wires no. 1, 2,9, 10, 11, 12, 19 and
20) resulting in an 8 wire loading.

The length measurements and the strain calculations for the loading phase are shown in Table 1. It
should be noted that during unloading no measurements were taken since from checks that were made,
there was insignificant change in the length of the loaded wires when either the number of loaded wires
was increased or decreased. It can be observed from the table that wire no. 11 has a small strain. This is
due to the fact that the thread of the prestressing device failed and no additional load could be applied.
Although it was very difficult to reach the 2% strain in all the wires, an attempt was made to have the
strains between 1% and 3%. As it can be seen from the table on the average the strain in the wires at
each side of the pier was very close to 2%.
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5. System identification

5.1. Measurements and computational model without SMA devices

269

Chrysostomou, et al. (2004) and (2008), describe the methodology used for obtaining the dynamic
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Fig. 17 FFT for position 1 with 12 SMA wires loaded

characteristics of the monument and the development of a computational model. Fig. 13 shows the FFT
obtained from the signal analysis and the first five frequencies that were identified. The signals were
obtained from two triaxial accelerometers (EpiSensors) positioned at 2 different locations on the
aqueduct indicated with numbers 1 and 2 in Fig. 14.

Chrysostomou, et al. (2008) also describe the development of a computational model to simulate the
behaviour of the aqueduct. The eigenvalue analysis of the model resulted in the following periods of
vibration: 1.37 s, 1.16 s, 0.98 s, 0.80 s and 0.68 s. The comparison of the measured and computed
periods of vibration for the first five modes is shown in Fig. 15. It should be noted that there is a very
close agreement between the calculated and the measured periods of vibration.
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5.2. Measurements with SMA wires

Two EpiSensors were positioned at 2 different locations on the aqueduct indicated with numbers 1
and 2 (see Fig. 14), and a rubber impact hammer was used to induce vibrations in the aqueduct in
addition to ambient vibrations. One impact location was used indicated in Fig. 14 with the letter A. The
x-axis, y-axis and z-axis of the EpiSensors were aligned with the longitudinal, perpendicular to its plane
and vertical directions of the aqueduct, respectively.

The measurements were analyzed using the software DaisyLab 9.0. A Fast Fourier Transform (FFT)
was used with a low pass Butterworth filter of 10 Hz, a high pass Butterworth filter of 0.6 Hz and a
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Table 2 Measured frequencies for the various loading cases

Loading Cycle Loading Unloading
No. of wires 4 12 20 16 8
Frequency 1 (Hz) 0.85 0.98 1.01 1.13 0.82
Frequency 2 (Hz) 1.25 1.37 1.43 1.50 1.25
Frequency 3 (Hz) 2.93 2.81 2.75 2.62 2.96
Frequency 4 (Hz) 4.76 4.73 4.70 4.64 4.85

Hanning data window.

As explained in the previous section, five loading conditions were applied on the structure by
prestressing 4 wires, 12 wires and 20 wires in a loading cycle, and then by removing the load in 4 wires,
hence leaving 16 wires loaded, and finally removing 8 wires leaving 8 wires loaded. The results of the
FFT analysis of the signal at position 1 are shown in Figs. 16 to 20. It should be noted that the same
results were obtained by the sensor which was placed at position 2.

6 Discussion of the results

In comparing Figs. 16 to 20 with Fig. 13 it is obvious that the application of the SMA wires have a
significant effect on the dynamic behaviour of the aqueduct. While in the case that there are no wires on
the structure the obtained signal is complex and only a few distinct frequencies appear, as soon as the
SMA wires are applied, the signal in all the cases clears-up and four distinct frequencies appear. It is
obvious that there may exist additional frequencies between these distinct frequencies and in particular
between the second and the third and the third and the forth ones, but since there is no means to
establish them in a definite way, then no attempt is made to report any of those.

The results presented in Figs. 16 to 20 are summarized in Table 2. It is obvious from the results that as
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Fig. 21 Variation of the measured frequencies with the number of SMA wires for the loading and unloading
(unl.) cycles

the number of wires increases from 4 to 20, there is a shift of the fundamental frequency from 0.85 Hz
to 1.01 Hz (period shift from 1.18 s to 0.99 s). The same is observed for the second recorded frequency.
This indicates a stiffening of the structure due to the application of a prestressing force. This stiffening
can be explained by the increase in contact between the masonry units and hence the increase of its
stiffness through the increase of the modulus of elasticity of the masonry matrix. For the third and the
forth frequencies though a slight decrease is recorded with the increase of the number of wires, from
2.93 Hz to 2.75 Hz and from 4.76 Hz to 4.70 Hz, respectively.

In the case of unloading, the same behaviour is exhibited by the structure. For the first two recorded
frequencies, as the number of wires decreases from 16 to 8 there is a decrease in the measured
frequency, which indicates softening of the structure due to the removal of a prestressing force and
hence decrease of the effective modulus of elasticity of the masonry matrix. For the other two
frequencies the reverse takes place; that is as the number of wires decreases the measured frequencies
increase slightly.

A discrepancy appears to exist between the results for the 20 wires compared to those for the 16
wires. Although the prestressing force is decreased, the magnitude of the first two measured frequencies
increases, while that of the other two decreases. An explanation for this can be the difference in the load
pattern that was applied due to the difference in the sequence of prestressing the wires as explained
under the section of experimental setup. By removing the four wires in the middle to go from the 20 to
the 16 wires in the unloading cycle, a different load pattern was formed compared to the loading one, in
which the four middle wires were the first to load. Therefore, since there was a difference in the loading
distribution then the loading and unloading cycles should be treated as distinct cases.

The results presented in Table 2 and discussed above are plotted in Fig. 21. From the figure it is
obvious that the increasing slope for frequencies 1 and 2 for the loading cycle is the same, while the
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Table 3 Load in the wires

Wire  Strain Stress Load Loading case Loading case Loading case Loading case Loading case
No. (%) (N/mm?) (kN) 1 (kN) 2 (kN) 3 (kN) 4 (kN) 5 (kN)

1 2.80 173.5 1.669 1.669 1.669 1.669

2 3.88 195.9 1.885 1.885 1.885 1.885

3 2.16 160.7 1.546 1.546 1.546 1.546
4 1.54 147.8 1.422 1.422 1.422 1.422
5 1.90 155.4 1.495 1.495 1.495 1.495

6 2.67 170.9 1.644 1.644 1.644 1.644

7 0.94 133.5 1.284 1.284 1.284 1.284
8 1.34 143.2 1.378 1.378 1.378 1.378
9 1.51 147.1 1.415 1.415 1.415 1.415

10 2.43 116.2 1.118 1.118 1.118 1.118

11 1.30 142.2 1.368 1.368 1.368 1.368

12 1.85 154.3 1.485 1.485 1.485 1.485

13 2.11 159.7 1.536 1.536 1.536 1.536
14 1.69 151.0 1.453 1.453 1.453 1.453
15 2.45 166.6 1.603 1.603 1.603 1.603

16 2.96 176.6 1.699 1.699 1.699 1.699

17 1.92 155.6 1.497 1.497 1.497 1.497
18 2.45 166.6 1.603 1.603 1.603 1.603
19 1.31 142.5 1.371 1.371 1.371 1.371

20 2.04 158.3 1.523 1.523 1.523 1.523

Total Load 6.441 18.275 29.995 23.553 11.719

Table 4 Load in the wires and corresponding frequencies

Loading Cycle Loading Unloading
No. of wires 4 12 20 16 8
Load in wire cluster (kN) 6.441 18.275 29.995 23.553 11.719
Frequency 1 (Hz) 0.85 0.98 1.01 1.13 0.82
Frequency 2 (Hz) 1.25 1.37 1.43 1.50 1.25
Frequency 3 (Hz) 2.93 2.81 2.75 2.62 2.96
Frequency 4 (Hz) 4.76 4.73 4.70 4.64 4.85

decreasing slope for frequencies 3 and 4 is also the same. The exact same pattern is observed for the
unloading cycle with a slight difference in the slopes of the lines.

Since the strain in the wires is not the same (Table 1), then the loading in the wires is also different.
This means that plotting the variation of frequencies as a function of the number of wires may not give
meaningful results. Using the data in Table 1 and the stress-strain relationship of Fig. 3, the load in each
of the 3.5 mm diameter wires were calculated as shown in Table 3. Then the total load for each of the
loading cases was calculated by adding the loads in the participating wires. The results of this
calculation are shown in Table 4 and the plots of the frequencies versus the load in the SMA wires are
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shown in Fig. 22.

In comparing Figs. 21 and 22 it can be observed that they give the same trends, although there may be
some difference in the slopes of the curves. Therefore it can be stated that provided that there is not a
large variation in the strains in the loaded wires, the plots of frequency versus wire number and
frequency versus load, give similar results.

Using now the results shown in Fig. 22 for the loading cycle, second order polynomials were fitted
to the results as shown in Fig. 23. From the equation for the fundamental frequency, it can be
predicted that the fundamental frequency of the structure when no wires are applied is 0.737 Hz. This
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Fig. 24 Extrapolation of the fitted curve of the 1% frequency to zero-load for the loading (4, 12, 20 wires) cycle

is shown in Fig. 24, in which the fitted line was used to extrapolate backwards to zero load at which
the intercept is 0.74 Hz. In comparing with the measured fundamental frequency of the structure
(Fig. 13), it is obvious that there is a close match and therefore this equation can be used for the
prediction of the modification of the fundamental frequency of the structure as a function of the
applied load in the SMA wires.

7. Conclusions

In this paper the results of the application of copper-based shape-memory-alloy prestressing devices
on an ancient aqueduct are presented. The dynamic characteristics of the monument without the
application of SMA are reported by Chrysostomou, et al. (2008).

From the measurements it is clear that the SMAs have a significant effect on the dynamic characteristics
of the monument. It was observed that the application of the wires had as a result the significant
modification of the recorded signal. While for the case of no wires the signal was rather complicated,
the application of the wires had as an effect the clearing of the signal and the recording of 4
predominant frequencies, irrespective of the number of wires applied.

Certain trends were also recorded. As the number of the wires increased, the first two recorded
frequencies have also increased, while a slight decrease was recorded for the 3™ and 4™ frequencies. A
similar trend was noted in the case of unloading of the wires, but now a decrease in the recording
frequency with a decrease in the number of wires was observed for the first two recorded frequencies
and an increase for the last two.

The increase in the fundamental frequency from 0.85 Hz to 1.01 Hz (period shift from 1.18 s to 0.99 s)
shows an increase in the stiffness of the structure, which can be attributed to modification of the
modulus of elasticity due to the prestressing force that makes the masonry matrix more homogeneous.

A discrepancy was observed between the loading and the unloading cycle. An explanation for this
can be the difference in the load pattern that was applied due to the difference in the sequence of
prestressing the wires as explained under the section of experimental setup.
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Plotting frequencies as a function of the number of wires or the load in the wire cluster give the same
trends, although there may be some difference in the slopes of the curves. Therefore it can be stated that
provided that there is a small variation in the strains in the loaded wires, the plots of frequency versus
wire number and frequency versus load, give similar results.

The 2™ order polynomial that was fitted by linear regression in the variation of the fundamental
frequency with the load in the wire cluster has resulted in an equation which when extrapolated to zero-
load predicted a frequency of 0.74 Hz, which is the one measured on the structure without any wires.
This equation can be, therefore, used for the prediction of the modification of the fundamental
frequency of the structure as a function of the applied load in the SMA wires.

Based on the above findings it can be concluded that the application of the SMA wires on a real
structure has shown that they significantly change the dynamic characteristics of the structure. This is a
matter that should be further investigated by laboratory tests in order to establish the relationship
between the variation of the frequencies of the structure and the modulus of elasticity of the masonry
matrix. This relationship should then be tested by the development of a computational model that will
be able to predict the behaviour of the aqueduct when the SMA prestressing devices are applied, and
hence investigate numerically the effectiveness of the SMA wires in the protection of monuments from
earthquakes.
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