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Metallic tie-rods are currently used in many historical buildings for absorbing the out-of-plane horizontal
forces of arches, vaults and roof trusses, despite they exhibit several limitations under service and seismic
conditions. In this paper, a post-tensioned system based on the superelastic properties of Ni-Ti shape
memory alloys is proposed for improving the structural performances of traditional metallic tie-rods. First,
the thermal behavior under service conditions is investigated based on the results of numerical and
experimental studies. Subsequently, the seismic performances under strong earthquakes are verified trough
a number of shaking table tests on a 1:4-scale timber roof truss model. The outcomes of these studies fully
confirm the achievement of the design objectives of the proposed prototype device.
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1. Introduction

Degradation of ancient building materials, prolonged expo-
sure to environmental influences and uneven settlements make
strengthening of historic buildings unavoidable. Furthermore,
many historic buildings were built to a much lower seismic
intensity compared to similar modern structures. Seismic
retrofit measures, integrated into the building without altering
its character and appearance, are then needed. Arches, vaults,
and timber roof trusses are typical elements of historic
buildings. In many cases, however, proper structural details
for absorbing the out-of-plane horizontal thrusts exerted by
these typical elements (e.g., concrete curbs, wood tie beams,
steel tie-rods) are missing, inadequate, or deteriorated.

In the last decades, some researchers have started proposing
SMA as kernel components of passive control devices for
improving the dynamic response of buildings and bridges
subjected to earthquake-induced vibrations (Ref 1-12).

In this paper, a post-tensioned system based on the
superelastic properties of shape memory alloys (SMAs) is
presented as an alternative to currently used metallic tie-rods.

The main advantage of the proposed SMA-based system,
compared to traditional metallic tie-rods, is the possibility of

limiting force changes in the latter due to temperature variations.
Additional features are related to the possibility of: (i) calibrating
the stress in the system during the post-tensioned process, (ii)
avoiding buckling under negative displacements, (iii) applying the
force in the anchorages without jerks during an earthquake, (iv)
controlling the structural deformations, if a given target displace-
ment is exceeded, under unexpected earthquakes, (v) dissipating a
significant amount of energy during an earthquake.

First, the thermal behavior under service conditions of a steel
tie-rod, with and without SMA device, is evaluated. To this end,
a suitable iterative numerical procedure, able to simulate the
interaction between steel tie-rod and SMA device under a given
temperature-time history, has been implemented and applied to a
selected case study, in order to demonstrate the improvements
following the use of the SMA unit. The seismic effectiveness of
the proposed SMA system is then verified through a number of
shaking table tests on a 1:4-scale timber roof truss model
equipped with a suitable SMA unit. The comparison between
the seismic response of the structure, with and without the SMA
unit, fully confirms the achievement of the design objectives.

2. Performance Objectives and Functioning
Principles

TheproposedSMA-based device has beendesigned to be placed
in series with a traditional steel tie-rod. In service conditions, the
SMA device will be subjected to a tension force equal to the lateral
thrusting force due to gravity loads. The main performance
objective of the proposed SMA device is the limitation of the force
variations in the steel tie-rod due to temperature changes in service
conditions. An additional objective is the improvement of the
seismic behavior of the tested structure under strong earthquakes.

The achievement of aforesaid performance objectives is
strictly correlated to the superelastic properties of SMA (Ref 3,
13, 14). In service conditions, the thermal behavior of SMA
results antagonistic compared to that of steel tie-rod. Indeed, as
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soon as temperature increases (decreases) the tie-rod tends to
elongate (shorten). The consequent reduction (increase) of axial
force, however, is counterbalanced by the increase (reduction)
of the stress levels in the SMA wires (see Fig. 1). From the
seismic point of view, the improvement is related to the
hysteretic energy dissipation capacity of pre-strained SMA
wires, as well as to the excellent force control of the SMAwires
during the martensitic transformation.

3. Evaluation of Thermal Behavior

The effectiveness of the proposed SMA-based device in
service conditions has been evaluated through a numerical
iterative procedure implemented in MATLAB (Ref 15), using
an incremental formulation. The step-by-step procedure under
consideration permits the evaluation of the thermal behavior of
the system as a whole (steel tie-rod + SMA unit) subjected to a
generic temperature history.

The thermomechanical behavior of SMA has been described
with the phenomenological constitutive model developed by
Brinson (Ref 16). The Brinson�s model combines a phenomeno-
logical constitutive law, relating stress (r), strain (e), temperature
(T), and martensite fraction (n), with a kinetic law that describes the
evolution of the martensite fraction as a function of stress
and temperature (transformation function). In this study, semi-
empirical, rate-independent, cosine transformation functions, firstly
proposed by Liang and Rogers (Ref 17), have been considered and
implemented in the numerical procedure. The behavior of the
structure (arch, vault, roof truss, etc.), under service condition, is
governed by the following equilibrium and congruence equations:

ASMA � rSMA ¼ AROD � rSTEEL ðEq 1Þ

LSMA � DeSMA ¼ LROD � DeSTEEL ðEq 2Þ

in which ASMA and AROD are the cross-section area of SMA
device and steel tie-rod, respectively, LSMA and LROD their corre-
sponding lengths, rSMA and rSTEEL the current stress levels in
SMA wires and tie-rod, respectively, DeSMA and DeSTEEL the
associated thermally or stress-induced variations of strain. The
variation of strain in the steel tie-rod can be expressed as:

DeSTEEL ¼ a � DT þ DrSTEEL=ESTEELð Þ ðEq 3Þ

where a and ESTEEL are the thermal coefficient of expansion
and the Young�s modulus of the metallic material, respec-
tively; DT and DrSTEEL are the variations of air temperature
and stress level in the steel tie-rod, respectively. The variation
of strain in the SMA wires (DeSMA) can be expressed as a
function of DrSMA by inverting the constitutive laws of
SMAs (Ref 16, 17). After that, Eq 1 and 2 provide the cur-
rent value of the stress level in steel tie-rod and SMA wires.
Once a given temperature-time history is assigned, a closed-
form solution that describes the thermal behavior of the sys-
tem in each instant of time can be obtained.

Figure 2 shows the thermal behavior of a steel tie-rod, with or
without SMA device, as obtained from the numerical routine
implemented in MATLAB. The tie-rod under consideration has
24 mm diameter cross section, 10 m length and it is supposed to
work at approximately 180 MPa at 20 �C. The SMA device of
Fig. 2 is composed of a proper number of SMA wires, having
70 mm length and180 mm2overall cross-section area. The selected
temperature-time history has been defined considering typical
values of the maximum and minimum air temperature in Italy.

The SMA mechanical parameters that are required to
explicit the numerical model have been obtained from a
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Fig. 1 Antagonistic thermal behavior between steel tie-rod and SMA superelastic device
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number of tensile tests on superelastic wires, carried out at
different temperatures (T>Ms) and pushed up to appearance
of detwinned martensite (see Fig. 3). The aforesaid mechanical
parameters include: (i) the four transformation temperatures in
the stress-free state related to start and finish of the forward and
inverse martensite transformation (Ms, Mf, As, and Af), equal to
�60, �49, �30.5 and �20 �C, respectively, in the case under
consideration (see Fig. 3a); (ii) the maximum residual strain
(eL) accumulated on complete stress-induced martensite trans-
formation (see Fig. 4), approximately equal to 4.1% in the case
under consideration; (iii) the slopes CAM and CMA of the
transformation lines, equal to 6 and 6.1 MPa/�C, respectively
(see Fig. 3a), and (iv) the Young�s modules of SMA in the

austenite (Ea) and martensite phase (Em), equal to 60 and 15
GPa (see Fig. 4), respectively, in the case under consideration.

In Fig. 3(b), the experimental stress-strain relationships
obtained from loading-unloading tension tests at different air
temperatures (ranging from approximately 0 to 30 �C) are
compared with the stress-strain curves provided by the adopted
numerical model, using the experimental values of the SMA
mechanical parameters listed before. The good accordance
between experimental and numerical stress-strain diagrams
confirms the accuracy of the selected SMA constitutive model,
thus substantiating the numerical simulation presented in Fig. 2.

The structural system examined in Fig. 2 is assumed to
undergo two thermal cycles characterized by a first heating
from 20 to 40 �C, followed by cooling to 0 �C and then by
further heating to 20 �C. As can be seen in Fig. 2, the total
stress excursion experienced by the steel tie-rod is almost
halved when the SMA unit is used. Considering the initial

Fig. 2 Comparison between the thermal behavior of a steel tie-rod
with and without SMA device based on the numerical simulation
analysis

Fig. 3 Experimental results of loading-unloading tensile tests considered in the calibration of the SMA model: (a) critical transformation stres-
ses as a function of temperature and (b) comparison between experimental and numerical stress-strain relationships at different air temperatures
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stress level in the steel tie-rod at 20 �C, the maximum percent
variation of stress is 29% without SMA unit, while it reduces to
approximately 16% for the steel tie-rod with SMA unit. By
examining the thermomechanical behavior of the SMA wires
reported in Fig. 2, it is clear that the wider the transformation
ranges (Ms-Mf and As-Af) and the narrower the hysteretic range
(Ms-As), the better the performances of the system.

Figure 5 shows the experimental apparatus set-up for thermal
tests on tie-rod equipped with SMA device. It basically consists of
(i) a steel testing rig, simulating the fixed restraint conditions
imposed by arches and vaults, (ii) an Instron-Shenck dynamic
actuator, able to apply 10 kN maximum force with ±125 mm
stroke, simulating the steel tie-rod, (iii) a pre-strained SMAwire
sample of 180 mm length, simulating the SMA device, and (iii) a
thermal room, working in a temperature range from �30 to
+80 �C. The test apparatus of Fig. 5 has been purposely designed
to reproduce the work conditions that a metallic tie-rod with SMA
device would experience when inserted inside an arch or a vault.

The presence of the steel tie-rod in the experimental tests is
simulated with the actuator that is driven by special software
which controls the SMA displacement according to the
following algorithm:

d ¼ d0 � a � LROD � ðT � T0Þ �
LROD

E � AROD
� ðF � F0Þ ðEq 4Þ

where d0, T0, and F0 are the imposed initial displacement,
force, and air temperature, respectively, LROD and AROD are
the length and cross-section area of the steel tie-rod, E and a
are the Young�s modulus and thermal coefficient of expansion

of steel. The displacements applied by the actuator to the
SMA wires, therefore, take into account both the elastic
deformation and the thermal expansion of the steel tie-rod.

Figures 6 and 7 show the results of two typical tests carried
out with the experimental apparatus of Fig. 5. In both the cases,
the following assumptions have been made for the steel tie-rod:
LROD = 10 m, a = 1.29 10�5 �C�1, E = 210 GPa, and r0 =
F0/AROD = 100 MPa. The SMA unit consists of one 1.84 mm
diameter SMA wire with 180 mm free length.

Fig. 5 Experimental apparatus for thermal tests under displacement
control
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In the first test, a displacement of about 7.5 mm (corre-
sponding to a pre-strain of about 4% in the SMA wire sample)
is applied and maintained constant during the test (see Fig. 6a).
The air temperature is first increased from 20 to 40 �C and then
decreased again to 20 �C (see Fig. 6b). In the second test, a
displacement of 9 mm (corresponding to about 5% pre-strain in
the SMA wire sample) is applied and maintained constant
during the test (see Fig. 7a). The air temperature is first
decreased from 20 �C to approximately 0 �C and then

increased again to 20 �C (see Fig. 7b). During the tests, the
force acting in the system is constantly monitored (see Fig. 6c,
7c). The examination of the force-time histories recorded
during the tests (see Fig. 6c, 7c) points out a percent variation
of force of the order of 10-12%, to be compared with that
experienced by the tie-rod without SMA device DF=F0 ¼ð
aESTEELARODDT=r0Þ under the same experimental conditions,
of the order of 50% in both the cases.

4. Shaking Table Tests

The proposed SMA device has been designed to reach a
number of performance objectives under seismic conditions: (i)
to avoid yielding and buckling in the steel tie-rod, (ii) to
re-center the structure in its initial configuration at the end of
seismic displacements, (iii) to control the maximum displace-
ment under earthquakes with seismic intensity higher than the
design level. The scope of the experimental seismic tests was to
demonstrate that the aforesaid objectives are fully achieved
with proposed SMA device.

4.1 Specimens

The experimental model (Fig. 8) is a 1:4-scale timber roof
truss model characterized by a static scheme of three-hinges
arch with 1.5 m span and 0.5 m rise. The experimental model
consists of two wooden layers, with plan dimensions of
0.95 m9 1 m and 50 mm thickness, inclined at 35� with
respect to the horizontal line and supported by two wooden
beams with 0.1 m9 0.1 m cross section. The wooden layers
are connected at the ridge through a cylindrical steel hinge, free
to rotate due to insertion of a number of polytetrafluoroethylene
(PTFE) washers between the steel bar and the wood holes.

The model is placed on the earthquake platform through two
bearing devices (Fig. 8): one sliding in the seismic direction
while the other rigidly fixed to the table. The absolute
displacement of the sliding bearing corresponds to the relative
movements between the walls supporting the roof (or the piers
of an arch/vault) in a real structure. The sliding bearing at the
base of the model is realized with four 1 mm diameter circular
PTFE pads with recesses and a 2 mm thickness stainless steel
shim. Based on the contact pressure generated in the PTFE pads
(equal to about 5 MPa) a friction coefficient of the order of 5%
was expected between lubricated stainless steel and PTFE
interfaces (Ref 18). The two bearing devices have been
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Fig. 7 Experimental behavior of steel rod + SMA device during
cooling from 20 to 0 �C followed by heating to 20 �C: (a) displace-
ment, (b) air temperature, and (c) force-time histories of the entire
system. (d) Stress-strain behavior of SMA wires Fig. 8 Experimental model ready to be tested
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connected by means of a steel bar with 4 mm diameter,
900 mm length, and approximately 3 kN tensile strength. The
steel bar was designed to absorb the horizontal thrust due to
gravity loads working at approximately 50% its ultimate
strength.

Additional masses were put on each layer of the model, to
account for the non-structural dead loads, a fraction (1/3) of live
loads and the increase of mass in the model due to the mass
similitude scaling. To this end, 36 steel disks, 10 kg each, were
put on each layer of the model.

The SMA device employed in the tests (Fig. 9) was realized
using a 1 mm diameter superelastic Ni-Ti SMA wire. Ni-Ti
SMA have been preferred to other types of SMA (e.g.,
Cu-based SMA) due to its higher energy dissipation capacity,
larger superelastic strain range and better fatigue resistance to
large strain cycles. In the test configuration, the SMAwire was
wrapped around two redances and fastened by means of a
couple of clamps. A total of 2.5 wire loops were realized, in
order to limit the maximum force transmitted by the SMA
device below the yield force of the steel tie-rod. The free length
of the SMA wires, measured as the distance between the two
clamps, was set equal to 150 mm, corresponding to a total
length of the device equal to 210 mm. Between one test
sequence and another, the SMA wire was replaced with a new
one. During this operation the sliding bearing of the model was

bolted to the earthquake platform by means of a couple of rigid
steel plates.

4.2 Test Set-up

The test apparatus for shaking table tests consists of a single-
degree-of-freedom earthquake platform with 19409 950 mm
dimensions and 1 ton load capacity. The earthquake platform is
driven by a dynamic Instron-Schenk actuator fixed to an external
rigid metal frame and powered by a hydraulic control unit with
approximately 160 L/min capacity. The actuator is characterized
by a maximum force of 40 kN and maximum stroke of
±125 mm. The sensor set-up for the acquisition of the seismic
response of the experimental model includes (Fig. 10): (i) two
LVDT�s with ±50 mm working range, measuring the horizontal
displacements of the sliding bearing at the base of the model, (ii)
one LVDTwith ±50 mm working range, measuring the relative
displacements between the ends of the SMAwire loops, (iii) one
LVDT with ±25 mm working range, measuring the vertical
displacements of the hinge placed on the roof, (iv) two ±2 g
servoaccelerometers, measuring the horizontal accelerations of
earthquake platform and wooden layer, respectively, (v) one
inclinometer with ±10� operational range, measuring the
rotations of a layer, and (vi) a double-effect load cell with
±5 kNworking range, measuring the tension force in the tie-rod.

Fig. 9 Close-up view of the SMA system

Fig. 10 Schematic layout of experimental model and sensor set-up
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4.3 Experimental Program

The main purpose of the experimental program was to
assess the effectiveness of the SMA-based device in improving
the seismic response of the structural model, by overcoming the
main limitations of the traditional metallic tie-rods. The
complete program of tests includes a total of 34 shaking table
tests, the first 18 on the model equipped with SMA-based unit
and the subsequent 16 on the model with steel tie-rod only.

Two artificial accelerograms, strictly compatible with the
Eurocode 8 (Ref 19) elastic response spectrum for soil type B,
and two natural records (i.e., the WE component of the
L�Aquila station (4.9 km epicentral distance) of the L�Aquila
mainshock (06/04/2009) earthquake (Magnitude 6.3), and the
NS component of the Tolmezzo station (21.7 km epicentral

distance) of the Friuli mainshock (06/05/1976) earthquake
(Magnitude 6.4)) have been selected as input signal of the
earthquake platform (Fig. 11).

The input signals have been scaled in time by a factor equal to
the square root of the scale of the model in accordance with the
principles of the theory of model scaling. The PGA of the input
signals has been progressively increased during the tests, up to
the operative limits of the SMA unit or the occurrence of
extensive damage in the metallic tie-rod. The tests at the
maximum seismic intensities (0.6 g for the artificial accelero-
grams and 0.8 g for the natural records) have been repeated
within a single run test sequence. At the end of each test sequence
(same structural configuration and same seismic input), SMA
wires and steel bar have been replaced with new ones.

5. Experimental Results

Figure 12 compares the experimental cyclic behavior of the
tie-rod with and without SMA device, recorded during the tests
with the artificial accelerograms at 0.6 g (Fig. 12a, b) and with
the L�Aquila and the Friuli natural records at 0.8 g (Fig. 12c, d).
As can be seen, the cyclic behavior of the tie-rod with SMA
device results compatible with the design strain amplitude of
SMA, which is typically assumed equal to that corresponding to
the end of the martensitic transformation (about 9% in the case
under consideration). Indeed, the maximum strain amplitude
attained during the tests considered in Fig. 12 ranges between 9
and 11%. Similar considerations can be done in terms of force
transmitted by the SMA unit to the steel bar, which ranges
between 2.4 and 2.7 kN, thus resulting fully compatible with the
yielding force of the steel bar, equal to approximately 3 kN.

Figure 13 compares the displacement-time histories of the
horizontal displacement of the sliding bearings recorded during
the tests with the artificial accelerograms at 0.6 g (Fig. 13a, b)
and with the L�Aquila and Friuli natural records at 0.8 g
(Fig. 13c, d).

The use of the SMA device results in a significant increase
of the deformability of the structure, well pointed by the
increase of its equivalent period of vibration, from about 0.12 s
(tie-rod without SMA unit) to about 0.2 s (tie-rod with SMA
unit). The aforesaid values of the equivalent period of vibration
of the testing model have been evaluated based on the secant
stiffness of the tie-rod with and without SMA at the maximum
displacement amplitudes attained during the tests. This should
imply larger horizontal displacements in presence of SMA unit.

Nevertheless, the maximum displacements of the structure
with and without SMA unit are still comparable (24 versus
19 mm for the artificial accelerogram n. 1 (Fig. 13a) and 15
versus 22 mm for the artificial accelerogram n. 2 (Fig. 13b),
due to the significant displacement offset consequent to the
yielding of steel bar. The cyclic behavior of the system
equipped with the SMA unit turns out to be perfectly
re-centering. On the contrary, the tie-rod without SMA unit
underwent extensive plastic deformations, with large residual
displacements at the end of the earthquake, which are of the
order of 21 and 8 mm for the accelerograms n. 1 and n. 2,
respectively, corresponding to residual deformation in the steel
bar of the order of 2.4 and 0.9%, respectively. In this case, the
tie-rod must be immediately replaced in order to avoid the
collapse of the steel bar due to possible aftershocks. No
instability phenomena have been registered during the tests on
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the structure with SMA unit, while the buckling of the steel bar
has been observed occasionally during the tests on the structure
without SMA unit (Fig. 12a, b).

Figure 14 shows the Frequency S-Transform Functions
(Ref 20, 21) derived from the acceleration-time histories of the

model with SMA unit, recorded during the test at 0.6 g with the
artificial accelerogram n. 1 (Fig. 14a) and during the test at 0.8 g
with the L�Aquila natural record (Fig. 14b). As can be seen, the
fundamental frequency of vibration of the structure with SMA
unit varies during the seismic excitation, decreasing from
approximately 6-7 Hz to 3-4 Hz, while increasing the amplitude
of seismic vibrations. At the end of the earthquake, however, the
frequency of vibration reaches again the same initial value, as a
result of the strong re-centering behavior of the SMA device.
Also the frequency of vibration of the structure without SMA
device (Fig. 14c) changes continuously during the seismic
excitation, decreasing from approximately 10-11 Hz to 5-6 Hz,
while increasing the amplitude of seismic vibrations. During the
coda stage of the test, however, the frequency of vibration
stabilizes around 8 Hz, as a consequence of steel yielding.

The maximum horizontal displacement registered during the
seismic tests on the model with SMA unit resulted of the order
of 25 mm, corresponding to a full-scale displacement of the top
of the walls that sustain the roof of the order of 50 mm.
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The compatibility of the maximum displacement can be
checked by examining the out-of-plane collapse mechanism of
masonry walls. To this end, reference to the nonlinear cinematic
approach proposed in the Italian seismic code (Ref 22) can be
made. According to this approach, masonry walls with typical
dimension and mechanical characteristics exhibit a displace-
ment capacity approximately two times bigger than the
maximum displacement said before. This proves that the
seismic response of the model with SMA unit, observed during
the experimental tests carried out in this study, is compatible
with the out-of-plane resistance of typical masonry walls.

6. Conclusions

A prototype device based on Ni-Ti SMAs for the improve-
ment of the service and seismic performances of metallic tie-
rods for historical buildings has been presented.

A number of preliminary experimental and numerical
studies have been carried out, in order to investigate the
thermal behavior of the proposed SMA-based device. The
results of these preliminary studies prove the effectiveness of
the proposed SMA device in limiting force changes in metallic
tie-rods due to air temperature variations. Further improve-
ments may be obtained using SMAs with a less hysteretic
cyclic behavior, such as that of the Cu-based SMAs.

Extensive shaking table tests have been also carried out, to
investigate the behavior of the proposed SMA-based device
under strong earthquakes. The results of shaking table tests
clearly prove the effectiveness of the proposed SMA device in
improving the seismic response of arches, vaults, and roof
trusses equipped with traditional metallic tie-rods. This can be
ascribed to the longer equivalent period of vibration, higher
energy dissipation capacity, and better control of force guar-
anteed by the use of the proposed SMA device.

Considering the displacement levels associated to the out-
of-plane collapse of the supporting walls, the PGA correspond-
ing to the attainment of the ultimate strength of the metallic
tie-rod can be further increased by increasing the length of the
SMA wires. Excessive lengths, however, could be at the
detriment of the performances of the system (tie-rod + SMA) in
service conditions (thermal behavior) that in many cases appears
to be the main design objective of the proposed SMA device.

Obviously, the design shall be made considering the
response of the system both under service conditions (thermal
behavior) and under ultimate conditions (seismic behavior). As
a consequence, the optimal solution should be derived based on
preliminary considerations on the seismicity of the area and its
environmental conditions: an optimal seismic behavior of the
SMA device shall be pursued for structures in high seismicity
regions where moderate temperature changes are expected; vice
versa an optimal thermal behavior of the SMA device shall be
pursued for structures in low seismicity regions where consid-
erable temperature changes are expected.
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