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Chapter

Design and Analysis of SMA-Based
Tendon for Marine Structures
Shahin Zareie and Abolghassem Zabihollah

Abstract

A tension-leg platform (TLP), as an offshore structure, is a vertically moored
floating structure, connecting to tendon groups, fixed to subsea by foundations, to
eliminate its vertical movements. TLPs are subjected to various non-deterministic
loadings, including winds, currents, and ground motions, keeping the tendons under
ongoing cyclic tensions. The powerful loads can affect the characteristics of tendons
and cause permanent deformation. As a result of exceeding the strain beyond the
elastic phase of the tendons, it makes unbalancing on the floated TLPs. Shape mem-
ory alloy (SMA)-based tendons due to their superelasticity properties may potentially
resolve such problem in TLP structures. In the present work, performance and
functionality of SMAwire, as the main component of SMA-based tendon under cyclic
loading, have been experimentally investigated. It shows a significant enhancement
in recovering large deformation and reduces the amount of permanent deformation.

Keywords: tension-leg platform, shape memory alloy, tendon, the superelasticity,
cyclic load

1. Introduction

Marine and offshore structures are the key elements in energy supply chains in
modern communities. A wide range of offshore structures including fixed and
floated platforms, particularly tension-leg platform (TLP), are used to discover,
extract, and transport the fossil fuel from seas and oceans.

According to the depth of the sea or oceans, proper offshore structures are
chosen. For instance, for the depth between 300 and 1500 m, TLPs are the opti-
mized platforms. TLPs are classes of floating offshore structures, fixed by a tendon
to the seabed, as presented in Figure 1 [2]. Tendons prevent vertical movements
under tough external loadings from periodic, such as day-to-day winds and cur-
rents, to nonperiodic, like hurricanes and earthquakes [3–5]. Each of those loadings
can put the integrity of the TLPs at risk.

In order to prevent any instability and damage, the applied loads should be
prioritized with respect to the intensity. One of the most hazardous loadings is
seismic activities, which can affect the integrity directly or indirectly by generating
powerful loads, called the tsunamis. In TLPs, the seismic load’s effect can be trans-
ferred by tendons to the main structures; hence, any damage or residual deforma-
tion in tendons makes the whole structure unbalanced and unstable.

In order to enhance the dynamic behavior of the tendons, the ideal tendons
should be able to recover the original shape after experiencing large deformation
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and be able to absorb the energy of seismic activities [6–10]. With respect to these
desired outcomes, the shape memory alloy (SMA) is an ideal alternative to replace
the conventional materials for making tendons, as shown in Figure 2.

An SMA is a class of smart materials with unique properties to return original
shape by applying heat after removing the load, called shape memory effect (SME)
or only removing loads, called superelasticity (SE). The SME and SE’s state depends
on the applied straining and working temperature. In both the SME and SE, the
SMA is capable of dissipating the energy of the external loads. Overall, SMAs in the
SE state are much popular than the SME mode, due to the simplicity of use and no
need for any external source of heat. Nowadays, SMA-based applications are
extensively used in many engineering applications, such as aerospace, automotive,
civil infrastructure, and particularly, marine and offshore structures [6, 9–13].

The suggested SMA-based tendons are composed of SMA wires. The functional-
ity of SMA wires under long-term cyclic loading is a crucial parameter to use for
TLPs. In this study, the performance of the SMA wires is evaluated by exposing
under cyclic loading.

Figure 1.
The schematic diagram of TLP with SMA-based tendons taken from [1].

Figure 2.
The schematic diagram of the SMA-based tendon and its components taken from.
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2. Shape memory alloy

The simplified constitutive law of superplastic SMA can be expressed by [14]:

σ εð Þ ¼ E ε� εT
� �

(1)

where σ, E, ε, and ε
T are the stress, the Young modules of SMA, the strain, and

the phase transformation strain, respectively.
The Young modulus of SMA is given by [14]:

E ¼ EA þ ζ EM � EAð Þ (2)

where ξ denotes the phase transformation volume fraction. EM and EA are the
Young modulus in the Martensite phase and the Young modulus in the Austenite
phase, as presented in Figure 3.

In the loading phase, εT is given by [14]:

εT ¼ ζεTL (3)

In the unloading phase, εT is given by

εT ¼ ζεULT (4)

In Eqs. (3) and (4), εTL and εTUL denote the maximum phase transformation strain
from Martensite to the Austenite and maximum phase transformation strain from
Martensite to the Austenite from Austenite to Martensite, respectively.

The relation between εTUL and εTL is expressed by [14]:

εTUL ¼ εTL þ
σms � σaf

EA
�
σ

mf � σas

EM
(5)

Figure 3.
The schematic diagram of strain-stress behavior of the shape memory alloy.
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where σms and σmf are the Martensite phase start stress to the Martensite phase

finish stress, correspondingly. Similarly, σas and σaf denote the Austenite phase start

stress and Austenite phase finish stress. These stresses are displayed in Figure 3.

2.1 Energy dissipation

One of the main advantages of SMA tendon is the energy dissipation capacity.
To compute this, the hysteresis response of the SMA is divided into elements, as
shown in Figure 4. The energy dissipation of each element is expressed by

Energytotal ¼
X

n�1

i¼1

0:5 Fi þ Fi�1ð Þ Di �Di�1ð Þ (6)

where Fi and Di stand the force and displacement of i-node in i-th element.
The total energy dissipation capacity of SMA is the sum of all energy dissipation

capacity in each element.

3. Experimental configuration

In order to apply the dynamic cyclic load on the SMA wire, the MTS model 370.5
in the University of British Columbia, Okanagan Campus is used. It is a loading
frame machine with an ability of 500 kN loading capacity. This machine is a
programmable system equipped with sensor, actuators, control system, and soft-
ware to run and collect data. This system and its accessories are displayed in
Figure 5.

3.1 Shape memory alloy

Nowadays, among the different alloys for SMAs, nickel-titanium or Nitinol
(NiTi) is one of the most common SMAs. In the present study, NiTi fabricated by
Confluent Medical Technologies Company is used. The SMA specimen with

Figure 4.
The schematic diagram of the hysteresis response.
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0.75 mm radius and 560 mm length is kept between the top and the bottom gripper
of the MTS loading frame machine by two supportive steel plates. In order to
perform the experimental tests, two specimens with 0 and 1.7% applied prestrained
are used.

The mechanical properties are given in Table 1. It is observed that the density,
the melting point, the coefficient of thermal expansion, the ultimate tensile
strength, and the total elongation are 1310°C, 6.5 g/cm3, 41 GPa, �1070 MPa, and
�10%, correspondingly.

4. Results

To simulate the effect of the long-term loading on the SMA specimens with and
without applied prestraining, 1000 cyclic loads with the period of 1.4 s and the
amplitude of 20 mm, as shown in Figure 6, are applied by the MTS loading frame
machine.

Physical properties Value

Melting point (°C) 1310

Density (g/cm3) 6.5

Modulus of elasticity (GPa) 41

Coefficient of thermal expansion (\°C) 11 � 10�6

Ultimate tensile strength (MPa) �1070

Total elongation �10%

Straight length (mm) 560

Radius (mm) 1.5

Table 1.
The characteristics of NiTi shape memory alloy.

Figure 5.
The MTS model 370.5 in the UBC and its accessories.
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The hysteresis responses of the SMA specimens are displayed in Figure 7. As
seen, the strain-stress behavior of the SMA wires is a remarkable change under
loading. It is found that the areas inside of hysteresis responses, representing energy
dissipation capacities, decrease in both kinds of SMA specimens.

Another finding is the residual strain of the SMA specimen. It is noted that the
residual strain of the SMA specimen without applying prestrained appears and
changes up under cyclic loading. However, he prestrained SMA specimen is capable
of fully recovering the original shape after exposing to the long-term cyclic loadings.

Figure 6.
1/1000 of applied cyclic loading by the MTS machine.

Figure 7.
Hysteresis response of the SMA along 1000 cyclic loadings.

Figure 8.
The energy dissipation capacity of SMA specimens along 1000 cyclic loadings.
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Figure 8 illustrates the contrast energy dissipation capacity between the SMA
specimens. It is seen that the energy dissipation of the SMA without applied
prestraining decreases significantly from 2.29 to 0.58 J after subjected 500 cyclic
loadings and reaches 0.54 J after 1000 cyclic loadings. Under the same loading
protocol, this amount in the SMA specimen with 1.7% prestrained reduces from
2.27 to 0.69 J exposed to 500 cyclic loadings and changes down to 0.56 J under 1000
cyclic loadings. This comparison shows that the rate of reduction in the energy
absorption capacity of the 0% prestrained SMA wire win the first 500 cyclic is much
more than the 1.7% prestrained SMA wire. Between 500 cycles and 1000 cycles, the
similar drop in the energy absorption capacity in both specimens is observed.

The recovery ability is the next studied parameter in the 0% prestrained SMA
specimen, as presented in Figure 9. Between 0-500 cyclic loading, the residual
strain changes up from 0 to 2% strain of the initial strain and changes up to 3 %.
As seen, a remarkable drop in the recovery ability of the SMA in the first 500 cyclic
loadings. In the last 500 cyclic loadings, the steady decrease in recovery ability is
observed.

5. Conclusion

This study shows that the SMA-based tendon is an ideal alternative over the
conventional tendon of TLPs. It can recover the original shape up to 4% of initial
length. The effect of cyclic loading on SMA wires, as the main component of the
SMA-based tendons of TLP, has been examined through experimental tests.

The main outcomes of the paper are as follows:

1.The SMA wire with and without applying prestrain can absorb the remarkable
energy of external excitations. However, the degradation in SMA can decrease
the energy dissipation capacity under long-term loadings. Hence, at least, the
safety factor of the two should be determined due to the effect of the
degradation in SMAs. It covers the reduction in that capacity during long-term
loadings.

2. It is also suggested to consider the residual deformation while the system is
designed; another solution is to apply the restraining. This action prevents to
form any residual deformation in SMA-based tendon.

Figure 9.
The residual strain of the SMA specimen with 0% prestrained.
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For the future study, the effect of a wide range of loading’s frequencies and
amplitudes on the performance of the SMA-based tendons is suggested.
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