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Shape memory alloys (SMAs) are a unique class of metals capable of recovering large
strains either spontaneously or upon heating, depending on their thermal-mechanical state.
Its two most common phases are the martensite and austenite phases, consisting of three
different crystal structures: twinned martensite, detwinned martensite, and austenite. The
prevalence of these phases is temperature dependent; the austenite phase is stable at higher
temperatures and the martensite phase is stable at lower temperatures. Two different
martensite crystal structures exist due to the different orientation directions (variants) of
the martensitic crystal. The strain recovery properties of SMAs result from reversible
phase transformations between the austenite and martensite phases, a mechanism which is
attributed to shear lattice distortion rather than dislocation-based plasticity.

Since their early development in the 1960s, SMAs have been successfully applied in
the medical, aerospace, robotic, and automobile industries. In the 1990s, SMA emerged as a
potential material in civil engineering, and great progress in this area has been made since
then. With the increasing need for more hazard resilient structural systems, the knowledge
on SMAs has been widely circulated in the civil engineering community over the last two
decades. A large number of relevant research projects have been granted by major funders,
especially in seismically active countries. These significant investments made over the
last two decades have led to considerable increases in vital knowledge that may prepare
engineers for the more widespread use of SMAs in civil engineering.

However, to date, the practical application of SMAs in the construction industry has
been lacking, partially due to shortcomings in engineering-oriented design approaches and
a lack of effective knowledge exchanges between material scientists and civil engineers.
There are still knowledge barriers across materials science and structural engineering. This
Special Issue plans to present an overview of the most recent advances in the field of SMA
research and its applications in civil engineering. It aims to help remove the interdisci-
plinary knowledge barriers and to shed considerable light on the commercialization of
SMA products in the construction industry by detailing their potential applications in
buildings, nuclear power plants, television transmission towers, and bridges.

Paper [1] is an element-level study that proposes a machine learning-based approach
for efficient identification of thermodynamic parameters, considering the dynamic be-
havior of NiTi SMA wires. A feedforward artificial neural network (ANN) architecture
was developed and strain rate effects were considered in a macroscopic constitutive SMA
model. After training, the ANN could identify the searched model parameters from
cyclic tensile stress–strain tests. The proposed approach was validated by experiments.
Papers [2–5] focus on the applications of SMAs in braces and connections in residential
buildings/industrial structures. Zhang et al. [2] present a novel type of hybrid self-centering
braces incorporating tension-only superelastic NiTi shape memory alloy (SMA) cables and
integrated viscoelastic dampers (VEDs). Their new design demonstrates an enhanced
energy dissipation ability and self-centering tendency compared with existing SMA-based
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self-centering solutions, where its improved behavior mainly stems from the participation
of the VEDs. Jia et al. [3] have developed an innovative self-centering SMA brace based
on low friction slip. This study comprehensively evaluates the effects of the loading rate
and initial strain on the seismic performance of the SMA braces. Both the loading rate
and the initial strain are shown to have a great influence on the seismic performance of
the self-centering SMA brace. They have also developed improved numerical models
combined with the Graesser and Bouc–Wen models in MATLAB. Pei et al. [4] examine a
new type of self-centering reinforced concrete (RC) frame beam-column joint, equipped
with super-elastic SMA bars. It is shown that by using the SMA reinforcement and a steel
plate, the load carrying capacity is improved, the stiffness degradation is delayed, and
the ductility and self-centering ability of the joints is improved. Qian et al. [5] explore the
potential of a reinforced concrete (RC) beam strengthened by SMAs and engineered cemen-
titious composites (ECC). The test results show that, compared with ordinary reinforced
concrete beams, strengthening an existing RC beam with an enlarged section area of a
SMA-reinforced ECC can improve the self-recovery capacity, ductility, and deformability
of the specimens.

Papers [6,7] discuss the use of SMAs in controlling the effects of seismic activity and
wind on television transmission towers. Wu et al. [6] consider using SMA dampers for
response reduction of a flexible television tower. A two-dimensional dynamic model was
developed for dynamic computations, leading to the introduction of a mathematical model
for an SMA damper. The structural dynamic responses were examined with respect to
time and frequency, investigating the effects of damper stiffness, service temperature,
hysteresis loops, and earthquake intensity on control efficacy. The analysis indicates that
SMA dampers with optimal parameters can substantially reduce the vibrations of TV
transmission towers under seismic events. Chen et al. [7] propose a wind vibration control
method using SMA dampers for tower line coupled systems. Detailed parametric studies
were conducted to examine the effects of the physical parameters of SMA dampers on
structural responses.

With respect to bridges, Chen et al. [8] discuss a novel self-centering rocking (SCR)
bridge system equipped with SMA-based piers, with a particular focus on the benefits of
the SCR bridge system in the context of life cycle. Based on a life cycle loss and resilience
assessment, the analysis results reveal that the novel SCR pier bridge system slightly
increases the bearing displacement but extensively reduces the pier curvature ductility
due to its rocking mechanism. The SCR bridge system exhibits a lower life cycle loss and
exhibits a more resilient performance than a conventional bridge, especially in the regions
with higher seismic intensities. Indirect loss can be significantly larger than the direct loss,
specifically for earthquakes, which have a relatively low probability of occurrence. The SCR
bridge system outperforms the conventional systems in terms of recovery time. Li et al. [9]
examine a resilient bridge system incorporating engineered cementitious composite (ECC)-
reinforced piers and SMA energy dissipation components, i.e., SMA washers. The analysis
results indicate that this system has superior resilience and damage control compared to
conventional bridges.

The above nine papers [1–9] have focussed on NiTi SMAs. Iron-based SMAs (Fe-
SMAs), also known as Fe–Mn–Si alloys, are another member of the family of smart metals
for civil engineering. In the civil engineering community, Fe-SMAs are well-known for
their shape memory effect (SME), for which it has been widely investigated in the area of
prestressing. Marinopoulou and Katakalos [10] investigate the basic thermomechanical
responses of Fe-SMAs. In particular, their study focuses on the application of prestress
and on the alloy’s behavior under fatigue. The effect of loading frequency on the recov-
ery stress of the material has been thoroughly investigated. Four dog bone specimens
were prepared and tested under low-cycle fatigue. Recovery stress was monitored after
pre-straining and heating were applied under strain-control conditions. The measured
recovery stress values are satisfactory high, verifying the prestress feasibility. In the con-
text of earthquake engineering, Fe-SMAs are attractive due to their excellent low-cycle
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fatigue (LCF) resistance, in contrast to NiTi SMAs (especially large-scale SMA elements),
which are brittle and exhibit poor LCF performance. This Special Issue concludes with
a comprehensive review of the literature compiled by Zhang et al. [11], who provide a
detailed summary of recent developments in the research and design of Fe-SMAs. The basic
mechanical properties are presented and compared with conventional structural steel, and
some necessary explanations are given on the metallographic transformation mechanism.
Newly emerged applications such as Fe-SMA-based prestressing/strengthening techniques
and seismic-resistant components/devices are discussed. It is believed that Fe-SMAs can
offer a wide range of applications in the construction industry, but there are still problems
that remain to be addressed and areas to be further explored. Required research on the
material-, component-, and system-level is highlighted. With the systematic information
provided, this work is not only of benefit to professionals and researchers who have been
working in this area for a long time who want to gain an in-depth understanding of the
state-of-the-art innovations in this field, but also helps enlighten a wider audience who
intend to become more informed on this exciting topic.

Conflicts of Interest: The authors declare no conflict of interest.
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Machine Learning Enhanced Dynamic Response Modelling of
Superelastic Shape Memory Alloy Wires

Niklas Lenzen and Okyay Altay *

Lehrstuhl für Baustatik und Baudynamik, Department of Civil Engineering, RWTH Aachen University,
52074 Aachen, Germany; lenzen@lbb.rwth-aachen.de
* Correspondence: altay@lbb.rwth-aachen.de

Abstract: Superelastic shape memory alloy (SMA) wires exhibit superb hysteretic energy dissipation
and deformation capabilities. Therefore, they are increasingly used for the vibration control of civil
engineering structures. The efficient design of SMA-based control devices requires accurate material
models. However, the thermodynamically coupled SMA behavior is highly sensitive to strain rate. For
an accurate modelling of the material behavior, a wide range of parameters needs to be determined
by experiments, where the identification of thermodynamic parameters is particularly challenging
due to required technical instruments and expert knowledge. For an efficient identification of
thermodynamic parameters, this study proposes a machine-learning-based approach, which was
specifically designed considering the dynamic SMA behavior. For this purpose, a feedforward
artificial neural network (ANN) architecture was developed. For the generation of training data, a
macroscopic constitutive SMA model was adapted considering strain rate effects. After training, the
ANN can identify the searched model parameters from cyclic tensile stress–strain tests. The proposed
approach is applied on superelastic SMA wires and validated by experiments.

Keywords: machine learning; artificial neural networks; shape memory alloys; superelastic; parame-
ter identification; constitutive model; thermodynamic parameters

1. Introduction

Shape memory alloys (SMAs) are superelastic two-phase polycrystal metals. During
dynamic loading, repeated forward- and reverse-phase transitions occur allowing the
material to dissipate energy. Besides this key property, SMAs exhibit also other unique
characteristics, such as large deformation recovery, corrosion resistance, and low fatigue.
Therefore, SMA-based vibration control devices have been a particular research field in
civil engineering. Qiu and Zhu [1] presented a self-centering steel frame, which utilizes
superelastic Ni-Ti wires within a SMA-based damper. Moreover, Liu et al. [2] proposed
a base isolation system by incorporating springs made of superelastic SMA wires. Apart
from this, Liang et al. [3] used cables composed of SMA wires to enhance the effectiveness
of a friction sliding bearing. A review and detailed summary of the related applications
can be found in [4–6]. SMAs are also being used in other dynamic systems, such as in
aeronautic [7] and automotive [8] engineering.

For the design of SMA-based control devices, accurate constitutive models are required,
whereas due to their numerical efficiency, macroscopic models are generally preferred.
Furthermore, for an efficient heat transfer, most control devices incorporate SMAs as wires,
due to which uniaxial models are particularly necessary. Brinson [9] and Auricchio and
Sacco [10], among others, developed fundamental one-dimensional macroscopic models.
Since then, several one-dimensional thermomechanically coupled constitutive models were
designed, such as in [11,12]. Improved versions of these models are also proposed in [13,14].
For a detailed review on other modelling techniques, we refer the interested readers also
to [15] and references therein.
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A common characteristic of constitutive SMA models is that their accuracy relies on the
utilized material parameters, which need to be identified by experiments. In case of SMA
wires, uniaxial tensile tests are sufficient to obtain stress–strain relations. The parameter
identification (PI) process of thermodynamic properties requires specific instruments and
an expert knowledge-based data processing, such as thermomechanical analysis or more
specifically the differential scanning calorimetry (DSC) [16,17]. A more important aspect
is the fact that even with perfectly identified parameters, constitutive models require a
supplementary tuning step for accurate response computations. Machine learning (ML)
methods, particularly artificial neural networks (ANNs), provide efficient and versatile
solutions, which can circumvent these challenges.

ANNs are capable of predicting highly nonlinear relations with any desired degree of
accuracy according to the universal approximation theorem [18] and have already been
used as black-box models for the mapping of constitutive relations, such as in [19,20].
In the field of SMAs, in their pioneering study, Ozbulut and Hurlebaus [21] proposed a
neurofuzzy model, which predicts SMA responses from strain, strain rate, and temperature
inputs. Although black-box models are efficient, they generally require a large set of
representative experimental data.

In the context of PI, Huber and Tsakmakis [22] successfully implemented a feedforward
ANN, which determines the parameters of a finite deformation viscoplasticity model.
Furthermore, for superelastic SMAs exposed to quasistatic loading, Helm [23] developed a
constitutive model and proposed a three-layered feedforward ANN architecture to identify
the required model parameters from stress inputs. In this approach, similar to Huber
and Tsakmakis, the ANN is trained by data, which are numerically generated by the
model using parameters that are randomly sampled within a predefined space. Similarly,
Henrickson et al. [24] trained an ANN to identify transformation temperatures of SMAs by
using strain–temperature curves as inputs.

This paper proposes particularly for dynamic applications of superelastic SMA wires
an ANN-based PI methodology, which considers the strain rate dependency of the material
and focuses on the identification of thermodynamic parameters from stress–strain responses.
Within the PI methodology, the identified parameters are already being tuned considering
the constitutive model to allow accurate response computations.

The remainder of the paper is organized as follows: In Section 2, the approach is pre-
sented and implemented within the macroscopic modelling frame of Zhu and Zhang [12].
In Section 3, the approach is applied to SMA wires and validated by experiments. Finally,
the conclusions of the study are drawn in Section 4.

2. Methodology
2.1. Superelastic SMA Response

SMAs are characterized by austenite (A) and martensite (M) phase states. Above the
austenite transformation finish temperature A f , the parent phase is austenite, and SMAs
exhibit superelastic behavior. Hence, high mechanical stresses induce a forward-phase
transformation (AM), and the SMA crystals reorient their atomic grid from body centered
(B2) to a monoclinic (B19) lattice, which is more stable for high stress levels. Upon unload-
ing, a reverse-phase transformation (MA) occurs, and the material returns to its original
shape without residual deformation. During both forward- and reverse-phase transfor-
mations, SMAs exhibit a pseudoplastic deformation, which can be observed by stress
plateaus in the stress–strain response. The AM transformation is an exothermic process.
The lattice rearrangement causes internal heating, which is released to the environment
via heat convection and conduction. By contrast, the MA transformation is a strongly
endothermic reaction, in which the austenite formation is accompanied by a reduction in
material temperature.

Dynamic loading patterns generally involve high strain rates, which impair the release
of the heat generated within the forward transformation. This affects the material, such
that the stress plateau slope increases since the austenite phase is energetically more stable
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for the increased temperature. Consequently, the reverse transformation is also initiated on
higher critical stress levels affecting the stress–strain curve and the associated hysteretic
energy dissipation.

To illustrate the strain rate effects, experimentally determined stress–strain responses
of an SMA wire are depicted in Figure 1. The alloy composition of the wire is Ni-
55.8%-Ti-43.95%. The wire length and diameter are l = 150 and d = 0.2 mm, respec-
tively. A pre-stress of σ0 = 134.9 MPa is applied. The ambient temperature is around
Tinit = 296.2 K (23.05 ◦C), whereas the austenite transformation finish temperature of
the wire is A f = 285.2 K (12.05 ◦C). Accordingly, the SMA is expected to response su-
perelastically. Two cyclic loading patterns are applied with the strain rate amplitudes
of ε̇a = 1.26% s−1 and ε̇b = 50.27% s−1. The AM transformation plateau changes from
horizontal to a steeper slope with the increasing strain rate as the generated heat cannot be
released directly. High strain rates also reshape the MA transformation, which starts at a
higher stress with a steeper slope.

Figure 1. Cyclic tensile tests on an SMA wire. Strain rate amplitudes: (a) quasistatic ε̇a = 1.26% s−1

and (b) dynamic ε̇b = 50.27% s−1.

2.2. Machine-Learning-Based Parameter Identification

Macroscopic models of superelastic SMA wires generally compute the stress response
σ, temperature T, and martensite volume fraction ξ from strain ε and strain rate ε̇. Accord-
ingly, such models can be represented asM((ε, ε̇), p), where the vectors ε and ε̇ are time
histories of strain and strain rate, respectively. The vector p contains model parameters,
which need to be determined from experiments. Conventionally, as shown in Figure 2a,
the stress–strain (σ-ε) experiments are conducted to investigate the cyclic tensile stress and
strain response characteristics. Furthermore, thermodynamic experiments are required
to investigate the model parameters representing the thermodynamic characteristics. Al-
ternatively, in this study, as shown in Figure 2b, to reduce the experimental effort, an
ML-based procedure is proposed for the identification of the thermodynamic parameters
from stress–strain experiments by using an ANN. Different types of ML models could real-
ize a better performance as well. However, in this study, ANNs are preferred considering
their capability and efficiency in representing the extreme nonlinearities of SMAs.

The procedure consists of forward and reverse steps. As shown in Figure 3a, in the
forward step, a constitutive SMA model generates training data for the ANN. In this study,
due to its robustness and accuracy, the constitutive model by Zhu and Zhang [12] is chosen
and adapted considering dynamic effects, as described in Section 2.3. Other models, such
as by Auricchio and Sacco [11], could be implemented as well.
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Figure 2. (a) Conventional experimental identification and (b) proposed machine-learning-based
identification of thermodynamic parameters for use in constitutive modelling. The constitutive model
is driven by the strain ε and strain rate ε̇ time histories. Stress σ, temperature T, and the martensite
volume fraction ξ time histories are computed as model outputs.

The searched thermodynamic parameters pi, ∀i ∈ {1 : N} are sampled from a prede-
fined parameter space by the Latin hypercube sampling (LHS) method [25], where N is the
number of samples. In Figure 3, as an example, three parameter types (p>i = [p1 p2 p3]i)
are searched. Accordingly, the parameter sampling space is three-dimensional here. At
this point, it should be noted that, besides material parameters, during PI process, one
should particularly consider those parameters as variable, which directly affect the reverse
transformation, cf. Figure 1 and As,d in Section 3.2. Each sampled parameter set pi is then
fed separately into the constitutive model, such that the corresponding SMA stress response
vector σi is generated as the training data set D = {(σi, pi), ∀i ∈ {1 : N}}. Each computa-
tion is conducted for one load cycle, which is represented by the strain εi ∈ Rn×1 and strain
rate ε̇i ∈ Rn×1 time histories, where n is the number of time instants. Accordingly, each
generated stress time history σi ∈ Rn×1 consists of loading σAM

i and unloading σMA
i paths.

As shown in Figure 3b, the reverse step is built as a feedforward ANN, in which the
output p(1) of the first hidden layer and the output p(l) of the final layer read

p(1) = f (1)(W(1)>σ + b(1)), p(l) = p̂ = f (l)(W(l)>y(l−1) + b(l)), (1)

where l − 1 is the number of hidden layers, which depends on the complexity of the
material model. Theoretically, one layer is enough according to the universal approximation
theorem [18]. For constitutive models using a limited number of parameter types, shallow
ANNs with 2–3 layers are suggested, as shown later in Section 3. In Equation (1), f is the
activation function, W is the weight matrix, σ is the stress input vector, and b is the bias
vector. The vector p̂ contains thermodynamic parameters, which are predicted by the ANN.
For the training, the mean squared error function is applied, which is optimized within
the backpropagation algorithm by the Adam optimizer [26]. In total, 10% of the generated
data D is spared for validation. The hyperbolic tangent activation function is used in the
hidden layers, whereas the sigmoid function is used in the final layer to scale the outputs
between 0 and 1. To avoid vanishing gradients, a batch normalization algorithm [27] is
applied. Additionally, the dropout algorithm [28] is used after activation of the hidden
layers to prevent the overfitting of the training data.
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Figure 3. (a) Forward step of the proposed parameter identification procedure: Thermodynamic
parameter samples pi are fed into the material model to produce n stress outputs. (b) Reverse step of
the proposed parameter identification procedure: Trained ANN estimates searched thermodynamic
parameters p̂ from experimental stress–strain response.

2.3. Constitutive Modelling of Superelastic SMA Wire Response

The constitutive material model by Zhu and Zhang [12] is based on the first and
second law of thermodynamics. Similar to the work of Tanaka [29], the material model is
strain-driven and uses the state variables temperature T and martensitic volume fraction
ξ to compute the one-dimensional tensile stress behavior of SMA wires. In analogy to
Sadjadpour and Bhattacharya [30], the Helmholtz free energy is computed per unit mass by

ψ =
E
2ρ

ε2
el +

L
Tcr

(T − Tcr)ξ − CT ln
(

T
Tinit

)
, (2)

where ρ is the density, εel is the elastic strain, Tcr and Tinit are the transformation and
initial (ambient) temperatures, E is the Young’s modulus, L is the latent heat of the phase
transition and C represents the specific heat. Here, the Young’s modulus is expressed
according to Liang [31] and Sato and Tanaka [32] as a function of the martensite volume
fraction to allow for a transition between the two phases as

E(ξ) = EA + ξ(EM − EA), (3)

where EA and EM are constants representing the corresponding elastic moduli of austenite
and martensite phases, respectively. The elastic εel and inelastic εin strains are expressed
according to Brinson [9] and Auricchio and Sacco [10] as

εel = ε− εin, εin = ε lξ, (4)
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where ε l is the maximum strain after a complete AM transformation with the martensite
portion ξ = 1. Furthermore, the heat equation is derived from the first law of thermody-
namics as

CṪ = −∂ψ

∂ξ
ξ̇ + T

∂2ψ

∂ε∂T
ε̇ + T

∂2ψ

∂T∂ξ
ξ̇ − k

Vρ
(T − Tinit)

=
σ

ρ
ε l ξ̇ + Lξ̇ − k

Vρ
(T − Tinit), (5)

where k and V are the heat-transfer coefficient and the specimen volume, respectively. The
stress response of the SMA wire is then computed by

σ = ρ
∂ψ

∂ε
= Eεel (6)

Moreover, four critical stress levels are defined to indicate the start and finish stresses
of the phase transformations:

σAM
s = cM(T −Ms), σAM

f = cM

(
T −M f

)
,

σMA
s,d = cA(T − As,d), σMA

f = cA

(
T − A f

)
,

(7)

where Ms/ f and As/ f refer to the start/finish temperatures of martensite and austenite
transformation, respectively, as shown in Figure 4. Here, cM/A are material constants
indicating the critical stress–temperature slopes.

Figure 4. (a) The relation between the critical stress levels σcrit and the material temperature T.
The austenite transformation start temperature As is strain rate dependent. Here, As,0 and As,d
denote the austenite transformation start temperature for quasistatic and dynamic cases, respectively.
(b) The corresponding stress–strain response of both quasistatic (solid line) and dynamic (dashed
line) loading.

To model the dynamic response more accurately, in the formulation above, we use T as
the material temperature and not as the environmental temperature, which was originally
proposed by Zhu and Zhang, cf. [12]. In this way, the material model is able to consider
both the quasistatic and dynamic cases, such that the critical stress levels are increased for
high strain rates with increasing material temperatures. However, experiments show that
a change in material temperature solely is not enough to initiate the MA transformation
accurately. Hence, As,d and σMA

s,d are introduced, where the subscript d represents the
modelling of the austenite transformation start temperature and the corresponding critical
stress level with respect to dynamic effects.

This adaptation is also shown in Figure 4. Here, T0 denotes the material temperature
for the quasistatic load case. For dynamic load cases, the material temperature increases,
such that a supplementary upward shift in the critical stress level is necessary to replicate
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the SMA response accurately. This behavior is achieved in the model by decreasing the
austenite transformation start temperature from As,0 to As,d.

In the model, the evolution of the martensite fraction ξ is based on the Liang–Rogers
model [33]. Its rate form is computed by

A→ M: ξ̇ = (1− ξ0)

(
aMṪ − aM

cM
σ̇

)
g
[

aM

(
T − TM −

σ

cM

)]
, (8)

M→ A: ξ̇ = ξ0

(
aAṪ − aA

cA
σ̇

)
g
[

aA

(
T − TA −

σ

cA

)]
, (9)

where g = −ex(1 + ex)−2 and

TM =
Ms + M f

2
, TA =

As + A f

2
, aM =

ln(10,000)
Ms −M f

, aA =
ln(10,000)
A f − As

(10)

Here, ξ0 refers to the initial martensite fraction at the beginning of the current trans-
formation. In the model of Zhu and Zhang [12], the outputs σ, T, ξ as well as their time
derivatives, are solved simultaneously from the heat equation (Equation (5)), mechanical
stress equation (Equation (6)), and the kinetic rules (Equations (8) and (9)) by time inte-
gration algorithms, such as the fourth-order Runge–Kutta method. Figure 5 illustrates the
input and output parameters of the material model.

Figure 5. Input and output parameters of the material model. The constitutive model is driven by the
strain ε and strain rate ε̇ time histories. Stress σ, temperature T, and the martensite volume fraction ξ

time histories are computed as model outputs.

Parameter Influence on Stress–Strain Response

The parameters introduced in Section 2.3 have to be determined accurately as each of
them affects the material model response. It is obvious that the Young’s moduli, EM and
EA, have a major influence on the stress–strain behavior. This effect can be easily seen in
the elastic parts of the stress–strain response, where an unsuitable parameter would lead to
inaccurate slopes in the σ-ε diagram. Furthermore, ε l denotes the maximum strain at ξ = 1,
such that it directly affects the strain level, where the phase transformation from austenite to
martensite is finished, cf. Equation (4). In this study, purely superelastic material behavior
is assumed since the ambient temperature is above the austenite transformation finish
temperature (Tinit > A f ). As a result, ξ0 is assumed to be 0 in the initial austenite state.
Nevertheless, this parameter is variable and changes as the martensite transformation
proceeds. The ambient temperature Tinit has only a minor influence on the model response
since the material temperature is used to compute the critical stress levels, cf. Equation (7).
From Equation (6), it is obvious that the stress response increases for high specimen
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densities ρ. In addition, from Equation (5), it follows that greater specimen volumes V,
or diameters d, lead to higher temperature evolutions. By contrast, high heat-transfer
coefficients k result in greater heat transfer and thus in lower temperature evolutions. A
major impact on the stress–strain response results from the critical stress levels given in
Equation (7). These stress levels are influenced by the parameters cM and cA, as well as M f ,
Ms, As,d, and A f . With increasing cM and cA, stress levels also increase. Whereas greater
transformation temperatures (M f , Ms, As,d, A f ) lead to lower stress levels.

For the modelling of dynamic SMA response, particularly, the introduced dynamic
austenite transformation start temperature As,d has a high influence as with it an earlier
reverse transformation can be started, cf. Figure 4. Furthermore, in case of high strain rates,
the material temperature is increased due to self-heating effects. These effects are modelled
by the specific and latent heat (C and L), which have the greatest influence on the dynamic
model response as they are directly linked to the temperature evolution, cf. Equation (5).
For the dynamic load case, finally, k is also important, which controls, as mentioned above,
directly the heat transfer of the SMA.

3. Results and Discussion
3.1. Stress–Strain Experiments

For the generation of test data, cyclic tensile tests are conducted by a uniaxial shaking
table, as schematically depicted in Figure 6. A pre-stress of σ0 = 134.9 MPa was applied.
The wire stress response was measured by a load cell. The applied strain was determined
by a laser position sensor. Both sensors were sampled at 1000 Hz. The ambient temperature
was around Tinit = 296.2 K (23.05 ◦C). In this study, a Ni-55.8%-Ti-43.95% SMA wire with
l = 150 mm length and d = 0.2 mm diameter was investigated. For further information
on the test setup, the reader is referred to [34]. All material parameters are reported
in Table 1. Here, EM, EA, and ε l are determined via the stress–strain relation obtained under
quasistatic load. Furthermore, ρ, M f , Ms, As,0, and A f are provided by the manufacturer,
whereas cM and cA are determined using Equation (7) from the provided parameters.
Ambient temperature and geometric parameters (diameter and wire length) are measured
before testing.

Figure 6. (a) Schematic representation of stress–strain experiments. The wire of diameter d and
length l is fixed on one side and elongated by ∆l. The resulting tensions and the applied strains are
measured by a load cell and a laser position sensor, respectively. The ambient temperature is above
the austenite transformation start temperature (T > A f ). (b) Applied displacement with respect
to time.

3.2. Identification of Thermodynamic Parameters

As introduced in Section 2.3, the constitutive SMA model of Zhu and Zhang relies on
three thermodynamic parameters: the specific heat C, the latent heat L, and the heat-transfer
coefficient k. All other thermodynamic parameters (M f , Ms, A f , cM, and cA) are generally
provided by manufacturers (cf. Table 1) and can also be used in constitutive models with a
sufficient accuracy for dynamic applications. Furthermore, As,0 is also provided, which is
accurate enough for the quasistatic case and is now tuned as As,d to model the dynamic
response more accurately.
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Accordingly, the searched parameter set reads:

p>i =
[
C, L, k, As,d

]
i (11)

where the parameter space of C, L, and k is determined based on their influence on the
response of the constitutive model. For this purpose, the cyclic stress response of the
SMA wire is computed by the material model for the strain amplitude ε = 4% and the
strain rate amplitude ε̇ = 50.27% s−1. The parameters are alternated around the reference
setting C = 800 J(kgK) −1, L = 8000 J kg−1, and k = 0.021 W K−1, where the works of
Kato [35] and Zhu and Zhang [12] are taken as reference. The chosen parameter space is
listed in Table 2. The remaining material parameters that are used for this study, including
As,d = As,0, correspond to Table 1.

Table 1. Constitutive model parameters of the SMA wires used in this study.

Parameter Value Unit

Young’s modulus of martensite EM 14,100 MPa
Young’s modulus of austenite EA 29,000 MPa
Critical stress–temperature slope of martensite cM 6.13 MPa K−1

Critical stress–temperature slope of austenite cA 6.57 MPa K−1

Maximum strain at ξ = 1 ε l 0.04 -
Martensite transformation finish temperature M f 231.4 K
Martensite transformation start temperature Ms 247.7 K
Austenite transformation start temperature As,0 263.2 K
Austenite transformation finish temperature A f 285.2 K
Ambient temperature Tinit 296.2 K
Density ρ 6500 kg m−3

Diameter d 0.0002 m
Wire length l 0.15 m

Table 2. Parameter space of the searched thermodynamic parameters pi.

Parameter min max Unit

Specific heat C 800 2000 J(kgK)−1

Latent heat L 400 40,000 J kg−1

Heat-transfer coefficient k 0.001 0.100 W K−1

Austenite transformation start temperature As,d 247.0 263.2 K

The results are depicted in Figure 7. The smaller the specific heat C, the less energy is
required to raise the material temperature. This results in greater temperature amplitudes
and consequently leads to steeper transformation plateaus, as shown in Figure 7a. On the
other hand, the latent heat provokes similar effects in the hysteresis of the stress–strain
curve, as shown in Figure 7b. In fact, the latent heat is included in Equation (5) and thus
directly linked to the temperature evolution. A high latent heat value results in an increase
in temperature during the austenite-to-martensite phase transformation. A higher material
temperature, in turn, leads to a more stable austenite phase, such that a higher mechanical
stress is needed to proceed the phase transformation. Accordingly, C and L affect the
model response oppositely and with different parameter combinations the same material
response can be replicated. Finally, the higher the heat-transfer coefficient k, the more heat
is transferred to the environment. Small k values thus lead to rising temperatures after
each cycle as there is less heat transferred from the wire to the environment, as shown
in Figure 7c.
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Figure 7. Influence of thermodynamic parameters on the model response: (a) Influence of specific
heat C, (b) influence of latent heat L, and (c) influence of heat-transfer coefficient k. The green dashed
line illustrates the linear elastic part of the unloading path.

Accordingly, the first three parameters of pi influence the slope of both forward- and
reverse-phase transformations. However, these parameters do not affect the critical stress
σMA directly, which initiates the reverse transformation. As illustrated in Figure 7 by the
green dashed lines, C, L, and k do not affect the length of the linear elastic martensite
unloading path. This effect can be efficiently covered by alternating As. Its parameter space
is also introduced in Table 2 and is determined similar to the prior ones considering the
influence on the response of the constitutive model. Accordingly, As,d is chosen, such that
it covers the temperature range below As,0 until Ms, as described previously in Figure 4.
It should be noted that the size of the parameter space does not have a major influence
on the neural network accuracy as the best-fitting parameter combination is identified. On
the other hand, with increasing parameter ranges, the required computational effort also
increases. In this study, the ranges are chosen based on both numerical and experimental
expertise from [12,34,35].

For the PI, a feedforward ANN is utilized with two hidden layers, where the first
and second layers contain 128 and 64 neurons, respectively. The learning rate is initialized
as 1× 10−3. Training is completed after 50 epochs and is conducted with a batch size
of 32. A Gaussian noise with zero mean and a variance of 1 × 10−4 is added to the
training input data to make the network more stable to measurement errors. For the
training of the ANN, i = 2000 sets are sampled from the parameter space. The network
architecture and its training parameters are determined after a parametric study by trial
and error. Deeper network architectures lead to slightly more accurate predictions but at
the cost of computational effort. Therefore, in this study, the simplest possible network
architecture is chosen, which provides sufficient results. The generated data correspond
to D = {(σi, pi), ∀i ∈ {1 : 2000}}, where 10% of them is used for validation. To consider
strain rate effects, the data set is generated using the material model repeatedly for five
different strain rate amplitudes of ε̇ ∈ [1.26, 2.51, 12.57, 25.13, 50.27]% s−1 with a constant
strain amplitude of ε = 4%. The generation of signal data and neural network training
take less than 30 min using an AMD Ryzen 9 5950× CPU and computing on an NVIDIA
GeForce RTX 3090, which is significantly lower than the experimental effort considering
the time required for the specimen preparation, tests, and data processing.

After training the ANN, the σ-ε experiments are conducted, as described in Section 3.1
for the same strain rate and strain amplitudes. From the experimental stress–strain response,
the parameters Ĉ, L̂, k̂, and Âs,d are identified. Table 3 shows the estimated p̂ after training
with D. Here, the experimentally measured loading stress responses are divided into
200 equidistantly distributed points. The final values of the identified parameters are
determined from the mean over all investigated strain rate cases, except for As,d, where
only the dynamic load cases (ε̇ ∈ [12.57, 25.13, 50.27]% s−1) are considered.
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Table 3. Thermodynamic parameter set p̂ identified by the ANN after training with the data set D.

ε̇ [% s−1] ε [%] Ĉ [J(kgK) −1] L̂ [J kg−1] k̂ [W K−1] Âs,d [K]

1.26 4 1146 5404 0.084 As,0
2.51 4 1824 18,773 0.089 As,0

12.57 4 1827 18,583 0.090 247.3
25.13 4 1888 23,278 0.089 247.4
50.27 4 1896 25,108 0.089 248.0

Final result p̂: 1716 18,229 0.088 247.6

Figure 8 compares the experimental results with the numerical calculations, which
use the identified parameter set p̂, where for the quasistatic cases (ε̇ ∈ [1.26, 2.51]% s−1) the
manufacturer provided As,0 is used in numerical calculations. The numerical calculations
using p̂ accurately match both the loading and unloading paths of experimental results. It is
noteworthy that the accuracy of the numerical calculations is limited by the capability of the
constitutive model. Therefore, the effects, such as residual deformations and hardening, are
not replicated accurately. We observe from the experimental results that with an increasing
strain rate, the residual wire strain becomes significantly visible. This effect is currently not
replicated by the model. With these results, we would like to emphasize that the accuracy
of the proposed PI is limited by the constitutive model precision. The effects that are not
included in the basis material model cannot be considered in the PI process.

Figure 8. Comparison of the experimentally determined stress–strain responses (EXP) with numerical
calculations, which use the identified parameter set p̂.

From the results, the mean value of the relative cumulative stress error εn is computed as

εn =
5

∑
m

( |∆σm,n|
σEXP,m,n

)
/5 (12)
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where ∆σm,n is the difference between the estimated and experimentally determined stress
σEXP,m,n of the corresponding strain intervals n ∈ [1, 2, 3, 4]% for both forward and reverse
transformations. Here, the mean is computed over m cases corresponding to the number
of investigated strain rate amplitudes. As shown in Figure 9, the error value is located
around 5%, neglecting the value for 1% strain on the reverse transformation. In this case,
the error value is high, which is due to the material model’s inability of modelling residual
deformations, cf. Figure 8.

Figure 9. Mean value of the relative cumulative stress error corresponding to the used parameter set
p̂ for both forward (a) and reverse (b) transformations.

4. Conclusions

In the present paper, for the identification of thermodynamic parameters of superelas-
tic SMA wires, an ANN-based PI methodology is presented. The proposed approach was
coupled with a macroscopic constitutive model. Here, to consider strain-rate-dependent
response effects more accurately, two austenite transformation start temperatures were de-
fined distinguishing between the quasistatic and dynamic cases. Furthermore, in the model,
the current material temperature was considered for a strain rate sensitive calculation of
critical stress levels. In an initial step, training data were generated by the constitutive
model. Here, the searched thermodynamic parameters were sampled from a parameter
space, and for each sampling, the stress responses were computed. After training, the ANN
estimated the searched parameters from conventional stress–strain experiments. Finally, to
validate the accuracy of the proposed method, numerical simulations were conducted, and
results were compared with experimental data.
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Abstract: This paper presents a novel type of hybrid self-centering braces incorporating tension-only
superelastic NiTi shape memory alloy (SMA) cables and integrated viscoelastic dampers (VEDs).
One of our reasons for proposing this new SMA-viscoelastic hybrid brace (SCVEB) is to provide
enhanced energy-dissipation ability whilst promoting increased self-centering tendency compared
with the existing SMA-based self-centering solutions, where upgrading behavior is mainly benefited
from the participation of the VEDs. The configuration and the working principle, along with
theoretical equations describing the mechanical behavior of the SCVEB, are described in detail
firstly. Experimental verification of individual elements in this SCVEB system, namely the NiTi SMA
cables and VEDs, was performed to obtain a basic understanding of their mechanical properties. A
proof-of-concept SCVEB specimen was then manufactured, and its cyclic performance was further
investigated. Followed by this, a system-level analysis on a series of steel frames equipped with or
without SCVEB was conducted. The results showed that the SCVEB system exhibited a moderate
damping ratio and a more efficient controlled behavior in terms of its post-event residual deformation
and floor acceleration when compared with those of the non-SCVEB system.

Keywords: self-centering; shape memory alloy (SMA); viscoelastic; brace; hybrid control; seismic
resilience

1. Introduction

The past decades have witnessed several major earthquakes [1–4], and the structures
designed by modern ductility-based seismic design philosophy are proven to be effective
in providing sufficient life safety assurance during the earthquakes. However, this design
philosophy may be no longer sufficient when special attention is given to the issue of the
economic seismic loss. For example, the 2011 Christchurch earthquake caused damage to
thousands of buildings that did not collapse but were unrecoverable due to unacceptable
damage and residual deformation, requiring a heavy cost to repair them [4]. It has been
suggested that the magnitude of residual inter-story drift should be controlled within a drift
limit of 0.5%, beyond which the structures may no longer be economically feasible to repair
from the perspectives of building functionality, construction tolerances, and safety [5].

Driven by this demand, the community of seismic engineers has made continuous
efforts to improve the post-earthquake structural performance over the past years. A
promising solution, which is known as self-centering framed structural system, has received
extensive research interests [6,7]. Additional self-centering members/devices, such as beam-
to-column connections [8–17], braces [18–27], and dampers [28–41], with the capability
of returning to their initial resting position after earthquake, are proven to be effective in
eliminating the residual story drifts when they are installed in the corresponding frame
systems. Ricles et al. [42,43] developed a post-tensioned (PT) moment-resisting connection
where seat angles were utilized as an energy-dissipation source. Under loading, gap-
opening occurred at the beam–column interface and the PT tendons provided a restoring
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force by acting to close the gap. Maurya and Eatherton [44] developed a new self-centering
beam for moment frame that eliminated deformation incompatibility with the gravity
framing. In the case of braces, Christopoulos et al. [18] proposed a new bracing system
that comprised of tensioning elements and friction pads. Chou et al. [6,27] experimentally
examined a dual-core self-centering sandwiched buckling restrained brace to increase
deformability capacity. However, there still exists some inevitable issue associated with the
PT self-centering technology. For example, due to the limited elastic strain (about 2%) of the
PT tendons [18,27], there may be a deformation capacity deficiency, which may put the self-
centering framed structures at risk when a severe earthquake happens. Without a redundant
load-carrying path, yielding or/even rupture of the PT tendons would lead to serious
disaster, and the lateral load resistance may be totally lost, which may trigger the collapse
of structure. On the other hand, the cyclic response of the PT self-centering system generally
exhibits a typical “flag-shape” hysteretic behavior, whose energy-dissipation capability (can
be readily understood as the area enclosed in the hysteretic loops) is significantly reduced
compared to that of conventional structural systems. The reduced energy dissipation may
lead to the amplification of peak-deformation response and floor acceleration [45,46]. It
has been recognized that the magnified peak response would cause extensive damage
to both structural and non-structural components, which should be addressed in the
practical design.

In recent years, various improvement strategies have been proposed to address the
issues associated with PT self-centering system mentioned above. For instance, shape
memory alloys (SMAs) [47–50], especially superelastic NiTinol SMA, were introduced in
self-centering systems [51–55] because of their good energy-dissipation ability, ductility,
and fatigue resistance. Superelasticity refers to the capability to spontaneously recover
when the load is removed from SMA elements after experiencing a large strain up to
8~10% [56–58]. Evidently, SMA-based tendon provides a very competitive deformation
compared with that of the aforementioned conventional PT tendons. Miller et al. [59]
investigated a self-centering buckling-restrained brace (SC-BRB) by using SMA rods as
a source of restoring force, which successfully achieved appreciable energy dissipation,
large deformation capacity, and self-centering ability. Zhu and Zhang [38] developed a
self-centering friction damping brace (SFDB). The study showed that the frame equipped
with SFDB was capable of achieving a seismic-response level that is comparable with that of
BRBF, but with a significant reduction in residual drifts. Chen et al. [60] employed variable
friction devices to improve energy-dissipation efficiency of a brace without compromising
the self-centering ability of pre-tensioned SMA cables.

With initial confidence gained from these pioneering investigations, a concept of
SMA-viscoelastic hybrid braces (SCVEB) is proposed in this paper. The motivation behind
this concept is to move a further step to deal with the issues arising from a self-centering
system in previous studies, such as the amplified peak deformation and floor acceleration.
The concept has been preliminarily examined by the authors and co-workers through a
numerical study [61]. In this paper, a proof-of-concept experiment on a prototype SCVEB
device was conducted, and the influence of some key parameters on the seismic behavior
was discussed. Followed by this, a system-level analysis that investigated the effectiveness
of the proposed SCVEB was conducted.

2. Configuration and Working Principle of SCVEB

The configuration of the investigated SCVEB is illustrated in Figure 1. Conceptually,
the proposed SCVEB can be decomposed into two systems, i.e., self-centering system (SC
system) and energy-dissipation system (ED system). The former is mainly functioned
by the SMA elements, and the latter mainly relies on the energy-dissipation property of
viscoelastic materials [62–64]. Note that SMA elements also consume some of the input
energy when an earthquake occurs. In this section, some basic concepts, as well as the
configuration of the SCVEB, are introduced, and the associated analytical expression for
the behavior of the SCVEB is presented.
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Figure 1. Three-dimensional schematic illustration of (a) SMA-viscoelastic hybrid braces (SCVEB), as
well as its (b) self-centering (SC) system and (c) energy-dissipation (ED) system.

2.1. SC System

The studied SCVEB employs SMA cables [65,66] as the core part of the SC system, as
shown in Figure 1b. It is worth mentioning that various types of SMA elements (such as the
disc spring [67], ring spring [57,68–71], washer spring [72], etc.) have been developed and
are welcomed to be incorporated in this SCVEB system with some necessary modifications
on the configuration. Other necessary components include the outer tube, inner tube,
end-plates, angles, connection plates, position holders, and tightening nuts. The end-plates
are not connected to either the outer or inner tubes; therefore, they can slide along the
brace length freely when SCVEB works. On one side of the brace, a connection plate
passes through the slot cut in the end-plate and is welded to the inner tube, serving as the
connecting component to the structural systems. On the other side, two pairs of double
angles are welded to the outer tube to accommodate the connection.

During assembly, the SMA cables are firstly housed in the inner tube. Then the inner
tube is inserted inside the outer tube concentrically and positioned with two position
holders placed between them. SMA cables are connected to the end-plates via a threaded
junction. The end-plates are subsequently placed on both side of the outer tube. Finally,
the SMA cables are pre-tensioned to obtain sufficient initial stiffness and desired “yield”
resistance. It is believed that an appropriate pre-tension level can encourage the SMA
cables to reach their full potential of self-centering property [60,73]. The possible method
to apply the pre-tension force is explained later.

The working principle of the SC system is further demonstrated in Figure 2. For
ease of description, we assume that the outer tube is completely fixed and the inner
tube is driven by the connection plate. The terms “tension” and “compression” refer to
leftward or rightward movement direction of the inner tube relative to the outer tube,
respectively, as the orientation marked in Figure 2. When the brace is in tension, the
left end-plate is pushed away from the outer tube by the inner tube, while the right
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end-plate is blocked by the outer tube. Similarly, when the brace is in compression, the
inner tube, together with the connection plate, moves rightward and pushes the right
end-plate away from the outer tube, while the left end-plate is blocked by the outer
tube. Thus, both compression and tension brace deformations cause the two end-plates
to move apart, elongating the SMA cables and increasing their tension force concurrently.
Therefore, the SMA cables always remain in tension no matter what condition state the
brace is in, giving full play to the performance of the SMA cables. Previous studies have
verified that the SMA-based elements/components are expected to exhibit a flag-shaped
response [67,74–76]. An idealized/simplified force-displacement relationship is adapted
here to capture this unique hysteresis evolutionary path (see Figure 3a), where four stiffness
parameters, namely k1 for loading stage, k2 for loading plateau stage, k3 for unloading
stage, and k4 for unloading plateau stage, are considered [77]. This four-segment simplified
model was further cooperated in OpenSEES [78] software for the system-level analysis.
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2.2. ED System

Extra energy dissipation of the SCVEB is provided by the viscoelastic dampers (VEDs).
The participation of the viscoelastic material is also expected to provide certain stiffness
for the brace especially after the SMA-based elements advance into the post-yield plateau
stage. As shown in Figure 1c, the ED system (i.e., the VED) consists of three plates where
two rubber layers are sandwiched between them. The two external plates are bolted to the
outer tube by steel angles, and the middle plate is inserted into the slot on the inner tube.
Slot cuts are made on the outer tube to allow the middle plate to pass through and move
freely when the inner and outer tube move apart.

When the ED system functions, viscoelastic materials would act via shear deformation
between two steel plates. It is worth noting that the ingredient (e.g., resin content) of
viscoelastic materials may strongly affect their linear/nonlinear characteristic; thus, their
hysteresis models vary. The so-called linear characteristic refers to the ellipse-shaped
hysteresis curve, which is featured by most typical viscoelastic materials (see Figure 3b).
Kelvin–Voight model associated with linear viscoelastic materials was adopted herein to
derive the theoretical formulas of the proposed SCVEB, since this model is most widely
accepted for the viscoelastic materials.

The restoring force, Fve, can be expressed as follows:

Fve = Keff · u + Ce · vα (1)

where u is the displacement, v is the velocity, α is the velocity exponent, and Keff is the
equivalent storage stiffness, which is determined by the following:

Keff =
nG′A

h
(2)

where n is the number of viscoelastic material layers, A is viscoelastic material’s shear
section area, and h is the thickness of a single viscoelastic layer; the storage modulus, G’, is
determined by the following:

G′ =
F1h

nAu0
(3)

where u0 is the maximum displacement during loading (as illustrated in Figure 3b), and F1
is the damping force corresponding to u0.

Ce is the equivalent damping coefficient, which is calculated by the loss modulus, G”,
and the circular frequency, ω:

Ce =
nG′′ A

ωh
(4)

The loss modulus, G”, can be determined by the following:

G′′ =
F2

F1
G′ (5)

where F2 is the damping force corresponding to the displacement at zero.

2.3. Theoretical Activation Force of SCVEB

An activation (or sometimes called “decompression”) force, Fa, which should be
reached firstly before the SMA cables enter the working situation, can be expressed by
the following:

Fa =
Fa

kbr
· k2 + Fp (6)

where Fp is the total cable preload; k2 is the “post-yield” stiffness, i.e., that of the forward
transformation plateau, as marked in Figure 3a; and kbr is the initial stiffness of the brace
prior to activation:

kbr = kout + kin + k2 (7)
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where kin and kout are the elastic axial stiffness of the inner and outer tubes, respectively.
Since kbr >> k2 for most cases, Equation (6) can be subsequently reduced to the following:

Fa ≈ Fp (8)

Note that there is no relative deformation before activation; therefore, the load resis-
tance provided by VED, i.e., Fve, can be considered as zero. However, when the brace is
subjected to dynamic excitations, the velocity-related term in Equation (1) should not be
ignored. In this case, the total activation force of SCVEB is as follows:

Fa = Fp + Ce · vα (9)

Figure 4 shows the theoretical load–deformation relationship of the proposed SCVEB.
Ideally, after activation, SCVEB’s load at any deformation can be described as the sum of
the forces provided by the above two systems.
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3. Investigation on Kernel Elements
3.1. Individual SMA Cable Test

Figure 5a shows the geometric configuration of a typical SMA (50.8 at.% nickel–
49.2 at.% titanium alloys) cable that was later adopted in the SCVEB. The SMA cable
consists of seven helically wrapped strands, each of which contains 19 helically wrapped
monofilament SMA wires with a diameter of 1.0 mm (designated as 7 × 19 × 1.0). The
effective length of the studied SMA cable is about 300 mm, and special end grips were
machined for the SMA cables. The cable segment was first cut from a long cable by local
melting. The hot ends of the SMA cable were inserted into the preprocessed hole of the end
grips, followed by a machinal squeezing process. As a result, the cable ends were housed
in the squeezed end grips tightly. The end grips were further machined to be threaded for
connection and pre-tensioning, as shown in Figure 5b.

Pseudo-static tension testing of the SMA cable was conducted on a Universal Test
Machine (UTM) to obtain their basic mechanical behavior. The displacement and the
applied load were monitored by the grip displacement and the built-in load cell in the
UTM. A displacement-controlled incremental loading protocol was applied based on a
displacement interval ∆1 of 2.5 mm, which is equal to an axial deformation of 1% of the
test cable sample. The loading began with three cycles each at ∆1, 2∆1, 3∆1, 4∆1, 5∆1, and
6∆1, as shown in Figure 6a.

The force–displacement curve is shown in Figure 6b. It can be seen that the studied
SMA cable exhibited a satisfactory self-centering capability, and the flag-shaped hysteresis
became stabilized after a few loading cycles. The residual strain was generally small. The
aforementioned four segment stiffnesses, k1, k2, k3, and k4, were measured as 22,500, 1500,
18,000, and 3000 MPa, respectively. A dimensionless index, namely equivalent viscous
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damping (EVD), is employed to evaluate the energy-dissipation capacity and is expressed
by the following:

EVD =
1

4π

ED
ES

(10)

where ED is the typical energy dissipation per cycle (i.e., the area within the inelastic
force-displacement response curve), and ES is the recoverable elastic strain energy stored
in an equivalent linear elastic system. The calculation results confirm that the studied
SMA cables have moderate energy-dissipation capability (EVD = 2.6% at the maximum
tested displacement).
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Figure 6. Test of SMA cable specimen: (a) loading protocol and (b) test results.

3.2. Viscoelastic Material Test

A preliminary test was conducted by using a UTM to investigate the damping behavior
of viscoelastic material. The configuration and geometry dimensions of the test setup
are shown in Figure 7. The shearing area and thickness of the studied rubber layer are
100 × 180 mm2 and 30 mm, respectively. To obtain a comprehensive understanding of
the rubber layer under various loading scenarios (e.g., different loading amplitudes and
different loading frequencies), a progressive hysteresis loading protocol with six loading
steps was conducted, as drawn in Figure 8a.
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The test results are plotted in Figure 8b–d. It can be seen that the first cycle of all of
these hysteretic loops is plumper than that of the rest cycles, with significant initial stiffness
(E0), regardless of what the loading amplitudes is. The peak strength decreases when the
reverse loading is repeated under the same amplitude, whereas it increases as the loading
amplitude expands, indicating that the rubber features strong nonlinear characteristics,
both cyclic softening and cyclic hardening. Moreover, the rubber’s loading/unloading
plateau stiffness (E′) decreases as incremental loading process progresses. The hysteresis
force–shear strain relationship exhibits obvious loading amplitude dependence, where
Mullins effect is usually accepted to explain this phenomenon [79]. The hysteretic loop of
the studied rubber shows a typical non-linear characteristic [80], a phenomenon which is
mainly attributed to the temperature rise, as well as the fatigue performance of this material
during cyclic loading [81]. Figure 8c,d shows the relationship between the damping force
and loading frequency. It can be seen that the generated peak loads at the maximum
loading displacement are not sensitive to the loading frequency, and the load–deformation
relationship would remain stable since the second cycle. Therefore, it is reasonable to
assume that the velocity-dependent property of the rubber purchased for this study was
not significant. Nonetheless, they are still commonly called “viscoelastic material” in the
community of civil engineers, as they exhibited many typical behaviors of viscoelastic
dampers, such as similar hysteresis, high damping capability, temperature dependence,
Mullins effect, etc. A similar phenomenon was also observed in previous works [62,82].
The difference between linear and nonlinear viscoelastic materials probably lies in the
energy-dissipation amount and the load under peak deformation (see Figures 3b and 8b
for a more clarified understanding). Note that other types of energy-dissipation devices
(such as wire rope isolator [83]) also feature similar hysteretic behaviors, so it is feasible to
employ those devices in the proposed hybrid braces in future work.

4. Experimental Verification of Proposed SCVEB
4.1. Information of SCVEB Specimen

A proof-of-concept SCVEB specimen was fabricated and tested. The components were
fabricated in the shop and assembled in the laboratory. The corresponding configuration
and assembling method for the SCVEB specimen have been described in Section 2. The key
dimensions of the prototype SCVEB specimen are given in Figure 9.
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The main components (i.e., outer tube, inner tube, connecting angles, end-plates, and
other necessary accessory components) were manufactured by Grade Q345 steel (nominal
yield strength: 345 MPa). The rubbers were custom manufactured to the designed geometric
shape and employed in the ED system of the SCVEB. Four SMA cables, whose properties
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were investigated in Section 3.1, were employed in the SCVEB. The length of the SMA
cable was finally designed as 1770 mm. It is worth noting that, in practice, the SMA cables
do not need to run the full length between the end-plates, as they have a high capacity of
recoverable strain. Alternatively, high-strength steel cables may fill in for the rest of the
length. Shortening the length of the SMA cable could promote an increased efficiency of
the SMA cable and save the total production cost of the SCVEB at the same time.

The end grips of each cable were threaded, through which design the cables were
finally fastened to the end-plates, as shown in Figure 5b. Prior to starting the follow-up
experiments, the SMA cables were pre-tensioned through specially designed pre-tensioning
equipment. As shown in Figure 10, a reaction base was required due to the limited stroke
capacity of the hydraulic jack. When tensioning, the hydraulic jack was operated via a
threaded extension rod that was connected to the threaded end grip by a coupler. Once
the targeted pre-tensioned level (30 kN) was achieved, the nuts were locked and the
pre-tensioning process finished.
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4.2. Test Setup, Instrumentation, and Loading Protocol

The test setup for the SCVEB specimen is schematically shown in Figure 11. The
whole loading plane was oriented horizontally and the cyclic load was applied axially to
the SCVEB specimen. An electro-hydraulic servo actuator with a maximum loading rates
of 2000 mm/s was employed to conduct this experiment. Two ends of the SCVEB were
pinned to the servo actuator and strong base on the reaction frame, respectively. Through
this method, the brace can be viewed as subjected to uniaxial force during cyclic loading.
The deformation was measured by two vertical linear variable differential transformers
(LVDTs), which were attached to the connection plate of the inner tube and the connection
angle of the outer tube, respectively. A series of longitudinal strain gauges were placed on
the SCVEB surface to real-time-monitor whether the steel elements stayed elastic during
the whole process. The uniaxial force applied to the brace was measured by the built-in
load senor of the servo actuator.

The test was conducted in two rounds. Firstly, the complete SCVEB, i.e., with SMA
cables + VEDs, was tested. Then the VEDs were disassembled from the SCVEB (denoted
as SCB in the following discussions) to examine the hysteretic behavior of the isolated
SC system. The loading protocols for the successive component-level tests can be seen in
Figure 11 [84]. For the SCVEB test, an incremental amplitude loading protocol with the
sequence of 1∆v, 2∆v, 3∆v, and 4∆v, where ∆v = 15 mm, was employed. The interval ∆v
corresponds to the deformation amount when the rubber layer experiences a shear strain
of 50%, a value commonly adopted for the investigation of viscoelastic material-based
damper [80,81]. Such a loading protocol was practiced twice with two loading frequency
levels, i.e., 0.1 and 1.0 Hz, successively. For the SCB test, an incremental amplitude-loading
protocol with loading frequency of 0.1 Hz was adopted, following the sequence of 1∆b,
2∆b, 3∆b, 4∆b, and 5∆b, where ∆b = 12.7 mm. The interval ∆b corresponds to the 1% strain
level of the SMA cable. All of these amplitudes were input in a sinusoidal wave format,
and each amplitude was repeated for three times before moving to the next amplitude.
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4.3. Test Results and Discussions

The load–deformation hysteretic curves of the SCB and SCVEB specimens are plotted
in Figure 12. Some important performance indicators are marked in the figure.
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It can be seen that a non-linear hardening slope is followed after the elastic range.
There is an obvious turning point (“yield” point) in the curve, as depicted in Figure 12a–c.
The reason of this phenomenon is mainly attributed to the pre-tensioning status of the SMA
cables before decompression. The “yield” loads for SCVEB and SCB are both around 30 kN,
a value which is consistent with the amount of the pre-tensioned load. This indicates
that the “yield” phenomenon is resulted from the decompression of the pre-tensioned
SMA cables. Theoretically, the residual displacement of the SCB would be zero when the
load is removed (see Figure 4). Viewing the result of 0.1 Hz series SCB test; however,
the residual deformation did not return to zero as expected, but instead remained at a
constant value during different loading cycles. This undesirable residual deformation may
be due to defects in the brace itself (such as imperfect mechanical factors introduced during
machining, manufacturing, and assembly), rather than the performance degradation of the
materials (i.e., SMA cables), since SMA cables’ self-centering capability has been confirmed
by the tests aforementioned in Section 3.1. In fact, the measured length of the outer tube
is about 5 mm longer than that of the inner tube, which deviates from the original design
that the lengths of the outer and inner tube should be the same. It should be noticed that
the residual deformations of SCB and SCVEB were 4.88 mm and 5.77 mm (under 0.1 Hz),
respectively; the results were very close to the aforementioned manufacturing error length
between outer and inner tube (5 mm). Therefore, it can be concluded that the imperfect
self-centering results were mainly resulted from the manufacturing errors. Although the
manufacturing errors resulted in a maximum residual displacement of 4.88 mm in the
specimen that only contains SMA cables (i.e., specimen SCB, as shown in Figure 12c), it
did not much affect the completed brace specimen (i.e., SCVEB) to achieve the predicted
hysteretic response, as shown in Figure 4. The “true” residual displacement of SCVEB was
5.77 − 4.88 = 0.89 mm, which was an accepted level.

Figure 12d,e gives the calculated ED and EVD value of the specimens. It can be seen
that the energy-dissipation capacity increases with increasing loading amplitudes; however,
the EVD shows the opposite trend. This is because the EVD is only related to the shape of
the hysteretic curve, where a greater amount of increase is accumulated for ES rather than
ED, and, hence, it decreases the EVD. The EVD indicator also reflects that the larger the
deformation, the less plump the hysteresis loop is. Thanks to the extra energy dissipation
source provided by the four VEDs, both energy-dissipation indicators (ED and EVD) show
that the SCVEB has better energy-dissipation capacity than the SCB, and such superiority
is more evident under large loading amplitudes. It seems that the SCVEB exhibited a
“better” energy-dissipation performance under low loading frequency. However, it should
be noticed that the 1.0 Hz-series comes after the 0.1 Hz series in this experiment. Fatigue
damage may be accumulated in the rubber layer as the experiment progresses, and, thus,
the energy-dissipation property of ED system may decrease to some extent. In fact, the
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loading frequency may have negligible influence on the energy-dissipation performance
of the SCVEB in this test, since the rubber layer has been proven to be rate-unsensitive
in Section 3.2.

A component-level simulation work was conducted to verify the effectiveness of
the selected hysteretic models that is further to be adopted in the following-up system-
level analysis. A modified SelfCentering model (i.e., the four-segment simplified model
mentioned in Section 2.1) was used to capture the hysteresis behavior of the SMA cables
and the values calibrated in Section 3.1 was adopted. The hysteresis behavior of VEDs was
simulated by BoucWen Material model in OpenSEES. Moreover, the ElasticMultiLinear
Material model was used to consider the decompression process of the pre-tensioned SMA
cables and the MultiLinear Material model was adopted to consider the extra friction
between elements in SCVEB. The simulation results are plotted in Figure 12f. It can be
seen that the simulation curves fit well with the tested results, proving the validity of this
modeling method.

5. System-Level Analysis
5.1. Prototype Buildings

For an in-depth understanding of the fundamental performance of structural systems
employing the proposed SCVEB, a system-level analysis was conducted. Three nine-
story steel frames employing different types of braces (i.e., SCVEB, SCB, and conventional
buckling restrained brace) were designed and analyzed for comparison. All of these
frames employ the concentrically inverted-V-type braces with the same arrangements.
These frames were designed according to ASCE 7-16 [85] by the modal-response spectrum
analysis method. Figure 13 shows the basic information of the frames.
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These frames were assumed to be located at a stiff soil site (Site Class D) in Los
Angeles. Importance factor Ie = 1.0, response modification coefficient R = 8.0, deflection
amplification factor Cd = 5.0, design response spectral values SDS = 2/3SMS = 1.376 g, and
SD1 = 2/3SM1 = 0.707 g, are considered.

5.2. Design and Modeling

For the nonlinear dynamic analysis in OpenSEES, centerline models which represent
half of the buildings in the North–South (NS) direction were established (see Figure 13). The
basic information of these frames is provided in Table 1. The beam-to-column connections
are assumed to be rigid for all of these three buildings to maintain certain redundancy
against earthquake [77]. When modeling, the boundary frame members are simulated by
the Steel01 material with idealized kinematic hardening. The detailed modeling information
of these frames are described in the following sections.
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Table 1. Basic information of frames.

BRBF SCBF SCVEBF

Story kini
(kN/mm)

Fy
(kN)

A
(mm2) No. lSMA

(mm)
Fp

(kN) No. lSMA
(mm)

Fp
(kN)

L ×W × H
(mm ×mm)

1 400.4 2448.2 10,418 32 1760 2407 20 1760 1504 500 × 280 × 30
2 329.6 1706.3 7261 22 1500 1655 15 1500 1128 500 × 210 × 30
3 256.2 1326.1 5643 18 1500 1354 13 1500 978 500 × 180 × 30
4 228.9 1185.1 5043 16 1500 1203 12 1500 902 500 × 160 × 30
5 223.6 1157.4 4925 16 1500 1203 10 1500 752 500 × 140 × 30
6 185.1 958.1 4077 12 1500 902 9 1500 677 500 × 125 × 30
7 155.4 804.6 3424 10 1500 752 8 1500 602 250 × 210 × 30
8 102.0 528.3 2248 7 1500 526 4 1500 301 250 × 110 × 30
9 61.9 320.3 1363 4 1500 301 2 1500 150 250 × 70 × 30

Note: “kini” refers to initial stiffness of BRB, “Fy” refers to yield force of BRB, “A” refers to the area of BRB’s steel
core, “No.” refers to the number of SMA cables, “lSMA” refers to the length of SMA cables, “Fp” refers to the total
preload of SMA cables, and “L ×W× H” refers to the geometric dimension of the rubber layer.

5.2.1. Conventional Buckling Restrained Brace Frame (BRBF)

The BRBs were modeled with “truss” elements, and the Steel02 Giuffre–Menegotto–
Pinto material model was used. The seismic weight was appropriately distributed to the
main frame and the adjacent lean columns. The Rayleigh damping ratio was adopted as
5% for the first and third modes of vibration.

5.2.2. Typical Self-Centering SMA Cable-Based Frame (SCBF)

The information of the employed SMA cables is provided in Table 1. The effective
length of the SMA cables was determined by ensuring that the strain not exceeding 10%
at an inter-story drift is around 5%. The preload was determined by the “yield” force of
the SMA cables (see Figure 6). The SCBs were modeled with “truss” elements, and a modi-
fied SelfCentering material model was used to capture the unique flag-shaped hysteresis
behavior. An energy dissipation factor (β) of 0.6 was assumed for SMA cables [53].

It is worth noting that the SCBF and BRBF are designed to have the same initial stiffness
and boundary frame. This is because experiment results have revealed that the actually
measured initial stiffness of SCB specimens is comparable to those of the BRBs with a similar
level of load-carrying capacity [18]. Through this design, the main difference between these
two frames lies in the energy-dissipation capability, and the energy dissipation provided
by the two types of braces can be compared more intuitively.

5.2.3. Frame with SCVEB (SCVEBF)

When modeling the SCVEBF, a modified boundary frame with an approximately
25% reduction in the overall strength of the structure is considered. This is because
ASCE 7–16 [85] allows for a 25% reduction in the base shear for damped structures, with the
perspective of saving the overall cost of construction. The basic information of the prototype
SCVEBF is shown in Figure 13 and summarized in Table 1. The first-modal-added damping
ratio, ξadd, [85] of structure SCVEBF provided by the viscoelastic material is assumed to
be around 0.1. A total of eight viscoelastic material layers are considered for each brace,
and the geometric information of each layer is summarized in Table 1. The VEDs were
simulated by using the Kelvin–Voigt model in OpenSEES, which involves paralleled viscous
and elastic spring elements [63], and the associated parameters for simulating viscoelastic
material properties are chosen from the work performed by Zimmer [86] rather than the test
results in this paper. It is noteworthy that the models proposed in References [87,88] can be
employed to simulate the nonlinear viscoelastic hysteretic behavior. However, since the
linear viscoelastic materials are much more mature than the nonlinear ones and have been
adopted by more independent researchers, for ease of comparison with previous existing
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results, the follow-up system-level analysis is conducted based on the linear viscoelastic
hysteretic behavior.

5.3. Structural Performance

A nonlinear time-history analysis was carried out to examine their seismic perfor-
mance. A total of 20 far-field (FF) and 20 pulse-like near-fault (NF) ground motions at the
MCE level were considered herein. The FF records were selected from the FEMA P695
database [89] and were scaled to fit the target spectrum (see Figure 14a). As for NF records,
scaling should be cautiously performed for NF ground motions, since some key pulsing
characteristics may be violated by uniform scaling [90]. In this paper, the 20 NF ground
motions were carefully selected according to the criteria proposed by Baker [91] to match
the design spectrum (see Figure 14b). It is confirmed that the mean spectrum of the NF
records is not less than the design response spectrum for periods ranging from 0.2T1 to
2.0T1, which satisfies the ASCE 7–16 requirements.
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Figure 14. Response spectra of selected ground motions: (a) far-field (FF) ground motion records and
(b) pulse-like near-fault (NF) ground motion records.

5.3.1. Peak Inter-Story Drift (PID)

The PIDs of the frames are shown in Figure 15a. The results show that the PIDs of the
SCVEBF are all smaller than that of SCBF, with the maximum PID of the SCVEBF being
reduced by 35% and 33% compared to SCBF under FF and NF ground motions, respectively.
It demonstrates that the use of the viscoelastic material is highly effective in controlling the
PID. Extra energy-dissipation capacity provided by the viscoelastic material is responsible
for this improvement. Moreover, the maximum PID of the SCVEBF is even less than BRBF;
this, again, confirms the feasibility of the proposed SCVEBF.

5.3.2. Residual Inter-Story Drift (RID)

The RIDs of the frames are shown in Figure 15b. Both the SCBF and SCVEBF exhibit
reduced residual deformation compared to the BRBF, thus confirming the effectiveness
in RID control for the SCBF/SCVEBF. Due to the pulsing effect, the RIDs of the SCBF
increased under the NF earthquakes compared with those under FF earthquakes, where the
increased residual deformation of SCBF is mainly attributed to the inelastic deformation of
the boundary frame. By contrast, the RIDs of the SCVEBF at each story remain basically
the same, and there is almost no difference observed between the results under FF and NF
earthquakes. It is believed that the added damping ratio contributed by the viscoelastic
material suppresses the RID especially for the upper floors. These results, again, prove
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that the proposed SCVEBF is a promising solution for controlling residual drifts that is
especially effective in near-fault region.
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Figure 15. Mean responses of structures: (a) peak inter-story drift (PID), (b) residual inter-story drift
(RID), and (c) peak absolute floor acceleration (PFA).

5.3.3. Absolute Peak Floor Acceleration (PFA)

The height-wise peak floor acceleration (PFA) responses of the structures are shown in
Figure 15c. It is found that the SCBF exhibits the maximum PFA. This is because the unique
flag-shaped hysteresis loop of SCBF that features an abrupt “transition points” under
reverse-loading would induce a large difference in the shear force between the adjacent
stories. Relevant research works have reported that inconsistent inter-story shear forces
of the two adjacent floors may amplify PFA [92]. However, it is of interest to find that the
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PFAs of the SCVEBF are significantly smaller than that of the SCBF, and even lower than
the BRBF. This is mainly attributed to the participation of viscoelastic material, which can
effectively neutralize the sharp “transition points” during unloading [61].

6. Conclusions

A novel type of self-centering brace, namely the self-centering SMA-viscoelastic hy-
brid brace (SCVEB), was proposed in this study. The energy dissipation was provided
by the SMA cables, as well as the viscoelastic dampers (VEDs), whilst the self-centering
capacity was provided by the former. The fundamental mechanical behavior of individual
SMA cables and viscoelastic dampers was first investigated, followed by a more compre-
hensive experimental study on a proof-of-concept SCVEB specimen. The main findings
and conclusions are summarized as follows:

(1) The SMA cable exhibits typical flag-shaped hysteretic loops with a large recovery
strain. Reasonable cyclic pre-training is suggested before anchoring to SCVEB, since this
process was shown to help stabilize the hysteretic response.

(2) The VED is capable of providing reliable energy dissipation. The rubber in the test
did not show rate-dependence property, such as typical viscoelastic material, and this may
be due to the differences in their compositions.

(3) The SCVEB specimen exhibited satisfactory self-centering and energy-dissipation
capability, although a certain degree of residual strain was observed due to manufacturing error.
The participation of viscoelastic material, indeed, enhanced the energy-dissipation capability.

(4) The system-level analysis shows that the frames employing the proposed SCVEB
have satisfied peak inter-story drifts under the MCE and almost negligible residual inter-
story drifts. More importantly, the SCVEB can further reduce the peak floor acceleration of
the frames. These encouraging findings demonstrate that the proposed SCVEB could be a
cost-effective self-centering solution by reducing member size of the boundary frame with
less SMA consumption.
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Abstract: In order to improve the energy dissipation capacity and to reduce the residual deformation
of civil structures simultaneously, this paper puts forwards an innovative self-centering shape
memory alloy (SMA) brace that is based on the design concepts of SMA’s superelasticity and low
friction slip. Seven self-centering SMA brace specimens were tested under cyclic loading, and the
hysteresis curves, bond curves, secant stiffness, energy dissipation coefficient, equivalent damping
coefficient, and the self-centering capacity ratio of these specimens were investigated, allowing us to
provide an evaluation of the effects of the loading rate and initial strain on the seismic performance.
The test results show that the self-centering SMA braces have an excellent energy dissipation capacity,
bearing capacity, and self-centering capacity, while the steel plates remain elastic, and the SMA in the
specimens that are always under tension are able to return to the initial state. The hysteresis curves of
all of the specimens are idealized as a flag shape with low residual deformation, and the self-centering
capacity ratio reached 89.38%. In addition, both the loading rate and the initial strain were shown to
have a great influence on the seismic performance of the self-centering SMA brace. The improved
numerical models combined with the Graesser model and Bouc–Wen model in MATLAB were used
to simulate the seismic performance of the proposed braces with different loading rates and initial
strains, and the numerical results are consistent with the test results under the same conditions,
meaning that they can accurately predict the seismic performance of the self-centering SMA brace
proposed here.

Keywords: shape memory alloy (SMA); self-centering SMA brace; loading rate; initial strain; energy
dissipation coefficient

In major earthquakes, buckling-restrained brace frames [1] and eccentrically braced
frames [2] demonstrate high stiffness, high ductility, and good energy dissipating capac-
ity. However, conventional steel frames may develop severe residual deformations and
structural damage when subjected to strong earthquakes [3,4] In recent years, the concept
of a re-centering mechanism for civil structures has been proposed; it was considered
to be an efficient way to reduce residual deformation and to further improve the energy
dissipating capacity of these structures [5,6]. Therefore, many kinds of steel frames with
self-centering devices were proposed, and have demonstrated the advantages of high
stiffness, low residual deformation, and easy construction [7,8].

Shape memory alloy (SMA) wire is a new type of smart material with a shape memory
effect and superelasticity effect that can return to its initial shape after experiencing a
strain value of 0.06 with negligible residual deformation upon unloading [9,10]. A great
deal of research shows that self-centering dampers equipped with SMAs have emerged as
energy-dissipating and re-centering candidates for civil structures [11–16]. For example,
Xue et al. [11] proposed a self-centering friction damper with SMA wires and friction
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devices, and this damper had an excellent energy dissipation capacity. Qiu and Zhu [12]
investigated the behavior of novel self-centering SMA braces equipped with SMA as a
key component. Xu et al. [13] illustrated an innovative self-centering link beam with steel
rods and SMA rods to provide the re-centering force. Fang et al. [12,13] presented a novel
type of self-centering steel connection with SMA rings, which showed satisfactory energy
dissipation and excellent self-centering capability. Hu et al. [16] indicated that a new self-
centering brace had the advantages of good seismic performance, a high self-centering
capacity, and zero damage. To examine the influence of self-centering SMA dampers on the
seismic performance of civil structures, Li et al. [17] studied the seismic performance of a
six-story steel frame with an innovative re-centering damper, which had an outstanding re-
centering capacity. Fan et al. [18] further confirmed that the prepressed spring self-centering
braces in the steel frame could mitigate post-earthquake residual deformation.

However, some studies revealed that the seismic performance of the self-centering
braces mentioned above could be affected by the mechanical properties of the SMA wires
themselves. Zhou et al. [19] conducted fatigue testing on SMA wires that were 0.5 mm and
1.0 mm in diameter and indicated that the initial strain and loading frequency had a great
effect on the mechanical properties of the SMA wires. Yan et al. [20] revealed the influence
of cyclic numbers, the loading rate, and the strain amplitude on SMA wires. Qian et al. [21]
carried out the cyclic loading of SMA wires by changing the variable amplitudes and
loading rates. Hu et al. [22] investigated the effect of the cyclic number, strain amplitude,
initial strain, and loading rate on an SMA wire with a 1 mm diameter, and the results of the
mechanical property evaluation indicated that the cyclic number was less clear but that the
initial strain and loading rate should be emphasized. Therefore, the loading rate and initial
strain are two of the main factors that could be used to determine the seismic performance
of a self-centering brace with SMA wires.

This paper presents experimental research on the effect of the loading rate and the
initial strain of a self-centering SMA brace under cyclic loading, and the hysteresis curves,
bond curve, secant stiffness, energy dissipation coefficient, equivalent damping coefficient,
and self-centering capacity ratio (ratio between super-elastic displacement and maximum
displacement) of the braces are analyzed in detail. Then, the modified mechanical model of
the self-centering SMA brace is developed based on the improved Grasser model program
and the Bouc–Wen model, and the MATLAB/SIMULINK toolbox is used to conduct the
simulation, allowing the accuracy of the numerical results to be compared to the test results.

1. Basic Properties of Self-Centering SMA Brace

As shown Figure 1, self-centering SMA braces mainly include three parts: a slip
component, a fixed component, and SMA wires. The slip component is composed of a
moving plate, slip plate I and slip plate II, which are connected by slip bolt I and slip bolt
II. The fixed component is constituted by the moving plate, the fixed plate, and slip plate
II, which has a fixed bolt connection. The SMA wires are set on both ends of the two slip
bolts to provide the energy dissipating capacity and elastic restoring force, which provides
the special property of superelasticity. Moreover, rubber shims are placed on both sides of
the slip shim to reduce the friction coefficient, and the slip bolt passes through the moving
plate, slip shim, slip plateI, slip shim, and slip plate II in sequence. It is suggested that
the fixed shims be installed between the moving plate and fixed plate and slip plate II. In
addition, two slot holes are located at both ends of the moving plate, and there are two slot
holes in the same position on slip plate II and on the fixed plate.

Figure 2 illustrates the work principle of a self-centering SMA brace. As shown
Figure 2b, when the fixed plate is fixed and the brace is in tension conditions at the moving
plate, slip bolt II is fixed in the moving plate and slipped in the slip plates, and slip bolt
I is fixed in the slip plates and slipped into the moving plate simultaneously. As shown
Figure 2c, when the brace is in pressure conditions at the moving plate, the slip bolt I
is fixed in the moving plate and slipped in the slip plates, slip bolt II is fixed in the slip
plates and slipped into the moving plate simultaneously. During the positive and negative
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movements, the SMA wires are always subjected to elongation, thus increasing the ductility,
energy dissipating capacity, and self-centering capacity. In ideal conditions, when the
external load is unloaded, the SMA wires can almost force the slip component return back
to the initial state, and only slight residual deformation in observed in the self-centering
SMA brace, which is mainly caused by the very low friction coefficient of the rubber shims.

Figure 1. Schematic diagram of self-centering SMA brace.

Figure 2. (a) initial state, (b) brace in tension, (c) brace in pressure, Work principle of self-centering
SMA brace.

2. Test Investigation
2.1. Test Specimens

In total, the comparison of seven self-centering braces with different loading rates and
initial strains are tested in this paper. All of the braces are composed of a slip component,
fixed component, and SMA wires, as shown in Figure 3. Slip plateI has a cross-section
that is 449 mm × 80 mm in size and a thickness of 15 mm. The moving plate and slip
plate II have a cross-section that is 424 mm × 80 mm in size and a thickness of 8 mm. The
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fixed plate has a cross-section that is 130 mm × 80 mm in size and a thickness of 15 mm.
The radii, R, of the fixed hole, slip shim, and fixed shim are 5 mm, 15 mm, and 40 mm,
respectively. The thicknesses, tf, of the slip shim, fixed shim, and rubber shim are 5 mm,
3 mm, and 1 mm, respectively. The radius of the slot hole is 10 mm and has a length of
42 mm.

Figure 3. (a) right plate (b) front plate/rear plate (c) left plate (d) slip shim (e) fixed shim. Details of
the self-centering SMA brace.

The parameters of the specimens are listed in Table 1. The specimens consist of four
parameters: the torque value of the slip bolt, the SMA area, the loading rate of the SMA wire,
and the initial strain of the SMA wire. The torque value and SMA area of the specimens are
10 N·M and 43.96 mm2. For example, the specimen “SCB-12-25” represents the brace at a
loading rate of 0.0012 s−1 and an initial strain amplitude of 0.25%. The effect of the loading
rate of the self-centering SMA brace can be revealed by specimens SCB-12-0, SCB-18-0,
SCB-24-0, and SCB-36-0, while the influence of the initial strain is reflected by specimens
SCB-12-0, SCB-12-25, SCB-12-50, and SCB-12-100.

Table 1. Main specimen parameters.

No. Specimens Torque
Value/N·M

SMA
Area/mm2

Loading
Rate/s−1

Initial
Strain/%

1 SCB-12-0 10 43.96 0.0012 0
2 SCB-18-0 10 43.96 0.0018 0
3 SCB-24-0 10 43.96 0.0024 0
4 SCB-36-0 10 43.96 0.0036 0
5 SCB-12-25 10 43.96 0.0012 0.25
6 SCB-12-50 10 43.96 0.0012 0.50
7 SCB-12-100 10 43.96 0.0012 1.00

2.2. Material Properties
2.2.1. SMA Wire

The tested SMA wire with a diameter of 1.0 mm diameter was obtained from Gao’an
SMA Material Co., Ltd. According to data offered by the manufacturer, the chemical
composition of the SMA wire in terms of weight was close to Ni-55.96%, Ti-43.9835%,
H-0.0005%, Cr-0.0070%, Co-0.003%, C-0.005%, Fe-0.006%, Cu-0.006%, and others-0.029%.
Tests on the mechanical properties of the SMA wire at different loading rates and initial
strains under cyclic loading were carried out, and the hysteresis curves are shown in
Figure 4 [22].
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Figure 4. (a) Loading rate; (b) initial strain. Hysteresis curves of SMA wires with different influencing
factors [22].

The mechanical properties in the constitutive model of the SMA wire comprise six
parameters, i.e., σAM

s , σAM
f , σMA

s , σMA
f , εL, and EA [10], as shown in Figure 5. Based on the

mechanical properties obtained from Figure 4, the main parameters of SMA wires with
different influencing factors are shown in Table 2.

Figure 5. Constitutive model of SMA wire [22].

Table 2. Main parameters of SMA wire with different influencing factors.

Influencing Factor Value εL EA/MPa σAM
s /MPa σAM

f /MPa σMA
s / MPa σMA

f /MPa

Loading rate/s−1

0.0012 0.06 47000 492.81 703.70 277.53 117.89
0.0018 0.06 49000 493.94 712.23 288.85 117.49
0.0024 0.06 50000 495.30 720.81 295.19 116.55
0.0036 0.06 51000 496.30 730.62 303.79 116.24

Pre-tensioned/∆ε

0.0025 0.06 50000 490.81 742.35 288.29 119.44
0.0050 0.06 51000 484.68 776.27 285.48 135.37
0.0075 0.06 52000 475.81 807.56 274.28 146.18
0.0100 0.06 53000 433.86 813.31 258.74 156.65

2.2.2. Steel Plate

The tested steel plates with thicknesses of 8 mm and 15 mm were all made of Q345B
steel and had a nominal design yield strength of 345MPa. The samples that were obtained

43



Materials 2022, 15, 1234

from the steel plates were subjected to standard metallic tensile tests, and the mechanical
properties that were measured are listed in Table 3.

Table 3. Mechanical properties of steel plates.

No. Thickness/mm Yield Strength/MPa Tensile Strength/MPa Young’s Modulus/GPa Elongation/%

1 8 365 545 206 23.1
2 15 372 556 209 25.2

2.3. Test Setup

The cyclic loading test was carried out using an SDS100 fatigue test machine at the
Engineering Mechanics Experiment Center, Nanchang University. The test setup was
composed of four parts: the sensor, control station, control terminal, and signal connection,
as shown in Figure 6. The maximum hydraulically driven load that the SDS100 can apply
is 100 kN, which is applied with a precision of 0.01 kN. The lower fixture and upper
fixture were connected to the fixed plate and slip plateI of the self-centering SMA brace,
respectively. The load and displacement of the test specimens were directly recorded by
the sensor. All tests were conducted at 27 ◦C.

Figure 6. Diagram of the experimental setup.

2.4. Test Cases

The tested cases of self-centering SMA brace specimens are shown in Table 4. The
cases one through four studied the effect of the different loading rates, and the loading
rates were set as 0.0012 s−1, 0.0018 s−1, 0.0024 s−1, and 0.0036 s−1, respectively, whereas
the initial strain was zero, and the loading cycle was one. The first case as well as cases
five to seven considered the effect of the initial strains, which were 0.0025, 0.0050, 0.0075,
and 0.0100, and all tests were loaded for at a loading rate of 0.0012 s−1 for one cycle. In
addition, a total of seven loading displacement ranges were set for all of the specimens:
1.20 mm, 2.40 mm, 4.80 mm, 7.20 mm, 9.60 mm, 12.00 mm, and 14.40 mm, which were set
successively [22], and the corresponding strain amplitudes were 0.005, 0.01, 0.02, 0.03, 0.04,
0.05, and 0.06.
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Table 4. Test cases of self-centering SMA brace specimens.

Test Case Specimens Loading Rate/s−1 Initial Strain/% Loading Displacement/mm Loading Cycles

1 SCB-12-0 0.0012 0 1.20, 2.40, 4.80, 7.20, 9.60, 12.00, 14.00 1
2 SCB-18-0 0.0018 0 1.20, 2.40, 4.80, 7.20, 9.60, 12.00, 14.00 1
3 SCB-24-0 0.0024 0 1.20, 2.40, 4.80, 7.20, 9.60, 12.00, 14.00 1
4 SCB-36-0 0.0036 0 1.20, 2.40, 4.80, 7.20, 9.60, 12.00, 14.00 1
5 SCB-12-25 0.0012 0.25 1.20, 2.40, 4.80, 7.20, 9.60, 12.00, 14.00 1
6 SCB-12-50 0.0012 0.50 1.20, 2.40, 4.80, 7.20, 9.60, 12.00, 14.00 1
7 SCB-12-100 0.0012 1.00 1.20, 2.40, 4.80, 7.20, 9.60, 12.00, 14.00 1

3. Test Results
3.1. Hysteresis Curves

Figure 7 shows the hysteresis curves of the self-centering SMA brace specimens with
different loading rates and initial strains. The hysteresis curves mainly consist of three
successive phases: the initial slip phase, the rapidly increasing stress–strain phase, and the
rapidly decreasing phase. The figure clearly shows that all of the hysteresis curves exhibit a
high self-centering capacity and ideal flag-shape hysteresis with low residual deformation
and slip strength. The self-centering capacity and ideal flag-shape hysteresis are primarily
caused by the SMA wires, while low residual deformation and slip strength are induced by
the slip component. In addition, the rectangular loops around the origin point are caused
by low residual deformation and slip strength.

(1) Effect of loading rates: Figure 7a plots the hysteresis curves of the SCBs with different
loading rates. It can be seen that the maximum axial force F and residual deformation
D1 are 31.08 kN, 31.49 kN, 31.75 kN, 32.23 kN and 1.97 mm, 1.90 mm, 1.87 mm, 1.85 mm
at the loading rates of 0.0012 s−1, 0.0018 s−1, 0.0024 s−1, and 0.0036 s−1, respectively.
The ultimate axial force increased gradually, and the residual deformation decreased
slightly as the loading rate increased.

(2) Effect of initial strains: The hysteresis curves of the SCBs with different initial strains
are shown in Figure 7b. The maximum axial forces F of the SCBs were 31.08 kN,
33.21 kN, 36.80 kN, and 42.24 kN at the loading rates of 0.25%, 0.50%, 0.75%, and
1.00%, respectively, which significantly increased as the initial strain increased. In
addition, the results also indicate that the residual deformation D1 at the loading rates
of 0.25%, 0.50%, 0.75%, and 1.00% were 1.97 mm, 1.89 mm, 1.69 mm, and 1.53 mm,
respectively, which was mainly caused by the increase in the initial stress and ultimate
stress of the SMA wires [22].

3.2. Bond Curves

The bond curves in Figure 8 were obtained from the results in Figure 7. The bond
curves in the initial slip phase have a smaller initial stiffness, and the bearing capacity and
initial stiffness gradually increased in the increasing phase. Finally, the bearing capacity
of the specimens increased slowly and reached the maximum axial force, and the slope
of the bond curve began to decrease in the decreasing phase. All of the bond curves are
origin-symmetric under axial tension and axial compression. In addition, as shown in
Figure 8a,b, the bearing capacity of specimens SCB-12-0, SCB-18-0, SCB-24-0, SCB-36-0
increased as the loading rate increased, and the same conclusion can be obtained for the
initial strain rates for specimens SCB-12-0, SCB-12-25, SCB-12-50, and SCB-12-100.
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Figure 7. (a) Loading rate; (b) initial strain. Hysteresis curves of self-centering SMA brace specimens.

Figure 8. (a) Loading rate; (b) initial strain. Bond curves of self-centering SMA brace specimens.

3.3. Secant Stiffness

In this paper, the stiffness degradation of the self-centering SMA brace is presented by
the secant stiffness coefficient, Ksi, which can be calculated by:

Ksi =
|Fi,max|+ |−Fi,min|
|Di,max|+ |−Di,min|

(1)

where Fi,max, Fi,min, Di,max, and Di,min represent the maximum axial force, minimum ax-
ial compression, maximum displacement, and minimum displacement at the i-th hysteretic
cycle under the load displacement of i.

Figure 9 shows the secant stiffness curves of all of the test specimens. The secant stiff-
ness coefficient decreases after reaching the maximum value as the applied displacement
increases and the reduction rate gradually decreases. The initial increase in the secant stiff-
ness coefficient is mainly because of the slip friction of the slip components. In addition, as
the loading rate and initial strain increase, it can be seen that the secant stiffness coefficients
of the self-centering SMA braces increase gradually.
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Figure 9. Secant stiffness of self-centering SMA brace specimens.

3.4. Energy Dissipation Coefficient

The different energy dissipation coefficients, Ei, which are calculated by the enclosed
area of the hysteresis curve for each specimen, are shown in Figure 10. The maximum Ei of
the specimens SCB-12-0, SCB-18-0, SCB-24-0, and SCB-36-0 are 317.37 J, 320.80 J, 310.73 J,
and 291.13 J, respectively. An increase in the Ei in each test case can be observed when
the loading rates are increased from 0.0012 s−1 to 0.0018 s−1, an a gradual decrease occurs
as the loading rate increases to 0.0036 s−1, which is influenced by the pinch phenomenon
in the hysteresis curves [22]. In addition, an increase in the Ei for specimens SCB-12-
0, SCB-12-25, SCB-12-50, and SCB-12-100 can be clearly seen under different test cases
where there is an increase of initial strain from 0 to 0.01, which was mainly caused by the
increase in the hysteresis areas. Therefore, the energy dissipation capacity can be effectively
increased by increasing the initial strain, but the influence law of the loading rate for the
self-centering SMA braces is uncertain, meaning that further research should be on the
equivalent damping coefficient.

Figure 10. Energy dissipation coefficient of specimens.
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3.5. Equivalent Damping Coefficient

The equivalent damping coefficient, ξeq, is also an important parameter that can be
used to evaluate the energy dissipation capacity, which can be calculated as follows [23]:

ξeq =
1

2π

SEBG + SDEG
SOBA + SODC

(2)

where SEBG and SDEG represent the areas of the closed geometrical figures EBG and DEG,
which are enclosed by the vertical axial force and horizontal displacement of the coordinates,
and SOBA and SODC represent the areas of the triangles OBA and ODC in Figure 11.

Figure 11. Calculation of the energy dissipation coefficient.

For all of the test specimens, the equivalent damping coefficient during the loading-
unloading process is presented in Figure 12. The equivalent damping coefficient of all of the
specimens increases as the applied displacement increases. For the specimens with different
loading rates, the equivalent damping coefficient of specimen SCB-18-0 is higher than that
of specimens SCB-12-0, SCB-24-0, and SCB-36-0; this is mainly caused by the hysteresis area
and energy dissipation value. Compared to specimen SCB-12-0, SCB-12-25, SCB-12-50, and
SCB-12-100 have a larger maximum axial force F and nearly the same energy dissipation
value Ei, resulting in a lower equivalent damping coefficient as the initial strain increases.

Figure 12. Equivalent damping coefficient of self-centering SMA brace specimens.

3.6. Self-Centering Capacity Ratio

The proposed self-centering SMA brace is mainly composed of a slip component and
re-centering component, and consequently, the axial force, FSCB, can be written by:

FSCB = FSMA + Fslip (3)
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where FSMA and Fslip are the forces of the SMA wires and slip, as shown in Figure 13.

Figure 13. (a) SMA, (b) slip component, and (c) self-centering SMA brace force–displacement curve
of self-centering SMA brace.

The self-centering capacity ratio, δ, is an important parameter that can be used to
evaluate the re-centering capacity of self-centering SMA braces and can be calculated
as follows:

δ =
D− D1

D
(4)

where D is the maximum applied displacement, and D1 is the residual displacement.
Based on the test results in Section 3.1, the maximum Fu,SCB, Fslip, FSMA, D, D1, and

δ of each specimen can be concluded and are shown in Table 5. The Fslip was obtained
by the vertical force of the rectangular loops around the origin point in Figure 7, and
the FSMA is equal to the Fu,SCB minus the Fslip. By increasing the loading rate, the Fu,SCB
and δ increased, while the Fslip and D1 decreased. In addition, a larger initial strain also
resulted in a greater Fu,SCB and larger δ at the maximum displacement, and yet both
the Fslip and D1 show opposite trends. Moreover, it should be noted that the maximum
self-centering capacity ratio is 89.38%, showing that the self-centering SMA brace has an
excellent re-centering capacity.

Table 5. Performance indices of self-centering SMA braces.

Specimen Fu,SCB/kN Fslip/kN FSMA/kN D/mm D1/mm δ/%

SCB-12-0 31.08 1.56 29.52 14.40 1.97 86.32
SCB-18-0 31.49 1.52 29.97 14.40 1.90 86.81
SCB-24-0 31.75 1.46 30.29 14.40 1.87 87.01
SCB-36-0 32.23 1.34 30.89 14.40 1.82 87.36
SCB-12-25 33.21 1.76 31.45 14.40 1.89 86.88
SCB-12-50 36.80 2.15 34.65 14.40 1.69 88.26

SCB-12-100 42.24 2.83 39.39 14.40 1.53 89.38

4. Numerical Results

The SIMULINK toolbox from MATLAB was used to simulate the seismic performance
of the self-centering SMA brace, and the numerical and test results will be compared with
the same conditions.

4.1. Numerical Model of Self-Centering SMA Brace

In Equation (3), the force of the SMA wires can be expressed by:

FSMA = σSMA As (5)

where σSMA and As are the stress and cross-sectional area of the SMA wires, respectively.
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According to the improved Graesser and Cozarelli model by Graesser [24] and Qin [21],
the σSMA can be calculated as follows:

.
σ = E

[
.
ε−

∣∣ .
ε
∣∣
(

σ− β

Y

) n−1( σ− β

Y

)]
(6)

β = Eα
{

εin −
σ

E
+ fT |ε|cer f (aε)[u(−ε

.
ε)] + fM[ε− εM f sgn(ε)]m[u(ε

.
ε)][u(|ε| − εM f )]

}
(7)

where ε, E, and Y are the strain, elastic modulus, and yield stress of the SMA wire, respec-
tively; n is a constant controlling the sharpness of the transition from the elastic state to the
phase transformation; β is the one-dimensional back stress; α is equal to Ey/(E−Ey); Ey is
the slope of stress–strain curve in the plastic range; εin is the inelastic strain; fT, a, and c are
the material constant controlling the type and size of the hysteresis, the amount of elastic
recovery, and the slope of the unloading stress plateau, respectively; εMf is the Martensite
finish transformation strain; and fM and m are the constants controlling the Martensite
hardening curve.

The error function erf (x), Heaviside function u (x), and sigh function sign (x) can be
expressed as [21]:

er f (x) =
2√
x

∫ x

0
e−t2

dt (8)

u(x) =
{

1 (x ≥ 0)
0 (x < 0)

(9)

sgn(x) =





+1 x > 0
0 x = 0
−1 x < 0

(10)

Therefore, the numerical model of the SMA wires will be revealed in detail using
Equations (7) and (8) during the numerical analysis.

To accurately simulate the mechanical properties of the slip component, the Bouc-Wen
model [25] is presented and described by:

Fslip = λkd + (1− λ)kDyZ (11)

where d, k, Dy, λ, and Z are the deflection, initial stiffness, yield displacement, ratio of
plastic and elastic stiffness, and non-dimensional displacement, respectively.

The first-order non-dimensional displacement equation yields can be expressed by:

.
ZDy = −γ

∣∣∣
.
d
∣∣∣Z|Z|η−1 − β

.
d|Z|η + θ

.
d (12)

where γ, β, and θ are the parameters to control the shape and size of the hysteresis curve,
and η is a scalar value to govern the smoothness of the transition from the elastic stage to
the plastic stage.

In addition, according to the material properties of the SMA wires in Section 2.2.1 and
the test results in Section 3, the model parameters of the SMA wire and slip model can be
determined and are listed in Table 6.

Table 6. Determined the parameters of the SMA wire and slip model.

SMA Wire Slip Component

L = 240mm n = 3 λ = 0.0001, η = 4
A = 43.96 mm2 εMf = 0.04 k = 12000

α = 0.019 fm = 42500 Dy = 0.1
m = 3 m = 3 γ = 0.5

c = 0.001 a = 240 β = 0.5
ft = 0.79 θ = 0.9
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4.2. Comparison of Test and Numerical Results
4.2.1. Loading Rate

The hysteresis curves of the numerical results were simulated using the improved
Graesser model and Bouc–Wen model, which need to combine with the main parameters
in Tables 2 and 6. Figure 14 displays the comparison of the test and numerical results
under different loading rates. At the applied displacements of 2.40 mm and 4.80 mm for
specimens SCB-12-0, SCB-18-0, SCB-24-0, and SCB-36-0, a great difference in the hysteresis
curves between the test and numerical results can be observed, which can be explained
by the existing errors between the slip bolt and slip hole in the test model. However, both
the test and numerical hysteresis curves have almost the same initial stiffness for all of
the specimens at the different loading rates. As the applied displacement increases, the
hysteresis curves between the test and numerical results for each specimen are very close,
and only a small error exists near σMA

s , which is the same as the error for the SMA wire at
the different loading rates [22].

Figure 14. (a) SCB-12-0; (b) SCB-18-0; (c) SCB-24-0; (d) SCB-36-0. Comparison between test and
numerical hysteresis curves under different loading rates.

For the different loading rates, the secant stiffness and energy dissipation coefficients of
the specimens obtained from the test and numerical results with the applied displacement
values ranging from 2.40 mm to 14.40 mm are shown in Tables 7 and 8. At the displacements
of 2.40 mm and 4.80 mm, the maximum error between the test and numerical secant
stiffness is 31.76%. Meanwhile, the maximum error is also 56.63% for the energy dissipation
coefficient. The main reason for the error may be due to the difference between the slip bolt
and hole in the test brace. As the displacement increases from 7.20 mm to 14.40 mm, the
maximum errors in the secant stiffness and energy dissipation coefficient between the test
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and numerical results are 5.68% and 8.02%, respectively, showing good accuracy. Based on
the above analysis, the presented numerical model determined from Equations (3)–(12) can
be used to simulate the seismic performance of self-centering SMA braces with different
loading rates.

Table 7. Comparison of secant stiffness under different loading rates.

Strain
Amplitude/%

Loading Rate

0.0012/s 0.0018/s 0.0024/s 0.0036/s

Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/%

1 4.87 6.42 31.76 5.28 6.48 22.87 5.40 6.53 20.88 5.70 6.58 15.45
2 3.63 4.09 12.68 3.74 4.17 11.47 4.07 4.18 2.77 4.20 4.19 0.11
3 2.77 2.85 2.66 2.98 3.02 1.37 3.22 3.10 3.63 3.37 3.29 2.32
4 2.39 2.26 5.68 2.47 2.42 2.28 2.60 2.54 2.55 2.73 2.66 2.45
5 2.32 2.24 3.28 2.39 2.30 3.74 2.47 2.42 2.08 2.54 2.49 2.10
6 2.30 2.21 4.23 2.37 2.29 3.65 2.41 2.32 3.39 2.47 2.41 2.22

Table 8. Comparison of energy dissipation coefficient under different loading rates.

Strain
Amplitude/%

Loading Rate

0.0012/s 0.0018/s 0.0024/s 0.0036/s

Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/%

1 8.76 3.94 54.95 9.11 3.98 56.35 9.19 3.99 56.55 9.27 4.02 56.63
2 37.00 42.03 13.59 37.54 43.00 14.56 38.07 43.25 13.62 38.14 43.50 14.05
3 88.33 95.08 7.64 91.83 99.19 8.02 93.43 100.78 7.87 95.31 102.77 7.83
4 164.75 173.86 5.53 167.97 178.94 6.53 170.15 179.28 5.36 172.06 182.42 6.02
5 246.25 257.97 4.76 247.37 259.30 4.82 248.67 261.68 5.23 251.25 266.05 5.89
6 317.37 327.92 3.32 320.81 334.75 4.35 310.73 319.38 2.79 291.13 296.80 1.95

Note. Error = (Numerical − Test)/Test: ‘Tes.’ and ‘Num’ denote the test and numerical results, respectively.

4.2.2. Initial Strain

Figure 15 shows the comparison between the test and numerical results under different
initial strains at the applied displacements ranging from 2.40 mm to 14.40 mm. At the
displacements of 2.40 mm and 4.80 mm for specimens SCB-12-0, SCB-12-25, SCB-12-50, and
SCB-12-100, an obvious contrast between the test and numerical results can be observed,
and the cause of the contrast is the same as it is with the loading rates. As the displacement
increased from 7.20 mm to 14.40 mm, the hysteresis curves of the specimens obtained by
the test results all show close agreement with the numerical results.

The secant stiffness and energy dissipation coefficient of the specimens calculated from
test and numerical results are shown for the different initial strains in Tables 9 and 10. At the
displacement of 2.40 mm, the maximum errors of the secant stiffness and energy dissipation
coefficient between the test and numerical results are 54.95% and 31.76%, respectively. As
the strain amplitude increases, the numerical results of the secant stiffness and energy
dissipation coefficient for all of the specimens become gradually closer to the test results,
which have a maximum error of 7.64%, showing great agreement. Therefore, the proposed
numerical model can also be used to analyze the seismic performance of the self-centering
SMA braces with different initial strains.
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Figure 15. (a) SCB-12-0; (b) SCB-12-25; (c) SCB-12-50; (d) SCB-12-100. Comparison between test and
numerical hysteresis curves under different initial strains.

Table 9. Comparison of energy dissipation capacity under different initial strains.

Strain
Amplitude/%

Initial Strain/%

0 0.25 0.5 1

Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/%

1 8.76 3.94 54.95 14.25 9.17 35.65 17.96 10.47 41.71 21.29 13.77 35.33
2 37.00 42.03 13.59 56.49 60.06 6.325 62.61 66.37 6.00 69.20 73.22 5.80
3 88.33 95.08 7.64 117.98 124.16 5.23 124.84 130.97 4.91 143.83 150.35 4.53
4 164.75 173.86 5.53 186.16 194.60 4.54 198.96 207.10 4.09 212.85 220.99 3.82
5 246.25 257.97 4.76 256.61 266.45 3.83 267.08 276.25 3.43 275.00 283.34 3.03
6 317.37 327.92 3.32 318.48 328.74 3.22 341.65 350.30 2.53 342.98 351.32 2.43
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Table 10. Comparison of secant stiffness under different initial strains.

Strain
Amplitude/%

Initial Strain/%

0 0.25 0.5 1

Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/% Tes. Num. Error/%

1 4.87 6.42 31.76 7.66 7.31 4.49 7.98 7.69 3.70 8.70 8.28 4.78
2 3.63 4.09 12.68 5.12 4.90 4.36 5.48 5.11 6.83 5.76 5.42 5.83
3 2.77 2.85 2.66 3.73 3.63 2.69 3.94 3.78 3.93 4.26 4.11 3.49
4 2.39 2.26 5.68 2.98 2.85 4.16 3.43 3.28 4.44 3.62 3.47 4.10
5 2.32 2.24 3.28 2.56 2.45 4.11 2.89 2.75 4.71 3.30 3.17 3.90
6 2.30 2.21 4.23 2.42 2.35 3.09 2.66 2.58 3.18 3.11 3.05 2.13

5. Conclusions

In this paper, the cyclic loading test and numerical analysis were studied to carry out
an innovative self-centering brace with the effect of the loading rate and initial strain, and
the seismic performance of the brace was investigated. The following conclusions can
be obtained:

(1) The proposed self-centering SMA brace has an excellent energy dissipation capacity,
ductility, and self-centering capacity. The hysteresis curve can be idealized as a
flag-shape with small residual deformation, and the self-centering capacity ratio
reached 89.38%.

(2) Loading rate: As the loading rate increased, the ultimate axial force and secant stiffness
coefficient increased gradually, the residual deformation decreased slightly, and the
maximum Ei, and the equivalent damping coefficient at each test case was able to be
observed at the loading rate of 0.0018 s−1.

(3) Initial strain: The ultimate axial force, secant stiffness coefficient, and energy dissipa-
tion coefficient indeed increased gradually as the initial strain increased from 0 to 0.01,
but the maximum equivalent damping coefficient of the self-centering SMA brace
appears at the initial strain of 0.

(4) The improved numerical model combined with the Graesser model and Bouc–Wen
model can be used to analyze the seismic performance of self-centering SMA braces
with different loading rates and initial strains, and the numerical results are consistent
with the test results under the same conditions.
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Abstract: In order to improve the deformation energy consumption and self-centering ability of
reinforced concrete (RC) frame beam-column joints for main buildings of conventional islands in
nuclear power plants, a new type of self-centering joint equipped with super-elastic shape memory
alloy (SMA) bars and a steel plate as kernel components in the core area of the joint is proposed in this
study. Four 1/5-scale frame joints were designed and manufactured, including two contrast joints (a
normal reinforced concrete joint and a concrete joint that replaces steel bars with SMA bars) and two
new model joints with different SMA reinforcement ratios. Subsequently, the residual deformation,
energy dissipation capacity, stiffness degradation and self-centering performance of the novel frame
joints were studied through a low-frequency cyclic loading test. Finally, based on the OpenSees
finite element software platform, an effective numerical model of the new joint was established and
verified. On this basis, varying two main parameters, the SMA reinforcement ratio and the axial
compression ratio, a simulation was systematically conducted to demonstrate the effectiveness of
the proposed joint in seismic performance. The results show that replacing ordinary steel bars in the
beam with SMA bars not only greatly reduces the bearing capacity and stiffness of the joint, but also
makes the failure mode of the joint brittle. The construction of a new type of joint with consideration
of the SMA reinforcement and the steel plate can improve the bearing capacity, delay the stiffness
degradation and improve the ductility and self-centering capability of the joints. Within a certain
range, increasing the ratio of the SMA bars can further improve the ultimate bearing capacity and
energy dissipation capacity of the new joint. Increasing or decreasing the axial compression ratio of
column ends has little effect on the overall seismic performance of new joints.

Keywords: shape memory alloy; self-centering; beam-column joints; seismic performance

1. Introduction

At present, nuclear power plants have adopted higher seismic design criteria according
to the seismic hazard evaluation of the site. For example, the seismic design criteria adopted
by Tianwan, Taishan, and Haiyang nuclear power plants in China are 0.2 g, 0.25 g, and
0.3 g, respectively, which are higher than the local seismic level [1]. The safety of domestic
and foreign nuclear power plants using this kind of seismic design standard has been
verified and affirmed in previous conventional earthquakes. However, for the super-design
reference earthquake, the current response measures are mainly to improve the seismic
isolation design of nuclear power engineering structures and to analyze and evaluate the
nuclear power system through seismic margin assessment and seismic probabilistic risk
assessment [2,3]. The above methods cannot be separated from the judgment of empirical
data, and the evaluation results have great uncertainty. Especially in the case of two or more
unknown super-benchmark accidents, such as accidental damage to buildings adjacent to
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the nuclear island and secondary disasters caused by beyond-design basis earthquakes, as
in the Fukushima nuclear accident in 2011, such a beyond-design basis earthquake may still
pose a greater security threat to nuclear power engineering. However, the structural design
considering the superposition of multiple disasters, such as earthquakes and tsunamis,
is neither economical nor convenient. On the other hand, under the requirements of
the current economic sustainable development, the research on seismic engineering has
gradually developed from seismic isolation to the direction of recoverable function [4].
In this trend, higher requirements are also put forward for major projects represented by
nuclear power projects that are related to the national economy, people’s livelihoods and
the national economic lifeline, so as to achieve the seismic goal of the function not being
interrupted or restored as soon as possible during the earthquake, and the normal use can
be achieved without repair or with only slight repair after the earthquake. At the same
time, a large number of seismic damage investigation results [5–9] show that beam-column
joints, as an important hub for coordinating deformation and transfer load distribution in
frame structure systems, are also one of the most seriously damaged parts, especially in
related nuclear power engineering frame structure buildings under beyond-design basis
earthquake. The traditional seismic design improvement method of concrete beam-column
joints is mainly strengthening stirrups or using high strength concrete [10–13]; at the same
time, it brings about a substantial increase in the construction cycle and cost and does not
break through the performance limitations of traditional building materials. It is difficult
to meet the requirements of structural recoverable functions. Concrete-filled steel tubular
columns can improve the bearing capacity and seismic performance of the structure to
a certain extent, and in recent years, some progress has been made in the experimental
and theoretical research of these columns [14–17], but their practical application in nuclear
power engineering is still rare. At the same time, the super-elastic shape memory alloy
(SMA) has been rapidly developed and applied due to its special material functional
properties [18–22]. It also provides a new idea for improving safety in nuclear power frame
structure engineering under the action of beyond-design basis earthquakes.

The shape memory alloy (SMA) is a new intelligent material that takes into account
sensing and driving functions. When the external force is unloaded, the inverse phase
transformation drive can automatically restore the strain up to 8%–10% instantaneously [23].
At present, it has been widely studied and applied in energy dissipation braces [24,25],
isolation bearing [26,27], and various dampers [28–30]. Based on these spontaneous and
instantaneous recoverable super-elastic characteristics, the improved replacement between
SMA bars and ordinary steel bars in conventional concrete beams and columns provides a
new research and design idea for improving the mechanical properties of concrete beam-
column joints. The research on the seismic performance of RC beam-column joints mainly
explores the influence of other structural members, such as wide beams and slabs [31,32],
and reinforcement methods, such as FRP and BFRP reinforcement [33–36]. However, there
are few experimental studies on the seismic performance of new self-centering concrete
beam-column joints based on SMA tendons [37–39], and the design structure of the new
joints in the related research reported is relatively larger than that of the traditional concrete
joints, which lacks the simplicity and practicability suitable for actual construction.

Based on this, in order to further promote the application of SMA reinforcement in
the field of structural engineering and optimize the energy consumption and self-recovery
ability of important concrete frame engineering structures, considering that the frame
structure edge joints in earthquake damage are often more serious than the internal joints,
our research group designed a new type of self-centering and low-damage joint with the
conventional frame edge joint of conventional island main buildings in nuclear power
plants. Different from the previous related self-centering nodes, in order to enhance
the application feasibility, the structural design is closer to the traditional steel binding
process. It is proposed to study the failure process, hysteretic characteristics, energy
dissipation capacity, stiffness degradation, and self-centering capacity of the new joint
through experiment and numerical simulation, so as to provide a certain basis for the
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practical application of the new joint in important frame structures such as conventional
island main buildings in nuclear power plants.

2. Experimental Program
2.1. Test Specimens

Four frame beam-to-column joints with a scale ratio of 1:5 were designed and man-
ufactured, including two self-centering new beam-to-column joint models numbered by
PSJD-1 and PSJD-2 (ordinary longitudinal reinforcement plus hybrid joints with different
diameters of SMA reinforcement) and two comparative joints (ordinary reinforced con-
crete beam-to-column joints numbered by PJD-1, SMA reinforced beam-to-column joints
numbered by SJD-1). The geometric dimensions of each specimen were the same and were
made according to the current concrete design specifications in China. The fixed steel plate
required in this experiment not only played the role of connecting shape memory alloy
rods, but also played the role of a longitudinal reinforcement elbow. In order to reduce
the adverse effect on the anchorage connection end when the joint was damaged and
cracked, two steel plates were placed 50 mm away from the outer edge of the beam and the
column, respectively. The size reinforcement and specific parameters of the specimen are
shown in Figure 1 and Table 1. The steel end plate of the new joint has reserved holes for
SMA bars and ordinary steel bars to pass through. The SMA bars and the steel end plate
were connected by bolt anchorage, and the ordinary steel bar and the steel end plate were
welded. The connection structure is shown in Figure 2.
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Table 1. Basic parameters of specimens.

Specimen
Number

Column Reinforcement Beam Reinforcement Axial
Compression

Ratio
Test PurposeLongitudinal

Reinforcement
Hooped

Reinforcement
Longitudinal

Reinforcement
SMA Reinforcement

Ratio (%)

PJD-1 4 × C22 A8@65/100 4 × C10 0 0.25 contrast test

SJD-1 4 × C22 A8@65/100 4 × SMA bars (10
mm) 0.800 0.25 contrast test

PSJD-1 4 × C22 A8@65/100 4 × C10 + 4 × SMA
bars (8 mm) 0.513 0.25 model test

PSJD-2 4 × C22 A8@65/100 4 × C10 + 4 × SMA
bars (10 mm) 0.800 0.25 model test

2.2. Materials
2.2.1. SMA Materials

The Ni–Ti shape memory alloy bar used in this test was customized in Baoji Long
Qiangfeng Titanium Industry Co., Ltd (Baoji, China). The chemical composition was
approximately as follows: Ni: 54.38%; Ti: 45.575%; others: 0.045%. The length and
diameter of the fabricated dumbbell-shaped SMA bar specimens were 130 mm and 10 mm,
respectively.
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Studies have shown that [37,40] heat treatment can greatly improve the super-elasticity
of SMA bars. The heat treatment process used in this experiment was as follows: the SMA
specimens were placed in a high-temperature furnace with a constant temperature of 400 ◦C
for 25 min, and the water was taken out immediately after the end. In order to further
stabilize the mechanical properties of SMA bars, the specimens after heat treatment were
placed in boiling water and ice water for 3 min, and the above cold and hot cycles were
repeated five times. The cyclic tensile test of SMA bars was carried out according to the
strain amplitude (1%, 2%, . . . , 8%). The cyclic loading and unloading at all levels were
carried out once, the strain rate was 0.0015 s−1, and the test room temperature was 25 ◦C.
The constant temperature heating furnace for heat treatment and the tensile test loading
device are shown in Figure 3. The properties of the Ni–Ti alloy after heat treatment are
shown in Table 2.
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Table 2. Material properties of the Ni–Ti alloy.

Material
Name

Density (
kg·m−3)

Young’s
Modulus

(GPa)

Tensile
Strength

(MPa)

Yield
Strength

(MPa)

Restoration
Strain (%)

Ni–Ti 7800 65.4 600 390 4.5

2.2.2. Steel Plate, Reinforced Steel, and Concrete Materials

The steel plate material used in this test were Q235 (ordinary carbon structural steel
and had a nominal design yield strength of 235 MPa), and the specific size of the steel plate
is shown in Figure 4. The beam column longitudinal steel bar selection model for HRB400
(its standard value of yield strength is 400 MPa), the stirrup selection of HPB300 (similar as
HRB400, its standard value of yield strength is 300 MPa), and the mechanical properties
of the steel parameters are shown in Table 3. The measured results of the compressive
strength of the concrete cube (dimensions: 100 × 100 × 100 mm) test block are shown in
Table 4.
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Table 3. The performance of the reinforcement.

Type of Steel
Bar

Steel Bar
Diameter d

(mm)

Yield
Strength fy

(MPa)

Ultimate
Strength fu

(MPa)

Young’s
Modulus

(MPa)

Elongation
Rate δ (%)

HPB300
6 310.67 460.56 1.90 × 105 19.12

8 323.98 462.73 1.92 × 105 19.38

HRB400
10 448.56 601.09 2.03 × 105 19.96

22 438.64 573.86 1.98 × 105 20.60

Table 4. Concrete test block measurement results.

Measurement Items of
Concrete Test Block

First Group Second Heat
End Value

1 2 3 4 5 6

Failing load (kN) 543.13 436.56 455.34 485.01 411.73 470.97

Average value (kN) 445.95 455.90 450.93

Compression strength
(MPa) 42.37 43.31 42.84

2.3. Load Equipment

In order to be close to the actual stress state of the joint, the steel box was set at the
lower end of the column, the spherical steel hinge was welded on the steel box in the
specimen fabrication process, and the spherical hinge with a loading jack was used at
the upper end of the column. At the same time, considering the influence of the beam-
column self-weight, the specimen was installed by the vertical beam of the column in the
horizontal direction, and the lateral support of the specimen was realized by connecting
the scaffolding with the reaction wall. The schematic diagram of the test loading device
is shown in Figure 5. Figure 6 shows the scene photos of the loading test. The effect of
temperature on the performance of the joint is difficult to achieve, so all the tests were
carried out at room temperature.
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2.4. Layout of Test Points

The resistance strain gauges were affixed to the concrete surface of the longitudinal
reinforcement, the SMA reinforcement, and the plastic hinge area of the beam-column
member to measure the strain at the corresponding position. The strain gauges used on
the steel bar inside the joint specimens were BX120–3AA, and those of the concrete surface
were BX120–50AA. The strain gauge arrangement of the specimen is shown in Figure 7.
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Considering that the overall size of the component in this test was relatively small, and
there was an inevitable slight vibration in the process of low cyclic loading, in order to
measure the plastic hinge length of each specimen more accurately, the high-precision non-
contact full-field strain measurement system (video image correlate-3d, VIC-3D, Correlated
Solutions, Inc., Columbia, SC, USA) based on digital image technology was selected to
replace the conventional displacement meter for measurement. The VIC-3D system can
measure the full-field three-dimensional displacement and strain of the surface of the
object under test and has low environmental requirements. In principle, clear images of
the area under the test can be taken indoors and outdoors. The accuracy and feasibility
of digital image correlation technology and VIC-3D based on this technology have been
proven [41–45].

The measurement range was drawn in the beam-column connection area. Speckles
with a diameter not less than 2 mm were arranged in the measurement range, and the
correction plate with a side length of 20 mm was selected to correct. The camera was set up
in place and focus, and the vertical displacement value Y at any position in the measurement
range can be measured by the measurement system. According to the calculation needs,
seven measuring points were selected along the beam end in this experiment, and the
distance between each measuring point was 60 mm. The measurement range size and
the specific location of the selected measuring points are shown in Figure 8. The vertical
displacement of each point is recorded as Y1, Y2, . . . , Y6, Y7. If a plastic hinge is formed
between the measuring points marked n (1 ≤ n ≤ 7) from the beam-column junction, the
spacing of each measuring point after the measuring point along the beam length should
be the initial 60 mm, and the vertical displacement of the next measuring point is denoted
as Yn+1, and so on. If ∆1 = Yn+1 − Yn, ∆2 = Yn+2 − Yn, . . . , ∆K = Yn+K − Yn (2 ≤ K ≤ 6),
then ∆1, ∆2, ∆K should satisfy Equation (1) as follows:

sin α =
∆1
60

=
∆2

2 × 60
=

∆3
3 × 60

= · · · = ∆K
n × 60

(1)

Here, α is an angle which is between the axis of the undeformed beam outside the end
point of the plastic hinge and the horizontal direction, as shown in Figure 9. The n value of
Equation (1) is the plastic hinge end point. Considering the inevitable measurement error,
the absolute value of the sinusoidal difference obtained by Equation (1) is not greater than
1.0 × 10−4. It can be approximately equal, and the solution schematic diagram is shown in
Figure 9. The measured plastic hinge length calculated for each node is shown in Table 5.
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Table 5. Measured and calculated value of the plastic hinge length of each node.

Node Number PJD-1 SJD-1 PSJD-1 PSJD-2

Y1 (mm) 8.13 2.11 9.20 0.71

Y2 (mm) 9.59 3.82 11.37 2.19

Y3 (mm) 11.36 5.52 13.73 3.72

Y4 (mm) 13.15 7.22 15.63 5.26

Y5 (mm) 14.93 8.92 17.74 6.81

Y6 (mm) 16.66 10.63 19.89 8.35

Y7 (mm) 18.39 — 22.05 —

sinα (×10−2) 2.90 2.80 3.60 2.50

Plastic hinge end number 5 1 5 4

Plasticity hinge length d (mm) 300 60 300 240
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2.5. Loading History

The vertical load was applied to the top of the column before cyclic loading, and the
axial force was kept constant after the axial force was relatively stable. The experimental
control of the axial compression ratio was 0.25, while the actual vertical load value was
445 kN. The low cyclic loading test of the joint specimen adopted the whole process
displacement control method, and the loading rate was 0.2 mm/s. In this experiment,
before the specimen yield, the increment of displacement grading loading was 1 mm,
and each stage was recycled twice. After the specimen yield, the yield displacement was
denoted as ∆, and it was then loaded by an integral multiple of ∆. Each stage was cycled
twice. The loading was terminated when the load dropped to 85% of the ultimate load;
otherwise, the component was damaged, as shown in Figure 10.
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3. Results and Analysis
3.1. Test Phenomenon
3.1.1. Comparison Test Piece PJD-1

Specimen PJD-1 was a comparative joint with ordinary steel bars at the beam end.
When the loading displacement was 2.0 mm, the first oblique crack appeared in the middle
of the beam, with a length of 6.45 cm and a width of 0.10 mm. At the same time, the vertical
crack with a length of 4.3 cm and a width of 0.2 mm developed at the root of the beam.
The load–displacement curve gradually deviated from the straight line, and the specimen
entered the yield stage. When the loading control displacement was one times the yield
displacement, the first small crack appears at the bottom of the beam (19 cm away from
the core area of the node), and the crack length was 4.16 cm. When the loading control
displacement was three times the yield displacement, the vertical cracks at the root of the
beam and the oblique cracks in the middle of the beam were successively penetrated from
up to down, and were developed in the surroundings, resulting in many small development
cracks. At six times the yield displacement, the peak load of the specimen reached 54.72 kN;
at 11 times the yield displacement, the load value of the specimen decreased from 50.08 kN
to 37.45 kN, and the test ended. At this point, the vertical main crack at the root of the beam
was relatively wide, the concrete at the upper and lower sides of the root was obviously
crushed, and the concrete of the protective layer was stripped, as shown in Figure 11a.
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3.1.2. Comparison Test Piece SJD-1

The SJD specimen was the comparison node, where the longitudinal bars at the beam
end were all SMA bars. When the loading displacement was 1.0 mm, the first vertical
crack appeared at the root of the specimen, and the length of the crack was about 3.12 cm.
When the reverse loading was carried out, the root crack had been quickly penetrated,
and the crack width was about 0.3 mm. The load–displacement curve had deviated from
the straight line, and the specimen entered the yield stage. When the loading control
displacement was four times the yield displacement, the crack width increased, and a
small amount of the surface concrete at the root of the beam fell off. At 17 times the yield
displacement, a low ‘boom’ sound was heard, and the load value of the specimen reached
31.66 kN. When the load continued, the load value of the specimen immediately dropped
to 16.27 kN, and the test ended. At this point, the vertical main crack at the root of the beam
was wider than that at the PJD-1 node, but there was no obvious damage to the upper and
lower concrete at the root of the beam, as shown in Figure 11b.

3.1.3. Test Piece PSJD-1 and Test Piece PSJD-2

Both PSJD-1 and PSJD-2 are model test joints with SMA bars and steel endplates.
Taking the specimen PSJD-1 as an example, the loading process of this new type of joint was
introduced. When the loading displacement was 2.0 mm, the first vertical crack appeared at
the root of the beam, with a length of about 9.5 cm and a width of about 0.1 mm. There was
no obvious oblique crack in the middle of the beam. When the displacement was controlled
to 3 mm, the load–displacement curve begun to deviate from the straight line, the crack
width was 0.2 mm, and the crack length reached 10.60 cm; the specimen thus entered the
yield stage. When the loading control displacement was three times the yield displacement,
the crack width reached 2.0 mm, the residual crack width after unloading was 1.2 mm, and
the cracks in the root and middle of the beam were successively penetrated. At seven times
the yield displacement, the concrete at the root of the beam showed spalling. At ten times
the yield displacement, the load value began to decrease with the low ‘boom’ sound inside
the specimen (which is believed to be the connection fracture between the steel plate and
the longitudinal reinforcement), and the final load value of the specimen decreased from
56.11 kN to 46.02 kN. At this point, the crack width of the vertical main crack at the root
of the beam was significantly smaller than that of the PJD-1 node, and the compressive
area and the stripping volume of the concrete at the upper and lower sides of the root were
smaller than those of the PJD-1 node, as shown in Figure 11c.

The first half of the loading process of the PSJD-2 specimen was similar to that of the
PSJD-1. When the loading displacement was 2.0 mm, the first vertical crack appeared at
the root of the beam, with a length of about 12.0 cm and a width of about 0.1 mm. When
the loading displacement was controlled to 4 mm, the root crack width reached 0.5 mm,
and the root crack had been penetrated. The first crack appeared in the middle of the
beam component, and the crack length was 22.45 cm. The specimen thus entered the yield
stage. When the loading control displacement was three times the yield displacement, the
core area of the joint specimen began to peel off the concrete block, the root crack width
reached 2.0 mm, and the middle crack width reached 1.0 mm. However, when the load
was four times the yield displacement, the abnormal sound, similar to that heard in the
PSJD-1 experiment, was heard early and originated from inside the specimen, and the
load value then immediately decreased from 81.78 kN to 65.80 kN. The specimen thus
failed immediately. Due to the relatively early failure of the specimen, the node final crack
was smaller than that of the PSJD-1 joint, and there were no obvious signs of concrete
compression and spalling, as shown in Figure 11d.
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3.2. Beam End Load–Displacement Hysteresis Curve

The hysteresis curves of each specimen in this test are shown in Figure 12.

(1) Comparing Figure 12a,c, it can be seen that the pinching phenomenon of the hysteretic
curve of the PJD node is obvious. The hysteretic curve of the PSJD-1 node is rounder
than that of the PJD-1 node, and the ultimate bearing capacity is increased by about
44%, indicating that the structural form of the built-in SMA reinforcement-steel end
plate improves the hysteretic energy dissipation capacity of the node and significantly
improves the bearing capacity of the node.

(2) Although the ultimate bearing capacity of the SJD-1 node is lower than that of the
PJD-1 node, the residual displacements at all levels before failure are much smaller.
This shows that the SMA bar material can significantly improve the self-centering
ability of the structure.

(3) Although the PSJD-2 joint failed prematurely in this test, it can be seen, by com-
paring Figure 12a,c, that the residual deformation of the PJD-1 joint after complete
unloading at each loading stage is very large. The hysteresis curve of the PSJD-1
node is obviously ‘flag-shaped’. After each loading stage is completely unloaded, the
residual deformation of the node is very small, indicating that the new node has a
good self-centering ability.
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3.3. Skeleton Curve

As an important basis for restoring the force model and nonlinear seismic response
analysis, the skeleton curve reflects the deformation, energy consumption, and stiffness
degradation of specimens in different stages. The skeleton curve of each node in this test
is shown in Figure 13. As the failure of the PSJD-2 specimen is relatively early, this paper
mainly analyzes the skeleton curves of the other three specimens.
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Figure 13. Envelope curves of the specimens.

The following conclusions can be drawn from Figure 13.

(1) The ultimate bearing capacity of the PSJD-1 node and the area surrounded by the
skeleton curve and the abscissa axis are larger than those of the PJD-1 node. Although
the PSJD-2 node fails earlier, the ultimate bearing capacity before failure and the
area surrounded by the abscissa axis are further improved compared to those of
the PSJD-1 node. This shows that the ultimate bearing capacity and the energy
dissipation capacity of the joint can be significantly improved by adding a super-
elastic SMA reinforcement-steel end plate and by increasing the reinforcement ratio
of the corresponding SMA reinforcement.

(2) In the initial elastic stage, the skeleton curve slope of the PJD-1 node is much larger
than that of the SJD-1 node, indicating that SMA material will reduce the initial
stiffness of the component under the same longitudinal reinforcement ratio. This is
because the Young’s modulus of the SMA bars (65.4 GPa) is much smaller than that of
the steel bars (203 GPa).

(3) In the yield stage, the yield displacement value of the PSJD-1 joint is significantly
larger than that of the PJD-1 joint, and the bearing capacity of the PJD-1 joint and
the SJD-1 joint decreases rapidly after yield. However, the bearing capacity of the
new joint PSJD-1 is relatively stable after yield and can withstand relatively larger
deformation, indicating that the built-in super-elastic SMA reinforcement-steel end
plate can delay the yield of the joint to a certain extent and improve the ductility and
damage resistance of the joint.

3.4. Residual Displacement of the Beam End

The residual displacement of the beam end refers to the residual plastic deformation
of the beam end after unloading, and its value can reflect the self-centering ability of the
component. The beam end loading-residual displacement curve of each joint specimen is
shown in Figure 14.
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Figure 14. Residual displacement of the beam end after unloading.

It can be seen in the graph that the residual displacement of the three nodes with
the built-in super-elastic SMA tendons is less than that of the PJD-1 node under the same
loading level. When the peak displacement of the beam end is 30 mm, the recoverable
deformation of the PJD-1 joint is 25%, while that of the PSJD-1 joint is 57% (the residual
deformation of the beam end is 13 mm); due to the poor anchorage between the SMA
bars and the concrete, the failure of the SJD-1 joint occurs earlier (the maximum loading
displacement of the beam end is only 20 mm), but the residual displacement of the SJD-1
joint is still less than that of the PJD-1 joint. This shows that, under a certain loading
amplitude, the built-in SMA reinforcement can significantly improve the self-centering
ability of the node.

3.5. Energy Consumption Capacity

The structure dissipates the ground motion energy mainly through plastic deformation,
and the seismic performance of the structure can be reflected by the energy dissipation
capacity. The energy dissipation value of each specimen under different load displacement
can be obtained by calculating the enclosed area of the hysteresis curve in Figure 12, as shown
in Figure 15. Figure 15 shows the energy dissipation curve of the four node specimens.
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The figure shows the following:

(1) When the specimen is in the elastic stage, the steel bars and SMA bars in the joint do
not yield, and the energy dissipation capacity of each joint is very low.

(2) When the specimen is in the plastic stage, the slope of the displacement–energy curve
at the beam end of the PSJD-1 node and the PSJD-2 node is greater than that of the
PJD-1 node, and the slope of the SJD-1 node is the smallest, indicating that the energy
dissipation capacity of the new node is better than that of the ordinary node, while
the energy dissipation capacity of the SJD-1 node is the weakest. When the beam end
displacement exceeds 20 mm, the energy dissipation capacity of the PJD-1 node tends
to be stable, while the energy dissipation of the PSJD-1 node continues to increase.
This shows that the built-in SMA rib-steel end plate can effectively improve the energy
dissipation capacity of the joint under large displacement deformation.

(3) Comparing the PSJD-1 and PSJD-2 joints, it can be seen that, with an increase in the
SMA reinforcement ratio, the energy dissipation capacity of the new joints is further
improved.

3.6. Stiffness Degradation

We selected the ring stiffness K as an index to evaluate the stiffness degradation of
the beam-column joints. The obtained stiffness–ductility coefficient curve is shown in
Figure 16.
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The following conclusions can be drawn from Figure 16:

(1) Comparing the initial stiffness of the four nodes, it can be seen that the initial stiff-
nesses of the PSJD-1 node, the PSJD-2 node, and the PJD-1 node show little difference.
The initial stiffness of the SJD joints is obviously smaller than that of the PJD-1 joints,
because the Young’s modulus of the SMA bars is much smaller than that of the steel
bars.

(2) When the ductility factor is less than 1, the stiffness degradation rate of the SJD-1
joint is the fastest; this is because the surface of the SMA reinforcement is relatively
smooth, and the bonding force between the SMA reinforcement and the concrete is
low. After the concrete cracks, the penetrating cracks are quickly formed, and the
stiffness decreases rapidly. When the ductility coefficient is greater than 1, the stiffness
degradation of the SJD-1 joint is limited; this is because that with a large amount of
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concrete cracking out of work, the stiffness ratio increases, and the SMA tendons have
excellent super-elasticity.

(3) Comparing the PSJD-1 node, the PSJD-2 node, and the PJD-1 node shows that, when
the ductility coefficient is less than 1, the stiffness degradation rates of the PSJD-1
and PSJD-2 nodes are significantly smaller than those of ordinary nodes. When the
ductility coefficient is greater than 1, although the premature failure of the internal
components of the PSJD-2 node causes the stiffness of the node to rapidly degrade,
and thus loses comparability, the stiffness of the PSJD-1 node is greater than that of
the ordinary node, and the degradation rate is slower. This shows that the stiffness
degradation rate of the node can be delayed with a built-in SMA reinforcement-steel
end plate, so that the lateral displacement margin of the structure is larger, which can
effectively improve the seismic performance of the structure.

4. Numerical Simulation
4.1. Model Establishment and Verification
4.1.1. Constitutive Model of SMA Material

The self-centering ’double flag’ constitutive model developed by Ferdinando Auric-
chio [46] based on OpenSees is selected, as shown in Figure 17. The constitutive description
of the SMA material is relatively complex, and this model simplifies the constitutive curve
of the material into three stages: elasticity, phase transformation and hardening. The
corresponding rules are as follows:

1. In the elastic stage, when the stress does not exceed σy, the loading and unloading
processes develop linearly with stiffness k1.

2. In the phase transformation stage, when the stress value exceeds σy, continuous
loading develops with k2 as the stiffness, and this stage ends when the strain reaches
εb; when unloading in this stage, the stiffness decreases linearly with k1 and then
decreases linearly with k2.

3. In the hardening stage, when the strain value is such that εb ≤ ε ≤ εµ, the loading
and unloading processes develop along a straight line with slope r × k1. When the
unloading strain value is less than εb, the continuous unloading is the same as the
(1)(2) stage. In general, the strain value does not exceed εb.
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The definition of this constitutive model in OpenSees is implemented with seven
parameters. Parameter values are shown in Table 6.

Table 6. SMA simplified constitutive model parameters and values.

Parameter Physical Significance Value

k1 First stiffness (N/mm) 75,000

k2 Second stiffness (N/mm) 1827

σy Positive phase transition stress (MPa) 400

β Inverse phase transition stress coefficient 0.80

εs Sliding strain 0.06

εb Hardening strain 0.06

r Hardening stiffness coefficient 0.39

4.1.2. Constitutive Model of the Steel Bar and the Steel Plate

The constitutive model of the steel bar and steel plate shown in Figure 18 is the Steel
02 model, proposed by Menegotto and Pinto [47], and modified by Filippou [48]. The
model not only considers isotropic strain hardening, but also reflects the influence of the
Bauschinger effect. It has a high computational efficiency and good numerical stability.
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The constitutive relationship expressions of the Steel 02 model are shown in Equa-
tions (2)–(5):

σeq = bεeq +
(1 − b)εeq
(

1 + εR
eq

) 1
R

(2)

σeq =
σ − σr

σ0 − σr
(3)

εeq =
ε − εr

ε0 − εr
(4)

R = R0 −
a1ξ

a2 + ξ
(5)

where σeq and εeq represent the normalized stress and strain; σ0 and ε0 represent the stress
and strain of the rebar in the initial state; σr and εr represent the stress and strain of the
rebar at the yield point; a1 and a2 represent the curvature degradation coefficients; R
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and R0 represent the transition curve curvature coefficient and the initial curve curvature
coefficient; b and ξ represent the hardening coefficient of reinforcement and the plastic
strain in the semi-periodic cycle.

4.1.3. Theoretical Model of Concrete

There are three kinds of concrete constitutive models commonly used in OpenSees:
the Concrete 01 model with zero tensile strength, the Concrete 02 model with linear tensile
softening, and the Concrete 03 model with nonlinear tensile softening [48]. For the concrete
at the joint, its tensile strength can be ignored from a macro perspective. Therefore, for
this simulation we selected Concrete 01 as the constitutive model of concrete, as shown in
Figure 19.
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In the Concrete 01 model [49], the constitutive relation expression is shown in Equa-
tions (6)–(10):

when ε < ε0, f = K fc

[
2εc

ε0
−
(

εc

ε0

)2
]

(6)

when ε0 ≤ ε ≤ εc, f = K fc[1 − Z(ε − ε0)] (7)

whenε > εc, f = 0.2K fc (8)

ε0 = 0.002K (9)

Z =
0.5

3+0.29 fc
145 fc

− 0.002K
(10)

where σc and εc represent the stress and strain of the concrete; fc is the compressive strength
of the concrete cylinder; K is the strain increase coefficient caused by the constraint; Z is
the slope of the strain drop segment; ε0 is the peak pressure and strain of the concrete.

4.1.4. Types of Beam-Column Elements

According to the actual situation of the test, the nonlinear beam-column element
(nonlinear beam column) was selected for simulation. The element is characterized by
allowing the stiffness to change along the length of the rod. At the same time, the resistance
and stiffness matrix of the control section can be determined. In the nonlinear simulation,
it has the advantages of fast convergence and high effectiveness [49].
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4.1.5. Fiber Model

The fiber model, with a wide application and a high accuracy, was selected for the
beam-column section. The fiber model based on the assumption of the plane section divides
the section of the component into a certain number of grids. The center of each grid is
regarded as a numerical integration point. The longitudinal micro-section of the grid is
defined as fiber. The section is divided into several types of fiber bundles, such as confined
and non-confined concrete, and steel bars. By calculating the strain stress of each fiber, the
stiffness of the whole section is obtained [50].

4.2. Model Validation and Parameter Analysis
4.2.1. Model Validation

According to the test results of material properties, various parameters in the finite
element model were set. Based on the actual displacement of each cycle in the test, the
displacement-controlled loading simulation analysis of the model was carried out. The
hysteresis curves and skeleton curves of the ordinary concrete joint PJD-1 and the new type
of joint PSJD-1 with internal SMA reinforcement were compared with the test results, as
shown in Figures 20 and 21.
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Figure 20. Comparison diagram of numerical simulation and experimental hysteresis curves. 

-30 -20 -10 0 10 20 30

-60

-40

-20

0

20

40

60

P/
kN

Δ/mm

 PJD-1(value of simulation)
  PJD-1(experimental value)

-30 -20 -10 0 10 20 30

-60

-40

-20

0

20

40

60

80

P/
kN

Δ/mm

 PSJD-1(value of simulation)
 PSJD-1(experimental value)

 
Figure 21. Comparison diagram of numerical simulation and experimental skeleton curves. 

Figures 20 and 21 show that the hysteresis curve and the skeleton curve obtained by 
simulation are basically consistent with the experimental results, and the established 

Figure 20. Comparison diagram of numerical simulation and experimental hysteresis curves.

Materials 2022, 15, x FOR PEER REVIEW 20 of 27 
 

 

4.1.5. Fiber Model 
The fiber model, with a wide application and a high accuracy, was selected for the 

beam-column section. The fiber model based on the assumption of the plane section di-
vides the section of the component into a certain number of grids. The center of each grid 
is regarded as a numerical integration point. The longitudinal micro-section of the grid is 
defined as fiber. The section is divided into several types of fiber bundles, such as confined 
and non-confined concrete, and steel bars. By calculating the strain stress of each fiber, the 
stiffness of the whole section is obtained [50]. 

4.2. Model Validation and Parameter Analysis 
4.2.1. Model Validation 

According to the test results of material properties, various parameters in the finite 
element model were set. Based on the actual displacement of each cycle in the test, the 
displacement-controlled loading simulation analysis of the model was carried out. The 
hysteresis curves and skeleton curves of the ordinary concrete joint PJD-1 and the new 
type of joint PSJD-1 with internal SMA reinforcement were compared with the test results, 
as shown in Figures 20 and 21. 

-30 -20 -10 0 10 20 30

-60

-40

-20

0

20

40

60

P/
kN

Δ/mm

 PJD-1(value of simulation)
 PJD-1(experimental value)

-30 -20 -10 0 10 20 30

-60

-40

-20

0

20

40

60

80

P/
K

N

Δ/mm

 PSJD-1(value of simulation)
 PSJD-1(experimental value)

 
Figure 20. Comparison diagram of numerical simulation and experimental hysteresis curves. 

-30 -20 -10 0 10 20 30

-60

-40

-20

0

20

40

60

P/
kN

Δ/mm

 PJD-1(value of simulation)
  PJD-1(experimental value)

-30 -20 -10 0 10 20 30

-60

-40

-20

0

20

40

60

80

P/
kN

Δ/mm

 PSJD-1(value of simulation)
 PSJD-1(experimental value)

 
Figure 21. Comparison diagram of numerical simulation and experimental skeleton curves. 

Figures 20 and 21 show that the hysteresis curve and the skeleton curve obtained by 
simulation are basically consistent with the experimental results, and the established 

Figure 21. Comparison diagram of numerical simulation and experimental skeleton curves.

76



Materials 2022, 15, 1704

Figures 20 and 21 show that the hysteresis curve and the skeleton curve obtained by
simulation are basically consistent with the experimental results, and the established model
well reflects the self-centering energy dissipation characteristics of the new type of joints.
The peak value of forward loading is slightly smaller than that of the test results. Due to
the relatively ideal state of the model in the numerical simulation, and many factors such
as constraints and measurement on the test site, there are certain differences. However,
from the overall perspective, the obtained hysteresis and skeleton curves still well verify
the accuracy and effectiveness of the finite element model.

4.2.2. Parameter Analysis

In order to further study the new frame joints to further optimize the design, consider-
ing that the PSJD-2 joints failed earlier in the test and failed to fully reflect the influence
of SMA reinforcement ratio on the related performance of the new joints, based on the
verified finite element analysis model, the parameters such as the reinforcement ratio and
the axial compression ratio of the built-in SMA bars in the new joints were simulated and
analyzed to further quantify their effects on the mechanical properties, such as hysteretic
performance, energy dissipation, and the self-centering ability of the new joints.

Based on the conventional ordinary reinforced concrete frame joints, under the same
built-in SMA reinforcement mode, the yield strength of the SMA bars is controlled to be
the same, and three new joints (XJD) with different SMA bar diameters were considered,
namely, XJD-1 with a diameter of 8 mm, XJD-2 with a diameter of 10 mm, and XJD-3 with a
diameter of 12 mm. The diameter of the SMA bars was controlled to be the same (10 mm),
and three kinds of SMA bars with different yield strengths were considered to study their
effects on the seismic performance of the new joint (XJD): XJD-4 had a yield strength of 300
MPa, XJD-2 had a yield strength of 400 MPa, and XJD-5 had a yield strength of 500 MPa.
Specific parameter analysis design is shown in Table 7.

Table 7. Model parameter analysis scheme.

Node Trial Number SMA Bar Diameter (mm) Axial Compression Ratio

XJD-1 8 0.25

XJD-2 10 0.25

XJD-3 12 0.25

XJD-4 10 0.3

XJD-5 10 0.35

1. Effect of the SMA Reinforcement Ratio

Figures 22–25 show that, under the condition of suitable reinforcement, the bearing
capacity of the new joint also increases significantly with the increase in the diameter of
SMA reinforcement. The S-shaped skeleton curve shows that the new joint has good energy
dissipation and ductility. With the increase in the diameter of the SMA bars, the overall
stiffness increases, but the increase is small, because the Young’s modulus of the SMA bars
is smaller than that of ordinary steel bars, and the influence of ordinary steel bars on the
overall stiffness is small.
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Figure 22. Hysteretic force–displacement curve of different diameters. 
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Figure 24. Stiffness degradation curve of different diameters. 
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In the initial state, increasing the diameter of SMA reinforcement has little effect on
the residual deformation of the new node. With the increase in the number of cycles, the
final residual deformation of XJD-3 is reduced by nearly 28% compared with that of XJD-1,
indicating that, under the premise of suitable reinforcement, increasing the diameter of
SMA reinforcement can significantly improve the self-centering performance of the new
node.

2. Effect of Different Axial Pressure Ratio

Figure 26 clearly shows that, when the other parameters of the joint model are exactly
the same, within the allowable range, only the axial force applied to the column is changed,
and the influence on the seismic performance of the whole joint is almost zero. The main
object of the study is the core area of the joint, and the variable parameter object of the
study is the beam member; therefore, when the axial compression ratio of the column is
changed, there is no obvious effect on the mechanical performance of the whole joint.
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5. Conclusions and Discussions

In this research, a new type of seismic-resisting self-centering beam-column joint with
built-in SMA reinforcement and a steel end plate was designed and investigated experi-
mentally and numerically based on a conventional beam-column edge joint of conventional
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island main buildings in a nuclear power plant. In particular, the seismic performance of
the joint was validated through a series of low cyclic loading tests on four models. Good
agreement was observed in the comparisons between the experimental and numerical
results. The main conclusions and discussions are as follows:

(1) The self-centering performance of the joint can be improved by adding super-elastic
SMA reinforcement in conventional concrete joints. However, replacing all the lon-
gitudinal reinforcement at the beam end with SMA reinforcement not only greatly
reduces the bearing capacity and stiffness of the joint, but also makes the failure mode
of the joint brittle.

(2) The structural form of the built-in SMA reinforcement-steel end plate can significantly
improve the bearing capacity of the joint and improve the cracking damage degree of
the joint, so as to improve the post-earthquake reparability of the joint.

(3) The stiffness degradation of the joint can be delayed by using the built-in SMA
reinforcement-steel end plate structure, and the joint has good displacement ductility
and self-centering energy dissipation performance. When the peak displacement of
the beam end is 30 mm, the PSJD-1 joint can recover the deformation up to 57%.

(4) For the new joint constructed with built-in SMA reinforcement and a steel end plate,
under the premise of suitable reinforcement, increasing the reinforcement ratio of the
SMA reinforcement within a certain range can further improve the bearing capacity
and self-centering energy dissipation performance of the joint.

(5) Within a certain range, increasing or reducing the axial compression ratio at the
column end has little effect on the overall seismic performance of the new joint.

(6) It is worth noting that the above conclusions are obtained by experiments at room
temperature. The tested joints embedded with an Ni–Ti SMA bar are suitable for use in
relatively stable environments at room temperature. However, Ni–Ti alloys may not be
suitable for outdoor applications because of their extreme sensitivity to temperature.
In order to address this limitation, on the one hand, experimental or numerical
simulation research on the influence of temperature sensitivity on test results should
be carried out. On the other hand, other types of hyperelastic materials, such as
monocrystalline materials with a large pseudoelasticity change limit, a high energy
dissipation and excellent low-temperature properties, should also be considered for
outdoor applications.
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Abbreviations

RC Reinforced concrete
SMA Shape memory alloy
VIC-3D Video image correlate-3D
FRP Fiber-reinforced polymer
BFRP Basalt fiber-reinforced polymer
PSJD-1 Ordinary longitudinal reinforcement plus hybrid joint with 8mm diameters of

SMA reinforcement
PSJD-2 Ordinary longitudinal reinforcement plus hybrid joint with 10mm diameters of

SMA reinforcement
PJD-1 Ordinary reinforced concrete beam-column joint
SJD-1 Concrete joint with SMA longitudinal reinforcement in beam
XJD Ordinary longitudinal reinforcement plus hybrid joints with SMA reinforcement
g Gravitational acceleration
fy Yield Strength
fu Ultimate Strength
δ Elongation Rate
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Abstract: In order to realize the self-centering, high energy consumption, and high ductility of the
existing building structure through strengthening and retrofit of structure, a method of reinforced
concrete (RC) beam strengthened by using Shape Memory Alloy (SMA) and Engineered Cemen-
titious Composites (ECC) was proposed. Four kinds of specimens were designed, including one
beam strengthened with enlarging section area of steel reinforced concrete, one beam strengthened
with enlarging section area of SMA reinforced concrete, beam strengthened with enlarging section
area of SMA reinforced ECC, and beam strengthened with enlarging section area of steel reinforced
ECC; these specimens were manufactured for the monotonic cycle loading tests study on its bending
behavior. The influence on the bearing capacity, energy dissipation performance, and self-recovery
capacity for each test specimens with different strengthening materials were investigated, especially
the bending behavior of the beams strengthened by SMA reinforced ECC. The results show that,
compared with the ordinary reinforced concrete beams, strengthening existing RC beam with en-
larging section area of SMA reinforced ECC can improve the self-recovery capacity, ductility, and
deformability of the specimens. Finally, a revised design formula for the bending capacity of RC
beams, strengthened with enlarging sections of ECC, was proposed by considering the tensile capacity
provided by ECC, and the calculated values are in good agreement with the experimental value,
indicating that the revised formula can be well applied to the beam strengthening with enlarging
section of SMA-ECC Materials.

Keywords: shape memory alloys; engineered cementitious composites; composites materials; self-
recovery capacity; bending behavior

1. Introduction

At present, among many structural forms in China, reinforced concrete (RC) structure
is the most widely used structural type. As the service time of the structure increases, the
performance of reinforced concrete will be affected by factors, such as adverse environment,
aging, concrete carbonization, etc. [1]. These factors will not only affect the mechanical
performance of RC structure, but also threaten the personal safety of the users. Therefore,
in order to make existing RC structure meet the requirements of using functions and safety,
it is great significance to carry out the research on the strengthening and retrofitting of
existing RC structures. In recent years, many scholars have proved that the use of high-
performance materials and intelligent structural members can better serve the strengthening
and retrofitting of existing RC structures [2].

Shape Memory Alloys (SMA) is a new type of intelligent material with shape memory
effect, super-elasticity, high damping, and fatigue resistance. If SMA is used as the lon-
gitudinal reinforcement of concrete beam, it can provide good self-recovery capacity for
concrete beam. However, due to the high price of SMA, it is rarely used in new structures.
It can still be used in the strengthening works of some important structures. Many scholars
in the world have carried out a series of research on the self-recovery structural system
based on SMA. For example, energy dissipation bracings [3,4], dampers [5–8], composite
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isolation bearings [9–12], energy dissipation coupling beams [13,14], etc. Great progress
has been made in such areas. For the seismic performance of structural members, e.g., SMA
reinforced beams [15–17], SMA reinforced pier columns [18–20], SMA reinforced shear
walls [21,22] and joints [23–25], as well as the structural strengthening and retrofitting
technology based on SMA materials [26–28], have been studied.

Engineered Cementitious Composites (ECC) is a kind of high-performance cemen-
titious composite with obvious strain hardening characteristics and good crack control
ability [29,30]. Ding et al. [31], Wu et al. [32], Yang et al. [33], and Said et al. [34] have
carried out the research on beams, columns, walls, joints, and other components casted
with ECC, respectively. These studies indicates that, compared with ordinary concrete,
ECC has excellent tensile performance, fine cracking mechanism, and good ductility. It
can solve various problems in engineering maintenance and strengthening works, such
as improving impermeability, crack resistance, structural durability, and so on. ECC can
also improve the bearing capacity and seismic performance of those engineering structural
members at the same time.

For the composite structure of SMA reinforced ECC, scholars have studied beams [35,36],
pier columns [37,38], shear walls [39], joints [40], and other structural members. This
research indicates that the combination with SMA and ECC can insure both ECC and SMA
in use with their optimal capacity respectively, and thereby satisfy the structural demands.

Enlarged section method is a traditional strengthening method of concrete structure.
It is a strengthening method to improve the bearing capacity of original members by
increasing section area and reinforcement area. This method can significantly improve the
mechanical performance of members because of the increase of member section. However,
the component size becomes larger after strengthening, which may affect the serviceability
of the structure. Therefore, the premise of this strengthening method is that it does not
affect the serviceability of the structure. At present, the strengthening method of concrete
structure pasted with FRP has also been widely studied [41–43]. Its advantage is that the
strength and durability of structural members can be improved without increasing the
self-weight of the structure and the member section. However, the fire resistance of FRP is
poor, and the fire prevention treatment further increases the cost of strengthening works.

In summary, the durability of concrete can be improved significantly by the super-
elasticity of SMA and high toughness and fine cracking mechanism of ECC. Therefore, this
paper proposes to use the enlarge section area of SMA reinforced ECC to strengthen the ex-
isting RC beams. Four types of strengthened beams were designed and fabricated. Through
monotonic cycle loading tests, the influences on the bearing capacity, energy dissipation
performance, and self-recovery capacity of the test beams with different strengthening
materials are investigated, especially the bending behavior of the beams strengthened by
SMA reinforced ECC.

2. Test Overview
2.1. Specimen Design

Due to the limitation of the loading capacity of the testing device, the section of the
specimen needs to be controlled below then 130 × 130 mm. At the same time, in order to
meet the requirements of the minimum thickness of concrete/ECC cover of enlarged section,
the height of enlarged section must meet the minimum requirements of 30 mm. Based on the
above principles, the member section is determined as: the existing beam length is 1000 mm,
and the original beam section is a rectangle of width × height = 120 mm × 80 mm before
the strengthening, and the upper and lower reinforcements are 2 HRB355 steel bars with
diameter of 6 mm, and the stirrup is HPB300 steel bars with diameter of 6 mm and spacing
of 100 mm. Strengthening is carried out after the existing beam has been fully cured. The
strengthening method is: firstly, chisel off the 10 mm protective layer at the bottom of the
test piece and then roughen the bottom surface; finally, the enlarged section will be poured
at the beam bottom by secondary pouring, as shown in Figure 1. The cross section of the
beam after strengthening is 120 mm × 110 mm, the enlarged section at the bottom of beam
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is ∆h = 40 mm (including the chiseled 10 mm protective layer). The specifications of the
test specimens are shown in Figure 1.
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A total of 6 specimens with the same shape and size were produced in this test, of
which SJ-1 is strengthened with steel reinforced concrete, SJ-2 is strengthened with SMA
reinforced concrete, SJ-3 is strengthened with SMA reinforced ECC, and SJ-4 is strengthened
with steel reinforced ECC. SJ-5 and SJ-6 are two spare test pieces, which are designed as the
same as SJ-1 and SJ-3, respectively. The reinforcement ratio of enlarged section is designed
according to the principle of the same total tensile bearing capacity of reinforcements in the
enlarged section. The design parameters of specimens are shown in Table 1.

Table 1. The design parameters of specimens.

Serial Number
of Specimen

Strengthening
Material

Section Size
(mm)

Beam Length
(mm) Reinforcement Reinforcement

Diameter

SJ-1 Steel-concrete 120 × 110 1000 2 HRB355 steel bars 6 mm
SJ-2 SMA-concrete 120 × 110 1000 3 SMA bars 5.5 mm
SJ-3 SMA-ECC 120 × 110 1000 3 SMA bars 5.5 mm
SJ-4 Steel-ECC 120 × 110 1000 2 HRB355 steel bars 6 mm
SJ-5 Steel-concrete 120 × 110 1000 2 HRB355 steel bars 5.5 mm
SJ-6 SMA-ECC 120 × 110 1000 3 SMA bars 5.5 mm

2.2. Material Test of Specimens
2.2.1. Shape Memory Alloy

In the material test, the test specimen of SMA bar has a diameter of 5.5 mm, a length
of 250 mm, and a gauge length of 150 mm, as shown in Figure 2. The composition of SMA
is Ti-56.35at%Ni, and the completion temperature of reverse martensitic transformation
(Af) is −10 ◦C. After the test piece is processed into an annealed state, it will be heat-
treated. The heat treatment process of SMA bar is at 400 ◦C for 30 min, followed by water
quenching [44].
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of 250 mm, and a gauge length of 150 mm, as shown in Figure 2. The composition of SMA 
is Ti-56.35at%Ni, and the completion temperature of reverse martensitic transformation 
(Af) is −10 °C. After the test piece is processed into an annealed state, it will be heat-treated. 
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Figure 2. NiTi SMA bars with the diameter of 5.5 mm. Figure 2. NiTi SMA bars with the diameter of 5.5 mm.

The test device adopts the CMT (Crane Motor Traction) electro-hydraulic servo univer-
sal material testing machine controlled by a microcomputer, as shown in Figure 3. In order
to ensure the stability of the material performance of SMA, the SMA bar should be treated
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under thermal-cooling cycle treatment before the material test. The thermal-cooling cycle
treatment method requires that the SMA bars should be placed in boiling water (100 ◦C) for
5 min, and then taken out and placed in cold water for 5 min. This treatment method was
performed alternately five times before the test. Finally, the test specimens should be taken
out from boiling water and cooled naturally at room temperature. The material tensile tests
were performed on SMA bars with increasing strain amplitudes as 1%, 2%, 3%, 4%, 5%,
6%, etc. The material tensile tests data are shown in Figure 4.
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Through the analysis of the material tensile test results, it can be concluded that:

(1) With the increase of strain amplitude, the phase transformation stress of the hyper-
elastic SMA bar gradually decreases, the recovery stress gradually increases, and
finally tends to be stable with the decrease of strain amplitude. Therefore, the SMA
bar is stretched under circulation of loading and unloading is conducive to the stability
of its material properties before it is used.
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(2) The phase transformation stress and recovery stress tend to be stable with the in-
crease of loading cycle; the residual strain gradually increases during the loading
process, and the variation range becomes smaller and smaller. Therefore, SMA bars
are stretched under circulation of loading and unloading before use, which is also
conducive to improve the super-elasticity of SMA.

(3) As the strain amplitude increases, the residual strain of SMA gradually increases,
and the maximum residual strain is only 0.003, indicating that the SMA bars used in
the material tests have good recovery ability. With the increasing loading cycle, the
increasing rate of residual strain gradually slows down, and the residual strain tends
to be stable.

In summary, monotonic cycle loading can make the mechanical properties of SMA
more stable, in order to ensure that the material properties of SMA can be significantly
displayed in the tests.

2.2.2. ECC and Ordinary Concrete

This test uses concrete with a strength grade of C30, and ECC adopts high-strength
PVA (polyvinyl alcohol) fiber-reinforced cement mortar. Its components include cement,
water, fly ash, fine sand, PVA fiber, and admixtures, which are configured according to the
mix proportion given in Table 2. Among them, the content of PVA fiber is 2% by volume,
the specification of PVA fiber is A 0.02 × 8, and the tensile strength is 1400 MPa. Tensile
tests are performed on 3 ECC test specimens, and the test results are given in Table 3. The
average tensile strength of the test pieces was 3.87 MPa, which indicates that ECC has good
ductility. ECC tensile stress–strain curve is shown in Figure 5.

Table 2. Mix proportion of ECC.

Element Cement Water Fly Ash Fine Sand Admixture PVA Fiber

Proportion 1 1.43 1.43 0.86 0.18 2%

Table 3. Tensile test results of ECC specimens.

Specimen Number First Group Second Group The Third Group Average Value

Tensile strength (MPa) 4.26 3.89 3.46 3.87
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2.3. Monotonic Cycle Loading Test
2.3.1. Test Device and Loading System

This test loading device adopts the CMT microcomputer controlled electro-hydraulic
servo universal testing machine in the Structure Laboratory of Zhengzhou University, and
the measuring range of force sensor is 2000 kN. The test adopts four-point bending loading,
and the force were applied to the trisection point of the beam by the distributing beam. All
test data are automatically collected by the test software of Power Test V3.4. The loading
device is shown in Figure 6. The measuring points of strain of reinforcements are arranged
in the middle of the span.
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Figure 6. Test setup for quasi-static cyclic tests. (a) Sketch of the test loading device. (b) Photograph
of the test setup.

2.3.2. Loading Protocol

Using variable amplitude displacement control loading mode. Firstly, the test speci-
men should be preloaded once before the formal loading, in order to check whether the
loading equipment and instruments can work normally. The value of preloading should
be less than the design cracking load Pcr. Then, the vertical ultimate displacement ∆ in
the middle of the span should be determined by monotonic loading test on the specimen
of SJ-5. The results of monotonic loading test on the specimen of SJ-5 shows that the ∆ is
about 15 mm. Therefore, in the formal loading, the displacement of the initial loading cycle
is 1.5 mm, and then the displacement of each cycle increases by 1.5 mm progressively. The
monotonic cycle loading protocol is shown in Figure 7.
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3. Test Results and Analysis 
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Figure 7. Monotonic cycle loading protocol.

3. Test Results and Analysis
3.1. Failure Process

(1) SJ-1 (Strengthened by Steel reinforced concrete)

Six cracks were observed in the pure bending section of the specimen. As the load
increased, the width of the cracks increased, and finally part of the concrete was crushed.
After unloading, the number of cracks and the crack widths remain basically unchanged,
and the ultimate bearing capacity was 32.16 kN. The failure mode of the specimen after
unloading is shown in Figure 8a.
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(2) SJ-2 (Strengthened by SMA reinforced concrete)

The failure mode of specimen SJ-2 was similar to that of SJ-1, and the number of
vertical cracks observed by SJ-2 is slightly reduced. After unloading, the maximum crack
width at the beam bottom decreased, some small cracks were closed, and the ultimate
bearing capacity was 27.17 kN. The failure mode of the specimen after unloading is shown
in Figure 8b.

(3) SJ-3 (Strengthened by SMA reinforced ECC)

Due to the characteristics of ECC, there was no obvious main crack in the strengthened
section at the bottom of the beam until the end of loading. In the existing beam section,
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there were still main cracks that appeared. With the increase of loading cycle, the number
of micro-cracks in the strengthened section of the specimen increased, but the width of
these cracks increased slowly. Finally, more than 70 micro-cracks were counted in the pure
bending section of the strengthened section. The crack distribution of specimen SJ-3 was
shown in the Figure 9. After unloading, most of micro-cracks were closed, only 3 cracks
were still observed, and the ultimate bearing capacity of the specimen was 25.31 kN. The
failure mode of the specimen after unloading is shown in Figure 8c.
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(4) SJ-4 (Strengthened by steel reinforced ECC)

ECC material was also used in specimen SJ-4, so the development of cracks during
loading was basically similar to SJ-3, mainly a large number of fine micro-cracks. With the
increase of the load, the number of micro-cracks in the strengthened section of the specimen
increased obviously. Finally, more than 40 micro-cracks were counted in the pure bending
section of the strengthened section. The width of the cracks was small, and it appeared
as obvious multiple micro-cracking when it failed. After unloading, the crack width was
basically unchanged, and the ultimate bearing capacity was 30.16 KN. The failure mode of
the specimen after unloading is shown in Figure 8d.

It can be clearly seen from Figures 8 and 9 that there are no obvious cracks at the
connection interface between the enlarged section and existing beam section of all spec-
imens, which indicates that the bonding performance between the enlarged section and
existing beam section is reliable. After strengthening, the enlarged section and existing
beam section are commonly worked together and deformed harmoniously.

3.2. Load–Displacement Curves

The load–displacement curves for all the specimens are shown in Figure 10. By
comprehensively comparing the load–displacement curves of the four specimens, it can be
seen that:

(1) Comparing the number of loading cycles of the load–displacement curves of the four
specimen, it can be found that the number of loading cycles of beams strengthened by
ECC is more than that of beams strengthened by concrete, indicating that strengthen-
ing with ECC can significantly improve the ductility of specimens. Among all tested
members, the ductility of SJ-3 is the best, followed by SJ-4, and the ductility of SJ-1
and SJ-2 are the worst.

(2) The ultimate bearing capacities of SJ-1 and SJ-4 are higher than that of the other two
specimens, because both SJ-1 and SJ-4 are reinforced by steel bars. The total tensile
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capacity of steel reinforcements is slightly greater than that of SMA bars, and the bond
strength of ribbed steel bar in concrete or ECC is better than that of the SMA bar.

(3) The residual deformation of SJ-2 and SJ-3 after unloading is smaller than the other
two specimens. However, the self-recovery performances of SJ-2 and SJ-3 are still
not obvious, and the super-elasticity of SMA is not significantly displayed while
strengthening beams.
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3.3. Skeleton Curves

The skeleton curves of 4 specimens are shown in Figure 11. By comprehensively
comparing those skeleton curves, it can be seen that:

(1) All the test processes of the four specimens have gone through three stages, respec-
tively, which are elastic stage, elastic-plastic stage, and failure stage.

(2) Replacing the steel bars in the concrete enlarged section by SMA bars with equivalent
strength, the ultimate bearing capacity of the beam reduces by 15.5%. If the concrete is
replaced by ECC, the ultimate bearing capacity decreases by about 6%. However, the
number of loading cycles of ECC specimen is significantly more that of the concrete
specimen, which shows that ECC can improve the ductility of specimens.
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(3) After reaching the ultimate bearing capacity, the bearing capacity of SJ-3 decreases
significantly slower than that of the other three members, followed by SJ-4, and SJ-1
decreases the fastest. It indicates that the ductility of SJ-3 and SJ-4 is significantly
improved while being strengthened by ECC.
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3.4. Maximum Crack Width

The curves of maximum crack width distribution during loading and unloading are
shown in Figure 12. The following conclusions can be drawn from the comparison between
those curves:

(1) As the number of loading cycle increases, the cracks continue to develop and the crack
width becomes wider. After unloading, the values of maximum crack width for all
specimens reduce, but the reductions are quite different.

(2) By comparing the maximum crack width before and after unloading, it can be seen
that the reduction of the maximum crack width of SJ-1 and SJ-4 after unloading is
very small and can be basically ignored. The maximum crack width of SJ-2 and SJ-3
decreases obviously after unloading, the decreasing rates are 19.2% and 31.8%, which
indicates that the self-recovery performances of specimens can be improved while
strengthening with SMA. Due to the use of plain SMA bars as the reinforcement,
the bond strength between SMA bars and concrete/ECC is small. Therefore, the
super-elasticity of SMA cannot be fully utilized in the deformation process of the
specimen. That is the reason why the specimens of SJ-2 and SJ-3 can only be partially
recovered after unloading.

(3) By comparing the values of maximum crack width for all specimens, the maximum
crack widths of SJ-3 and SJ-4 are much smaller than the other 2 specimens, which are
less than 500µm before the 16th loading cycle. Due to its good ductility, the specimen
of SJ-3 can be continuously loaded until the vertical displacement in mid-span reaches
42 mm (the 28th loading cycle). The maximum crack width of SJ-3 at this time is only
1078 µm, which is still less than the maximum crack widths of SJ-1 and SJ-2. It proves
that using ECC as reinforcement layer can effectively control the development of crack
width in the tensile zone of the beam section.
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3.5. Number of Cracks

The curves of number of cracks for each specimen is shown in Figure 13. By comparing
the results of data analysis, it can be found that:

(1) For specimens strengthened with ECC, the number of cracks in the tensile area of
beam section is significantly more than that of concrete specimens. With the increase
of loading cycles, ECC strengthened specimens will quickly produce new cracks,
but the crack width does not increase significantly. However, after the cracking of
concrete specimens, the crack width increases with the increasing load in order to
form obvious main cracks, and the number of cracks does not increase significantly in
the later cycles of loading.

(2) By comparing the curves of number of cracks of SJ-2 and SJ-3, it can be seen that
the number of cracks of SJ-2 does not reduce significantly after unloading, but the
number of cracks of SJ-2 decreases significantly after unloading. It indicates that
the development of fine cracks is conducive to the shape memory effect and super-
elasticity of SMA. The self-recovery performance of beams can be better realized by
strengthening beams with SMA reinforced ECC layer.

(3) By comparing the curves of number of cracks of SJ-1 and SJ-2, two curves are basically
the same, and the number of cracks after unloading does not decrease. This is because
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the bonding performance between SMA and concrete is poor, so the super-elasticity
of SMA is not effective under this situation.
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beams strengthened with ECC is obviously better than that of concrete beams, which 
proves that the failure mode of fine cracks of ECC can provide good conditions for self-
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deflection of ECC members is large, but due to the low stiffness of ECC members, the 
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Figure 13. The curves of number of cracks under loading and unloading. (a) SJ-1; (b) SJ-2; (c) SJ-3;
(d) SJ-4.

3.6. Mid-Span Deflection

The curves of mid-span deflection for all the specimens are shown in Figure 14. By
comparing these curves, it can be seen that as the loading cycle increases, the mid-span
deflection of the specimen increases linearly. After unloading, the mid-span deflections of
the four specimens recover, while the self-recovery performance of SJ-3 is obviously the
best, followed by SJ-2 and SJ-4, and the value of recovered mid-span deflection for SJ-1 is
the minimum. The maximum recovery rates for all components are 28.4% for SJ-1, 42.7%
for SJ-2, 26.1% for SJ-3, and 27.1% for SJ-4, respectively. It indicates that: (1) The mid-span
deflection of the strengthened beam can be actively recovered by use of shape memory
effect and super-elasticity of SMA; (2) The self-recovered value of mid span deflection of
beams strengthened with ECC is obviously better than that of concrete beams, which proves
that the failure mode of fine cracks of ECC can provide good conditions for self-recovery of
the strengthened beams after unloading; (3) The recovery value of mid span deflection of
ECC members is large, but due to the low stiffness of ECC members, the recovery rate is
less than that of concrete members; (4) The recovery value of mid span deflection of ECC
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members is large, but due to the low stiffness of ECC members, the recovery rate is less
than that of concrete members
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stage. At the 23rd cycle, the ECC layer began to failure, the energy consumption capacity 
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after strengthening of the beams. With the reinforcement of the enlarged section, all the 
reinforcements at the bottom section of the beam do not yield obviously during the tests. 
Therefore, there is no obvious difference in the energy consumption capacity between 
each specimen. 
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3.7. Energy Consumption Capacity

The energy consumption capacity of the specimen can be determined by the area
enveloped by the load–displacement curve of each level of loading. The curves of energy
consumption capacity for all the specimens are shown in Figure 15. It can be seen that the
energy consumption capacity of the specimen SJ-3 is the highest. Before the 22nd cycle,
the energy dissipation capacity is mainly borne by ECC, which is in the strain-hardening
stage. At the 23rd cycle, the ECC layer began to failure, the energy consumption capacity is
mainly borne by SMA at this moment, and it is significantly reduced. Before the specimen
is completely failed, the values of energy consumption for all specimens are basically
the same. This is because the steel bars inside the original beam section are still retained
after strengthening of the beams. With the reinforcement of the enlarged section, all the
reinforcements at the bottom section of the beam do not yield obviously during the tests.
Therefore, there is no obvious difference in the energy consumption capacity between
each specimen.
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section; (b) The reinforcements in enlarged section. 

4. Flexural Capacity Formula 
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According to the “Code for design of strengthening concrete structure” (GB50367-
2013) [45], the flexural bearing capacity of the existing beam section should be determined 
according to Formula (1): 
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3.8. Mechanical Performance of Reinforcements

Figure 16 shows the load–strain relationship between the reinforcement in the enlarged
section and the steel bar in original section. It can be concluded from the analysis of those
results that: (1) The strain development of the original reinforcements is basically similar,
which shows that all the strengthening methods of the specimens can give full play to the
material properties of the original reinforcements, and the mechanical performances of
the strengthened specimens are good. (2) The strain development of reinforcements in
the enlarged section is also relatively stable in the elastic stage. With the increase of load,
the reinforcement of SJ-1 yields first, followed by SJ-2 and SJ-4, and the reinforcement of
SJ-3 yields last. This shows that ECC in the enlarged section can bear part of the tensile
force, which makes the reinforcements in the tensile area yield later so as to improve its
recovery ability.
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Figure 16. The load–strain relationship between the reinforcement. (a) The steel bar in existing beam 
section; (b) The reinforcements in enlarged section. 

4. Flexural Capacity Formula 
4.1. Basic Formula 

According to the “Code for design of strengthening concrete structure” (GB50367-
2013) [45], the flexural bearing capacity of the existing beam section should be determined 
according to Formula (1): 

Figure 16. The load–strain relationship between the reinforcement. (a) The steel bar in existing beam
section; (b) The reinforcements in enlarged section.

98



Materials 2022, 15, 12

4. Flexural Capacity Formula
4.1. Basic Formula

According to the “Code for design of strengthening concrete structure”
(GB50367-2013) [45], the flexural bearing capacity of the existing beam section should
be determined according to Formula (1):

M ≤ αs fy As(h0 −
x
2
) + fy0 As0(h01 −

x
2
) + f ′y0 A′s0(

x
2
− a′ ) (1)

where:

M—Design value of bending moment after strengthening of member (kN·m)
αs—Strength utilization factor of reinforcements in enlarged section, taken as αs = 0.9
f y—Design value of tensile strength of reinforcements in enlarged section (N/mm2)
As—The cross-sectional area of the reinforcements in enlarged section (mm2), as shown
in Figure 17.
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Figure 17. Dimensions of strengthened beam.

h0, h01—Effective height of section after strengthening and before strengthening (mm), as
shown in Figure 17.
x—Height of compression zone of the section concrete (mm)
f y0, f’y0—Design value of tensile and compressive strength of steel bars in existing structure
member (N/mm2)
As0, A’s0—The cross-sectional area of the tensile reinforcements and compressive reinforce-
ments (mm2), as shown in Figure 17.
a’—The distance from the resultant force point of longitudinal compressive reinforcements
to the edge of compression zone of the beam (mm), as shown in Figure 17.

4.2. Flexural Capacity of ECC Reinforced Beams

Through the verification of the test results, it is found that when ECC is used to
strengthen the tensile zone of the beam, due to the excellent tensile performance of ECC,
the contribution of ECC to the bending capacity of the strengthened beam must be con-
sidered. Therefore, formula 1 needs to be revised. The revised formula is shown as
Formulas (2) and (3).

M ≤ αs fy As(h0 −
x
2
) + fy0 As0(h01 −

x
2
) + f ′y0 A′s0(

x
2
− a′ ) + Ft,ecc × (h− x

2
− h1

2
) (2)

Ft,ecc = ft,ecc × b× h1 (3)
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where:

f t,ecc—Equivalent strength of ECC (N/mm2), Use value of σtc in the tensile stress–strain
relationship curve of the ECC shown in Figure 18 [46]
b—Section width (mm)
h1—The height of enlarged section strengthened by ECC (mm), h1 = 40 mm in these tests
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4.3. Verification of the Revised Formula

By using the parameters of material properties in Tables 4 and 5, the theoretical value
of flexural bearing capacity of each specimen can be calculated through the revised formula.

Table 4. Yield strength of longitudinal reinforcement.

Material SMA Tensile Longitudinal Bar Compressed Longitudinal Bar

Yield Strength (MPa) 296.17 397.17 397.17

Table 5. Concrete strength.

Material Concrete ECC

Compressive strength (MPa) 17.48 18,021

Tensile strength (MPa) - 5.1

The theoretical values and the experimental value of flexural bearing capacity for
all 4 specimens are shown in Table 6, where Mcu is the calculated theoretical value of
the bearing capacity of the beam strengthening with increasing section area, Mtu is the
experimental value of the bearing capacity of the beam strengthening with increasing
section area, which can be determined by the loading when the reinforcements are yielded,
and Mcu/Mtu is the ratio of the theoretical value to the experimental value.
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Table 6. The theoretical values and the experimental values of bending capacity for the
strengthened beams.

Specimen
Number

Reinforcement
Material Mcu (kN·m) Mtu (kN·m) Mcu/Mtu

SJ-1 Steel-Concrete 2.75 2.96 0.92
SJ-2 SMA-Concrete 2.51 2.76 0.91
SJ-3 SMA-ECC 2.51 2.78 0.90
SJ-4 Steel-ECC 2.75 2.93 0.94

It can be seen from Table 6 that the bending capacity calculated by Formula (2) for all
the specimens are in good agreement with the test value, and the errors are all within 10%,
indicating that the accuracy of the revised formula can be guaranteed. The values of Mcu
are always less than the value of Mtu, representing that the theoretical values calculated by
Formula (2) are much safer compared with the actual value, and the revised formula can be
well applied to beam strengthening with increasing section of ECC.

5. Conclusions

(1) The effects of heat treatment, strain amplitude, and number of loading cycle on the
mechanical properties of SMA were studied. The results show that the mechanical
properties of SMA can be improved by heat treatment significantly; the stability of
mechanical properties of SMA can be significantly improved by increasing the strain
amplitude and loading cycle.

(2) The reinforced concrete beam strengthened with increasing section of ECC have good
toughness, the cracking characteristics of the strengthened beam is the fine cracks
when it fails. The strengthened beam can continue to bear the load beyond the ultimate
bearing capacity, and the bearing capacity decreases slowly, indicating that the beam
strengthening with increasing section of ECC has good energy dissipation capacity.

(3) The total tensile capacity of steel reinforcements is slightly greater than that of SMA
bars, and the bond strength of ribbed steel bar in concrete or ECC is better than that
of SMA bar. Therefore, the bearing capacity of specimens strengthened with steel is
better than that of SMA bar.

(4) The crack width, number of cracks, and recovery performance of concrete beams
strengthened with SMA bars are better than those of ordinary reinforced concrete
beams. In order to give full play to shape memory effect and super-elasticity of SMA,
the bond strength between SMA and concrete/ECC should be improved. The effect
of temperature on the material properties of SMA cannot be ignored.

(5) The combination of SMA and ECC gives full play to their own respective advan-
tages, respectively. ECC provides good toughness and cracking characteristics, and
SMA provides excellent recovery ability. These two materials working together can
significantly improve the reliability of the structure.

(6) Based on the design formula of bending capacity recommended by the design code
and considering the tensile capacity provided by ECC in the strengthened section, a
revised design formula for the bending bearing capacity of RC beams strengthened
with increasing section of ECC is proposed. The revised design formula are well
demonstrated by the test results, indicating that the revised formula can be well
applied to the beam strengthening with increasing section of ECC.

The purpose of this paper is to reveal the bending capacity, failure mode, and self-
recovery capacity of concrete beams strengthened with SMA/ECC enlarged section based
on full-scale beam specimens with small dimensions. In the follow-up research, the influ-
ence of different design parameters, such as section size, flexure reinforcement ratio, and
material strength, etc., on the flexural performance of concrete beams strengthened with
SMA/ECC enlarged section will be further analyzed theoretically and experimentally to
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improve the design principle of the strengthening method and provide a theoretical basis
for design of strengthening works.
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Abstract: High-rise television transmission towers are of low damping and may vibrate excessively
when subjected to strong earthquakes. Various dynamic absorbers and dampers are proposed to
protect television transmission towers from excessive vibrations and damages. Up to now, the seismic
damage reduction in television towers, using SMA dampers under seismic excitations, has not been
conducted. To this end, the response reduction in a flexible television tower, disturbed by earthquakes
using SMA dampers, is conducted in this study. A two-dimensional dynamic model is developed
for dynamic computation at first. The mathematical model of an SMA damper is proposed, and the
equations of motion of the tower, without and with, are established, respectively. The structural
dynamic responses are examined in the time and the frequency domain, respectively. The effects of
damper stiffness, service temperature, hysteresis loops, and earthquake intensity on control efficacy
are investigated in detail. In addition, the power spectrum density curves, of dynamic responses and
the energy responses, are compared to provide deep insights into the developed control approach.
The control performance of SMA dampers is compared with that of widely-used friction dampers.
The analytical observations indicate that SMA dampers with optimal parameters can substantially
reduce the vibrations of TV transmission towers under seismic excitations.

Keywords: television transmission tower; seismic excitation; shape memory alloy damper; parametric
study; vibration control

1. Introduction

To be important high-rise infrastructures, television (TV) transmission towers are
widely used across the world for TV transmission and sightseeing. These TV transmission
towers, with low damping, may vibrate excessively in severe environments, inducing
possible damage and even failure [1,2]. For instance, a real steel TV transmission tower,
with a height of 136m, in China collapsed under strong winds in 2012 [3]. The collapse
of transmission towers subjected to strong earthquakes in China is also reported [4]. The
simplest approach to reduce vibration of TV transmission towers is to increase inherent
structural ductility, although it is often uneconomical. Thus, various control devices,
such as dynamic absorbers and energy-dissipating dampers, are developed to protect TV
transmission towers from excessive vibrations and damages [5–7]. The dynamic absorbers
are firstly applied in the vibration control of high-rise towers. The wind-induced responses
of high-rise towers are studied by Hitchcock et al. [8] and Balendra et al. [9], using tuned
liquid dampers and active tuned liquid column dampers. Similar studies are carried out
using tuned mass dampers (TMD), such as Yang et al. [10] for a steel tower, Wu and
Yang [11] for the Nanjing TV tower, Ghorbani-Tanha et al. [12] for the Milad Tower, and
Lu et al. [13] for Shanghai World Financial Center Tower. An obvious defect of dynamic
absorbers for vibration control of TV transmission towers is the large space requirement,
which often conflicts with the structural function in operation.
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As an alternative approach, friction dampers and fluid dampers have been utilized
in the structural vibration control of truss towers for many years [14–17]. Chen et al. [18]
conducted the seismic response mitigation of TV transmission towers by using friction
dampers. Similar control approaches have been developed by fluid dampers due to
their simple configuration and low cost. For instance, Zhang and Li [19] investigated the
responses, of a flexible tower under earthquakes, by fluid viscous dampers. Recently, smart
materials are widely used in the field of vibration engineering to fabricate various smart
dampers for structural vibration control. Xu et al. [20] carried out the semi-active control
of a wind-excited tower by piezoelectric friction dampers, associated with a local feedback
control algorithm. Chen et al. [21] conducted the semi-active control of a flexible tower
subjected to winds using magnetorheological dampers.

A typical smart material, shape memory alloy (SMA) has been recently gaining great
popularity due to the properties of high strength, super-elasticity, energy dissipation, better
fatigue, and corrosion resistance [22–26]. SMA can exhibit excellent super-elasticity, and this
feature is explored to fabricate SMA energy dissipation systems, including SMA bracings,
SMA dampers, and connection elements, for vibration control. Zheng et al. [27] proposed a
self-adaptive Ni-Ti SMA-cable-based frictional sliding bearing to mitigate pounding and
unseating damage of bridges subjected to earthquakes. Liu et al. [28] investigated the
seismic response control of a steel frame using base isolation systems with SMA springs.

However, the seismic response suppression, of TV transmission towers with SMA
dampers, has not yet been studied. In this regard, the seismic behavior of TV transmission
towers with SMA dampers is examined in this study. The two-dimensional (2D) lumped
mass model is developed based on the three-dimensional (3D) finite element (FE) model
for structural dynamic computation. The model of an SMA damper is proposed, and the
equations of motion of the tower, without and with control, are established, respectively.
Three schemes are studied and compared to determine the rational location of SMA
dampers. The effects of damper stiffness, service temperature, hysteresis loops, and
earthquake intensity on control efficacy are examined through a detailed parametric study.
In addition, the power spectrum density (PSD) curves of dynamic responses are examined
to explore the vibration properties in the frequency domain. The control performance
of SMA dampers is compared with that of widely-used friction dampers. The energy
responses of the uncontrolled and controlled towers are also compared to provide deep
insights into the developed control approach. The made observations indicate that SMA
dampers with optimal parameters are beneficial to the vibration control of TV transmission
towers under seismic excitations.

2. Seismic Responses of a TV Transmission Tower

The 3D FE model of the TV transmission tower is firstly constructed with the aid
of the commercial package ABAQUS, as displayed in Figure 1a. The configuration of
the TV transmission tower is quite complicated, and the number of the dynamic degree-
of-freedoms (DOFs) of the 3D FE model is quite large. Thus, the dynamic response
computation is time-consuming, and the displacement-force relationship of SMA dampers
is nonlinear. The dynamic analysis of the tower-damper system needs a lot of iterations
at each time step. Thus, the response computation and parametric study on control
performance are quite tedious and time-consuming for a complicated 3D FE model [18,20].
To this end, 2D lump models, with satisfactory accuracy, are commonly utilized to simplify
dynamic computation and parametric study [18,20], as shown in Figure 1b. Thirty nodal
floors are determined, and each floor is assumed to have only one dynamic DOF. The
stiffness matrix is determined based on the flexibility matrix of the original 3D FE model.

During the construction of the 2D lumped dynamic model of the TV transmission
tower, the structural masses are concentrated at limited nodal floors, and the mass matrix
of the reduced 2D dynamic model is established using a lumped mass matrix. The stiffness
matrix of the 2D lumped model can be determined based on the flexibility matrix of the
3D FE model of the tower. Apply the same horizontal unit force at the thirty node floors

106



Materials 2021, 14, 6987

one by one and compute the flexibility coefficient of each floor. Then, form the flexibility
matrix of the tower and inverse the flexibility matrix to obtain the stiffness matrix of the
2D model.
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Figure 1. Analytical model of a TV transmission tower. (a) 3D FE model; (b) 2D dynamic model.

3. Model of SMA Damper

The model of SMA material can be described based on thermodynamic theory, and
the commonly accepted constitutive model is:

σ − σ0 = E(ξ)ε − E(ξ0)ε0 + Ω(ξ)ξS − Ω(ξ0)ξS0 + Θ(T − T0) (1)

where σ and ε are the stress and strain of the SMA wire, respectively; σ0 and ε0 are the stress
and strain of the SMA wire at the initial state, respectively; ξ is the volume percentage of the
martensite; ξ0 is the martensite content of the SMA wire at initial state; T0 is the temperature
of the SMA wire at initial state; ξS0 is the initial volume content of the martensite; ξS is
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the volume content of the martensite; E is the Young’s modulus of SMA material; Ω is the
phase transition tensor; Θ is the thermo-elastic tensor of SMA material; T is the temperature
at a reference state.

The Young’s modulus of an SMA wire, related to the martensite content E(ξ), is
given by

E(ξ) = ξEM + (1 − ξ)EA (2)

where EA and EM are Young’s moduli at the austenite and martensite phases, respectively.
The inherited properties of SMA wires, such as self-centering, better fatigue, and

corrosion resistance, are useful in the design of energy-dissipating dampers. An SMA
damper with re-centering capacity is designed according to the super-elasticity and high
damping characteristics of the SMA wire, as shown in Figure 2. The SMA damper consists
of the outer tube, inner tube, SMA wires, and two circular plates. The SMA wire is designed
always in tension when the damper works. The SMA wire can dissipate vibrant energy,
during its reciprocal movement, to suppress the structural vibration.
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Figure 2. Schematic configuration of SMA damper.

The hysteretic model of the Ni-Ti SMA material is displayed in Figure 3. In the figure,
Mf and Ms denote the martensite finish temperature and martensite starts temperature,
respectively. Af and As denote the austenite finish temperature and austenite start temper-
ature, respectively; σMs and εMs represent the critical stress and strain of the Ni-Ti SMA
material at Ms, respectively; σM f and εM f are the critical stress and strain at Mf, respectively;
σAs and εAs are the critical stress and strain at As, respectively; σA f and εA f are the critical
stress and strain at Af, respectively; εL is the maximum residual strain.
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When the working temperature of the SMA material is given, the mechanical property
of the SMA material will be known [29–31]. As illustrated in Figure 3, the relationships of
strain and stress, on different paths associated with Ni-Ti SMA material, can be expressed
as follows:
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(1) Paths O-A and E-O are elastic (full austenite):

σ(t) = EAε(t) (3)

The control force of the SMA damper u(t) is:

u(t) =
EA A

ls
(xd(t)− ls) (4)

where xd(t) is the length of the damper after deformation; A is the cross-sectional
area of SMA wires; ls is the initial length of the SMA wires.

(2) Path A-B (forward transformation):

σ(t) = σMs +
σM f − σMs

εM f − εMs

(ε(t)− εMs) (5)

u(t) = σ(t)A (6)

(3) Path B-C is elastic (full martensite):

σ(t) = σM f + EM(ε(t)− εM f ) (7)

u(t) =
EM A

ls
(xd(t)− ls) (8)

(4) Path B-D is elastic (full martensite)

σ(t) = σM f + EM(ε(t)− εM f ) (9)

u(t) = σM f A + EM

[
(xd(t)− ls)− εM f

]
A (10)

(5) Path D-E (reverse transformation):

σ(t) = σMs +
σMs − σA f

εAs − εA f

(ε(t)− εAs) (11)

u(t) = σ(t)A (12)

in which σ(t) and ε(t) are the stress and the strain of SMA wires, respectively.

4. Dynamic Analysis of the Controlled Tower

The equations of motion of the controlled tower with SMA dampers is given by:

M
..
x(t) + C

.
x(t) + Kx(t) = −MIg

..
xg(t) + Hu(t) (13)

u(t) = [ u1 u2 · · · um ] (14)

where x(t),
.
x(t), and

..
x(t) are the displacement, velocity, and acceleration responses of the

TV transmission tower, respectively; M, and K are the mass and stiffness matrices of the
tower, respectively; C is the Rayleigh damping matrix; Ig is the influence vector for ground
acceleration;

..
xg(t) is the seismic acceleration; H is the position matrix of control force; u(t)

is the control force of SMA dampers; m is the number of SMA dampers.
The incremental equations of the TV transmission tower are given by:

M∆
..
x(t) + C∆

.
x(t) + K∆x(t) = −MIg∆

..
xg(t) + H∆u(t) (15)

where ∆x(t), ∆
.
x(t), and ∆

..
x(t) are the displacement increment, velocity increment, and

acceleration increment, respectively; ∆
..
xg(t) is the increment of the ground acceleration.
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The above incremental equation is solved by the Newmark-β method with a time
step of ∆t. It is noted that the increment vector of SMA dampers ∆u(t) can only be
determined under the known ∆x(t) and ∆

.
x(t) in the numerical computation. However,

the displacement increment ∆x(t) and velocity increment ∆
.
x(t) is commonly determined

based on ∆u(t). Thus, a dynamic iteration process is developed to ensure computational
convergence. The iteration process proceeds until ∆x(t) satisfies the following equation:

abs[(∆x(t)(i+1) − ∆x(t)(i))/∆x(t)(i)] < κ (16)

where κ is a prescribed error limitation related to an actual TV transmission tower.
Energy response is an important index to describe the vibration of TV transmis-

sion towers. The energy representation of the example tower is formed by integrating
Equation (15). The absolute energy equation of the uncontrolled tower is given by:

EKE + EDE + ESE = EE (17)

Similarly, the energy equation for the tower with SMA dampers is:

EKE + EDE + ESE + EPE = EE (18)

where EE is the total input energy from earthquakes; EKE and ESE are kinetic energy and
strain energy; EDE and EPE are the energy dissipated by structural damping and SMA
dampers, respectively.

5. Case Study
5.1. Analytical Parameters

A real TV tower, with a height of 340 m, is used to examine the feasibility of the pro-
posed control method, as displayed in Figure 1. Two turrets are developed for sightseeing.
The 3D model of the TV tower is established by ABAQUS, and then, a 2D dynamic model is
constructed by a developed computer program. The validity of the 2D model is examined
by comparing structural dynamic characteristics, as listed in Table 1. The fundamental
frequency of the 3D and 2D models are 0.129 Hz and 0.128 Hz, respectively, with an error
of 0.621%. It is also found that the average error of the first eight natural frequencies is
3.641%. Thus, the dynamic characteristics of the 2D dynamic model are close to that of the
original 3D model, and the validity of the 2D model can be guaranteed. To evaluate the
effectiveness of the proposed control method, three far-field and two near-field historical
records are selected [32–35]: (1) Taft earthquake on 21 July 1952; (2) El Centro earthquake
on 18 May 1940; (3) Kobe earthquake on 17 January 1995; (4) Hachinohe earthquake on
16 May 1968; (5) Northridge earthquake on 17 January 1994, respectively. The original peak
ground accelerations (PGAs) of the five seismic records are 1.559, 3.417, 8.178, 2.250, and
8.2676 m/s2, as shown in Figure 4. All the earthquakes are scaled to have the same PGA of
4.0 m/s2 for comparison. The time step and damping ratios in the dynamic analysis are
0.02 s and 0.01, respectively.

Table 1. Comparison of dynamic properties of the 3D and 2D models.

Freq.no 3D Finite Element Model 2D Dynamic Model Error

1 0.129 0.128 0.621%
2 0.416 0.386 7.211%
3 0.729 0.781 −7.133%
4 1.171 1.163 0.683%
5 1.514 1.456 3.831%
6 2.221 2.142 3.556%
7 2.578 2.569 0.349%
8 2.632 2.783 −5.737%
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Figure 4. Time histories of four historical seismic records. (a) Taft; (b) El Centro; (c) Kobe; (d) Hachinohe; (e) Northridge 
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Obvious whiplash effects of the mast are observed based on analytical results. Owing
to the small geometric size of the mast, sixty SMA dampers are evenly divided into four
groups and installed around the two turrets. Thirty SMA dampers (group nos. 1 and 2)
are installed at the low turret, and the other two groups of SMA dampers are at the upper
turret. An SMA damper with an axial brace connects spherical nodes in the axial direction
of a member. The physical parameters of SMA dampers are listed in Table 2. The Young’s
modulus of the SMA damper brace is 2.12 × 108 kN/m, and the cross-sectional area of the
SMA damper is 50 cm2.

Table 2. Physical parameters of SMA dampers.

Parameter Value Parameter Value Parameter Value

Mf −46 ◦C CM 10 MPa/◦C σcr
s 120 MPa

As −18.5 ◦C CA 15.8 MPa/◦C σcr
f 190 MPa

Ms −37.4 ◦C DA 75,000 MPa εL 0.079
Af −6 ◦C DM 29,300 MPa

5.2. Control Performance Comparison

The vibration reduction factor (VRF) is used in this study to evaluate the control
efficacy of SMA dampers:

VRF =
Rnc − Rco

Rnc
(19)

where Rnc and Rco are the peak response without and with SMA dampers, respectively.
The curves in Figure 5 indicate that the peak responses are remarkably mitigated using

SMA dampers. It is found that the displacement VRFs of the tower top, upper turret, and
low turret are 42.739%, 9.420%, and 37.856%, respectively. Similarly, the counterparts of the
acceleration are 28.937%, 9.533%, and 26.405%, respectively. In addition, the displacement
and acceleration VRFs are slightly better than those of velocity and responses. As a result,
satisfactory control can be achieved using SMA dampers, particularly for the whiplash
effects of the mast. The dynamic responses of the tower top and the upper turret, with and
without SMA dampers under the Taft earthquake, are displayed in Figure 6. Owing to the
additional damping produced by SMA dampers, the vibrations of the controlled tower
damped out more quickly than that of the original tower. The application of SMA dampers
can mitigate the seismic responses of the TV transmission tower to a great extent. In
particular, the control efficacy on whiplash effects of the mast is better than that of the other
parts of the tower.
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Figure 5. Maximum responses of the tower without/with control. (a) Displacement; (b) Velocity;
(c) Acceleration.
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Figure 6. Time histories of dynamic responses of the television tower. (a) Displacement No.30; (b) 
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Figure 6. Time histories of dynamic responses of the television tower. (a) Displacement No. 30;
(b) Displacement No. 22; (c) Velocity No. 30; (d) Velocity No. 22; (e) Acceleration No. 30; (f) Accelera-
tion No. 22.
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Three damper installation schemes are considered to compare the effects of damper
position on control efficacy, as listed in Table 3. Scheme 1 is mentioned above, in which
sixty dampers are around the two turrets. For scheme 2, all the SMA dampers are installed
around the low turret (Mass No. 4). For scheme 3, all the SMA are installed around the
upper turret.

Table 3. Damper installation schemes.

Scheme 1 Scheme 2 Scheme 3

30 dampers around the low
turret (Mass No. 4)

30 dampers around the upper
turret (Mass No. 24)

60 dampers around the low
turret (Mass No. 4)

60 dampers around the
upper turret (Mass No. 24)

Figure 7 shows the structural peak responses of different control schemes. For scheme 2,
with all the dampers around the low turret, the control efficacy of displacement responses
is much better than that of velocity and acceleration responses. Similar observations can
be made for scheme 3, whose control performance is slightly inferior to that of scheme 2.
The overall control efficacy of scheme 1 is better than that of schemes 2 and 3. Thus, the
optimal positions for SMA dampers are both two turrets instead of a single turret. It is
also observed that the control efficacy of displacement of all the schemes is slightly better
than that of velocity and acceleration responses. Therefore, scheme 1 is adopted for the
parametric study in the following sections.
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Figure 7. Comparison of different control schemes. (a) Displacement; (b) Velocity; (c) Acceleration.

The control efficacy of SMA dampers under the Taft earthquake is also analyzed
and demonstrated in the frequency domain. The power spectral density (PSD) curves
of dynamic responses of the tower top and upper turret are displayed in Figure 8. The
magnitudes of the PSD curves, for all the three types of responses with control, are much
smaller compared with those without control. In particular, the PSD VRFs of the first
vibration mode are larger than those of other higher modes.
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The control efficacy of SMA dampers under the Taft earthquake is also analyzed and 
demonstrated in the frequency domain. The power spectral density (PSD) curves of dy-
namic responses of the tower top and upper turret are displayed in Figure 8. The mag-
nitudes of the PSD curves, for all the three types of responses with control, are much 
smaller compared with those without control. In particular, the PSD VRFs of the first vi-
bration mode are larger than those of other higher modes.  

0 1 2 3
0.0

0.2

0.4

0.6

 
D

isp
la

ce
m

en
t P

SD
 (m

2 .s)

Freq. (Hz)

 Original tower   With control
Mass No. 30 (Top)

 

0 1 2 3 4 5
0.00

0.02

0.04

0.06  Original tower   With control

 
D

isp
la

ce
m

en
t P

SD
 (m

2 .s)

Freq. (Hz)

Mass No. 22 (Upper turret)

 

(a) (b) 

Materials 2021, 14, x FOR PEER REVIEW 11 of 23 
 

 

0 1 2 3 4 5
0.0

0.5

1.0

1.5

 
V

el
oc

ity
 P

SD
 (m

2 /s)

Freq. (Hz)

 Original tower   With control
Mass No. 30 (Top)

 

0 1 2 3 4 5
0.00

0.02

0.04

0.06

 
V

el
oc

ity
 P

SD
 (m

2 /s)

Freq. (Hz)

 Original tower   With control
Mass No. 22 (Upper turret)

 

(c) (d) 

0 1 2 3
0.0

1.0

2.0

3.0

4.0

 
A

cc
el

er
at

io
n 

PS
D

 (m
2 /s3 )

Freq. (Hz)

 Original tower   With control
Mass No. 30 (Top)

 

0 1 2 3 4 5
0.0

0.2

0.4

0.6

 
A

cc
el

er
at

io
n 

PS
D

 (m
2 /s3 )

Freq. (Hz)

 Original tower   With control
Mass No. 22 (Upper turret)

 

(e) (f) 

Figure 8. Comparison of PSD curves of response time histories. (a) Displacement PSD No.30; (b) 
Displacement PSD No.22; (c) Velocity PSD No.30; (d) Velocity PSD No.22; (e) Acceleration PSD 
No.30; (f) Acceleration PSD No.22. 

6. Parametric Study on Control Performance 
6.1. Stiffness Effects of SMA Damper 

The stiffness coefficient of an SMA damper is given by: 

0

SC
SMA
d
SMA

k
k

=
 

(20) 

where SMA
dk  is the stiffness value in computation; 0

SMAk  is the initial stiffness of an SMA 
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tower is selected as 1.0 considering the overall control efficacy of the tower.  
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6. Parametric Study on Control Performance
6.1. Stiffness Effects of SMA Damper

The stiffness coefficient of an SMA damper is given by:

SC =
kSMA

d
kSMA

0
(20)

where kSMA
d is the stiffness value in computation; kSMA

0 is the initial stiffness of an
SMA damper.
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The stiffness effects of SMA dampers on the peak responses under the Taft earthquake
are investigated, and the results are displayed in Figure 9. The peak displacement and
velocity responses of the mast are gradually reduced with an increasing SC until approx-
imately 1.0. A further increase in stiffness of SMA dampers does not generate further
significant response reduction when SC is larger than 1.0. The peak acceleration of the
mast reduces at first and then increases with the increasing SC, which means there exist
optimal SC values for structural peak responses. It is not beneficial to set a very large SC
value to avoid unnecessary cost waste. Similar results can be achieved from the dynamic
responses of the tower body and turrets. Thus, an optimal SC value for all the responses
does not exist, and optimal SC values for three kinds of peak responses, at different places,
are different to some extent. The optimum SC value for the example tower is selected as
1.0 considering the overall control efficacy of the tower.
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Figure 9. Effects of damper stiffness on peak responses. (a) Displacement at mast; (b) Displacement 
at tower; (c) Velocity at mast; (d) Velocity at tower; (e) Acceleration at mast; (f) Acceleration at 
tower. 

6.2. Properties of Hysteresis Loops 
The hysteresis loop is an important index to describe the energy-dissipating capacity 

of an SMA damper under earthquakes. The variation of a hysteresis loop with damper 
stiffness is displayed in Figure 10. A small SC value (SC = 0.6) reflects the small enclosed 
area of the hysteresis loop. Thus, the SMA damper is easy to extend while the ener-
gy-dissipating capacity is poor. Increasing the damper stiffness (SC = 1.0 or 2.0) can im-
prove the shape of the hysteresis loops and the energy-absorbing capacity. After the SC 
value reaches 2.0, a further increase (SC = 3.0) in damper stiffness may increase the peak 
control force but reduce the enclosed area of the hysteresis loop. Therefore, an optimal SC 

Figure 9. Effects of damper stiffness on peak responses. (a) Displacement at mast; (b) Displacement
at tower; (c) Velocity at mast; (d) Velocity at tower; (e) Acceleration at mast; (f) Acceleration at tower.
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6.2. Properties of Hysteresis Loops

The hysteresis loop is an important index to describe the energy-dissipating capacity
of an SMA damper under earthquakes. The variation of a hysteresis loop with damper
stiffness is displayed in Figure 10. A small SC value (SC = 0.6) reflects the small enclosed
area of the hysteresis loop. Thus, the SMA damper is easy to extend while the energy-
dissipating capacity is poor. Increasing the damper stiffness (SC = 1.0 or 2.0) can improve
the shape of the hysteresis loops and the energy-absorbing capacity. After the SC value
reaches 2.0, a further increase (SC = 3.0) in damper stiffness may increase the peak control
force but reduce the enclosed area of the hysteresis loop. Therefore, an optimal SC value of
an SMA damper can also be determined based on the configuration of hysteresis loops.
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Figure 10. Variation of hysteresis loop with damper stiffness. (a) SC = 0.6; (b) SC = 1.0; (c) SC = 2.0;
(d) SC = 3.0.

6.3. Effect of Service Temperature

The variation of damper force and deformation with service temperature is displayed
in Figure 11. The peak forces of damper No. 40 are 163.71, 193.82, 224.87, and 284.08 kN,
respectively, at 0, 10, 20, and 40 degrees Celsius. With the increase in service temperature,
the peak damper force gradually increases, while the damper deformation decreases to
some extent. Similar observations can be made for the other SMA dampers. The effects
of service temperature on damper performance can also be found from the variation of
damper hysteresis loops. The increasing service temperature may induce the increment
in damper force and reduction in damper deformation. The enclosed areas of damper
hysteresis loops reduce to some extent. Thus, a very large service temperature changes
the damper states, and the damper may behave as a steel brace does and lose its energy-
dissipating capacity.
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Figure 11. Variation of damper force and deformation with service temperature. (a) Peak force; (b) 
Peak deformation; (c) T = 0 ºC; (d) T = 10 ºC; (e) T = 20 ºC; (f) T = 40 ºC. 

The effects of service temperature on maximum responses of the TV transmission 
tower are studied, as shown in Figure 12. The responses of the tower top, mast, tower 
body, and two turrets are computed, respectively, under the common temperature range 
between 0 to 40 degrees Celsius. The displacement responses of the TV tower are almost 
stable with increasing service temperature, while the velocity and acceleration responses 
slightly increase. It is noted that a relatively large service temperature may affect the 
shape of damper hysteresis loops, as displayed in Figure 11, while the control perfor-
mance is stable. This is because the peak forces of SMA dampers increase automatically 
with increasing temperature.  

Figure 11. Variation of damper force and deformation with service temperature. (a) Peak force;
(b) Peak deformation; (c) T = 0 ◦C; (d) T = 10 ◦C; (e) T = 20 ◦C; (f) T = 40 ◦C.

The effects of service temperature on maximum responses of the TV transmission
tower are studied, as shown in Figure 12. The responses of the tower top, mast, tower
body, and two turrets are computed, respectively, under the common temperature range
between 0 to 40 degrees Celsius. The displacement responses of the TV tower are almost
stable with increasing service temperature, while the velocity and acceleration responses
slightly increase. It is noted that a relatively large service temperature may affect the
shape of damper hysteresis loops, as displayed in Figure 11, while the control performance
is stable. This is because the peak forces of SMA dampers increase automatically with
increasing temperature.
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Figure 13. Variation of peak control force of SMA dampers with PGA. (a) Peak force; (b) Peak deformation. 

As displayed in Figure 14, the displacement VRF of the tower top gradually in-
creases, with the increment in PGA, while the velocity and acceleration VRFs almost keep 
constant. All three types of VRFs of the mast are stable with increasing earthquake in-
tensity. Similar observations can be made for the upper turret and low turret. Thus, it is 
noted that the overall VRFs of the TV transmission tower are stable when subjected to 
different seismic excitations. The control performance by SMA dampers is robust and 
versatile for the earthquake-disturbed tower.  

Figure 12. Effects of service temperature on maximum responses of the tower. (a) Displacement; (b) Velocity; (c) Acceleration.

6.4. Effects of Earthquake Intensity

The effects of PGA on control performance are investigated in this section. Figure 13
displays the variation of peak control force of SMA dampers with PGA. The deformation
of SMA dampers almost increases linearly with the increasing PGA under constant damper
stiffness. The peak control force of the SMA damper gradually increases with the increasing
earthquake intensity. This means that the performance of SMA dampers presents certain
robustness under external excitations.

Materials 2021, 14, x FOR PEER REVIEW 15 of 23 
 

 

0 10 20 30 40
0.0

0.1

0.2

0.3

Service temperature(oC)

 Mass No.22   (Upper turret) 
 Mass No.9     (Tower body) 
 Mass No.4     (Low turret)  

D
isp

la
ce

m
en

t (
m

)

 

0 10 20 30 40
0.0

0.5

1.0

1.5

Service temperature(oC)

 Mass No.22   (Upper turret) 
 Mass No.9     (Tower body) 
 Mass No.4     (Low turret)  

V
el

oc
ity

 (m
/s)

 
0 10 20 30 40

0

4

8

12

Service temperature(oC)

 Mass No.22   (Upper turret) 
 Mass No.9     (Tower body) 
 Mass No.4     (Low turret)  

A
cc

el
er

at
io

n 
(m

/s2 )

 

(a) (b) (c) 

Figure 12. Effects of service temperature on maximum responses of the tower. (a) Displacement; (b) Velocity; (c) Accel-
eration. 

6.4. Effects of Earthquake Intensity 
The effects of PGA on control performance are investigated in this section. Figure 13 

displays the variation of peak control force of SMA dampers with PGA. The deformation 
of SMA dampers almost increases linearly with the increasing PGA under constant 
damper stiffness. The peak control force of the SMA damper gradually increases with the 
increasing earthquake intensity. This means that the performance of SMA dampers pre-
sents certain robustness under external excitations.  

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

50

100

150

200

Peak ground acceleration (m/s2)

 Damper No.10
 Damper No.40

Pe
ak

 fo
rc

e 
of

 d
am

pe
r (

kN
)

 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.00

0.02

0.04

0.06  Damper No.10
 Damper No.40

Peak ground acceleration (m/s2)

Pe
ak

 d
ef

or
m

at
io

n 
of

 d
am

pe
r (

m
)

 

(a) (b) 

Figure 13. Variation of peak control force of SMA dampers with PGA. (a) Peak force; (b) Peak deformation. 

As displayed in Figure 14, the displacement VRF of the tower top gradually in-
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constant. All three types of VRFs of the mast are stable with increasing earthquake in-
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noted that the overall VRFs of the TV transmission tower are stable when subjected to 
different seismic excitations. The control performance by SMA dampers is robust and 
versatile for the earthquake-disturbed tower.  

Figure 13. Variation of peak control force of SMA dampers with PGA. (a) Peak force; (b) Peak deformation.

As displayed in Figure 14, the displacement VRF of the tower top gradually increases,
with the increment in PGA, while the velocity and acceleration VRFs almost keep constant.
All three types of VRFs of the mast are stable with increasing earthquake intensity. Similar
observations can be made for the upper turret and low turret. Thus, it is noted that the
overall VRFs of the TV transmission tower are stable when subjected to different seismic
excitations. The control performance by SMA dampers is robust and versatile for the
earthquake-disturbed tower.

6.5. Efficacy Subjected Other Earthquakes

The seismic responses under the other three earthquakes are also computed and
compared with the same PGA of 4.0 m/s2. The response VRFs of the example tower under
different earthquakes are listed in Table 4. Three far-field and two near-field historical
records are selected to evaluate the performance of the proposed control method based
on SMA dampers [32–35]. The SMA dampers can reduce structural seismic responses
while the control efficacy, under different seismic inputs, is different. In addition, the
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overall VRFs of the tower top and mast are much better than those of the two turrets.
Thus, the whiplash effects of the example tower can be substantially reduced. In reality,
the different frequency components of the example earthquakes in the frequency domain
induce the difference in structural dynamic responses. Therefore, control performances
under different earthquakes cannot maintain optimality at all times.
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Figure 14. Variation of VRFs with seismic PGA. (a) VRF No.30; (b) VRF No.28; (c) VRF No.22; (d) 
VRF No.4 
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Figure 14. Variation of VRFs with seismic PGA. (a) VRF No. 30; (b) VRF No. 28; (c) VRF No. 22;
(d) VRF No. 4.

Table 4. VRFs of the TV transmission tower under different earthquakes (%).

Location Taft El Centro Kobe Hachinohe Northridge

Mass No. 30
(Tower top)

Displacement 39.64 31.95 22.38 23.24 29.03

Velocity 25.57 13.87 18.70 33.89 5.59

Acceleration 24.75 6.43 21.09 13.89 11.36

Mass No. 28
(Mast)

Displacement 30.70 19.46 23.64 22.56 10.70

Velocity 26.59 −5.21 20.69 19.60 11.42

Acceleration 22.48 −9.28 17.52 18.51 15.04

Mass No. 22
(Upper turret)

Displacement 9.72 9.24 8.31 8.91 10.77

Velocity −10.19 11.88 23.94 −1.05 −0.78

Acceleration 6.95 8.86 10.48 −4.56 5.55

Mass No. 4
(Low turret)

Displacement 31.88 −2.81 35.34 2.69 4.04

Velocity 32.14 −10.05 23.30 1.08 0.42

Acceleration 25.30 −5.56 15.60 8.74 −1.64
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6.6. Comparison between SMA Damper and Friction Damper

The dynamic responses of the tower with the commonly-used friction damper are
computed and compared with those by SMA dampers. Friction dampers have been used
to improve the seismic resistant performance of various structures during the past three
decades. The Coulomb law is commonly adopted in the mathematical model of friction
dampers. It presumes that the frictional force is independent of the velocity and the
coefficient µ is the proportional constant considered in the mathematical relation between
the frictional force and the clamping force N. The frictional force fd equals the clamping
force N multiplies the coefficient of friction µ. The clamping force of a friction damper is
set in advance, and its frictional force is constant during the slip process. If the force of the
friction damper fd is no larger than the design frictional force, then the damper is sticking
and the damper behaves as if it is a common brace. If the damper force fd is larger than
the design frictional force, the damper begins to slip and dissipate vibrant energy. During
the structural vibration under an earthquake, if the relative displacement increment of the
two ends of the friction element is large than zero, the control force is tensile. Otherwise,
the control force is compressive. As displayed in Figures 10b and 11a, the peak force of
an SMA damper is 150 kN. Thus, the peak control forces of friction dampers are set as the
same for performance comparison. The number and location of friction dampers are also
the same as those of SMA dampers.

The hysteresis loops of friction dampers, under different damper forces, are displayed
in Figure 15. For a friction damper, its damper force cannot be changed during the structural
vibration. If the damper slipping force is too large (250 kN), the friction damper is hard to
slip and behaves similarly to a pure brace. If the damper slipping force is too small (50 kN),
the damper is very easy to slip while the enclosed area is small, which means a limited
energy-dissipating capacity of the friction damper. Thus, the optimal slipping force of a
friction damper depends on the intensity of the external excitations.
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Figure 15. Hysteresis loops of friction dampers under different damper forces. (a) fd = 50 kN; (b) fd = 150 kN; (c) fd = 250 
kN. 

The hysteresis loops of friction dampers, under different earthquake intensities, are 
displayed in Figure 16. For a small seismic intensity (PGA = 1.0 or 2.0 m/s2), the damper 
force of 150 kN is large enough, the damper is hard to slip, and it behaves as a brace. For 
an appropriate seismic intensity (PGA = 4.0 m/s2), the hysteresis loop is plump, and the 

Figure 15. Hysteresis loops of friction dampers under different damper forces. (a) fd = 50 kN; (b) fd = 150 kN; (c) fd = 250 kN.

The hysteresis loops of friction dampers, under different earthquake intensities, are
displayed in Figure 16. For a small seismic intensity (PGA = 1.0 or 2.0 m/s2), the damper
force of 150 kN is large enough, the damper is hard to slip, and it behaves as a brace. For
an appropriate seismic intensity (PGA = 4.0 m/s2), the hysteresis loop is plump, and the
control performance is satisfactory. For a larger seismic intensity (PGA = 5.0 m/s2), the
damper can slip more easily, the enclosed area of the hysteresis loop is limited, and the
energy-dissipating capacity and control performance is limited. The reason is that the
slipping force of a friction damper is set in advance and cannot change with the varying
excitation intensity. Therefore, the control robustness of friction dampers is unsatisfactory.
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The performance of SMA dampers is quite different in comparison with that of friction
dampers. The variation of control force with seismic intensity is investigated and shown
in Figure 17. It is seen that the control force of the SMA dampers can be modulated
automatically with the earthquake-induced structural and damper responses. The control
forces of SMA dampers quickly increase with the increasing seismic intensity. Thus, the
SMA damper can move more easily under any seismic intensity. In addition, the shapes
of hysteresis loops of SMA are similar, even if the seismic intensity increases. However,
the performance of friction dampers is quite different in comparison with that of SMA
dampers, as displayed in Figures 16 and 17. The control forces of the friction dampers are
set at 150 kN in advance and cannot be changed during the whole vibration. For a small
seismic intensity (PGA = 1.0 or 2.0 m/s2), the friction dampers cannot slip, and they behave
as a brace. Thus, the damper force is smaller than 150 kN. The energy-dissipating capacity
of SMA dampers is stable and superior to that of friction dampers.

The structural VRFs, under different seismic intensities, are computed and compared,
as displayed in Table 5. It is observed that the VRFs of SMA dampers are almost stable
for different seismic intensities. The SMA damper-based control approach is robust and
versatile for the TV transmission tower. However, the control efficacy of friction dampers
with constant slipping force (150 kN) may dramatically reduce with the varying seismic
intensity. If the damper force is a certain value and cannot be automatically changed,
a friction damper is easy in the sticking stage and behaves much as a common brace
does under a small seismic intensity. Thus, the friction damper is unable to fully slip,
which causes unsatisfactory control performance. However, an SMA damper with proper
parameters can automatically adjust its control force in line with the change of external
loading and thereby ensure robust control performance.
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Table 5. Comparison of VRFs with different control approaches under different earthquake intensities.

Location SMA Damper
PGA = 4.0

Friction Damper
PGA = 4.0

SMA Damper
PGA = 1.0

Friction Damper
PGA = 1.0

Mass No. 30
(Tower top)

Displacement 39.64 39.87 53.92 40.69

Velocity 25.57 38.84 21.37 33.72

Acceleration 24.75 52.63 27.49 37.30

Mass No. 28
(Mast)

Displacement 30.70 47.07 30.99 8.61

Velocity 26.59 49.51 31.12 31.33

Acceleration 22.48 44.75 20.33 23.28

Mass No. 22
(Upper turret)

Displacement 9.72 8.61 9.68 8.57

Velocity −10.19 −3.93 −13.67 −5.77

Acceleration 6.95 9.11 3.529 9.08

Mass No. 4
(Low turret)

Displacement 31.88 39.43 35.471 33.37

Velocity 32.14 30.80 31.37 36.74

Acceleration 25.30 29.61 29.02 23.16

7. Energy Responses of the Tower
7.1. Comparison of Energy Responses of the Tower

The vibrant intensity of the TV transmission tower can also be depicted from the
viewpoint of energy. The energy properties of the example tower, subjected to various
earthquakes, are displayed in Figure 18. For the uncontrolled tower under the Taft earth-
quake, the total inputted energy from the seismic excitations is absorbed by structural
damping. Large kinetic and strain energy is seen because of the excessive vibration of
the tower. Similar observations can be made from the other three ground motions. The
magnitude of total inputted energy to the tower, under various earthquakes, is quite dif-
ferent even though their PGAs are the same. Thus, the frequency components of seismic
excitations have substantial influences on structural dynamic responses.

Figure 19 displays the energy responses of the tower with SMA dampers in comparison
with those without control. The application of SMA dampers can substantially reduce
the vibrant energy of the TV transmission tower to a great extent. To compare the energy
curves in Figures 18 and 19, one can find that the inputted energy of the controlled tower
is smaller in comparison with the counterpart of the controlled tower. Owing to the aid
of SMA dampers, the energy absorbed by structural damping is much less than that of
the uncontrolled tower. The energy responses under Northridge earthquake have the
similar properties.
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Figure 18. Energy responses of the tower without friction dampers. (a) Taft; (b) El Centro; (c) Kobe; 
(d) Hachinohe. 
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Figure 18. Energy responses of the tower without friction dampers. (a) Taft; (b) El Centro; (c) Kobe;
(d) Hachinohe.
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Figure 18. Energy responses of the tower without friction dampers. (a) Taft; (b) El Centro; (c) Kobe; 
(d) Hachinohe. 
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Figure 19. Energy responses of the tower with SMA dampers. (a) Taft; (b) El Centro; (c) Kobe; (d) 
Hachinohe. 
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by earthquakes.  

Figure 19. Energy responses of the tower with SMA dampers. (a) Taft; (b) El Centro; (c) Kobe;
(d) Hachinohe.
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7.2. Variation of Energy Response with Damper Stiffness

Curves in Figure 20 indicate that the total inputted energy from earthquakes EE varies
with the damper stiffness. For a small damper stiffness (SC = 0.6), the energy-dissipating
capacity of the SMA dampers is poor, and the tower energy EE is even slightly larger
than that of the uncontrolled tower. The tower energy EE gradually reduces with the
increasing SC until approximately 1.0. A further increase in damper stiffness (SC = 2.0 or
3.0) may induce a large value of EE. However, the energy dissipated by SMA dampers EP
is quite different. As displayed in Figure 20, EP gradually increases with the increasing
damper stiffness until SC reaches about 1.0. If stiffness coefficient SC reaches above 2.0,
EP reduces to some extent. The energy dissipated by SMA dampers EP is limited if the
damper stiffness is relatively small (SC = 0.6) or large (SC = 2.0 or 3.0). Besides, similar
observations can be made from the energy curves of structural damping ED. With the
increase in damper stiffness, the energy ED gradually reduces because more structural
energy EE is dissipated by SMA dampers. Thus, optimal damper stiffness can also be
determined based on structural energy curves.
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8. Concluding Remarks

The validity of the proposed control approach for TV transmission towers by SMA
dampers is examined in detail. The PSD properties and energy responses of the tower are
compared with those of the uncontrolled tower. The results indicate that SMA dampers,
with optimal parameters, can be used in the control of TV transmission towers disturbed
by earthquakes.

Dynamic responses of the TV tower are remarkably suppressed by SMA dampers
particularly for the whiplash effects of the top mast. The overall control efficacy of scheme 1
is better than that of the other two schemes, which means that the optimal positions for SMA
dampers are both two turrets. The hysteresis loops of SMA dampers are quite different
because the damper stiffness can directly affect the damper’s working status. The optimal
damper stiffness can also be determined based on the configuration of hysteresis loops. The
vibrant energy of the controlled tower is substantially reduced, and the inputted energy of
the controlled tower is also mitigated to a great extent. The application of SMA dampers
can remarkably improve the energy-dissipating mechanism of the TV transmission tower.
Energy evaluation is an effective approach to determine the optimal damper parameters in
vibration control.

It is not beneficial to set a very large SC value for SMA dampers to avoid unnecessary
cost waste. Thus, an optimal SC value for all the responses does not exist, and optimal SC
values for three kinds of peak responses at different places are different to some extent.
Thus, in the real application of SMA dampers, an optimal damper stiffness should be
determined based on the structural model of TV transmission tower through detailed
parametric study, which may be time-consuming and complicated. Similarly, an optimal
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service temperature is required based on the structural model of the TV transmission tower
through a detailed and complicated parametric study.
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Abstract: To be typical electrical power infrastructures, high-rise tower-line systems are widely
constructed for power transmission. These flexible tower structures commonly possess small damping
and may suffer strong vibrations during external excitations. The control approaches based on various
devices have been developed to protect transmission towers against strong vibrations, damages, and
even failure. However, studies on the vibrant control of wind-excited tower-line systems equipped
with SMA dampers have not yet been reported. To this end, the control approach for wind-excited
tower-line systems using SMA dampers is conducted. The mechanical model of the tower-line
system is established using Lagrange’s equations by considering the dynamic interaction between
transmission lines and towers. The vibration control method using SMA dampers for the tower-line
coupled system is proposed. The control efficacy is verified in both the time domain and the frequency
domain. Detailed parametric studies are conducted to examine the effects of physical parameters
of SMA dampers on structural responses and hysteresis loops. In addition, the structural energy
responses are computed to examine the control performance.

Keywords: transmission tower; wind excitation; SMA damper; energy response

1. Introduction

High-rise truss towers, including television towers and transmission towers, are
widely constructed for broadcast and electric energy supply. To be typical flexible structures,
these truss towers commonly possess low damping and are prone to strong external
excitations. If the load-induced strong vibration cannot be suppressed, possible damage
and even failure are expected [1,2]. For example, a truss tower of more than 130 m
in China collapsed when it was subjected to strong wind loadings [3]. The failure of
transmission tower-line systems under strong earthquakes was also reported [4]. Therefore,
many vibration control methods are developed to mitigate the excessive vibration of truss
towers [5–7].

For television towers, vibration absorbers and dampers are firstly used for structural
response control. The wind-excited television towers are protected by Yang et al. [8] and
Wu et al. [9] by installing tuned mass dampers (TMD). In addition, the same devices are
used in the vibration control of the 435 m Milad Tower in Tehran [10] and the 492 m World
Financial Center Tower in Shanghai [11]. A similar wind-induced response control has
been conducted using tuned liquid dampers [12,13]. The vibration control of television
towers using dampers has also been performed in the past two decades [14–16]. Chen
et al. [17] examined the seismic responses of a 340 m television tower reinforced using
friction dampers. It was found that the implementation of friction dampers with optimal pa-
rameters can substantially reduce seismic responses. Zhang and Li [18] conducted seismic
response control of a flexible truss tower using fluid dampers. They found that the vibration
reduction effectiveness of fluid dampers was sensitive to the spectral characteristics of
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earthquake waves. For transmission towers, the response mitigation based on traditional
control approaches was also performed. Chen et al. [19] examined the control performance
of friction dampers on a wind-excited power transmission tower. The work on an example
tower indicates that the application of friction dampers with optimal parameters could
significantly reduce wind-induced responses of the transmission tower-line system for
both the in-plane and out-of-plane vibration. In addition, they [20] also investigated the
control efficacy of passive friction dampers on earthquake-disturbed transmission towers.
They found that the best control performance of the transmission tower under a certain
ground motion can be achieved only based on the optimal damper parameters and the
control efficacy under different seismic excitations cannot keep optimal for all the time. The
vibration control of a transmission tower under multi-component seismic excitations was
conducted by Tian et al. [21] using TMD. Zhang et al. [22] applied a pounding TMD in a
55 m transmission tower for the seismic response control. Fluid dampers were accepted by
Chen et al. [23] to reduce the impact responses of truss towers under cable rupture.

Various smart control devices, such as magnetorheological dampers, piezoelectric
actuators, and shape memory alloy (SMA) devices, are recently gaining popularity in the
vibration control of engineering structures [5,24,25]. The semi-active control of flexible truss
towers under wind loading was carried out by Xu et al. [26] using piezoelectric friction
dampers and by Chen et al. [27] using magnetorheological dampers. SMA is a typical smart
material with many advantages including super-elasticity, fatigue resistance, and high
strength [28,29]. Thus, SMA wires are widely used in vibration control to develop smart
control devices, such as SMA dampers and SMA bracings [30–33]. Tian et al. [34] developed
an SMA-based TMD for the seismic control of power transmission towers. Wu et al. [35]
examined the seismic responses of a truss tower controlled by SMA dampers.

However, studies on the vibrant control of wind-excited tower-line systems equipped
with SMA dampers have not yet been reported. To this end, the new control method of
transmission tower-line systems under wind excitations is proposed using SMA dampers.
The mechanical model of a real tower-line coupled system was proposed using Lagrange’s
equations by considering the dynamic interaction between transmission lines and towers.
The vibration control method using SMA dampers for the tower-line coupled system was
developed. The rational position of SMA dampers was determined by comparing three
damper schemes. The feasibility of the proposed control method was verified through
numerical analysis. Detailed parametric studies were conducted to investigate the effects
of the physical parameters of SMA dampers on structural responses and hysteresis loops.
Finally, the structural energy responses were computed to examine the control performance.

2. Model of a High-Rise Tower-Line Coupled System
2.1. Mathematical Model of Transmission Lines

The nonlinear equivalent method can be used to compute the dynamic responses
of transmission lines using the Hamilton variational method and the Lagrange equation.
As displayed in Figure 1, a transmission line is simulated by many masses and elements.
Following the Hamilton variational principle, the line can be described as a series of
generalized coordinates, namely the difference of the angle θ and element length l. If the
line vibrates in the in-plane direction, the kinetic energy Tline is [27]:

Tline =
4

∑
i = 1

1
2

mi(
.
x2

i +
.
y2

i ) = Tline(
.
ξ2,

.
ξ3,

.
ξ4, δ

.
l1, δ

.
l2, δ

.
l3, δ

.
l4, δ

.
l5) (1)

where ξi (i = 2,3,4) and δi (i = 1,2,3,4,5) are the structural generalized coordinates related to
the θ and l, respectively [27]; xi and yi are the horizontal and vertical displacement of the
ith mass, respectively.
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Figure 1. Analytical model of a transmission line. (a) In-plane vibration; (b) out-of-plane vibration.

Similarly, structural potential energy Uline is:

Uline =
4

∑
i = 1

migyi +
5

∑
j = 1

EA
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(
(ls

j + δlj)
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j

−
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j
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j
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where E is Young’s modulus of the line; A is the cross-sectional area of the line; l0
j and ls

j are
the initial and deformation length of the jth element.

The equation of motion is derived based on Hamilton’s equation in terms of a set of
generalized coordinates qi, namely ξ and δ:

∫ t2

t1

δ[Tline(t)− Uline(t)]dt +
∫ t2

t1

δWline(t)dt = 0 (3)

In which Wline(t) denotes the virtual work.
Then, computing the variation yields into Lagrange’s equation:

d
dt

(
∂Tline

∂
.
qi

)
− ∂Tline

∂qi
+

∂Uline
∂qi

= Qi (4)

where Qi is the generalized forcing function of the line.
If the line vibrates in the in-plane direction, the stiffness matrix Kin

l is established by
calculating the partial differential of the Uline to the generalized displacement ∂U/∂ξi and
∂U/∂δi. Similarly, the mass matrix Min

l is established by calculating the partial differential

of the Tline to the generalized velocity ∂T/∂
.
ξ i and ∂T/∂

.
δi. If the line vibrates in the out-of-

plane direction, the line can be simulated as a suspended pendulum, as shown in Figure 1b.
The system matrices Ml

out and Kl
out of the line are deduced similarly, as follows:

Mout
l =

[
m1

m2

]
(5)

Kout
l =

[ m1g
l1

−m1g
l1

−m1g
l1

m1g
l1

+ (m1+m2)g
l2

]
(6)

2.2. Mathematical Model of Tower-Line Coupled System

The three-dimensional (3D) model of a real transmission tower in China is constructed
using ANSYS, as shown in Figure 2a. If a 3D finite element (FE) model is used for the
large-scale tower and is incorporated with SMA dampers subjected to wind excitations, the
step-by-step dynamic computation will be unbearably time-consuming. This may make
the parametric study tedious and impractical. In addition, the numerical simulation of
wind loading of the 3D FE model is commonly carried out using the spectral representation
method, which requires enormous series calculus. In practice, a lumped mass model is
commonly adopted for vibration control and parametric studies, as shown in Figure 2b.
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Figure 2. Analytical model of a large transmission tower. (a) 3D FE model; (b) 2D dynamic model.

A transmission tower-line coupled system is a complex continuous system consisting
of many towers and lines. It is impossible and unnecessary to establish the system model
considering all the lines and towers. Thus, the single tower associated with connected lines
can be adopted in the dynamic analysis, as shown in Figure 3. The kinetic energy T and
potential energy U of the tower-line system are expressed as follows:

T = Tt +
nl

∑
j = 1

T(j)
l (7)

U = Ut +
nl

∑
j = 1

U(j)
l (8)

where Tt and Ut are the kinetic and potential energy of the single tower; T(j)
l and U(j)

l are
the kinetic and potential energy of the jth line; nl is the number of all the lines.

Then, Equations (7) and (8) can be substituted into the Lagrange equation. Similar
to the computation of the transmission line expressed in Equation (4), the stiffness matrix
of the entire coupled system Kin can be established in line with ∂U/∂ξi and ∂U/∂δi. The
mass matrix Min can be established in line with ∂T/∂

.
ξ i and ∂T/∂

.
δi. For the out-of-plane

vibration, the stiffness matrix Kout and mass matrix Mout of the entire coupled system are
determined by combing the system matrices of the tower and lines.
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Figure 3. Analytical model of a transmission tower-line system.

3. Mathematical Model of SMA Dampers

SMA wires have excellent inherited properties and can be used to fabricate smart
energy-dissipating dampers. The SMA material can be described by the widely-used
constitutive model [36–38]. The 2D and 3D configuration of an SMA damper is displayed
in Figure 4. The SMA damper consists of the outer tube, inner tube, and circular plates. The
SMA wires are incorporated in tension to dissipate energy during its reciprocal movement
in vibration.
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Figure 4. Configuration of an SMA damper.

Figure 5 shows the hysteretic model of the widely-used Ni-Ti SMA material. In the
figure, Mf and Ms are the martensite finish and start temperature, respectively. Af and As
are the austenite finish and start temperature, respectively; σMs and εMs are the critical
stress and strain at martensite start temperature, respectively; σM f and εM f are the critical
stress and strain at martensite finish temperature, respectively; σAs and εAs are the critical
stress and strain at austenite start temperature, respectively; σA f and εA f are the critical
stress and strain at austenite finish temperature, respectively; εL is the maximum residual
strain; EA and EM are Young’s moduli at the austenite and martensite phases, respectively.
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Figure 5. Hysteretic model of an SMA wire.

The relationships of strain and stress of the Ni-Ti SMA material shown in Figure 5 can
be described based on different paths.

The elastic stages (Paths O-A and E-O) are the full austenite stage. The damper force
is given by:

u(t) =
EA A

lw
(d(t)− lw) (9)

where u(t) is damper force; d(t) is the damper length with deformation; A is the cross-
sectional area of a wire; lw is the original length of a wire.

The forward transformation stage (Path A-B) is the loading stage and the damper force
u(t) is given by:

u(t) =

[
σMs +

σM f − σMs

εM f − εMs

(ε(t)− εMs)

]
A (10)

For the full martensite stage (Path B-C), the elastic deformation is observed and the
damper force is:

u(t) =
EM A

lw
(d(t)− lw) (11)

For the full martensite stage (Path B-D), the unloading process is observed and the
damper force is:

u(t) = σM f A + EM

[
(d(t)− lw)− εM f

]
A (12)

The reverse transformation stage (Path D-E) is the unloading stage and the damper
force u(t) is given by:

u(t) =

[
σMs +

σMs − σA f

εAs − εA f

(ε(t)− εAs)

]
A (13)

in which ε(t) is the stress of a wire.

4. Equation of Motion of the Controlled Structure

The equation of motion of the tower-line system equipped with SMA dampers is:

M
..
x(t) + C

.
x(t) + Kx(t) = W(t) + Hu(t) (14)

M =

[
Min 0

0 Mout

]
(15)

C =

[
Cin 0
0 Cout

]
(16)
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K =

[
Kin 0
0 Kout

]
(17)

W(t) =
[

Win(t); Wout(t)
]

(18)

u(t) = [ u1 u2 · · · un ]
T (19)

where x(t),
.
x(t), and

..
x(t) are the displacement, velocity, and acceleration of the tower-

line system, respectively; M, and K are the mass and stiffness matrices of the system,
respectively; C is the Rayleigh damping matrix; W(t) is the wind-loading vector; Win(t) and
Wout(t) are the wind-loading vectors in the in-plane and out-of-plane direction, respectively;
u(t) is the control force vector; H is the position matrix of u(t); n is the damper number.

The wind excitations acting on the structural system are simulated using the spectral
representation method. The vibration of a tower-line coupled system can also be illustrated
using energy responses. The energy equations of the entire coupled system without and
with SMA dampers are formed by integrating Equation (15). The total input energy from
wind loading to the structural system EW is the sum of the kinetic energy EK, the strain
energy ES, the energy dissipated by structural damping ED, and the energy dissipated by
SMA dampers EC.

5. Case Study
5.1. Structural and Damper Parameters

A 110 m transmission tower is displayed in Figure 2 and the span of the transmission
lines is 800 m. Six platforms are constructed in the tower body and a horizontal cross
arm is placed on the top to connect transmission lines. The tower members are fabricated
by Q235 steel, which is a typical type of ordinary carbon structural steel in China. Q
represents the yield limit of this material. The following 235 refers to the yield value, which
is about 235 MPa. The Q235 steel is widely used in civil engineering structures because
of the moderate carbon content and good comprehensive properties, such as strength,
plasticity, and welding. The chemical composition of Q235 steel includes C, Mn, Si, S, and
P. According to the contents of the different chemical compositions, the Q235 steel can be
divided into four categories, A, B, C, and D. The chemical composition of Q235 steel is
listed in Table 1.

Table 1. Chemical composition of Q235 steel.

A C ≤ 0.22% Mn ≤ 1.4% Si ≤ 0.35% S ≤ 0.050% p ≤ 0.045%

B C ≤ 0.20% Mn ≤ 1.4% Si ≤ 0.35% S ≤ 0.045% p ≤ 0.045%

C C ≤ 0.17% Mn ≤ 1.4% Si ≤ 0.35% S ≤ 0.040% p ≤ 0.040%

D C ≤ 0.17% Mn ≤ 1.4% Si ≤ 0.35% S ≤ 0.035% p ≤ 0.035%

The axial stiffness EA of the transmission line is 4.88 × 104 kN. The weight per meter
of the line is 1.43 kN/m. There are 1452 spatial beam elements and 353 nodes in the 3
D FE model of the example tower. The simplified dynamic model is established using
a developed MATLAB program. The fundamental frequency of the single tower in the
in-plane direction is 0.649 Hz and the counterpart in the out-of-plane direction is 0.643
Hz. The equation of motion is established using Rayleigh damping and solved using the
Newmark-β method with a time interval of 0.02 s. The damping ratios of two fundamental
frequencies are set as 0.01.

Eight SMA dampers are evenly distributed in the tower body, as shown in Figure 6.
Four dampers are installed in the in-plane direction (No. 1–4) and the other four are
equipped in the out-of-plane direction (No. 5–8). The Young’s modulus of the SMA
damper brace is 2.3 × 1011 N/m, and the cross-sectional area is 50 cm2. Considering the
configuration of the tower, an SMA damper with an axial brace can be connected to a
structural member in parallel, as shown in Figure 6. The control forces provided by the
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SMA damper directly act on the joint connection in the member’s axial direction. The
material parameters of SMA dampers are as follows: the Mf and Ms of SMA materials
are −46 ◦C and −37.4 ◦C, respectively; the Af and As of SMA materials are −6 ◦C and
−18.5 ◦C, respectively; the CM and CA of SMA materials are 10 MPa/◦C and 15.8 MPa/◦C,
respectively; the DA and DM of SMA materials are 75000 MPa and 29300 MPa, respectively;
the maximum residual strain εL is 0.079.
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Figure 6. Installation scheme of SMA dampers. (a) Damper location; (b) Damper connection.

5.2. Peak Response Comparison

The vibration reduction factor (VRF) is adopted to assess the damper performance:

VRF =
Xn − Xc

Xn
(20)

where Xn and Xc are the peak response without and with control, respectively.
Three damper location schemes are taken into consideration to compare the effects of

damper position on control efficacy. For scheme 1, eight SMA dampers are installed on top
of the tower body. Four dampers are installed in the in-plane direction with two dampers
on the fifth floor and the other two on the sixth floor. Similarly, four dampers are installed
in the out-of-plane direction with two dampers on the fifth floor and the other two on the
sixth floor. For scheme 2, eight SMA dampers are placed at the bottom of the tower body.
Four dampers are installed in the in-plane direction with two dampers on the first floor and
the other two on the second floor. Similarly, four dampers are installed in the out-of-plane
direction with two dampers on the first floor and the other two on the second floor. For
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scheme 3, eight SMA dampers are evenly installed in the middle of the tower body from
the third floor to the sixth floor, as shown in Figure 6.

The performance comparison of different control schemes is displayed in Figure 7.
The structural peak responses are reduced substantially due to the installation of SMA
dampers. The control performance of scheme 1 is slightly better than that of scheme 2.
The control performance of scheme 3 is much worse than that of the other two schemes.
Regarding scheme 2, eight SMA dampers are incorporated at the bottom of the tower body.
The displacement responses of the tower bottom are less than those on top of the tower
body. Relative small floor drifts at the tower bottom and small deformation of SMA can
be observed. Thus, the energy dissipated by dampers is limited and the control efficacy is
unsatisfactory. The overall control efficacy of scheme 1 is the best one, which is adopted
in parametric studies and energy computation. The time histories of dynamic responses
with and without SMA dampers are displayed in Figure 8. The controlled responses are
much less than those of the original tower. The structural wind-induced responses are
substantially suppressed for both two horizontal directions. The control efficacy of velocity
is better than that of displacement and acceleration. The control performance of acceleration
is slightly worse than that of displacement.
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Figure 7. Comparison of different control schemes. (a) Peak displacement; (b) peak velocity; (c) peak
acceleration; (d) peak displacement; (e) peak velocity; (f) peak acceleration.
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Figure 8. Time histories of dynamic responses of the transmission tower-line system. (a) Displacement
response; (b) velocity response; (c) acceleration response; (d) displacement response; (e) velocity
response; (f) acceleration response.

The power spectral density (PSD) curves of dynamic responses of the controlled
transmission tower are also plotted in Figure 9. The PSD curves of the fundamental
vibrant mode are much larger compared with the other modes. This means that the major
contribution of dynamic responses of a flexible truss tower is the first vibration mode. The
peak PSD values of the controlled tower are much smaller than those of the uncontrolled
tower. In addition, it is observed that the properties of PSD curves for the out-of-plane
vibration are quite similar to the counterpart in the in-plane direction, which means that
the control efficacy of SMA dampers for two horizontal directions is close. Thus, from the
viewpoint of the frequency domain, the wind-excited responses of the structural system
can be substantially suppressed by SMA dampers.
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Figure 9. Cont.
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Figure 9. Comparison of PSD curves of the transmission tower-line system. (a) Displacement PSD
curve; (b) velocity PSD curve; (c) acceleration PSD curve; (d) displacement PSD curve; (e) velocity
PSD curve; (f) acceleration PSD curve.

6. Parametric Study on Control Efficacy
6.1. Effect of Damper Stiffness

The stiffness coefficient (SC) of an SMA damper is defined as:

SC =
kSMA

d
kSMA

0
(21)

where kSMA
0 is the initial damper stiffness; kSMA

d is the stiffness in the parametric study.
The influences of the damper stiffness on the structural peak responses are displayed

in Figure 10. In the in-plane direction, the peak displacement gradually reduces with the
increasing damper SC values until it increases to about 1.0. However, a further increment
in SC cannot generate further significant displacement reduction. The varying trends of the
peak velocity and acceleration are similar, as shown in Figure 10b,c. The optimal SC values
for the peak velocity and acceleration are 2.0 and 1.0, respectively. Therefore, optimal
SC values for various responses are different to some extent. Thus, it is not beneficial to
accept a large stiffness coefficient to save fabrication costs. Similar observations are made
in the out-of-plane direction, as shown in Figure 10d–f. In the out-of-plane direction of
the structural system, the optimum SC values for the peak displacement, velocity, and
acceleration are 1.0, 1.0, and 0.8, respectively. Therefore, the optimum SC value is selected
as 1.0 considering the overall damper performance.
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Figure 10. Stiffness effects of SMA damper on peak responses. (a) Peak displacement; (b) peak
velocity; (c) peak acceleration; (d) peak displacement; (e) peak velocity; (f) peak acceleration.

The variations in damper force and deformation with damper stiffness are investigated
and displayed in Figure 11 and Table 2. The peak forces of SMA dampers are proportional
to the SC values for both two directions. The peak forces of SMA dampers in the in-plane
direction are larger than those in the out-of-plane vibration. Similarly, the peak deformation
of SMA dampers is also examined and shown in Figure 11c,d and Table 2 for the two
horizontal directions. The peak damper deformation gradually reduces with the increasing
SC values. With the increasing SC value, the relative variations in peak forces are much
larger than those of peak deformation. A very large damper force is disadvantageous
for the damper movement and energy dissipation, which makes the damper behave as a
steel brace.
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Figure 11. Variation in damper force and deformation with damper stiffness. (a) Damper force for
the in-plane direction; (b) damper force for the out-of-plane direction; (c) damper deformation for the
in-plane direction; (d) damper deformation for the out-of-plane direction.

Table 2. Variations in peak force and deformation of SMA dampers with damper stiffness.

Damper. No. SC = 0.4 SC = 1.0 SC = 2.0 SC = 3.0

02
In-plane direction

Peak force 20.24 kN 49.86 kN 99.16 kN 145.44 kN

Peak defomation 6.28 cm 5.27 cm 4.86 cm 3.33 cm

06
Out-of-plane

direction

Peak force 12.87 kN 31.91 kN 63.04 kN 94.47 kN

Peak defomation 3.05 cm 2.48 cm 1.66 cm 1.61 cm

6.2. Influence of Damper Service Temperature

The variations in structural peak responses with service temperature are displayed in
Figure 12. It is observed that the influences on peak responses of the in-plane vibration are
relatively slight in comparison with those of damper stiffness, as displayed in Figure 12a–c.
An optimal service temperature for the peak displacement and velocity of the tower top
and cross-arm may exist. However, the peak responses of the tower body keep stable with
varying service temperature. A similar observation can be made from the peak responses
of the structural system in the out-of-plane direction.
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Figure 12. Effects of service temperature on maximum responses of the transmission tower. (a) Peak
displacement; (b) peak velocity; (c) peak acceleration; (d) peak displacement; (e) peak velocity; (f)
peak acceleration.

The variation trends in damper force and deformation are also examined and displayed
in Figure 13 and Table 3. Similar to the effects of damper stiffness, the peak forces are
proportional to the service temperature and the peak damper forces for the in-plane
vibration are larger than those in the out-of-plane direction. However, the varying trend of
the peak damper deformation is quite different from that of damper stiffness, as shown in
Figure 13c,d and Table 3. With the increase in service temperature, the peak deformation
of SMA dampers keeps stable for the in-plane movement. The peak damper deformation
in the out-of-plane direction slightly increases with the increasing service temperature.
Thus, the influence of service temperature on peak damper deformation is much smaller
compared with that of damper stiffness.
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Figure 13. Variation in damper force and deformation with service temperature. (a) Damper force for
the in-plane direction; (b) damper force for the out-of-plane direction; (c) damper deformation for the
in-plane direction; (d) damper deformation for the out-of-plane direction.

Table 3. Variations in peak force and deformation of SMA dampers with service temperature.

Damper. No. T = 0 ◦C T = 10 ◦C T = 20 ◦C T = 40 ◦C

02
In-plane direction

Peak force 49.86 kN 59.04 kN 68.48 kN 86.39 kN

Peak defomation 5.28 cm 5.14 cm 5.39 cm 5.62 cm

06
Out-of-plane

direction

Peak force 31.91 kN 38.26 kN 44.47 kN 56.94 kN

Peak defomation 2.49 cm 2.81 cm 2.82 cm 2.96 cm

6.3. Variation of Hysteresis Loop

Configuration of hysteresis loops can reflect the control performance of a damper
under wind excitations. Displayed in Figure 14 are the variations in hysteresis loops
with damper stiffness for the two orthogonal directions. If a small stiffness is adopted
(SC = 0.2), the SMA damper is easy to move and a large deformation is expected, as shown
in Figure 14a. The enclosed area of the hysteresis loop is very small, which reflects a poor
energy-dissipating capacity. To increase the damper stiffness (SC = 1.0), the shape of the
hysteresis loops can be changed to a great extent, as displayed in Figure 14b. The damper
deformation is reduced and the damper force is remarkably improved. In addition, the
enclosed area increases remarkably and the control performance is substantially improved.
If the damper stiffness continues to increase (SC = 3.0), the damper force can increase
accordingly while the deformation reduces, as shown in Figure 14c. In this circumstance,
the enclosed area does not increase and the energy-dissipating ability cannot be improved.
For the out-of-plane vibration, the same conclusion can be drawn, as shown in Figure 14d–f.
Thus, an optimal SC value can also be selected in line with the shapes of hysteresis loops.
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Figure 14. Variation in hysteresis loop with damper stiffness. (a) SC = 0.2; (b) SC = 1.0; (c) SC = 3.0;
(d) SC = 0.2; (e) SC = 1.0; (f) SC = 3.0.

The variations in hysteresis loops with service temperature are also investigated
through a detailed parametric study, as shown in Figure 15. Similar to the conclusions
made from Figure 13, the peak damper forces quickly increase with the increasing service
temperature for both two directions. If the service temperature is common (T = 0 ◦C), a
relatively large damper deformation is observed and the hysteresis loop is plump which
means satisfactory energy-dissipating capacity (See Figure 15a). If the service temperature
gradually increases, the peak damper force also increases and the enclosed areas of SMA
dampers reduce. If the service temperature reaches a relatively large value (T = 40 ◦C),
the peak damper force increases quickly and, at the same time, the enclosed areas of
SMA dampers dramatically reduce to a very small level, as shown in Figure 15c. In this
circumstance, the SMA damper behaves like a steel brace. The peak displacement is reduced
while the peak acceleration increases. This is due to the large peak damper force instead of
a poor energy-dissipating capacity. Similar effects are observed from the hysteresis loops of
SMA dampers for the out-of-plane vibration. Overall, the service temperature has a great
influence on damper force instead of damper deformation. A very large service temperature
is unnecessary for the improvement of the control performance of SMA dampers.
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Figure 15. Variation in hysteresis loop with service temperature. (a) T = 0 ◦C; (b) T = 20 ◦C;
(c) T = 40 ◦C; (d) T = 0 ◦C; (e) T = 20 ◦C; (f) T = 40 ◦C.

It is noted that the real application of various energy-dissipating dampers in civil
engineering structures will depend on the damper configuration and cost. For the trans-
mission tower with SMA dampers, the amount of alloy used and the cost of SMA dampers
are crucial issues that should be taken into consideration. From the viewpoint of real
application, satisfactory control efficacy with optimal damper stiffness is essential. Optimal
damper stiffness can be determined through parametric studies. A very large damper
force is disadvantageous for the damper movement and energy dissipation, which makes
the damper behave as a steel brace. Thus, it is not beneficial to accept a large stiffness
coefficient to save fabrication costs.

7. Properties of System Energy Responses
7.1. Energy Curves with Control

The control performance of SMA dampers on the structural system can also be illus-
trated by energy responses, as shown in Figure 16. For the uncontrolled transmission tower,
the total input energy from wind loading EW is the sum of the kinetic energy EK, the strain
energy ES, and structural damping energy ED, as shown in Figure 16a,b. Large EK and
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ES are observed due to the strong vibration of the entire coupled system. The kinetic and
strain energy can only be dissipated by structural damping.
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Figure 16. Energy responses of the transmission tower without/with SMA dampers. (a) Tower
energy for in-plane vibration; (b) tower energy for out-of-plane vibration; (c) tower energy with
control for in-plane vibration; (d) tower energy with control for out-of-plane vibration.

The case for the controlled transmission tower is quite different, as displayed in
Figure 16c,d. The magnitude of the kinetic energy EK and the strain energy ES are remark-
ably mitigated because the total sum of dissipated energy is substantially increased. The
vibrant energy can be absorbed simultaneously by both the structural damping and SMA
dampers. Owing to the contribution of SMA dampers, the structural damping energy ED is
dramatically reduced. When comparing the energy curves without/with SMA dampers,
the inputted energy EW is smaller compared with that of the uncontrolled tower. This is
because the inputted energy is directly related to structural vibrant intensity. The dynamic
responses of the controlled system are much smaller than those of the uncontrolled system.
Thus, the inputted energy from wind excitations to the controlled tower EW is much smaller
than that of the original tower.

7.2. Effect of Damper Stiffness on Energy Response

The effects of damper parameters on structural energy responses are investigated
through a parametric study in detail. The variations in energy responses with damper
stiffness are examined and displayed in Figure 17. If damper stiffness is too small (SC = 0.2),
the damper capacity in energy-dissipating is limited. As displayed in Figure 17a, the energy
dissipated by SMA dampers EC quickly increases until the SC value reaches about 0.6.
After that value, the EC gradually reduces. The energy ED is much smaller than that of
the original tower, as shown in Figure 17b. The ED quickly reduces with the increase in
SC values. It is also seen that the ED for SC = 1.0 is quite close to that for SC = 3.0, which
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means that a very large damper stiffness is unnecessary for the improvement of damper
performance. The variations in total energy input from wind excitations EW with damper
stiffness are also investigated and plotted in Figure 17c. Similar to the observations made
from structural damping, firstly, the EW quickly reduces with the increasing SC values until
SC reaches about 1.0. Then, a further increment in SC value cannot remarkably reduce the
dynamic responses and the inputted energy EW. Furthermore, optimal damper SC values
can be selected using the energy curves.
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Figure 17. Variation in energy responses with damper stiffness. (a) Tower energy for in-plane
vibration; (b) structural damping energy for in-plane vibration; (c) damper energy for in-plane
vibration; (d) tower energy for out-of-plane vibration; (e) structural damping energy for out-of-plane
vibration; (f) damper energy for out-of-plane vibration.

The variations in energy responses with damper stiffness for the out-of-plane vibration
are also investigated, as displayed in Figure 17d–f and similar conclusions to the in-plane
vibration can be drawn. It is noted that the optimal SC values for different energy responses
may differ to some extent. Furthermore, optimal SC values for the two directions are
slightly different due to the difference in structural dynamic responses. Overall, the optimal
SC value of SMA dampers for the example system can be selected as 1.0 in line with the
energy responses, which is the same as that based on the peak responses, as shown in
Figure 10.
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7.3. Variation in Energy Response with Service Temperature

Figure 18 displays the variation in energy responses with service temperature. As
shown in Figure 18a,b, with the increase in the service temperature, the energy dissipated
by SMA dampers EP decreases while the energy dissipated by structural damping ED
increases gradually. If the service temperature is common (T = 0 ◦C), the hysteresis loop is
plump which means satisfactory energy-dissipating capacity, as shown in Figure 15a. If the
service temperature is relatively large (T = 40 ◦C), the peak damper force increases quickly
and the SMA damper behaves like a steel brace, as shown in Figure 15c. The enclosed areas
of the hysteresis loop dramatically decrease and the energy dissipated by SMA dampers EP
reduces, as shown in Figure 18a.
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Figure 18. Variation in energy responses with service temperature. (a) Tower energy for in-plane
vibration; (b) structural damping energy for in-plane vibration; (c) damper energy for in-plane
vibration; (d) tower energy for out-of-plane vibration; (e) structural damping energy for out-of-plane
vibration; (f) damper energy for out-of-plane vibration.

The variations in the inputted energy EW with service temperature are shown in
Figure 18c, which are different from those with damper stiffness, as displayed in Figure 17c.
The increment in the service temperature cannot improve the EC of SMA dampers but
increase the damper force, as displayed in Figure 15. Thus, the effects of service temperature
on structural peak responses are small (see Figure 12). As mentioned above, the inputted
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energy is directly related to structural vibrant intensity. The influence of service temperature
on the inputted energy EW is relatively small. The energy curves for the out-of-plane
vibration present similar results, as shown in Figure 18d–f. On the whole, a very large
service temperature is not beneficial for the performance of SMA dampers. An optimal
service temperature of SMA dampers for the example structural system can be selected as
T = 0 ◦C based on the energy curves, which is the same as that based on the peak responses,
as shown in Figure 12.

8. Concluding Remarks

The vibration control of a tower-line coupled system disturbed by wind loading was
conducted by SMA dampers. The analytical model of the entire system was established
based on Lagrange’s equations by considering the dynamic interaction between transmis-
sion lines and towers. The control efficacy was analyzed in both the time domain and the
frequency domain. Detailed parametric studies were conducted to examine the influence
of damper stiffness, service temperature on structural responses, and hysteresis loops. The
following conclusions can be drawn:

(1) SMA dampers are beneficial in the vibration control of the tower-line coupled system
disturbed by wind loading. The control efficacy on displacement and velocity is
slightly better than acceleration. The peak PSD values of the controlled tower are
much smaller than those of the uncontrolled tower.

(2) The peak responses gradually decrease with the increasing damper stiffness. For
the in-plane vibration, the optimal SC values for the peak displacement, velocity,
and acceleration are 1.0, 2.0, and 1.0, respectively. For the out-of-plane vibration, the
optimal SC values for the peak displacement, velocity, and acceleration are 1.0, 1.0,
and 0.8, respectively. Therefore, the optimum SC value is selected as 1.0 considering
the overall damper performance. An optimum stiffness coefficient exists for the
response control and it is unnecessary to set a very large stiffness coefficient to save
fabrication cost.

(3) The influence of service temperature on peak damper deformation is much smaller
compared with that of damper stiffness. If the service temperature reaches a relatively
large value (T = 40 ◦C), the peak damper force increases quickly and, at the same time,
the enclosed areas of SMA dampers dramatically reduce to a very small level. Overall,
the service temperature has a great influence on damper force instead of damper
deformation. A very large service temperature is unnecessary for the improvement of
the control performance of SMA dampers.

(4) The control performance on wind-induced dynamic responses can also be depicted
by energy responses. Furthermore, the optimal stiffness coefficient and service tem-
perature of SMA dampers can also be determined in line with energy curves.
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Abstract: This study discussed a novel self-centering rocking (SCR) bridge system equipped with
shape memory alloy (SMA)-based piers, with a particular focus on the benefit of the SCR bridge
system in a life-cycle context. The study commences with an introduction of the SCR bridge system;
subsequently, a life-cycle loss and resilience assessment framework for the SCR bridge system is
presented. Specifically, the seismic fragility, resilience, and life-cycle loss associated with the SCR and
conventional bridge systems were addressed. The proposed life-cycle assessment framework was
finally applied to two highway bridges with and without SMA washer-based rocking piers, consider-
ing the representative hazard scenarios that could happen within the investigated regions. The results
revealed that the novel SCR pier bridge system slightly increased the bearing displacement but exten-
sively reduced the pier curvature ductility due to the rocking mechanism. The SCR bridge system
kept a lower life-cycle loss level and exhibited more resilient performance than the conventional
bridge, especially in the region with higher seismic intensities. Indirect loss can be significantly larger
than the direct loss, specifically for the earthquakes with a relatively low probability of occurrence.
The SCR bridge system outperformed the conventional system in terms of recovery time, where a
quick recovery after an earthquake and drastically decreased the social and economic losses.

Keywords: self-centering rocking (SCR) piers; shape memory alloy (SMA); seismic fragility; resilience;
life-cycle loss

1. Introduction

Although ductility-based seismic design philosophy has been employed for a long
time, severe damage to bridges (e.g., unseating of girders) in recent earthquakes (e.g.,
Maduo earthquake, China, 2021) indicates its limitation. Overly large residual deformation
may compromise the normal function of the bridges after earthquakes, and this issue is
gaining increasing attention. To ensure normal operation of the lifeline systems, new design
principles associated with residual deformation in seismic codes have been appended in
many countries (e.g., US, Japan, and New Zealand) [1]. For instance, rocking bridge piers
have been gaining attraction because of their small residual deformation property [2] and
fast precast construction characteristic [3–6]. The objective of rocking is to remarkably
decrease the input energy due to earthquakes by elongating the fundamental period of
vibration. Some experimental studies [7] have been successfully carried out to verify the
concept. The design allows the piers to rock around the foundation/footing, resulting in
the alleviation of seismic damage. In order to avoid overturning of rocking bridges, typical
post-tensioned (PT) rocking piers have been proposed together with test verification [8–11].
To further improve the performance of the rocking piers subjected to severe earthquakes, a
series of novel supplementary self-centering and/or energy dissipation devices have been
developed and examined [12–16].
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Although combining PT tendons with energy dissipaters can remarkably decrease
structural damage and residual deformation, repair or replacement of the energy dissipaters
after earthquakes is time consuming and costly. Corrosion may also be an issue for metal
energy dissipaters. In this regard, shape memory alloy (SMA), a novel class of metal, has
been recently employed in bridge structures [17–22] as well as other engineering structural
systems [23–34] to enhance their seismic resilience. At the austenite phase, SMA can
exhibit superelasticity at room temperature, and is capable of recovering large strains (up
to 8~10% strain) after experiencing earthquake excitation. A representative investigation
was conducted by Varela and Saiidi [20], who examined the feasibility of using SMA bars at
the plastic hinge zone of RC piers. The results indicated that except for the bucking of the
SMA bars, the RC piers experienced almost no damage during severe earthquakes. Two
encouraging examples of using SMA-based components for real construction projects have
been reported, of which the SMA bars were used in the plastic hinge zones of the RC piers
in the State Route 99 Off Ramp Bridge in USA [35], and the SMA-cable-based bearings
were installed in the Datianba #2 Bridge in China [36,37]. However, lifecycle assessment of
these novel bridge systems, especially their direct, indirect, and long-term economic loss
performances, is still insufficient.

With initial confidence gained from the successful practical applications of SMA
in bridges, this paper further discussed a novel type of bridge system employing SCR
bridge piers, where superelastic shape memory alloy (SMA) washer springs serve as kernel
functional components providing self-centering capability and energy dissipation. This
new system significantly extends the scope of the practical application of SMA elements
in infrastructure. The present study also offers a comprehensive life-cycle assessment
framework that evaluates the performance of the new system from both structural and
economic perspectives. In the following discussions, the working mechanism of the SCR
bridge with the SMA washer-based pier is introduced first. Quasi-static tests on a 1/4
scaled SMA-washer-based RC pier specimen carried out previously by the authors and
coworkers are briefly introduced. Subsequently, a performance-based life-cycle assessment
flowchart for the SCR bridge system subjected to earthquakes is proposed. Fragility curve,
life-cycle loss assessment, and resilience assessment of the SCR bridge are introduced in
detail. Finally, a prototype SCR bridge and a conventional bridge are designed and taken as
two examples to illustrate the assessment framework. The assessment results, including the
fragility curves, life-cycle loss, and resilience performances, are comprehensively discussed.

2. Brief Description of Bridge Systems with SMA-Washer-Based Rocking Piers
2.1. Working Mechanism and Design Objectives

According to post-earthquake field investigation reports, many bridge systems that
followed the displacement-based seismic design philosophy in earthquake-prone areas suf-
fered catastrophic damage or even collapsed. To enhance the resilience of newly designed
bridges in earthquake regions, an SMA-washer-based SCR bridge pier was proposed in
the previous work by the authors and co-workers [38], as shown in Figure 1. The rocking
control capability of the novel bridge system is enabled by its SMA-washer-based SCR piers.
The SCR pier is mainly composed of three parts: the upper pile cap, the lower pile cap, and
the SMA washer springs (also known as disc springs), which are the kernel components
providing self-centering capability and energy dissipation for the bridge system. These
washer springs can be stacked either in parallel or in series (or in combination), which
makes them flexible in terms of load resistance and available deformability. More technical
details of the SMA washer springs can be found elsewhere [39].
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Figure 1. SMA-washer-based SCR bridge pier: (a) illustration of the SMA washer springs,
(b) illustration of the bridge system, (c) working principle of the SCR bridge pier.

In the new pier, each SMA washer spring set consists of several SMA washers, steel
bars embedded in the lower pile cap, plastic tubes cast in the concrete of the upper pile
cap, and several nuts and shims. As illustrated in Figure 1c, the seismic behavior of such
a pier with increasing lateral load could be divided into three stages: (1) decompression
stage (I) (where the gap is just about to open), (2) post-decompression stage (II) (III), and
(3) locking stage (IV). In the first stage, the behavior of the pier behaves similar to a fixed
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pier, i.e., the lateral deformation of the pier relies on the elastic deformation of the pier due to
the application of appropriate preload of the SMA washer springs. In the subsequent stage,
the lifting force exceeds the decompression force provided by SMA washer spring sets, and
the pier starts rocking. When the allowable deformation of washer sets is consumed, the
pier is “locked”. Further lateral displacement may rely on the nonlinear deformation of
the pier. In light of the above, three basic design goals could be set: (1) the pier does not
uplift during small earthquakes; (2) a maximum drift ratio of the bridge is less than the
“lock rotation” at moderate (E1) earthquake level; and (3) collapse is prevented at large (E2)
earthquake level.

2.2. Experimental Verification of SMA-Washer-Based SCR Pier

Figure 2 schematically depicts the test arrangement for the pier specimen. The speci-
men was held down via four anchor bars passing through the designated slots in the pier
base. In order to consider the dead weight of the bridge’s superstructure, a PT tendon was
used to apply the axial force. A double-action electro-hydraulic servo actuator was used to
provide the lateral load to the loading head, and the lever arm, or the distance between the
loading head’s centroid and the rocking interface, was 1625 mm. The RC pier’s diameter
and height were 0.3 and 1.05 m, respectively, and other relevant dimensions are shown
in Figure 2, with more details given in Fang et al. [38]. The typical test result (hysteretic
response) is illustrated in Figure 3. The specimen displayed stable flag-shaped hysteretic
curves under cyclic load, with no noticeable decrease in strength and stiffness responses
and negligible residual drift. Numerical simulation and system-level analysis of a novel
bridge system incorporating the new bridge pier are discussed in detail in Section 4.
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Figure 3. Shear force–drift ratio hysteretic curves of the test and numerical simulation results.

3. Methodology of Performance-Based Assessment

The main steps of the analysis framework are shown in Figure 4. Seismic fragility
analysis and loss assessment are two key steps: the former gives the probabilities of
exceeding certain component or system damage levels and the latter enables translation
from the damage level to economic loss quantities.

Figure 4. Flowchart of the performance-based life-cycle assessment of bridge systems under seismic hazard.

3.1. Seismic Fragility Analysis

Structural seismic fragility assessment was carried out first according to the flowchart
shown in Figure 4. Fragility analysis is a frequently used technique in the seismic risk
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assessment in order to calculate the conditional probability of a structure’s or component’s
demand reaching or beyond its corresponding capacity [40]. Analytical fragility curves were
derived using the probabilistic seismic demand model (PSDM) based on nonlinear time
history analysis series. A PSDM is typically developed using two methods: incremental
dynamic analysis (IDA) [41] or a cloud technique [42]. The former method requires scaling
all the ground motions to specific intensity measurement (IM) and conducting a nonlinear
time history analysis at each level. In the later procedure, a collection of un-scaled ground
motion data is used in the nonlinear time history analysis. Both methods are dependent
on IMs, and extensive research has been carried out on the selection of suitable IMs,
considering, for example, Peak ground acceleration (PGA), Peak ground velocity (PGV),
and response spectrum type at a specific period. The optimal selection of IM may vary
with different characteristics of structures [43].

The probabilistic seismic demand model (PSDM) is the probability distribution of
structural demand conditioned on specified IM and based on the cloud technique. The
probability that a structure’s seismic demand (D) exceeds its capacity (C) may be written
as follows:

P[D ≥ C|IM] = P[
D
C
≥ 1] (1)

Equation (1) might be rewritten as a lognormal cumulative probability density function
provided that C and D have a two-parameter lognormal distribution:

P[D ≥ C|IM] = Φ(
ln(Sd)− ln(Sc)√

β2
d|IM + β2

c

) (2)

where Sc signifies the median structural capacity estimate and βc denotes the standard
deviation. Lognormal median estimate and standard deviation of structural demand in
terms of an IM are represented by Sd and βd|IM, respectively. Regression analysis was used
to determine the relationship between IM and Sd. The median value of seismic demand,
according to Cornell’s power exponent model, may be stated as:

Sd = aIMb or ln(Sd) = ln(a) + bln(IM) (3)

where a and b represent the regression parameters obtained from the response analysis.
βd|IM can be characterized as:

βd|IM
∼=

√√√√√
n
∑

i=1
(ln(di)− ln(Sd))

2

N − 2
(4)

where di represents the structural demand, also known as the seismic response of compo-
nents, and ith represents the earthquake-model sample that corresponds to it. The following
steps need to be taken to obtain βd|IM:

Given the fragility curves of the components, the fragility curve of a bridge system can be
developed according to the first-order reliability theory (explained in Equations (5)–(7)). Such a
theory assesses structural performance as an overall system by accounting for the relationship
between the vulnerable components. Equation (5) provides the upper and lower bounds of the
system fragility functions. The lower bound assumes complete correlation among components,
while the upper bound refers to the components with no correlation.

n
max
i=1

[P(Fk)] ≤ P(Fsys) ≤ 1−
n

∏
i=1

(1− P[Fcomponent,i]) (5)

where n is the total number of components that might fail, P(Fk) is the probability that the
component in concern will fail, P[Fcomponent, i] and P[Fsys] are the failure probabilities of the
ith component and system, respectively, and Π is the product operator.
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If a bridge is supposed to operate as a serial system, with each component executing
an essential function separately, any component failure will result in system failure at
the same level. As a result, the most significant damage state at the component level is
as follows:

DSsys = max(DSPier, DSBearing) (6)

When a bridge is supposed to be a parallel system, however, it will attain a specific
damage state once all of its components have reached that condition. As a result, the system
damage state DSsys is determined by the component with the minimum damage state:

DSsys = min(DSPier, DSBearing) (7)

The intersection of component probability and its lower and upper limits, as shown in
Equation (8), yields the failure probability of a parallel system:

n

∏
i=1

P(Fi) ≤ P(Fsys) ≤ min[P(Fi)] (8)

Independent components are represented by the lower bound, whereas the upper
limit represents entirely correlated components. These boundaries are often quite broad,
showing the importance of component correlation. In fact, a bridge is neither a parallel nor
a serial system, and component responses are often coupled to some degree. The first-order
constraints in Equations (5)–(7), which assume total correlation or perfect independence
between components, cannot accurately estimate the bridge system’s failure probability.
According to the work of Kim et al. [44], the bearing damage due to the load moving to
other components of a multi-span simply supported bridge has a substantial impact on the
bridge’s overall seismic behavior. The global damage state is hence located in-between the
limits set by Equations (5)–(7).

A composite DS based on component DSs, proposed by Zhang and Huo [45], was
employed in this work. Piers and isolation devices were given a weighted ratio of 0.75 and
0.25, respectively, based on their proportional value for load carrying and maintenance cost.
This ratio highlights that piers are more important than isolation devices and, as a result,
should be given greater weight. However, since either excessive bearing displacement or
pier collapse damage (DS = 4) might cause a single span or the whole bridge to collapse, a
serial mechanism for the collapse damage was used. The following equation summarizes
the resulting composite DSsys for system behavior:

DSsys = int(0.75 · DSPier + 0.25 · DSBearing) DSPier, DSBearing < 4
DSsys = 4

DSPier or DSBearing = 4

(9)

3.2. Life-Cycle Loss Assessment

The fragility analysis could be followed by a life-cycle loss assessment, a framework
that was initially proposed by the Pacific Earthquake Engineering Research (PEER) Center.
Life-cycle loss assessment is an effective tool to evaluate the long-term benefit of the newly
proposed bridge system. Direct loss (mostly repair loss) and indirect losses (e.g., running
cost and property loss) are important qualities in the life-cycle loss assessment.

The selected seismic events should cover both frequent low-magnitude events with a
high probability of occurrence and the high-magnitude earthquakes with a low probability
of occurrence. Six hazard events with return periods of 225 years (E1), 475 years (E2),
975 years (E3), 1500 years (E4), 2475 years (E5), and 5000 years (E6) were considered [46].
The relationships between earthquake intensity measurement (IM) and the frequency of
occurrence for the location of the bridge can be obtained from the USGS national seismic
hazard map [47].
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The obtained fragility curves were then used to quantify the damage probability of
the bridge system. Under a given hazard event, the seismic loss can be calculated by
summing up the consequences weighted with the damage probability. Equation (10) gives
the expression of the expected annual loss under a specific hazard [48].

R = ∑
LS

CLSPLS|IM (10)

where CLS and PLS|IM are the consequences at a specific limit state of the bridge and the
conditional probability of the bridge at a limit state for a given IM, respectively. Direct and
indirect losses are the two types of consequences considered in the present study, and the
consequences were evaluated in terms of monetary values.

3.2.1. Direct Loss

It is assumed that the necessary repair cost at a certain limit state, i, is proportional to
the cost needed to rebuild the bridge, as expressed as [49]:

CREP,i = Rrcr · creb ·W · L (11)

The total repair cost of a bridge, CREP,i, at damage state i can be obtained by multiply-
ing the rebuilding cost per square meter (unit: $/m2) creb by the width W and length L of
the bridge (unit: m), with an extra consideration of the repair cost ratio Rrcr at damage state
i. As suggested by Mander [50], the repair cost ratios at the slight, moderate, extensive, and
collapse levels can be taken as 0.1, 0.3, 0.75, and 1.0, respectively.

3.2.2. Indirect Loss

Societal and economic issues often occur following a seismic hazard, and these con-
sequences result in indirect loss which can be even higher than the direct loss (i.e., repair
cost) for highway bridges [51]. The indirect loss after an earthquake is somehow related to
structural damage which, for example, affects the traffic flow in the route as the drivers are
forced to detour during the closure of the bridge. In this study, the running cost, CRUN, and
the monetary value converted from the time loss for users (i.e., vehicle drivers) through the
detour, CTL, were considered as the indirect loss. CRUN under a given limit state i can be
expressed as [49]:

CRUN,i = [cRun,car(1−
T0

100
) + cRun,truck

T0

100
] · Dl · ADT · di (12)

where cRun,car and cRun,truck are the average running costs for cars and trucks per kilometer
($/km), respectively; T0 is the average daily truck traffic, defined as the total volume of
vehicle traffic of a highway or road for a year divided by 365 days; Dl is the detour length
(km); ADT is the average daily traffic to detour, which is the average detour distance of
all vehicles influenced by the bridge damage. ADT is generally determined by the bridge
damage level; di is the duration of the downtime associated with the damage levels, where 7,
30, 120, and 400 days are typically adopted corresponding to the slight, moderate, extensive,
and complete damage states, respectively [52]. The monetary value of detour-induced time
loss, CTL, can be calculated from:

CTL,i = [cAWocar(1−
T0

100
) + (cATCotruck + cgoods)

T0

100
] · [Dl · ADT

S
+ ADTE · ( l

SD
− l

S0
)]di (13)

where cAW and cATC are the average wage plus compensation per hour ($/h) for car and
truck drivers, respectively; ocar and otruck are the average vehicle occupancies for cars and
trucks, respectively; cgoods is the time value of the goods transported in a cargo ($/h); S is
the average detour speed (km/h); l is the route segment containing the bridge (km); S0 and
SD represent the average speed on the intact link and damaged link (km/h), respectively.
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3.2.3. Long-Term Loss

By substituting Equations (11)–(13) into Equation (10), the annual loss of the bridge
under a specific hazard event can be calculated. By assuming a Poisson distribution for the
occurrence of an earthquake during an investigated time interval (0, tint), the total life-cycle
loss of the bridge can be expressed as [53]:

LCLi(tint) =
N(tint)

∑
i=1

Li(tk) · e−τtk (14)

where Li(tk) is the expected annual loss at time tk, and τ is the monetary discount rate.
The total expected lifetime failure loss of the bridge during the time interval, tint, can be
expressed as:

E[LCLi(tint)] =
λ f · E(Li)

τ
· (1− e−τtint) (15)

where λf denotes the mean rate of the Poisson model. The values of all necessary parameters
mentioned above are summarized in Table 1.

Table 1. Parameters associated with consequences.

Parameters Notation Value References

Average daily truck traffic ADTT 19,750 [51]
Average daily traffic on the damage link to average daily traffic ADTE/ADT 0.12 [51]

Daily truck traffic ratio T0 13% [53]
Link length (km) l 6 [53]

Detour additional distance (km) D1 2 [53]
Vehicle occupancies for cars ocar 1.5 [49,53]

Vehicle occupancies for trucks otruck 1.05 [49,53]
Wage for car drivers ($/h) cAW 11.91 [49,53]

Compensation for truck drivers ($/h) cATC 29.87 [49,53]
Operating costs for cars ($/km) cRun,car 0.4 [49,53]

Operating costs for trucks ($/km) cRun,truck 0.57 [49,53]
Rebuilding costs ($/m2) creb 2306 [50]

Detour speed (km/h) S 50 [53]
Link speed (km/h) S0 80 [53]

Time value of a cargo ($/h) cgoods 4 [53]
Monetary discount rate τ 2% [53]

3.3. Resilience Assessment

Resilience is another important structural performance indicator defining the capabil-
ity of a civil infrastructure system of maintaining its post-hazard functionality. Generally,
resilience includes four gradients, namely, rapidity, robustness, redundancy, and resource-
fulness. In this paper, the resilience of the bridges under the considered seismic hazards
was assessed, where the functionality is deemed to be resumed when the traffic becomes
normal after earthquake.

It is worth mentioning that various functionality levels may be considered for different
periods, e.g., emergency response and post-earthquake recovery stages. In the former stage,
the main focus should be on the capability of transferring the resources to the disaster area.
In the latter phase, the functionality of the bridge can be defined with different service
statuses, e.g., “closed”, “limited use”, and “open”. The resilience of the bridge can be
evaluated through its recovery pattern. As illustrated graphically in Figure 5, one of the
most widely adopted approaches to quantify resilience is [54,55] expressed as follows:

RResi =
1

∆tr

∫ t0+∆tr

t0

Q(t)dt (16)
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where Q(t) is the functionality of a bridge at time t (e.g., days); t0 is the initial time at the
investigated point; and ∆tr is the investigated time interval (e.g., days or months).

Figure 5. Schematic representation of resilience.

The shape of the recovery pattern curve is related to the repair and recovery efforts.
Generally, bridge functionality can be assessed by defining the damage state to a value
between 0 and 1.0, where a value of 0 means collapse of the bridge. Considering various
levels of damage state, the bridge functionality can be expressed as:

Q =
5

∑
i=1

FRi · PDSi |IM (17)

where FRi is the functionality ratio (Func) associated with damage state i. For a typical bridge,
possible scenarios include immediate access (Func ≥ 0.9), weight restriction
(0.6 ≤ Func < 0.9), one lane open only (0.4 ≤ Func < 0.6), emergency access only
(0.1 ≤ Func < 0.4), and bridge closure (Func < 0.1). Similar concepts have also been adopted
by Padgett and DesRoches [56] and Decò et al. [57]. Once repair actions are initiated, the
functionality of the bridge starts to recover and the performance restoration curve starts to rise.
The Applied Technology Council (ATC-13) report proposed an approach to quantify the change
of functionality Qj(t) during the recovery phase [58], expressed as follows:

Qj(t) =
1

σj
√

2π

∫ t

−∞
exp[− (τ − µj · At)

2

2σ2
j

]dτ (18)

where µj and σj are the mean and standard deviation of the recovery time for the jth damage
state, as listed in Table 2; and At is an amplification factor considering the increase of mean
recovery time due to underwater repair work. The functionality of the considered bridge
on a daily basis during the recovery phase can be calculated with the above-mentioned
parameters and methodology. The probabilities of the bridge staying in different damage
states can be used to obtain the expected recovery functionality Q(t), and the resilience can
be assessed by Equation (18).
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Table 2. Parameters associated with bridge restoration functionality [58].

Damage State
Mean (Days) Coefficient of

VariationLower Limit Upper Limit Mode Distribution Type

Slight 0.2 1 0.6 Triangular 1
Moderate 1 5 2.5 Triangular 1

Major 30 120 75 Triangular 0.56
Complete 120 360 230 Triangular 0.48

4. Case Study
4.1. Description of Prototype Bridges

A continuous RC bridge with two equal spans (20 + 20 m) supported by a middle
pier was developed to investigate the life-cycle loss and resilience performances of the
novel SMA-washer-based SCR bridge system. Figure 6a presents the bridge’s geometric
layout. Sliding bearings were placed on each abutment, and fixed bearings were placed
on the bent cap above the middle pier. A sufficient separation space between the bridge
deck and the abutment was assumed [59–61]. The concrete used for the box girder has a
compressive strength of 50 MPa, and that for the abutment, pier, and rocking pile caps have
a compressive strength of 40 MPa. The longitudinal reinforcement and stirrup utilized
in the RC pier have diameters of 32 mm and 16 mm, respectively, with yield strengths of
440 MPa and 300 MPa, respectively.
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A total of 55 longitudinal steel bars are equally distributed around the pier perimeter,
corresponding to a 1.74% reinforcement ratio. Spiral stirrups are 100 mm apart. The RC
pier has a 65-mm-thick concrete cover layer. The rocking pier employed six SMA washer
sets, each of which has eight washers, 4 in parallel × 2 in series. Figure 6b shows the key
characteristics of each unique SMA washer, where a maximum deformation of 32 mm
and a maximum compressive resistance of roughly 250 kN are provided by every single
washer. Each SMA washer spring set was preloaded with 960 kN, corresponding to a
precompression deformation of 22 mm, to guarantee that the rocking pier does not uplift
under normal service loads or small earthquakes. In other words, each SMA washer spring
set has remaining deformability of 42 mm prior to the fully compressed status. When the
SMA washer sets were totally flattened, a “locking” mechanism was produced, and no
further rocking was allowed beyond this allowable angle. After locking, damage to the RC
pier is expected.

For comparison, an extra conventional bridge was evaluated with a fixed-base RC pier
that is 10 m tall, i.e., equal to the height of the rocking pier from the bottom surface of the
bent cap to the rocking interface. The other design of the bridge remains the same.

4.2. Numerical Models

Figure 7 shows the behavior of a nonlinear FE model created in OpenSees [62]. Fiber
Beam-Column components were used to simulate the pier’s main body, taking nonlin-
ear material features into account. A uniaxial Menegotto–Pinto constitutive model was
used to model the behavior of the reinforcement [63,64]. The uniaxial Kent–Scott–Park
concrete model was utilized to simulate both the unconfined and confined concrete [65].
The circular portion was separated into eight layers along the radius direction, and each
layer was consistently split into 24 fiber components. In addition to the material property,
co-rotational geometric transformations were used to account for the geometric nonlinear-
ity [66]. For the pier, the yield curvature was approximately 0.0031 based on the pier’s
moment–curvature relationship. By providing an initial strain to the material model of the
zero-length element, the preload given to each SMA washer set was considered. As seen in
Figure 3, the numerical simulation result of the pier closely matches the actual test results.
Rigid beam components were used to simulate the bent cap and the top pile cap. Six pairs
of contact point sets were positioned at the interface, and each pair was given a zero-length
element to record the change in pressure over time across the rocking interface. Each SMA
washer group’s behavior was “lumped” into the zero-length element to account for its
overall force-deformation hysteretic behavior. To account for soil–structure interaction
(SSI) between the abutment/pile and the soil, a series of zero-length spring components
were incorporated [67].

Figure 7. Schematic illustration of the FE bridge model and modeling details.

4.3. Selection of Ground Motions

A sufficient number of nonlinear time history analyses should be performed to deter-
mine the fragility functions. Using the cloud approach, a set of 60 original earthquake data
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was chosen from the PEER Next Generation Attenuation (NGA) Project ground motion
collection. To match the target design spectrum and to offer a relatively wide range of
IMs for time history analysis, 60 additional ground motions with a scale factor of 2.0 were
included. In other words, this research used a total of 120 ground motions for nonlinear
time history analysis. The spectral acceleration at one second (Sa1.0) of all the records, as
shown in Figure 8a, has a broad range of values ranging from 0 to 1.6. Figure 8b shows the
response spectra of the chosen recordings with the average spectra.
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4.4. Capacity Models of Bridge Components 
The RC pier and bearing are two key components determining the system fragility 

of the bridges under consideration [68]. In the present research, pier curvature ductility 
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Table 3. Engineering demand parameters and damage states. 

 DS1 (Slight) DS2 (Moderate) DS3 (Extensive) DS4 (Complete) 
Component Sc βc Sc βc Sc βc Sc βc 

Column curvature ductility 
(μf) 0.8 0.005 2 0.005 4 0.005 7 0.005 

Bearing displacement(mm) 50 0.25 100 0.25 150 0.46 255 0.46 
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Figure 8. Information of selected earthquake records: (a) Sa1.0 and fault distance; (b) spectral
acceleration.

4.4. Capacity Models of Bridge Components

The RC pier and bearing are two key components determining the system fragility
of the bridges under consideration [68]. In the present research, pier curvature ductility
(µf) and bearing displacement (δb) were regarded as the engineering demand parameters
(EDPs), and their peak responses were regarded as the damage indicator. For each EDP, four
degrees of damage state were used: slight, moderate, extensive, and complete damage [69],
with the damage state treated as a random variable to allow for uncertainty. Based on
available test findings, curvature ductility is defined as a range of 0.8 to 7.0 for damage state
ranging from slight damage to complete damage [70]. The damage status of the bearings is
divided into four levels: 50, 100, 150, and 255 mm bearing displacement. HAZUS proposes
a dispersion measure to account for the damage state’s fluctuation, as seen in Table 3.

Table 3. Engineering demand parameters and damage states.

DS1 (Slight) DS2 (Moderate) DS3 (Extensive) DS4 (Complete)

Component Sc βc Sc βc Sc βc Sc βc

Column curvature ductility (µf) 0.8 0.005 2 0.005 4 0.005 7 0.005
Bearing displacement(mm) 50 0.25 100 0.25 150 0.46 255 0.46

5. Analysis Results and Discussions
5.1. Typical Seismic Response of Bridge Components

To take a close look at the pier response, the typical time-history responses of bearing
displacement and curvature ductility of the pier are shown in Figure 9a,b, respectively.
It could be observed that the introduction of the novel SCR pier bridge system slightly
increased the bearing displacement but extensively reduced the pier curvature ductility
due to the rocking mechanism. The typical time history responses of the pier’s lateral
seismic force versus drift ratio in the conventional and novel bridges are further illustrated
in Figure 9c. As anticipated, a flag-shaped hysteretic response with negligible residual
deformation was observed for the novel bridge. The SMA washer sets provide moderate
energy dissipation. On the other hand, the conventional pier exhibited a fuller hysteresis
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but was accompanied by damage accumulation. The degree of damage can be further
understood by the typical bending moment versus curvature responses at the plastic hinge
region of the pier, as shown in Figure 9d. The maximum curvature of the fixed pier was
0.0226, which is significantly larger than that of the rocking pier (i.e., 0.0079). This reaffirms
that the fixed pier undergoes more extensive damage than the rocking pier.

Figure 9. Seismic response of (a) bearing displacement, (b) curvature ductility, (c) seismic force versus
drift ratio behavior, and (d) curvature versus bending moment behavior.

5.2. Regression Analysis and Optimum IM

When generating the fragility curves for bridges, proper IM selection is critical, and
much prior research has looked into the optimal IM selection for probabilistic seismic risk
assessment. The PGA and the spectral acceleration at one second (Sa1.0) are two IMs that
have been frequently employed in recent research [71,72], although their performance
varies depending on the scenario. Both PGA and Sa1.0 were evaluated here. As previously
indicated, pier curvature ductility (µf) and bearing deformation (δb) are the main damage
indicators. In a log-transformed space, a linear regression of demand-IM pairs for both
µf and δb was performed (as expressed by ln(EDP) = lna + bln(IM), and the results are
displayed in Figures 10 and 11.
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Figure 10. Probabilistic seismic demand models of bearing: (a) Sa1.0 versus bearing displacement
responses, (b) PGA versus bearing displacement responses.

Figure 11. Cont.
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Figure 11. Probabilistic seismic demand models of column (pier): (a) Sa1.0 versus column curvature
ductility responses, (b) PGA versus column curvature ductility responses.

For optimum IM selection, Padgett et al. [71] offered four criteria: efficiency, practi-
cality, proficiency, sufficiency, and hazard computability. Efficiency means less dispersion
about the estimated median in the nonlinear time history analysis results and was repre-
sented by a lower β. In addition, the coefficient of determination (R2) was added, which
reflects the degree of regression equation fitting. The greater the value of this coefficient, the
better the regression. The results showed an evident linear correlation between EDP and
IM, with the result linked with PGA having a more significant degree of dispersion than
the result related to Sa1.0. Figure 10 shows, for example, that PSDM’s R2 values linked with
Sa1.0 were more than 0.7, whereas the values related to PGA were less than 0.6. According
to the previously established assessment criteria for optimum IM, it may be determined
that Sa1.0 outperformed PGA in the present investigation.

5.3. Fragility Curves

The component fragility curves were directly constructed using Equation (2), which
utilizes the capacity models of each limit state, as tabulated in Table 3, and the PSDM
parameters determined from the regression analysis. Figure 12 shows the column (pier)
and bearing fragility curves for slight, moderate, severe, and total damage states. For
slight damage states, the damage probability of bearings associated with conventional and
new systems is virtually the same, as shown in Figure 12a. This may be explained by the
fact that both types of bridge systems exhibited identical behavior prior to washer spring
set decompression. However, since the rocking behavior increases the superstructure
displacement, the conditional exceeding probability of the other three bearing damage
states for the novel system was somewhat higher than the conventional system. Further-
more, the locking mechanism of the washer spring set helps prevent excessive bearing
displacement owing to the controlled rocking behavior. Due to the incorporation of the
rocking mechanism, the damage probability of the pier with the novel system was lower
than that of the conventional system. The positive impact was more evident considering
more severe damage states. For example, assuming Sa1.0 = 0.7 g, the damage probability of
a pier with the novel bridge system is 40% lower than that of a conventional bridge for the
moderate damage state, and the chances of exceeding extensive and complete pier damage
are practically avoided in the novel system.
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Figure 12. Component fragility for (a) slight damage, (b) moderate damage, (c) extensive damage,
and (d) complete damage.

Figure 13 depicts the system fragility curves associated with the four damage states for
both the conventional and novel systems. For slight damage state, the failure probability
of the novel bridge system was similar to that of the conventional system, which could be
explained by the identical behavior of the two types of systems before decompression of the
SMA-washer-based SCR pier. For moderate, severe, and complete damage states, however,
it is clear that the seismic performance of the novel system was better than the conventional
system, which is due to the mitigated damage to the SMA-washer-based SCR pier and
concurrently minor damage to the bearings, according to component fragility curves.
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5.4. Performance-Based Long-Term Loss Assessment

Following the fragility analysis, an economic loss assessment was carried out, con-
sidering the consequences of various damage states. As previously indicated, six hazard
scenarios were explored, and the loss associated with these seismic events was calculated.
Salt Lake City and Los Angeles are supposed to be the sites of the investigated bridges
for illustration purposes. The seismic level of Los Angeles is greater than that of Salt Lake
City according to the hazard curve parameters provided by the United States Geological
Survey [47]. The Sa1.0 values for Los Angeles is 0.181, 0.279, 0.402, 0.493, 0.604, and 0.791 g,
when the return period is 225 years, 475 years, 975 years, 1500 years, and 2475 years,
respectively. The Sa1.0 values for Salt Lake City considering the six return periods are 0.070,
0.148, 0.271, 0.362, 0.485, and 0.672 g, respectively. The total direct and indirect cost from all
consequences associated with the probability of the bridge being in various damage states
were estimated using different hazard scenarios.

Equations (10)–(18) calculate the direct and indirect losses associated with each dam-
age state. The conditional probability of the bridge being in various damage states was
calculated directly from the system fragility curve. Figure 14a,b show the total predicted
direct and indirect loss from all the six earthquake events examined. Employing the novel
bridge system lowers the overall direct and indirect costs, particularly for events 3 through
6. The average decrease rate of the direct loss for these four events was 41.1% in Salt Lake
City and 45.7% in Los Angeles. The average decrease rate of indirect loss in Salt Lake City
and Los Angeles was 51.2% and 63.0%, respectively. The effectiveness of the SCR bridge
system for decreasing the indirect loss was greater than that for decreasing the direct repair
loss, as shown in Figure 14b. This is probably because the indirect loss from extensive and
complete damage states accounts for a more significant share of the total loss than the direct
loss, and the utilization of the SCR bridge system reduces the conditional probability of a
bridge system being in a more severe damage state. This also explains why the decrease
rate is more significant in locations with higher seismic levels since the investigated bridge
has a higher failure chance in such areas. It is also worth noting that when the hazard
intensity rises, the indirect loss from social and economic aspects is considerably more
significant than the direct loss from repair work, which emphasizes the social and economic
consequences of traffic restrictions induced by bridge damage.

In Figure 14c,d, the direct and indirect loss of the conventional and SCR bridge systems
under the four damage states are illustrated considering event 5 (i.e., 2475-year return
period) and event 6 (i.e., 5000-year return period). It can be found that the loss associated
with significant and complete damage states accounted for most of the overall direct or
indirect loss for the conventional bridge system. As shown in Figure 14c, the degree
of direct loss related to extensive and complete damage remained constant across the
conventional and SCR bridge systems. However, the result did not reveal a substantial
difference between the two locations under either event 5 or 6. The SCR bridge system
reduced the direct loss corresponding to destruction at both sites under events 5 and
6. The primary reason is that using the SCR bridge system minimized the conditional
probability of bridge collapse. The SCR bridge system successfully reduces the indirect loss
corresponding to all the four damage states to a reasonably low level at the two sites, as
illustrated in Figure 14d.

The estimated long-term loss of both the conventional and novel bridge systems
is shown in Figure 15a. A life span of 75 years and a monetary discount rate of 2.0%
are considered to represent the investigated time period and monetary discount rate
respectively. At both sites, the novel bridge system reduced the predicted long-term loss
compared with the conventional bridge system. From event 1 through event 6, the long-
term loss of the conventional and SCR bridge systems at Salt Lake City kept rising. On
the other hand, the long-term loss for Los Angeles peaked in event 5 (i.e., 2475-year return
time) and subsequently fell in event 6. From event 3 (i.e., 975-year return period) through
event 5 (i.e., 2475-year return period), the peak value of the expected long-term loss of the
SCR bridge system remained stable at a relatively low level.

168



Materials 2022, 15, 6589

Figure 14. Predicted losses of bridges under different hazard events: (a) total direct loss, (b) total
indirect loss, (c) direct loss under four damage states, and (d) indirect loss under four damage states.

Figure 15. Expected long-term loss of bridges (a) under six events (b) with 50, 475, 2475, and 5000-year
return periods.

5.5. Resilience Assessment

This section evaluates the resilience of the conventional and novel bridges. Resilience
is now one of the most important structural performance indicators [73–78]. For the
conventional bridge system in Los Angeles, the residual functionality for the six analyzed
events was 0.95, 0.76, 0.46, 0.30, 0.18, and 0.09, respectively. In contrast, the residual
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functionality for the SCR bridge system was 0.95, 0.84, 0.66, 0.56, 0.46, and 0.31, respectively.
As anticipated, an increasing seismic intensity leads to decreased residual functionality, and
the SCR bridge successfully increases the residual functionality more than the conventional
system. The residual functionality of the conventional bridge system at Salt Lake City was
1.00, 0.98, 0.78, 0.56, 0.31, and 0.14, respectively, whereas the novel system’s values were
1.00, 0.98, 0.86, 0.71, 0.57, and 0.41, which, again, were much increased.

The resilience of the bridge was further assessed using Equation (16) and through the
functionality restoration function, i.e., Equation (18). Figure 16a,b depict the functionality of
the damaged bridge systems after recovery procedures, considering events 5 (i.e., 2475-year
return period) and 6 (i.e., 5000-year return period), respectively. It can be seen that when
the recovery effort was initiated, the predicted functionality of the damaged bridge systems
grew with time. Importantly, the SCR bridge system outperformed the conventional system
in terms of recovery time. As shown in Figure 16a, the predicted functionality of the SCR
bridge system in Los Angeles returned to 0.9, i.e., rapid access, after 110 days following the
occurrence of an earthquake under event 5. In contrast, the conventional bridge system
took 290 days. A similar pattern is seen in Figure 16b. This phenomenon may be explained
by the fact that the indirect loss of the SCR bridge system is substantially lower than
that of the conventional system. In particular, quick recovery after an earthquake may
drastically decrease the social and economic losses. As previously stated, the SCR bridge
system considerably improved the resilience, and the improvement is more significant with
increased hazard intensity. In addition, the resilience enhancement in a more seismically
active location, such as Los Angeles, is more substantial.

Figure 16. Expected functionality of the bridge from the recovery phase under (a) event 5 and
(b) event 6.

6. Conclusions

This paper presented a performance-based framework for evaluating the life-cycle
loss and resilience of a conventional bridge and a novel SCR bridge with SMA washer-
based piers, and successfully demonstrated the benefit associated with the adoption of this
novel pier. Fragility curves of the conventional and SCR bridge systems were obtained
by conducting nonlinear time-history analysis. Life-cycle loss and resilience under the
investigated hazard scenarios were assessed, considering the direct and indirect loss and
hazard recovery pattern. The proposed assessment framework was applied to continuous
RC bridges with and without incorporating the SCR pier. This work provided an efficient
decision-making tool for the application of new bridge systems in the structural seismic
design process. The following conclusions can be obtained.
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• The introduction of the novel SCR pier bridge system slightly increased the bearing
displacement but extensively reduced the pier curvature ductility due to the rocking
mechanism; the damage probability of the pier with the novel system was lower than
that of the conventional system. The positive impact was more evident considering
more severe damage states.

• The long-term loss of the conventional and SCR bridge systems within the investigated
time was assessed and compared. The indirect loss increased with a higher hazard
intensity. Indirect loss is much larger than the direct loss, specifically under the
earthquakes with a relatively low probability of occurrence. As can be concluded from
the results, the life-cycle loss of the bridge using the SCR bridge piers can be reduced
significantly. The investigated time interval can affect the life-cycle loss remarkably.

• The performance benefit of resilience associated with the SCR bridge system increase
with a larger investigated hazard intensity. The SCR bridge system is more beneficial
for the bridges located in seismic zones with higher hazard intensity.

• The investigated seismic intensity can affect the resilience significantly. The SCR
bridge system outperformed the conventional system in terms of recovery time. Quick
recovery after an earthquake may drastically decrease the social and economic losses.
The difference of the resilience performance between the conventional and SCR bridge
systems increased with the increase of the investigated hazard intensity.
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Abstract: Post-earthquake investigation shows that numerous reinforced concrete (RC) bridges were
demolished because of large residual displacements. Improving the self-centering capability and
hence resilience of these bridges located in earthquake-prone regions is essential. In this regard, a
resilient bridge system incorporating engineered cementitious composites (ECC) reinforced piers
and shape memory alloy (SMA) energy dissipation components, i.e., SMA washers, is proposed to
enhance its resilience when subjected to strong earthquakes. This study commences with a detailed
introduction of the resilient SMA-washer-based rocking bridge system with ECC-reinforced piers.
Subsequently, a constitutive model of the ECC material is implemented into OpenSees and the
constitutive model is validated by test data. The working principle and constitutive model of the
SMA washers are also introduced. A series of dynamic analysis on the conventional and resilient
rocking bridge systems with ECC-reinforced piers under a suite of ground motions at E1 and E2
earthquake levels are conducted. The analysis results indicate that the resilient rocking bridge
system with ECC-reinforced piers has superior resilience and damage control capacities over the
conventional one.

Keywords: seismic analysis; rocking pier; shape memory alloy; ECC material; bridge engineering

1. Introduction

Post-earthquake field investigations on the damaged bridges revealed that many
reinforced concrete (RC) bridges, although designed conforming to the ductility design
philosophy, commonly experienced overly large residual displacement which is difficult to
recover. For example, more than 100 RC piers were demolished because they suffered from
large permanent drift ratio (i.e., 1.5%) after the 1995 Kobe earthquake [1]. Lessons drawn
from these events enlighten us that only satisfying the seismic ductility demand is not
enough for engineering structures because their residual deformation after earthquake still
significantly jeopardizes their normal functionality [2–4]. To guarantee service operation of
the structures after earthquakes, resilient capacity is being paid more attention in the seismic
codes of many countries (e.g., US, Japan, and New Zealand) [5]. Rocking component, as
a resilient structural member, has been attracting extensive experimental and numerical
studies [6–10]. For instance, the conventional post-tensioned (PT) rocking bridges have
been studied by shake table tests recently [11–13]. These studies revealed that these
self-centering bridge systems were capable of sustaining a large drift ratio of up to 10%
but only experienced small residual drift ratio (i.e., 0.5%) with non-critical damages [14].
Subsequently, a series of innovative devices had been presented to further improve the self-
centering and energy dissipation capacities of the rocking piers under extreme earthquake
events [15–18]. Although the PT tendons together with various energy dissipaters can
provide excellent recoverability and energy dissipation capacity to the rocking pier [19,20],
the energy dissipater may be damaged and thus should be replaced after earthquakes,
leading to compromised rescue efficiency. Additionally, some damage patterns such as
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relaxation and environmental corrosion of the PT tendons are difficult to fix. In this regard,
shape memory alloy (SMA) that is characterized by super-elasticity has been recently
considered for various devices (i.e., SMA tendons, bars, and springs) used in resilient
bridge structures [21–31] as well as other types of structural systems [32–39]. In particular,
a bridge system with SMA-washer based rocking pier was recently proposed to achieve
self-centering functionality during earthquakes [40]. The SMA washers provided restoring
force for the RC pier, which can eliminate some inherent shortcomings, such as corrosion
and relaxation, induced by the PT tendon. However, the reinforcing steel embedded in the
plastic hinge of the pier was still vulnerable to yield due to large bending moment during
severe earthquakes. Varela and Saiidi [41] integrated SMA bars with elastomeric rubber
bearing to replace the conventional plastic hinge of the RC pier. The test results indicated
that, except for the bucking of the SMA bars, the RC pier experienced almost no damage
even under 2.5 times the design’s seismic loading. One drawback of the SMA bars is their
sensitivity to manufacture imperfections and vulnerable to brittle fracture when sustaining
large strains [42,43]. Apart from the SMA material, an innovative engineered cementitious
composites (ECC) material was used to replace the conventional concrete in the plastic
hinge of the pier to enhance its strength and ductility in both tension and compression [44].
The metal-like strain strengthening property of the ECC material makes it an attractive
alternative to the conventional concrete for earthquake resilient structures.

Inspired by the existing studies on rocking piers and the application of emerging
materials such as ECC and SMA, a resilient self-centering structural bridge system with
SMA-washer-based ECC-reinforced rocking piers is proposed. The SMA washers allows the
pier to rock in a large rotation angle under reliable control. The ECC material in the pier can
significantly enhance the resilience of the rocking piers and remarkably reduces structural
cracks during earthquakes. In this paper, the configuration and self-centering rocking
mechanism of the resilient bridge system with ECC reinforced pier is firstly proposed.
Subsequently, the constitutive model of the ECC material is introduced and validated by
an experimental study on a 1/5 scaled ECC-reinforced pier. An FE model of the prototype
rocking bridge with the SMA-washer-based ECC-reinforced rocking pier is established
in OpenSees [45] to study the superiority of the proposed solution in alleviating seismic
damage over the conventional bridges.

2. Resilient Self-Centering Rocking Bridge System with ECC-Reinforced Pier
2.1. Configuration of the Rocking Bridge System

The configuration of the resilient bridge system with the ECC-reinforced rocking pier is
presented in Figure 1. The main body of the pier and two separated pile caps (i.e., the upper
pile cap and the lower pile cap) are the most critical components in the resilient bridge
system. Each SMA washer set consists of a group of SMA washer springs and associated
nuts, anchor rebar and shim plates. The anchor rebar was casted into the concrete of the
lower pile cap and passed through the upper one via a plastic tube which was embedded
in the upper pile cap. The SMA washers which were assembled in appropriate styles
(e.g., in parallel, in series or in combination) passed through the anchor rebar and were
tightly precompressed by the nuts. This SMA-washer based rocking solution is capable of
providing stable recoverability and moderate energy dissipation capacity for the bridge
system when subjected to severe earthquake events. The fixed bearings were installed on
the top of the bent cap but sliding bearings are installed on the top of two abutments for
the girder deformation induced by temperature variance. A comprehensive experimental
study on reduced scale SMA-washer based rocking piers (with normal concrete) has been
recently conducted, where the details are reported elsewhere [40]. When ECC is used for
the pier, extra benefits are enabled such as enhanced tension and compression strength and
ductility to sustain flexural and shear deformation during seismic excitations. In this way,
the residual deformation of the resilient bridge system tends to decrease and the damage to
the pier will be alleviated. For the prototype bridge, six sets of the SMA washer devices are
equipped in the pile. The configuration of a typical SMA washer set is shown in Figure 1b.
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Figure 1. Configuration of the resilient bridge with ECC-reinforced rocking pier (Unit: cm). (a) Elevation; (b) Layout
diagram of the SMA washer spring devices.

2.2. Rocking Mechanism and Seismic Design Objectives of Resilient Bridge System

There are three seismic design objectives under different earthquake intensities (i.e.,
small earthquake, moderate earthquake and large earthquake). The first objective is that
the interface between two pile caps is close under small earthquakes, which ensures that
the rocking bridge system exhibits similar function to the conventional bridge with fixed
base pier. The second one is that the maximum drift ratio of the girder is not more than
1.0% under moderate earthquakes (i.e., E1 level). Such a small drift angle would induce
limited damage to the structure. The last one is that the maximum drift ratio of the girder

177



Materials 2021, 14, 6500

is not more than 2.0% under large earthquakes (i.e., E2 level). When the bridge subjects to
severe earthquakes, the resulting inertial force will cause the bridge to rock around the two
base corners of the upper pile cap and meanwhile the compressed SMA washers together
with the gravity of the bridge will provide restoring force for the bridge to return to its
original state. The maximum rocking angle of the pier can be controlled by designing
appropriate assembles (i.e., series, parallel or both of them) of the SMA washer set. The
natural period of the resilient bridge is much larger than that of the conventional bridge,
which makes it far away from the dominant periods of the earthquake ground motions.
Thus, the resilient bridge system is expected to significantly reduce seismic damage.

The rocking mechanism of the pier and the seismic design objectives of the bridge
can be interpreted by Figure 2. The total height of the pier and the pier cap is H. To satisfy
the first seismic design objective, an appropriate prestressed force should be imposed on
the SMA washer sets, as shown in Figure 2a. The uniform distribution of the resulting
reacting force at the bottom of the upper pile cap is also shown in Figure 2a. The upper pile
cap and the bottom pile cap always touch tightly under dead load of the superstructure
(i.e., G) and servicing loads such as vehicle and temperature. When the horizontal force
Fh continuously increases, the reacting force at one base side gradually reduces to zero, as
shown in Figure 2b. If Fh further increases, the pier will uplift with a drift ratio of α = ∆/H,
where ∆ is the horizontal displacement of the pier, as shown in Figure 2c. The horizontal
displacement is commonly composed of two parts, of which one part is the deformation
of the pier and another part is the contribution of rocking. If the horizontal deformation
of the RC pier is too large, the bottom of the pier may yield. Therefore, the ECC material
is proposed in this study as an alternative to the conventional concrete material for the
pier. The ultimate drift ratio αu can be calculated by ∆u/H, as shown in Figure 2d. When
the designated ultimate drift ratio (i.e., 2.0%) reaches, the SMA washer sets at one side of
the pier is fully flattened. If the drift ratio of the bridge exceeds 2.0% during earthquakes,
the pier will yield. The proposed resilient rocking bridge system is capable of self-locking,
which is a unique property over the conventional one.

Figure 2. Rocking mechanism of the SMA washer-based pier. (a) Original state; (b) Onset of uplift; (c) Rocking state;
(d) Self-locking state.
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3. Verification of ECC Material Constitutive Models
3.1. Constitutive Models of ECC Material

In order to study the seismic response of the ECC-reinforced structures, a constitutive
model [45,46], which is capable of considering the computational efficiency and accuracy,
is essential for establishing finite element (FE) model, e.g., OpenSees model. The envelop
curves of the constitutive model is composed of two parts, of which one is related to the
tension state (i.e., O-A-F-I) and the other part is associated with the compression state (i.e.,
O-J-P), as shown in Figure 3. The envelop curve in tension is multilinear curves which are
expressed as Equation (1), and the envelop curve in compression is also the multilinear
curves as written in Equation (2).

Figure 3. Envelop curves of the ECC constitutive model [46].

Segment A-F in the tension region is a strain hardening stage, which indicates that
the ECC material is more resilient than the normal concrete. The three segments on the
envelope curve within the tensile region (i.e., segments O-A-F-I) are given in

Ft =





Eε 0 ≤ ε ≤ εt0

σt0 +
(
σtp − σt0

) (ε−εt0)

(εtp−εt0)
εt0 ≤ ε < εtp

σtp
(εtu−ε)

(εtu−εtp)
εtp ≤ ε < εtu

0 εtu ≤ ε

(1)

where E is Young’s modulus. The first microcrack will occur if the strain ε is larger than
the cracking strain εt0 at point A. The loading path further follows the segment A-F until
the strain reaches the peak tensile strain εtp at point F, where the stress simultaneously
reaches the peak tensile stress σtp. However, a soft stiffness (i.e., segment F-I) will occur
if the tensile strain exceeds εtp but is smaller than the ultimate tensile strain εtu at point I,
where the corresponding stress becomes zero. It is worth noting that the loading path will
continuously move forward along the positive abscissa axis if the strain is larger than εtu.

The envelope curve consists of multilinear curves in the compressive region (i.e.,
segments O-J-P) which can be expressed as

Fc =





Eε εtp ≤ ε < 0
σcp

(εcu−ε)

(εcu−εcp)
εcp ≤ ε < εcu

0 εcu ≤ ε

(2)

where σcp and εcp are the peak compressive stress and corresponding strain, respectively.
εcu is the ultimate compressive strain. It is noted that loading path will further move
forward along the negative abscissa axis if the strain is smaller than εcu.
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The loading, the unloading and the reloading rules of the ECC model in the tension
region (see Figure 4a) are given by

Ft =





Eε 0 ≤ εtm < εt0 (3)

σ′tl
(

ε−εtl
ε′tm−εtl

)αt
εt0 ≤ εtm < εtp,

.
ε < 0 (4)

σ′tl +
(
σtm − σ′tl

)( ε−ε′tl
ε′tm−ε′tl

)
εt0 ≤ εtm < εtp,

.
ε ≥ 0 (5)

σtm

(
ε−εtl

εtm−εtl

)
εtp ≤ εtm < εtu (6)

where αt is a constant that is larger than or equal to 1. It can be calibrated using the
experimental data. The segment B-C-E is the initial unloading path expressed by the
Equation (4). εtm is the maximum strain reached in history on the envelop curve where the
unloading is triggered. εtl is the strain corresponding to the stress vanishing on the initial
unloading path (i.e., the strain associated with the point E or H). The value εtl = βt·εtm,
where βt is a constant. Segment C-D is a typically partial reloading path, where the stress at
point C is not zero, expressed by Equation (5), which ensures the extension of the segment
C-D passing through the historically reached maximum strain point on the envelop curve
(i.e., point B). The εtr and εtu are strains at points C and D, respectively. The unloading path
starting from D is controlled by Equation (4). The subscript on the parameter ε′tm denotes
that ε′tm should be set as εtm or εtr when they are used to define the initial unloading path
or partially reloading path, respectively. The same specification applies to the parameters
ε′tl and ε′tu.

Figure 4. Unloading and reloading rules of the ECC model (a) Tension region; (b) Compression
region [46].

The unloading and reloading paths after point F (i.e., F-G) are a linear curve given by
Equation (6). The loading, the unloading and the reloading paths of the ECC model in the
compression region (see Figure 4b) are expressed as:

Fc =





Eε εcp ≤ εcm < 0 (7)

σ′cm

(
ε−εcl

ε′cm−εcl

)αc
εcu ≤ εcm < εcp,

.
ε > 0 (8)

σ′cu + (σcm − σ′cm)
(

ε−ε′cl
ε′cm−ε′cl

)
εcu ≤ εcm < εcp,

.
ε ≤ 0 (9)

The segment K-N, as presented in Figure 4b, is formulated by Equation (8). εcm is the
strain on the envelope curve where unloading is triggered (i.e., the strain at point K) and
the εcl is the strain on the initial unloading path corresponding to zero stress (i.e., the strain
at point L). The value εcl = βc·εcm, where βc is a constant. Segment N-M is formulated by
Equation (9). εcr and εcu are strains of the points M and N, respectively. The unloading
path from N is given by Equation (8). The parameter ε′cm should be set to εcm or εcr when
they are employed to define the initial unloading path or partially reloading path.
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3.2. ECC-Reinforced Column and Numerical Verification

A 1/5 scaled ECC-reinforced column [47,48], as shown in Figure 5a, is used to verify
the effectiveness of the ECC constitutive model proposed in Section 3.1. To provide lateral
load on the top of the cantilever column, a rigid ECC transverse beam is monolithically
casted with the cantilever base. This loading configuration is chosen to promote a flexural
deformation mode in the specimen and to investigate the effect of ECC material properties
on the expected plastic hinge region in particular. Longitudinal steel reinforcement was
bent at a 90º angle at the bottom of the transverse beam and further extended to provide
sufficient anchorage. A total of four reinforcing steels with a diameter of 10 mm are
arranged at the four corners of the cross section of the pier, resulting in a reinforcement
ratio of 3.14%. The compressive strength of the ECC material is 80.0 MPa at a strain of
1.2%. The tensile strength is 6.0 MPa at a strain of 6.0%. The Young’s modulus of the ECC
is 16,000.0 MPa. The Passion’s ratio of the ECC material is 0.15. The yielding strength of
the reinforcing steel is 410.0 MPa at a strain of 0.02% and the ultimate uniaxial strength is
640.0 MPa at a strain of 14.0%. The lateral load protocol for the quasi-static test is shown
in Figure 5b.

Figure 5. Specimen and loading protocol. (a) ECC-reinforced column specimen (Unit: mm); (b)
Loading protocol for quasi-static test.

The FE model of the ECC-reinforced column is established in OpenSees (Version 2.4.1).
A total of 5 displacement-based beam-column elements are used to model the ECC column.
The ECC02 material model that has been developed and implemented into OpenSees is
employed to capture the response of the column. The analysis results regarding the
horizontal force against drift ratio together with the test results are displayed in Figure 6. It
indicates that the numerical simulation results agree well with the test results. It confirms
that the ECC constitutive model proposed in this study is sufficiently accurate for further
dynamic analysis.
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Figure 6. Numerical simulation results against test results.

3.3. Constitutive Models of SMA Washer

The chemical composition of the SMA washer is 55.87% nickel and 44.13% titanium
alloys by weight and it is supposed to exhibit super elasticity at room temperature (austenite
finish temperature is 4.5 ◦C). The constitutive model of the SMA washer has been developed
in [40], which has a flag-shaped envelop curves, including loading stage (i.e., O-A-B-E)
and unloading stage (i.e., E-B-C-E-O), as shown in Figure 7, where F2 and δ2 represent
the “yield” force and the corresponding deformation, respectively; F3 and δ3 are the force
and deformation when the SMA washer is fully flattened. Similarly, F4, δ4, F1, and δ1
represent the characteristic forces and deformations during the reverse plateau. Once the
SMA washer reaches its maximum compressive deformation, the axial stiffness increases
abruptly (i.e., BE).

Figure 7. Idealized constitutive model for SMA washer.

The loading stag on the envelop curve is composed of three segments, which are
expressed as:

F =





Ewδ 0 ≤ δ < δ2
F2 + k1Ew(δ− δ2) δ2 ≤ δ < ε3
F3 + k2Ew(δ− δ3) ε3 ≤ δ

(10)

where Ew is the elastic stiffness of the single SMA washer; k1 and k2 are constants which
can be determined from test.
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The unloading stage on the envelop curve consists of four segments, which are given
as follows:

F =





Ewδ 0 ≤ δ < δ1
F4 − k1Ew(δ4 − δ) δ1 ≤ δ < δ4
F3 − Ew(δ3 − δ) δ4 ≤ δ < δ3

F3 + k2Ew(δ− δ3) δ ≥ δ3

(11)

The uploading and reloading stiffness away from the envelop curve is Ew.
The key parameters for a single SMA washer are shown in Figure 7.
The diagram of a typical SMA washer is presented in Figure 8, where the outer and

inner diameters of the SMA washer are D and d, respectively. The thickness and the height
of the SMA washer are h and t, respectively. These parameters of a SMA washer can
be appropriately adjusted according to the seismic design objectives of rocking bridges.
Once all the parameters are designated, the maximum compressive deformation and the
restoring force provided by a SMA washer can be calculated.

Figure 8. Configuration of a typical SMA washer.

4. Validation of the Numerical Simulation Method for Capturing Rocking Behavior

A 1/4 scale RC rocking pier specimen equipped with SMA washer sets [29] is em-
ployed to validate the numerical simulation method used in this study for capturing the
overall rocking behavior. The configuration of the rocking pier is shown in Figure 9. The
test specimen includes one bent cap, the main body of a pier, two separated pile caps, four
SMA washer sets, and a tendon. The diameter of the RC pier is 0.3 m. The strength of the
normal concrete was 39.0 MPa at the test day. A total of 12 longitudinal HRB400 rebars
with a diameter of 16 mm were uniformly arranged along the perimeter, resulting in a
reinforcement ratio of 0.3%. The average yielding strength of the longitudinal rebar was
400.4 MPa. The diameter of the transverse reinforcement was 10 mm and the space between
two adjacent stirrups was 75 mm. A total of four SMA washer sets were installed on the top
of the upper pile cap and each SMA washer set composed of the loading protocol is shown
in Figure 10. Other information regarding this rocking pier can be find elsewhere [29].

Figure 9. Configuration of a rocking pier specimen and loading protocol.
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Figure 10. FE model of the rocking pier specimen.

To validate the numerical simulation method proposed in this study for capturing
the overall rocking behavior, the experimental results of the rocking pier specimen are
used to make comparison with the numerical analysis results. The RC pier was divided
into seven displacement-based fiber beam-column elements, of which the normal concrete
fiber was assigned with Concrete02 material model and the reinforcement fiber was assigned
with Steel02 material model. The connection between the pier and the bent cap or the pile
cap is modeled by rigid elements. The interface between upper and lower pile caps was
simulated by eight zero-length spring elements, of which the tension strength is ignored.
Each SMA washer set was modeled by a zero-length spring element, of which the assigned
material was the Self-centering material model. The FE model is shown in Figure 10. It
is worth noting that the nonlinear material properties of the normal concrete and the
reinforcement can be considered by the Concrete02 material model and Steel02 material model,
respectively. The geometric nonlinearity of the RC pier can also be accounted for by the
co-rotational geometric transformations [39]. The numerical simulation results and the test
ones are presented in Figure 11, which shows that the analysis results match well with
the test regarding the amplitude of the lateral load and the trend of the hysteretic curve.
It confirms that the numerical simulation method proposed in this study can be used to
capture the overall rocking behavior of the rocking bridge system.

Figure 11. Comparison between numerical simulation and test results.
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5. Seismic Responses of the Resilient Bridges with SMA-Based Rocking Piers

In order to demonstrate the superiorities of the proposed bridge system in resilience
enhancement, four different bridge systems are studied. The first bridge system is a
conventional bridge with a RC fixed pier. The second one is a conventional bridge with an
ECC-reinforced fixed pier. The third one is a resilient bridge with a RC rocking pier with
SMA washers. The last one is a resilient bridge with an ECC-reinforced rocking pier with
SMA washers.

5.1. FE Model of Resilient Bridge Systems

A comprehensive FE model of the resilient continuous RC box girder bridge is estab-
lished in OpenSees, as demonstrated in Figure 12. The RC girder (i.e., 20 + 20 m) of the
bridge is modeled by 35 elastic beam-column elements. The rocking RC or ECC-reinforced
pier is 8.0 m high which is modeled by six displacement-based beam-column fiber elements.
The Concrete02 material model is used to model the properties of the normal concrete, of
which the tension strength is considered. The ECC02 material model is employed to simulate
the ECC material. The Steel02 material model is used for modeling the reinforcing steel.
The heights of the two separated pile caps are both 2.0 m, which are modeled using rigid
elements. The width of each expansion joint is 0.25 m, which is modeled by a zero-length
element. Each bent cap and abutment are modeled by two rigid beam elements along
the transverse direction of the bridge. Similarly, the transverse beams in the girder are
simulated by two rigid beam elements. Two conventional sliding bearings are placed on
each abutment and two fixed bearings are installed on the bent cap above the middle
pier. The frictional coefficient of the sliding bearing is 0.02. Each bearing is simulated by a
zero-length element connecting the girder and the bent caps or the abutments. The soil
and structural interaction of each pile foundation has been considered by six zero-length
elements [49,50]. The compressive strength of the conventional concrete for the box girder
is 50.0 MPa. The maximum compressive strength and the crush strain of the ECC material
in the pier and the rocking pile caps are 80.0 MPa and 1.2%, respectively. The maximum
compressive strength and the crush strain of the conventional concrete material in the
pier and the rocking pile caps are 40.0 MPa and 1.0%, respectively. The diameters of the
longitudinal reinforcement and stirrup used in the pier are 32 mm and 16 mm, of which
the corresponding yielding strengths are 440.0 MPa and 300.0 MPa, respectively. A total of
72 reinforcing steels are uniformly arranged around the perimeter of the ECC-reinforced
pier, resulting in a reinforcement ratio of 2.28%. The net thickness of the cover concrete
or ECC material is 0.05 m. The stirrup interval is 0.1 m at the plastic hinge region and
0.15 m at elsewhere. The SMA washer set is modeled by a compression-only element with
a self-centering material model and an Elastic-perfectly plastic material model in parallel. The
self-centering material model is used to model the superelasticity of the SMA washer set and
the elastic-perfectly plastic material model is employed to simulate the precompression by
designated an appropriate initial deformation. For instance, the maximum compressive
deformation of each SMA washer set is 0.06 m, half of which is consumed to impose
prestressed force on the rocking pier.
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Figure 12. FE model of the resilient bridge with SMA-based rocking pier.

Two additional conventional bridge systems and a resilient bridge system with a
RC rocking pier are also considered to demonstrate the super resilience of the innovative
bridge with an ECC-reinforced rocking pier. The main difference between the conventional
bridge and the resilient bridge is that the 10 m high fixed pier in the conventional bridge is
replaced by an 8 m high pier and a 2 m rocking upper pile cap in height. The FE models of
the other three bridge systems can be easily adjusted from that shown in Figure 12 and are
therefore not elaborated.

5.2. Earthquake Ground Motions

A suite of ground motions being compatible to the acceleration spectra (i.e., E1 and
E2 levels) [51,52] are generated and each suite includes seven earthquake ground motions,
as shown in Figure 13a,b, respectively. The exceedance probabilities of E1 and E2 level
earthquakes in a recurrence interval of 50 years are 10% and 2.5%, respectively. The
damping ratio of the acceleration spectra is 5%.

Figure 13. Earthquake spectra together with earthquake motions. (a) E1 level; (b) E2 level.

5.3. Comparison of Seismic Responses between the Conventional and Resilient Bridges

To evaluate the damage state of the RC and ECC-reinforced pier after earthquake
excitation, sectional characteristic analyses are conducted prior to analysis of bridge sys-
tem. The equivalent bending moments versus curvatures of the sections are shown in
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Figure 14, where the equivalent bending moments of the RC and ECC-reinforced sec-
tions are 19,230.0 kNm and 28,023.0 kNm, respectively, and the associated curvatures are
0.003 1/m and 0.0044 1/m, respectively. The figure indicates that the elastic stiffness and
the yield strength of the ECC-reinforced section are both much larger than those of the
RC section.

Figure 14. Sectional analyses of bending moment vs. curvature. (a) RC; (b) ECC.

The curvature ductility and the drift ratio of the pier as well as the shear deformation
of the bearing are usually selected as the damage indicators for seismic performance
assessment of bridges with rocking piers. Therefore, these indicators are used to make a
comparison between the conventional and the resilient bridge systems under the considered
earthquakes. The curvature ductility indicates the damage state of the plastic hinge region
of the pier during earthquakes. Drift ratio is employed to assess the lateral deformation
of the bridge system. The uplift ratio indicates the rocking amplitude of the rocking pier,
which is expressed as c/(a + b) shown in Figure 15, where c is the maximum uplift distance
of the pier; a is the distance between the outmost edge of the upper pile cap and the left
side of the stress block; b is the width of the compressive stress block (i.e., rocking zone).
The maximum seismic responses regarding the aforementioned damage indicators of the
conventional (fixed base) and the resilient (rocking), bridges with the normal RC piers
under E1 and E2 earthquakes are summarized in Tables 1 and 2, respectively.

Figure 15. Schematic diagram of the uplift ratio.
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Table 1. Maximum seismic responses of RC bridges at E1 level.

Earthquake Curvature Ductility Bearing Deformation (cm) Drift Ratio
(Residual Drift Ratio) (%)

Uplift Ratio
(%)

No. Conventional Resilient Conventional Resilient Conventional Resilient Resilient

1 1.15 0.76 11.99 7.34 1.01 (0.005) 0.62 (0.008) 0.07
2 1.15 0.92 11.91 8.70 1.00 (0.029) 0.72 (0.008) 0.08
3 0.80 0.82 9.30 7.68 0.79 (0.002) 0.65 (0.001) 0.07
4 0.89 1.17 10.20 11.75 0.86 (0.011) 0.99 (0.013) 0.30
5 0.74 0.70 8.77 6.95 0.74 (0.014) 0.57 (0.009) 0.06
6 0.83 1.09 9.86 9.80 0.81 (0.027) 0.83 (0.006) 0.17
7 0.99 0.68 10.81 6.54 0.91 (0.002) 0.56 (0.008) 0.05

Avg. value 0.94 0.88 10.41 8.40 0.88 (0.013) 0.70 (0.008) 0.11

Table 2. Maximum seismic responses of RC bridges at E2 level.

Earthquake Curvature Ductility Bearing Deformation (cm) Drift Ratio
(Residual Drift Ratio) (%)

Uplift Ratio
(%)

No. Conventional Resilient Conventional Resilient Conventional Resilient Resilient

1 3.24 1.47 20.33 19.43 1.71 (0.039) 1.63 (0.009) 1.01
2 2.70 1.73 18.38 20.77 1.54 (0.022) 1.74 (0.002) 1.12
3 3.00 1.47 18.96 16.42 1.59 (0.057) 1.38 (0.020) 0.70
4 3.23 1.56 19.02 17.58 1.58 (0.054) 1.47 (0.009) 0.86
5 2.95 1.31 18.37 16.17 1.54 (0.060) 1.36 (0.005) 0.73
6 2.68 1.47 18.97 16.68 1.57 (0.046) 1.39 (0.011) 0.72
7 3.15 1.49 19.52 17.89 1.64 (0.040) 1.50 (0.001) 0.86

Avg. value 2.99 1.50 19.08 17.85 1.60 (0.045) 1.49 (0.008) 0.86

The results summarized in Table 1 reveal that the average maximum values of the
curvature ductility of the pier, bearing deformation, the drift ratio, and the residual drift
ratio of the conventional RC bridge are all larger than those of the resilient RC bridge under
E1 level earthquakes. The curvature ductility responses of the RC piers of the conventional
bridge and the resilient bridge are both less than 1.0, which means that the RC piers in
two bridge systems keep linear state under E1 level earthquakes. The drift ratio of the
resilient bridge is 0.88%, which satisfied the principle of the seismic design objective. All
the seismic responses confirm that the two bridge systems are both safe under E1 level
earthquakes. The average maximum uplift ratio is 0.11%. Even though the earthquake
intensity (i.e., E1 level) is not large, the unique property, such as rocking, of the resilient
bridge is well exhibited.

When the earthquake intensity increases from E1 to E2 level, the average maximum
curvature ductility of the conventional RC bridge sharply increases from 0.94 to 2.99. It
implies that the RC pier experiences severe damage when the bridge is subjected to E2 level
earthquakes although it performs linearly under E1 level earthquakes. A similar trend also
can be found from the seismic performance of the resilient RC bridge system even though
the increasing amplitude is not so large compared with the conventional bridge. To gain a
thorough understanding about the rocking mechanism of the pier, the typical shear force
against drift ratio of the bridge, and the bending moment versus curvature ductility of the
section at the bottom of the RC pier under a typical ground motion (i.e., Earthquake No. 1
at E2 level) are shown in Figures 16 and 17, respectively. From these two figures, it can be
concluded that the drift ratio of the conventional RC bridge (i.e., 1.71) is slightly larger than
that of the resilient RC bridge (i.e., 1.63), but the maximum curvature ductility of the RC
pier and the residual drift ratio of the conventional bridge (i.e., 3.24 and 0.039%) are much
larger than those of the resilient bridge (i.e., 1.47 and 0.009%). It confirms that the resilient
rocking bridge system can significantly alleviate the seismic damage to the RC pier because
the dominate period of the rocking bridge is elongated. The seismic response of a SMA
washer set is displayed in Figure 18, where the compressive deformation is 0.021 m that
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is less the uplift threshold of the rocking pier (i.e., 0.03 m). The hysteretic loop response
as shown in Figure 18 demonstrates that the SMA washer sets dissipates a lot of energy
during earthquakes.

Materials 2021, 14, x FOR PEER REVIEW 16 of 22 
 

 

0.009%). It confirms that the resilient rocking bridge system can significantly alleviate the 
seismic damage to the RC pier because the dominate period of the rocking bridge is elon-
gated. The seismic response of a SMA washer set is displayed in Figure 18, where the 
compressive deformation is 0.021 m that is less the uplift threshold of the rocking pier (i.e., 
0.03 m). The hysteretic loop response as shown in Figure 18 demonstrates that the SMA 
washer sets dissipates a lot of energy during earthquakes. 

-0.02 -0.01 0.00 0.01 0.02
-4000

-2000

0

2000

4000

Sh
ea

r f
or

ce
 (k

N
) 

Drift ratio

 Resilient
 Conventional

 
Figure 16. Shear force vs. drift ratio. 

-3 -2 -1 0 1 2 3 4
-40,000

-20,000

0

20,000

40,000

Be
nd

in
g 

m
om

en
t (

kN
m

) 

Curvature ductility

 Resilient
 Conventional

 

Figure 17. Bending moment vs. curvature ductility. 

 
Figure 18. Compressive force vs. deformation of SMA washer set. 

Figure 16. Shear force vs. drift ratio.

Figure 17. Bending moment vs. curvature ductility.

Figure 18. Compressive force vs. deformation of SMA washer set.

The maximum and average maximum seismic responses regarding the aforemen-
tioned damage indicators of the conventional and the resilient bridges with the
ECC-reinforced piers under E1 and E2 level earthquakes are summarized in Tables 3
and 4, respectively.

189



Materials 2021, 14, 6500

Table 3. Maximum seismic responses of ECC-reinforced bridges at E1 level.

Earthquake Curvature Ductility Bearing Deformation (cm) Drift Ratio
(Residual Drift Ratio) (%)

Uplift Ratio
(%)

No. Conventional Resilient Conventional Resilient Conventional Resilient Resilient

1 0.67 0.76 11.93 10.23 0.98 (0.013) 0.87 (0.014) 0.08
2 0.62 0.93 11.17 15.03 0.94 (0.026) 1.26 (0.005) 0.49
3 0.68 0.57 11.30 8.35 1.00 (0.035) 0.69 (0.016) 0.06
4 0.65 0.87 11.74 13.63 0.97 (0.021) 1.10 (0.017) 0.32
5 0.63 0.62 11.13 8.66 0.94 (0.011) 0.73 (0.011) 0.06
6 0.71 0.72 12.60 10.06 1.04 (0.035) 0.83 (0.018) 0.08
7 0.61 0.74 10.91 10.18 0.92 (0.003) 0.86 (0.014) 0.08

Avg. value 0.65 0.74 11.54 10.88 0.97 (0.021) 0.91 (0.014) 0.17

Table 4. Maximum seismic responses of ECC-reinforced bridges at E2 level.

Earthquake Curvature Ductility Bearing Deformation (cm) Drift ratio
(Residual Drift Ratio) (%)

Uplift Ratio
(%)

No. Conventional Resilient Conventional Resilient Conventional Resilient Resilient

1 1.84 1.07 22.17 24.66 1.84 (0.137) 2.07 (0.007) 1.48
2 1.66 0.99 21.26 20.89 1.78 (0.040) 1.75 (0.006) 1.08
3 1.88 0.93 22.15 19.31 1.86 (0.065) 1.62 (0.006) 0.93
4 2.21 0.98 24.30 18.45 2.02 (0.080) 1.32 (0.029) 0.83
5 1.51 0.99 19.90 19.96 1.67 (0.131) 1.67 (0.011) 0.98
6 2.04 0.92 23.24 18.54 1.93 (0.022) 1.54 (0.011) 0.84
7 1.47 0.98 19.69 23.32 1.66 (0.037) 1.95 (0.009) 1.37

Avg. value 1.80 0.98 21.81 20.73 1.82 (0.073) 1.70 (0.011) 1.07

The results presented in Table 3 show that all the average maximum responses of the
resilient bridge except for the curvature ductility of the ECC-reinforced pier are smaller
than those of the conventional bridge under E1 earthquakes. Even though the maximum
average curvature ductility of the resilient bridge is larger than that of the conventional
one, it is still less than 1.0. In other words, the ECC-reinforced pier in the resilient bridge
always experiences elastic state under E1 earthquakes.

When the earthquake intensity increased from E1 to E2 level, all the average maximum
responses sharply enhanced except the curvature ductility of the ECC-reinforced pier of
the resilient bridge increases slightly (i.e., from 0.74 to 0.98). The average maximum
responses of the bearing deformation of the conventional and the resilient ECC-reinforced
bridges are similar under E2 level earthquakes, but the average maximum curvature
ductility of the ECC-reinforced pier and the residual drift ratio of the resilient bridge (i.e.,
0.98 and 0.011%) are much smaller than those of the conventional bridge (i.e., 1.80 and
0.073%). The ECC-reinforced pier in the resilient bridge system can always keep in linear
performance under E2 earthquakes but it may yield in the conventional bridge system
under the same level earthquakes. The average maximum drift ratio of the conventional
bridge is larger in comparison with the resilient bridge because the ECC-reinforced pier
in the conventional bridge yields but the ECC-reinforced pier in resilient bridge keeps
a linear behavior. To take a close look at the seismic response, the typical time history
responses of the lateral seismic force versus drift ratio of the ECC-reinforced conventional
and the ECC-reinforced resilient bridges under a typical earthquake (i.e., Earthquake
No.1 at E2 level) are illustrated in Figure 19. It can be confirmed that although the two
bridges experienced similar lateral displacement, the rocking effect contributes to the most
part of the total lateral displacement but the fixed pier mainly depended on the flexural
deformation of the pier itself. The seismic responses of the section at the bottom of the
plastic hinge region in two bridge systems are presented in Figure 20, which implies that
the fixed base ECC-reinforced pier suffered severe damage but the rocking pier stayed
elastic. The seismic response of one SMA washer set is displayed in Figure 21, where the
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self-locking effect is triggered when the compressive deformation reached 0.03 m. Once the
maximum drift ratio of the resilient bridge reaches 2.0%, the self-locking effect will act and
the ECC-reinforced pier will yield simultaneously. In other words, if the drift ratio of the
resilient bridge exceeds 2.0%, the incremental lateral displacement will completely depend
on the yielding deformation of the ECC-reinforced pier.
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5.4. Comparison of Seismic Responses between the RC and ECC-Reinforced Resilient Bridges

The aforementioned comparisons demonstrates that the ECC-reinforced bridge sys-
tems are more resilient than the conventional bridge systems. The following part will make
a comparison between the two resilient bridge systems with the RC rocking pier and the
ECC-reinforced rocking pier. The average maximum drift ratio of the resilient bridge with
RC rocking bridge under E2 level earthquakes is 1.49 but the value of the ECC-reinforced
resilient rocking bridge is 1.70. The reason is that the yielding strength of the RC pier is
smaller than the ECC-reinforced pier so that it cannot sustain large rocking amplitude. It
can reconfirm by the response of the average maximum curvature ductility of two bridges.
For instance, the average maximum curvature ductility of the resilient bridge with RC
rocking bridge under E2 level earthquake is 1.50, whereas the value of the ECC-reinforced
resilient rocking bridge is 0.98. A case is selected for further investigation: the drift ratio
versus lateral seismic force responses of two resilient bridges subjected to a typical earth-
quake (i.e., Earthquake No. 1 at E2 level) is shown in Figure 22. From Figure 23, it can be
recognized that the maximum drift ratio of the resilient bridge with the ECC-reinforced pier
is 2.07, but the corresponding value is only 1.63. The curvature ductility versus bending
moment responses of two resilient bridges under a typical earthquake (i.e., Earthquake No.
1 at E2 level) is shown in Figure 23. The maximum curvature ductility of the RC pier is 1.47
but the counterpart of the ECC-reinforced pier is 1.07. The earthquake-induced damage
of the ECC-reinforced pier is so small (i.e., 1.07), which needs no repair but the RC pier
should be retrofitted after earthquake.

Figure 22. Shear force vs. drift ratio.

Figure 23. Bending moment vs. curvature ductility.

6. Conclusions

This study presented a resilient self-centering bridge system with the ECC-reinforced
rocking pier. An experimental study on the ECC-reinforced column was employed to
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demonstrate the accuracy of the proposed constitutive model of the ECC material imple-
mented in OpenSees. The advantages of the resilient ECC-reinforced rocking bridge system,
such as low damage and negligible residual deformation, were verified by conducting a
series of nonlinear seismic analyses on both resilient and conventional bridges with RC or
ECC-reinforced piers. Several comments and conclusions are summarized as follows:

1. All the conventional and the resilient rocking bridge systems with the RC pier or
the ECC-reinforced pier can satisfy the seismic design objectives under E1 level
earthquakes;

2. The proposed resilient rocking bridge system with the RC pier or the ECC-reinforced
pier shows superior seismic performance over the conventional bridge in terms of the
response such as the curvature ductility of the pier, bearing deformation, drift ratio,
and residual drift ratio of the bridge under E2 level earthquakes;

3. The resilient rocking bridge with the ECC-reinforced pier can achieve superior dam-
age retrofitting capacity than the resilient rocking bridge with RC pier. The average
maximum curvature ductility of the ECC-reinforced pier was only 0.98 but the coun-
terpart of the RC pier was 1.5 which indicates the RC experienced yielding state
during E2 level earthquakes;

4. Due to the protection mechanism (i.e., self-locking effect) of the SMA washer spring
device against overload and the super resilient property of the ECC material, the
resilient rocking bridge system shows the excellent damage control capacity;

5. The SMA washer spring device cannot only provide restoring force for the resilient
bridge system but also can dissipate moderate earthquake energy input.
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Abstract: Active materials have gained increasing momentum during the last decades due to their
ability to act as sensors and actuators without the need for an external controlling system or an
electronic signal. Shape memory alloys (SMAs), which are a subcategory of active materials, are
slowly being introduced in the civil engineering sector in applications that refer to prestressing and
strengthening of various structural elements. Low-cost iron-based SMAs are a good alternative to the
Ni-Ti SMAs for such uses since the cost of large-scale civil engineering applications would otherwise
be prohibitive. The scope of this study is the investigation of the thermomechanical response of
the Fe-17Mn-5Si-10Cr-4Ni-1(V,C) ferrous SMA. In particular, this study focuses on the application
of prestress, and on the alloy’s behavior under fatigue loadings. In addition, the effect of loading
frequency on the recovery stress of the material is thoroughly investigated. Four dog-bone specimens
were prepared and tested in low-cycle fatigue. All the experiments aimed at the simulation of
prestress. The recovery stress was monitored after pre-straining and heating applied under strain–
control conditions. The experimental results are promising in terms of the is situ prestress feasibility
since the measured recovery stress values are satisfactory high.

Keywords: ferrous shape memory alloys; prestress; recovery stress; relaxation; thermomechanical
behavior; fatigue; active materials; low-cost SMAs; civil engineering applications

1. Introduction

According to Lagoudas [1], shape memory alloys (SMAs) are a unique class of shape
memory materials with the ability to recover their shape when the temperature is increased
or, under specific conditions, upon cyclic loading. SMAs are categorized as active ma-
terials due to their ability to recover strain under stress. Other active materials include
piezoelectric and magnetostrictive materials [2]. Due to these attributes, SMAs have been
employed as actuators in multiple fields, such as the aerospace and automotive industry;
however, they have also been used for biomedical applications, for instance, in orthodontic
wires. Ni-Ti alloys are the most popular in these fields. However, their cost is restrictive
for civil engineering applications. Iron-based SMAs are an alternative to this issue. Some
civil engineering applications include prestressing, vibration dampening, strengthening
and actuation.

1.1. Shape Memory Effect

Shape recovery takes place upon transformation between two distinct crystal phases
that exist on the microstructure of SMAs: austenite and martensite. These two phases differ
in both properties and microstructure.

Austenite has typically a cubic structure, while martensite has a structure of lower
symmetry. Martensitic transformation is a diffusionless and displacive first-order phase
transition driven by stress and/or temperature. The transformation from austenite to
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martensite is called forward, while the opposite from martensite to austenite is known as
reverse transformation.

Martensite is present between Mf and Ms, which are typically low, while austenite
can be found between As and Af, which are relatively higher temperatures. These four
temperature thresholds create the thermal boundaries of the two phases. Martensite forma-
tion can be caused by either thermal or mechanical loading. Thus, it can be categorized
into two groups, thermal martensite and stress-induced martensite (SIM), respectively [3].
The phase transformation process during monotonic loading is presented in Figure 1, as
obtained from Zhang et al. [4].
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1.2. Brief Introduction to the Iron-Based SMAs (FeSMAs)

Since Sato et al. discovered that a small Si addition to the chemical composition of an
Fe-Mn alloy enhances the shape memory effect [5,6], many iron-based alloys have been
developed. Various chemical compositions have been formed, such as Fe-32Mn-6Si by
Murakami et al. [7], Fe-28-Mn-6Si-5Cr, Fe-20-Mn-5Si-8Cr-5Ni and Fe-16-Mn-5Si-12Cr-5Ni
by Otsuka et al. [8,9].

Tsuzaki et al. [10] proved that adding carbon on an Fe-Mn-Si system strongly en-
hances the shape memory effect. Many researchers have also demonstrated that austenite
can be strengthened through the addition of microparticles, such as niobium and nitro-
gen [11–13]. The shape recovery percentage of iron-based SMAs is significantly affected
by both the addition of carbon and the subsequent aging process, as Wen et al. [14] and
Farjami et al. [15] indicate.

Aside from these additions in the chemical composition of the alloys, thermomechani-
cal training is also employed to achieve an optimal shape memory effect. The main essence
of training an alloy, through various thermomechanical processes, is the enhancement of
its mechanical properties. Otsuka et al. [16,17] introduced the term “training” and many
researchers continued to examine the topic, proving that these thermomechanical sequences
vastly expand the alloys’ shape memory potential [18–21].

These are all very significant findings that have been thoroughly investigated through-
out the years and have made the industrial production of iron-based SMAs possible.

1.3. Fatigue Behavior of Iron-Based SMAs under Mechanical Loading

According to Zhang et al. [4], Sawaguchi et al. [22,23] were the first to discover the
material’s energy dissipation prospects in 2006. Following these findings, Nikulin et al. [24]
discovered that chemical composition plays a major role in fatigue life. It was then
demonstrated that silicon presence has a significant impact on fatigue life [25]. In 2021,
Fang et al. [26] investigated iron-based SMAs in low-cycle fatigue for strain rates that
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ranged from ±1% to ±9% and proved that the alloys’ behavior under fatigue could pro-
foundly outperform the steel alloys’ response [26].

A significant amount of research has been conducted since 2006 referring to Fe-Mn-Si
systems’ fatigue response in mechanical loading and energy dissipation potential. Among
many researchers, particularly Nikulin, Sawaguchi et al. [27–30], have covered a wide
variety of topics, which include microstructural investigations, strain amplitude effect, de-
formation temperature effect, composition percentages impacts and many more. A compre-
hensive literature review that covers many studies on fatigue is provided by Zhang et al. [4].
Nonetheless, thermomechanical tests and phase transformation sequences have not been
extensively investigated on iron-based SMAs. The present study caters to this exact need,
attempting to add more material to the existing literature referring to the implications of
low-cycle fatigue on the recovery stress that is required during prestress applications.

1.4. Civil Engineering Applications

Iron-based SMAs are used in civil engineering applications during the past decade,
in uses relevant to prestressing and strengthening; however, they are also used as energy-
dissipating components in seismic damping [26]. Recent advances in additive manufac-
turing, generally regarding SMAs [31] and particularly focusing on iron-based SMAs [32],
could enhance the material’s response and facilitate its incorporation on the field.

In 2016, Shahverdi et al. [33,34] investigated the behavior of concrete beams reinforced
with prestressed iron-based SMAs. Following this investigation, further research has con-
firmed the alloys’ successful use as a prestressing or strengthening component [35–37]. On
the topic of finite element modeling, few researchers have dealt with the structural simula-
tion of iron-based SMAs. Although there has been extensive investigation on modeling
NiTi SMAs, these constitutive models are not quite applicable on Fe-SMAs, since their
thermomechanical behavior differs substantially. Khalil et al. [38] have developed a consti-
tutive model, based on previous works of the relevant literature, that described Fe-SMAs’
nonlinearities and phase transformation process, which was also implemented into Abaqus
software [38]. Following this attempt, some researchers further examined the material’s
modeling towards finite element structural analysis, among which are Abouali et al. [39],
who modeled the behavior of prestressed Fe-SMAs used as a reinforcement in a concrete
structural element.

2. Materials and Methods

The iron-based shape memory alloy that was used for this study is the Fe-17Mn-5Si-
10Cr-4Ni-1(V,C) (mass%), as-received, without any additional treatments or thermome-
chanical training. The specimen geometry was chosen to be of dog-bone shape, and the
dimensions are displayed in Figures 2 and 3. All the specimens were cut from an SMA strip.
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Figure 3. Specimen dimensions (mm).

The austenite start (As) and finish (Af) threshold values for each phase of the alloy
were obtained from experiments conducted by the research group of the Laboratory of
Experimental Strength of Materials and Structures, as depicted in Figure 4.
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The Instron 596 tensile testing machine was employed for the thermomechanical tests,
as shown in Figure 5. The Instron machine contains an integrated dynamic load cell with a
capacity of 50 kN, while its operating system is the Bluehill software data acquisition system.
During the mechanical loading tests, the strain evolution was monitored using a clip-on
extensometer with a gauge length of 50 mm. The thermomechanical tests, which employed
displacement control, were monitored through the Bluehill system. The thermal cycles
were conducted using a custom-made induction heating and air-cooling machine, which
is also shown in Figure 5. The machine was programmed and manufactured internally
in the laboratory for the scope of the thermomechanical experiments performed by the
research team.
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2.1. Tensile Test Procedure

During prestressing, SMA tendons are expected to generate compressive stresses,
adequate for the purpose of balancing out the impact tensile stresses have on concrete
members. SMA tendons can vastly facilitate on-field pre-stressing: being already in a
prestressed state, the sole remaining process to be conducted in situ would be heating,
which would enable the activation of the shape memory effect; thus, producing the required
recovery stresses. SMAs would therefore eliminate many of the common disadvantages
that emerge from the mechanical pre-tensioning process.

The test profiles were based on the tensile and fatigue tests conducted by Ghafoori
et al. [40]. The test profile is presented in Figure 6. Three initial experiments were performed
in order to characterize the mechanical properties of the alloy. The yield and ultimate
strength and strain were acquired through this process. Strain was monitored using
an extensometer and the displacement values were recorded directly through Instron’s
software. Simultaneously measuring strain and displacement was crucial in order to record
the correlation between the two values and subsequently use it for calibration (this is
explained more thoroughly in the following sections).
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One standard tensile test (S1), along with two loading–unloading sequences with
target strains of 2% and 1.6% (S2 and S3), were conducted. Figure 7 presents the tensile
tests results. The experiments were performed using strain–control under a strain rate of
0.15%/s, as obtained from the literature [40].
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Different target strains were employed throughout the tests, aiming to examine how
the thermomechanical response of the alloys varies in relation to this change. Altering the

201



Materials 2023, 16, 237

pre-strain values has a practical purpose in civil engineering applications. During on-site
prestressing, it is challenging to acquire a high level of precision. Thus, a target pre-strain
of 2% might eventually turn out to be 1.6%, 1.8% or 2.2%. Given this fact, the research team
decided to employ varying pre-strain values. The concept of the unstable test parameters is
further illustrated in the following sections.

S1 was the first specimen to be tested. Figure 8 presents the stress vs. strain curve
derived from the uniaxial tensile test of S1, up to 9.5% strain. Following this experiment,
S2 was tested up to 1.6% strain; and S3 was tested in two increments, firstly up to 1% and
subsequently up to 2% strain (see Figure 7).
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2.2. Low-Cycle Fatigue Test Procedure

The fatigue test profiles and loading protocols were also based on the literature [40].
The aim of this test setup is to investigate the recovery stress generation, while strain is
monitored. The applied loading path is presented in Figure 6.

Various researchers have already dealt with strain recovery formation; however, there
are few studies referring to the recovery stress. In civil engineering applications, the
recovery stress is highly significant since when prestressing a member, the emphasis is
given to the maximum stress that a tendon can produce. SMAs offer the possibility of a
new prestressing technique that is simpler and easier to conduct on field.

In addition to calculating the amount of recovery stress that can be generated, estimat-
ing how well SMAs tendon can perform over time and under cyclic loadings is equally
substantial for prestressing applications. The tendon will most likely experience fatigue
since it is expected to receive various additional live loads and potentially even seismic
loads. Measuring the relaxation that occurs during low-cycle fatigue loadings is, therefore,
essential to determine the applicability of SMAs in this configuration.

Three variables that directly influence material behavior on fatigue are considered
in the tests: loading frequency, level of pre-strain and limit stress target value. These
parameters are variable in each test. The deviations aim to simulate the conditions of
on-field prestressing, where the level of precision is most likely lower than in a laboratory
setup. Each parameter is briefly highlighted below:

Loading frequency: Four different frequencies are examined: 0.5, 1, 2 and 4 Hz, which are
imposed on the samples C1, C2, C3 and C4, respectively.
Level of pre-strain: Pre-strain values are denoted as εr in Figure 8. For the present study,
pre-strain values of 1.85%, 1.80%, 1.90% and 2% were imposed on the specimens C1, C2,
C3 and C4, respectively.
Limit stress target value: Thermal expansion, which occurs at the beginning of the heating
process, induces stress drop [40]. In order to avoid the formation of compressive stresses
during that phase, setting a lower stress limit is practical. While Ghafoori et al. [40] employ
a stable lower limit of 50 MPa, the present study uses four different ones: 125, 70, 120 and
150 MPa on samples C1, C2, C3 and C4, respectively.
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Due to testing configuration limitations, strain control was not feasible. As can be seen
in Figure 5b, the induction heating coil that is used for the thermal cycles poses a practical
restriction for the positioning of the extensometer. Similarly, a strain gauge would be useless
in such an application since the high temperatures would affect the measurements. Thus,
after careful strain-to-displacement calibration was conducted through the tensile tests,
displacement control was performed. However, all the results were carefully converted
and presented in strain values for the purpose of comparability.

The detailed cyclic test profile loading pattern for all four of the specimens is presented
in Figure 8, as obtained from Ghafoori et al. [40]. Both tensile loading and unloading were
performed at a strain rate of ε = 0.075%/s. After reaching the target pre-strain, the specimen
is unloaded. Both loading and unloading, paths 1 and 2 of Figure 8, respectively, take
place at room temperature. The subsequent step (path 3 of Figure 6) is heating. The
specimen is heated at 160 ◦C and then, cooled back to room temperature (path 4). After
reaching room temperature, the strain is kept constant for 15 min in order to monitor any
potential stress relaxation. According to findings in the literature, [40], this hold time is
sufficient for the most part of the relaxation to occur. Stress relaxation is attributed to creep
phenomena [40,41].

Following the end of the hold time, 10 low-frequency cycles were performed at the
same strain range, 0.04%; however, they were performed at different frequencies. After
the cyclic loading, all the specimens were subjected to an increasing tensile load (again,
through displacement control), with the ultimate target strains being the initial pre-strain
values of each specimen.

3. Results
3.1. Tensile Tests

The results of the three initial experiments are presented in Figure 7. All three of these
tests were performed at room temperature. According to the recorded data, the standard
0.01% and 0.2% strength of the material are 175 and 510 MPa, respectively. For the purposes
of this study and in accordance with the literature [40], two limits are investigated: the
0.01% stress, as a limit of proportionality; and the limit stress that corresponds to 0.2%
strain. This consideration is further explained in the following section.

S1 was tested first and produced an ultimate tensile strength of 1066 MPa. Specimen
S2 was loaded until a pre-strain of 1.6%, which will be a target strain for the cyclic tests. It
was observed that the stress recovers from 1.6% to almost 1%. Specimen S3 was loaded
in two increments in order to determine if the loading–unloading and reloading sequence
influences the stress that corresponds to 2% strain. According to the experiments, there
is only a slight deviance of approximately 5%, which is considered negligible. From this
experiment, it was also concluded that for a target strain of ε = 1% and ε = 2%, the recovered
strain is equal to 0.65% and 1.5%, respectively. It can also be observed that the slope of the
curve changes at approximately 300 MPa due to phase transformation.

3.2. Low-Cycle Fatigue Tests

The results of the fatigue tests are displayed in Figure 9a–c. Figure 9a is the stress–
strain graph for each specimen, plotted with the stress–strain curve of S1, which serves as a
reference. After the completion of the loading–unloading path, significant recovery stresses
are generated, ranging from 265 to 275 MPa. However, this is attributed to both SME
and thermal contraction. Upon heating and until 100 °C, thermal expansion is prevalent;
therefore, the monitored stress drops at the beginning of the thermal cycle. Once this
temperature is exceeded, SME becomes the governing factor; thus, stress starts to increase.
As soon as the cooling phase is initiated, thermal contraction further increases the stress.
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After the thermal cycle is finished, an initial recovery stress is recorded, which is
denoted as σr in Figure 5. The hold time between the thermal and the mechanical loading
cycles ensures that stress relaxation is allowed to take place. The subsequent mechanical
loading begins from the reduced recovery stress, σmin (see Figure 5). In Figure 9b, it is
evident that each frequency has a different effect on the SMA’s behavior.

4. Discussion
4.1. Tensile Tests

Detecting an exact yield point is a challenging and uncertain procedure that has
already been a matter of discussion in the relevant literature. According to Lee et al. [42]
and Khalil et al. [43], there are two mechanisms taking place upon loading that complicate
the detection of a clear yield stress. Khalil et al. [43] denote two different yield limits, one
that occurs due to the activation of stress-induced martensite and another that relates to
plasticity. The interaction of these two mechanisms complicates the identification of the
precise point where plasticity begins to take effect.

Temperature should also be considered since these two limits are not stable to tempera-
ture variations. Additionally, the stress–strain curve’s slope varies at different temperatures.
Khalil et al. [43] have produced a series of explanatory graphs and tables that clarify the
interaction between the two mechanisms at various temperatures. They report which
mechanism is prevalent for each temperature.

According to the literature, the material’s unloading behavior is not linear, as would be
expected according to Hooke’s law. The nonlinearity of the unloading curve demonstrates
an amount of pseudo-elasticity. The present study’s outcomes are in good agreement with
the literature. This behavior is demonstrated by the change of slope in the unloading curves
of specimens S2 and S3, presented in Figure 6.

The following paragraphs discuss the major findings of the present research. The
adopted loading protocol is chosen from the literature for comparison purposes, taking
under consideration the fact that there is a lack of an official testing standard (ASTM or
EN) for this type of test (thermomechanical fatigue tests for Fe-SMAs). The investigated
parameters are different from the ones reported in the past; thus, they increase the density
of the experimental results concerning Fe-SMAs. The different heating rate, loading rate
and pre-stress range that are applied are the basic parameters that are discussed hereafter
and compared with the literature.

4.2. Low-Cycle Fatigue Tests

Table 1 includes all the parameters investigated in each test. It contains details on the
pre-strain level, unloading target value, cyclic loading frequency and recovery stress for
each specimen. It is expected that different pre-strain and unloading target stresses result in
different residual strains and consequently, different recovery stresses. However, the stress
drops due to relaxation do not significantly deviate from each other, all ranging between 7
and 9 MPa. The corresponding stress drop percentages are all below 2.10%, which means
that the SMA tendons can withstand the anticipated cyclic loads that will be applied on
the structure without experiencing major relaxation. After the cyclic loading–unloading
sequences, the final recovery stresses are quite high, with increases from the corresponding
unloading stresses ranging from 270 to 290 MPa.

Figure 9b displays each specimen’s detailed response on the mechanical cyclic loading–
unloading sequence. Figure 9b is presented similarly to the literature [40]. It is evident that
between the first and tenth cycle, some amount of the recovery stress was lost. This stress
loss is attributed to plasticity. The maximum stress drop is found to occur between the first
and the second cycle. This is apparently the stage where plasticity begins to have an effect
on the material’s mechanical behavior. However, the stress drop due to plasticity that takes
place throughout this process is considered a small fraction of the total stress-drop.
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Table 1. Low-cycle fatigue test results.

Specimen Pre-Strain (%) Unloading Target
Value (MPa)

Residual Strain ε
(%)

Recovery Stress
σr (MPa)

Recovery Stress after 15′

σr
15min (MPa)

C1 1.85 125 1.50 427 418

C2 1.80 70 1.30 354 347

C3 1.90 120 1.40 424 416

C4 2.00 150 1.50 437 428

Specimen Stress Drop Due to Relaxation (MPa) Stress Drop
Percentage (%)

Cyclic Loading
Frequency (Hz)

Recovery Stress after
Cyclic Loading σr (MPa)

C1 9 2.10 0.5 404

C2 7 2.00 1 340

C3 8 1.90 2 409

C4 9 2.10 4 420

Specimen C4 demonstrates a partly different response to the fatigue loadings com-
pared to C1–C3: It exhibits a clear hysteresis loop for each cycle, as can be seen in both
Figure 9b,c. The recorded hysteretic behavior can not entirely be attributed to the increase
of frequency since it only occurs for C4 and not for C2 or C3. It can be assumed that the
microstructural response of C4 was different from the rest; however, in order to reach a
conclusion on the factors that drive this change in behavior, microstructural investigation
needs to be conducted. However, the hysteretic behavior of C4 is in good agreement with
the literature covering fatigue [22–30] since it has been reported that iron-based SMAs
have energy-dissipating potential. The hysteresis loop on 4 Hz, thus, verifies the material’s
damping capacity. Setting that aside, similarly to the rest of the specimens, C4 demonstrates
plasticity mostly during the first cycle; After that, its response is stabilized with each cycle.

Figure 10a presents the stress–temperature curves for the specimens used in the present
study. Figure 10b is a comparison between the findings of this study and the literature. The
shape of the curves and, therefore, the thermomechanical behavior of the alloy, depends
on the heating and cooling rates. It is evident from Figure 10b that the more rapid heating
rate induces thermal expansion more intensely than the slow rate does. In this study, the
heating and cooling rate is equal to 1.2 ◦C/s; a very quick heating rate, trying to simulate
realistic in situ civil engineering applications (e.g., the increase of temperature that occurs
with the use of an inductive current or with a simple flamethrower). On the other hand,
the literature adopts a slower heating rate that reaches 2 ◦C/min [40]. In Figures 10 and 11,
the rapid heating rate results in a small initial increase of the recorded stress at the range
of 50–80 MPa, followed by an equivalent decrease in stress. During cooling, the shape
memory effect (SME) is initialized and coupled with the thermal contraction, it results
in the increase of the recorded stress at the range of 450 MPa. Similar findings of the
SME initiation and the thermal contraction effect are also mentioned in the literature (see
Figures 10b and 11b).

Figure 11a shows the stress–time and temperature–time curves that correspond to the
thermal protocol, without the hold time for temperature equalization. The left vertical axis
depicts the recorded stress, whereas the right vertical axis the applied temperature. Two
curves are presented: the stress curve (continuous line) and the temperature curve (dashed
line). The time record upon heating and cooling is different since heating was performed
using a standard rate, whereas cooling was completed naturally. In combination with
Figure 4, the interaction between the SME and the thermal expansion effect can be better
understood: firstly, Figure 4 shows that the austenite start ranges between 50–80 ◦C. From
Figure 10a, it can be seen that stress increase takes place around 40 ◦C and is continued until
70 ◦C. Therefore, during the austenite start, stress increase occurs at an almost constant
rate and it can be considered that at this point, the SME is dominant. After 70 ◦C, a
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rapid decrease in stress is observed; thus, for the temperature range of 70–110 ◦C, thermal
expansion appears to be prevalent. From 110 ◦C to about 160 ◦C, an increase is observed at
a significantly lower rate. Therefore, coupling of the two effects takes place at this point,
with the SME prevailing. During cooling, SME is still present since the quick heating rate
prevents the phase transformation from martensite to austenite, to be entirely completed
before cooling begins. Namely, it takes some time for the specimen to distribute the
temperature changes across its whole volume, which means that the initiation of cooling
does not signify the end of the SME. A slower heating rate would allow the temperature
to be more uniformly distributed and such peaks would be avoided; an overall smoother
curve (similar to the literature’s) would most likely be formed. After 110 ◦C, a rapid
increase in stress is observed due to the thermal contraction effect.
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Figure 11a,b demonstrate that the heating–cooling rate plays an important role in
the thermomechanical behavior of the alloy, especially in terms of the thermal expansion
effect and the alloys’ temperature distribution across its whole volume. The specimens
used by Ghafoori et al. [40] were heated at a rate of 2 ◦C/min, while the samples of the
present study were heated at an average rate of 1.2 ◦C/s. The specimens are left to cool
naturally. According to the monitored data, cooling occurs at an average rate of 8 ◦C/min,
(~0.13 ◦C/s), which is evidently slower than heating.

5. Conclusions

The present study focused on the thermomechanical behavior of an iron-based shape
memory alloy subjected to tensile and low-cycle fatigue tests. A set of specimens was
subjected to a certain target of pre-strain values, thermal and then, mechanical cyclic
loading for different frequencies. Under constant strain conditions, the recovered stress
was monitored. The following conclusions were drawn from the experimental investigation:

1. Cyclic loading was applied with four different frequencies (i.e., different strain rates)
that were missing from the literature. It was shown that while at 0.5, 1 and 2 Hz, the
behavior of the alloy was similar, at 4 Hz, a hysteresis loop was observed. This finding
confirms the alloy’s energy-dissipating capacity.

2. The studied alloy demonstrated a significant recovery stress, which was largely
maintained after the fatigue tests. After the loading cycles, a small drop in the
recovery stress, around 2–3% was observed. Moreover, the measured recovery stress
decrease, during the 15 min hold time, was relatively small.

3. The experimental results are promising in terms of the on-field prestress feasibility.
Recovery stress values are high enough, although accuracy can be an issue that needs
careful handling.

4. The heating and cooling rate has a profound effect, significantly changing the thermo-
mechanical behavior of the material.
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Abstract: As a promising candidate in the construction industry, iron-based shape memory alloy
(Fe-SMA) has attracted lots of attention in the engineering and metallography communities because
of its foreseeable benefits including corrosion resistance, shape recovery capability, excellent plastic
deformability, and outstanding fatigue resistance. Pilot applications have proved the feasibility of
Fe-SMA as a highly efficient functional material in the construction sector. This paper provides
a review of recent developments in research and design practice related to Fe-SMA. The basic
mechanical properties are presented and compared with conventional structural steel, and some
necessary explanations are given on the metallographic transformation mechanism. Newly emerged
applications, such as Fe-SMA-based prestressing/strengthening techniques and seismic-resistant
components/devices, are discussed. It is believed that Fe-SMA offers a wide range of applications in
the construction industry but there still remains problems to be addressed and areas to be further
explored. Some research needs at material-level, component-level, and system-level are highlighted
in this paper. With the systematic information provided, this paper not only benefits professionals
and researchers who have been working in this area for a long time and wanting to gain an in-depth
understanding of the state-of-the-art, but also helps enlighten a wider audience intending to get
acquainted with this exciting topic.

Keywords: iron-based shape memory alloy (Fe-SMA); shape memory effect; martensitic transforma-
tion; prestressing; low cycle fatigue; seismic; damping

1. Introduction

Iron-based shape memory alloy (Fe-SMA, especially referring to Fe-Mn-Si class shape
memory alloy) possesses shape memory effect (SME) [1,2], outstanding low-cycle fatigue
(LCF) resistance [3], and some other desirable characteristics by which the material has
proven its potential in the field of the construction industry. Fe-SMA was traditionally re-
garded as an ideal material used in fasteners and tie systems, e.g., pipe joints, rail couplings,
and crane rail joint plates, where constrained stress is required [4]. The main purpose of
using such materials is to simplify the construction process by its SME property which
induces prestress conveniently. The so-called SME-induced prestress, also known as ‘recov-
ery stress’, is associated with its unique deformation-induced martensitic transformation
and subsequent heating–cooling process, where an approximate stress of 200–400 MPa can
be generated.

Apart from its desirable prestressing capability, Fe-SMA also has excellent low-cycle
fatigue resistance, which was first recognized by Sawaguchi in 2006 [3]. A series of studies
have been carried out on this front and considerable achievements have been made. The
engineering community has gained particular confidence with the completion of the 196-m
skyscraper ‘JP Tower Nagoya’, where Fe-SMA seismic dampers were first employed in an
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actual project in seismic-prone cities. These works further expand the application boundary
of Fe-SMA and inspire the interests of seismic engineers.

Fe-SMA has some extra benefits. It is reported that the corrosion-resistance of Fe-SMA
is close to that of stainless steel due to the addition of Nickel and Chromium elements [5].
This makes Fe-SMA well suited to chloride environments, e.g., coastal/offshore engineer-
ing construction. In addition, in contrast to Nitinol (another popular class of SMA) which is
less easily produced in large scale because of the demanding metallurgical process [6–8], Fe-
SMA can be mass produced with conventional metallurgical equipment [9], and, more en-
couragingly, the cost of the raw materials is inherently low [10]. This facilitates practical use
of Fe-SMA in the civil engineering sector, where the necessary size of elements/members is
often large and the budget is often controlled.

This paper seeks to summarize the recent technological advances in the research
and application of Fe-SMA in construction, covering diverse aspects including structural
retrofitting and seismic damping. The paper is also keen to highlight the authors’ unique
reflections on the present issue and future needs in this field, in addition to the latest
solutions. An overview of the basic mechanical properties of Fe-SMA is first presented,
followed by the possible application scenarios emerging over the past 10 years. Challenges
arising from the application of the new material are described, and where further studies
are emphasized that are required to respond to the identified issues. Research needs
and new application opportunities of Fe-SMA are also presented. While this paper is of
scientific interest to the mechanical and material science community, much emphasis is
placed on making the contents easier to learn by civil engineers. Therefore, in most cases,
the presentation is structured following the civil engineering custom and terminology.

2. Basic Properties

Prior to the introduction of the application of Fe-SMA, it is necessary to have a
comprehensive understanding of its basic characteristics. Typical physical properties of
Fe-SMA together with other important steel types are listed in Table 1. The Fe-SMA
presented in the table is Fe-17Mn-5Si-10Cr-4Ni-1(V,C) (mass%), which is one of the most
typical classes. Other classes will be expressed in the form of their compositions when they
are discussed.

Table 1. Physical properties for SMAs and conventional structural steels [5,11–13].

Property Units Value

Fe-SMA
NiTinol

Q235 SUS304
(Martensite) (Austenite)

Density g/cm3 7.2–7.5 6.45–6.5 7.86 7.93
Young’s modulus GPa 170 28–41 83 201 193

Electrical resistivity µΩ·cm 100–130 76–80 82–100 29.3 73
Specific Heat Capacity J/kg·◦C 540 836.8 836.8 745 500
Thermal conductivity W/(m·◦C) 8.4 8.6–10 18 61.1 16.3

Thermal expansion coefficient (×10−6) ◦C−1 16.5 6.6 11 12.6 17.2
Melting point ◦C 1320–1350 1240–1310 1468 1398–1454

Strain recovery limit % 2 10 - -
Poisson’s ratio - 0.359 0.33 0.294 0.25

2.1. Metallographic Transformation in Fe-SMA

When a metallic substance is subjected to an external force, metallographic transfor-
mation process is triggered. At the micro-level, the crystal lattice matrix is rearranged and
the atoms move in a particular way. The accumulated movements of the atoms on the
microscopic scale directly leads to deformation of the metal on a macroscopic scale [5].
Fe-SMA has three types of metallographic phases, i.e., γ-austenite (face-centered cubic
structure, fcc), ε-martensite (hexagonal close-packed structure, hcp), and α’-martensite
(body-centered tetragonal structure, bct). Schematic illustrations of these crystal lattices
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are shown in Figure 1. The metallographic transformation between γ-austenite and ε-
martensite (so-called ‘martensitic transformation’) occurs when the material is under an
applied force and/or a temperature change, and thus the martensitic transformation of
Fe-SMA can be categorized into stress-induced martensitic transformation and thermal-
induced martensitic transformation.

Figure 1. Micro-structure of crystal lattices: (a) γ-austenite; (b) ε-martensite; (c) α’-martensite.

The principle of thermal-induced martensitic transformation and its reverse process
can be readily understood by the following description. As seen in Figure 2, four typical
phase-transformation temperatures, i.e., martensite start temperature (Ms), martensite
finish temperature (Mf), austenite start temperature (As), and austenite finish temperature
(Af), are representative ones related to the start and finish of martensitic transformation
or its reverse process. When the initial temperature is high and it decreases to Ms, the
transformation from γ-austenite to ε-martensite starts and then the ε-martensite fraction in
Fe-SMA increases gradually. When the temperature drops below Mf, the transformation
process is completed and the ε-martensite fraction in Fe-SMA reaches its maximum value
(i.e., ζ in Figure 2). For the reverse transformation, when the rising temperature reaches As,
the ε-martensite starts to transform into the γ-austenite phase, and this process continues
until the temperature increases beyond Af, where the ε-martensite is transformed into γ-
austenite completely. Table 2 gives the measured results of the critical phase-transformation
temperatures of typical SMAs.

Figure 2. Schematic definition of thermal-induced martensitic transformation of Fe-SMA. ζ denotes
the maximum martensite fraction, and 0 < ζ < 1.

Table 2. Phase-transformation temperatures of SMAs.

Material Mf (◦C) Ms (◦C) As (◦C) Af (◦C) Ref.

Fe-SMA −90 −75 85 110 [14]
Fe-SMA −64 −60 103 162 [15]
NiTinol −70–55 15–21 −22–2 17–30 [16]

213



Materials 2022, 15, 1723

The martensitic transformation of Fe-SMA has two characteristics which directly pro-
mote its unique mechanical behavior: (1) The stacking fault energy required for martensitic
transformation is low, which makes the martensitic transformation easy to occur [5], (2) The
martensitic transformation is a diffusionless phase transformation process (i.e., it creates
a new crystal structure without introducing any compositional change) [5], making its
reversible martensitic transformation possible. The former gives the basis on why the
transformation between γ-austenite and ε-martensite would take place first when Fe-SMA
is exposed to external force and the latter explains the basic mechanism of pseudo-elasticity
& shape memory effect (this part will be further described in Section 2.3). More detailed
descriptions of the martensitic transformation from a perspective of crystallography can be
found elsewhere [5,17].

2.2. Monotonic Loading Property

Figure 3 compares the typical monotonic stress-strain curves of Fe-SMA with those of
other structural steel, i.e., austenitic stainless steel S30408, low point steel LYP100, mild steel
Q355, high-strength steel Q690 and aluminum alloy 7A04-T6. The stress-strain responses
of Fe-SMAs seem to be similar to that of stainless steel, although the strength of the former
is higher. Since there is no yield plateau in Fe-SMA, 0.2% proof stress is considered as an
equivalent yield strength. The comparison of the basic mechanical properties between
Fe-SMA and other metals is summarized in Table 3. The Young’s moduli of the Fe-SMAs
are generally comparable to, and may be slightly lower than, those of steel (except for
aluminum alloy). High ultimate strengths (f u > 700 MPa) and remarkable ductility are
observed in the Fe-SMAs, characteristics which are encouraging for seismic application.
The yield to ultimate strength ratio of Fe-SMA is around 0.4, indicating a pronounced strain
hardening behavior. Fracture of Fe-SMA occurs soon after reaching the ultimate strength,
indicating an inadequate necking process. This feature can be more clearly reflected when
compared with conventional structural steel (such as mild steel Q355) where a significant
localized shrinkage appears before fracture, as shown in Figure 4. This phenomenon also
indicates that the ductility of Fe-SMA is mainly derived from its evenly distributed plasticity
rather than localized necking. Apart from these characteristics, Fe-SMA is also reported
to possess a higher yield strength at higher strain rates [18], which may make Fe-SMA an
ideal material for blast-resistant structures, but no such study is currently available.

Figure 3. Typical full stress-strain curves of Fe-SMA and other typical structural steels [19–24].

214



Materials 2022, 15, 1723

Table 3. Mechanical properties of different metallic materials under quasi-static monotonic loading tests.

Material E0/GPa f y/MPa f u/MPa f y//f u εu f u2/MPa εu2 EL(%) Ref.

S30408 249 273 710 0.38 0.48 520 0.59 - [22]
7A04-T6 72 537 594 0.91 0.08 590 0.10 - [20]
LYP100 200 100 279 0.36 0.25 205 0.50 - [19]
LY100 199 128 252 0.51 0.27 - - 47.3 [25]
LY160 194 186 294 0.63 0.24 - - 44.5 [25]
LY225 202 191 295 0.65 0.23 - - 44.0 [25]
Q235 208 282 467 0.60 0.25 354 0.38 - [24]
Q355 206 385 533 0.72 0.25 390 0.36 - [24]
Q690 218 876 909 0.96 0.07 809 0.20 - [24]

Fe-SMA 184 450 950 0.47 - - 0.54 - [26]
Fe-SMA 200 310 993 0.31 - - - - [27]
Fe-SMA 160 534 992 0.54 0.40 969 0.44 - [21]

Fe-17Mn-5Si-10Cr-5Ni 172 297 774 0.38 0.45 698 0.48 - [23]
Fe-28Mn-6Si-5Cr 170 250 800 0.31 0.40 - - - [17]

Fe-15Mn-4Si-10Cr-8Ni 184 260 676 0.38 - - - 74.0 [28]

Notes: E0 refers to Young’s modulus; f y refers to yield strength; fu refers to ultimate tensile strength (UTS);
f u2 refers to fracture stress; εu refers to the strain corresponds to UTS; εu2 refers to the strain till fracture; EL refers
to elongation after fracture.

Figure 4. Macroscopic fracture behavior of (a) Q355 and (b) Fe-SMA under monotonic loading.

The evolution law of metallographic transformation during monotonic loading
process [29–34] can be described as follows: the initial phase of Fe-SMA specimen can
be considered pure γ-austenite since it is annealed during manufacturing, a process
which is equivalent to the reverse transformation mentioned above. As the stress (or
strain) increases, part of the parent γ-austenite gradually transforms into ε-martensite
(see Path 1 in Figure 5), and this leads to a deviation of the monotonic stress-strain curve
from the linear relationship [5,35]. As the stress further increases (see Path 2 in Figure 5),
α’-martensite, whose structure is formed through the lattice expansion of fcc and hcp struc-
tures, is discovered in the field of γ-austenite and ε-martensite [5,9]. This transformation
process continues until fracture. It is highlighted that when the material is loaded under
a high service temperature, the formation of stress-induced ε-martensite may be strongly
hindered, and this process is replaced by a direct transformation from parent γ-austenite to
α’-martensite (see Path 5 in Figure 5).

Figure 5. Evolution law of metallographic transformation for Fe-SMA under different thermal-
mechanical states.
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2.3. Pseudo-Elasticity and Shape Recovery Property

Hooke’s law holds true for normal steel during both the loading and unloading stages.
However, a nonlinear spring-back curve deviating from the linear path exists in Fe-SMA upon
unloading (see Figures 6 and 7a). This unique phenomenon is called pseudo-elasticity [36–42],
which is associated with the partial reverse transformation of the previously formed stress-
induced ε-martensite. However, due to the limited fraction of stress-induced ε-martensite, the
phenomenon of pseudo-elasticity is limited, i.e., much less significant than Nitinol [21,23,43,44].
In any case, the moderate pseudo-elasticity could still benefit residual deformation control
during dynamic shakedown, as discussed later in Section 2.4.

Figure 6. Pseudo-elasticity phenomenon of Fe-SMA.

Figure 7. Schematic diagram of (a) activation process of shape recovery property, and (b) generation
of recovery stress.

Shape recovery property, also known as shape memory effect (SME), is activated by
heating the deformed material. The aforementioned thermal-induced ε→γ transformation
contributes to the SME of Fe-SMA elements. Considering a Fe-SMA bar which is subjected
to axial elongation and subsequently unloaded, residual deformation occurs, like normal
steel. If the residual deformation of this bar is constrained, recovery stress (pre-stress) is
generated after heating and cooling. Figure 7b illustrates the development of recovery
stress (corresponding to path 4 in Figure 5). In the initial heating stage, stress relaxation
is observed due to thermal expansion (path A→B). When the temperature reaches As,
thermal-induced ε→γ transformation is triggered and the recovery stress starts to coun-
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teract thermal expansion. This process continues until the temperature increases to the
predefined maximum temperature (path B→C). During the cooling stage (e.g., air cooling),
a tensile stress is generated due to contraction and thus further recovery stress is induced,
which first increases linearly with decreasing temperature (path C→D). As the tensile stress
increases to a threshold of the minimum value for triggering the stress-induced marten-
site transformation, Fe-SMA again enters into the plastic stage. Consequently, a ‘yield’
phenomenon is observed (point D) and the stress-temperature curve becomes nonlinear
(path D→E). Point E is the final recovery stress produced in this process. It is noteworthy
that the preload level (i.e., path 1 in Figure 5) should be controlled within a moderate
range to avoid the formation of α’-martensite, since the reverse transformation process
cannot be realized when the material is in the α’-martensite state [9]. In other words,
α’-martensite is responsible for the irreversible plasticity, i.e., unrecoverable plastic strain
or permanent deformation.

When Fe-SMA is employed as a measure of prestressing, the amount of prestress is
the property of most concern to engineers. With the aim of increasing the shape recovery
properties, many research groups across the world have been devoted to developing
improved production and manufacturing processes, including but not limited to thermal
mechanical training, adjusting the chemical compositions and heat treatment [45–71]. These
efforts greatly enhance the reliability of Fe-SMA as an emerging prestressing strategy. For
engineering practice, a satisfactory prestress level can be achieved by pre-loading and
heating the Fe-SMA in an appropriate way. Table 4 summarizes the reported recovery
stress (f R) of Fe-SMA generated from different activation conditions. A pre-strain level of
2–4% seems to be an optimum range to achieve a satisfactory recovery stress (300–450 MPa)
when the activation temperature is below 200 ◦C [14,21,41,72]. It is also interesting to
find that concurrently applying a higher activation temperature (350 ◦C) and a larger pre-
strain level (6–8%) is beneficial for producing a larger recovery stress (which is almost 30%
higher than that activated at 200 ◦C) [73]. An increase in the activation temperature may
cause problems to concrete but is acceptable for steel structures [74]. Instead of applying
monotonic pre-strain, researchers have also examined the recovery stress of Fe-SMA upon
heating after experiencing tension-compression strain cycles, where the shape recovery
capability is decreased [75]. One possible reason is that the compression history worsens
the micro-structural environment for the reverse martensitic transformation process.

2.4. Cyclic Behavior, Low Cycle Fatigue and Energy Dissipation Capacity

The potential of Fe-SMA as energy-dissipating material was not recognized until 2006,
when its stable hysteretic behavior and excellent low cycle fatigue resistance were first
identified by Sawaguchi et al. [77]. For seismic application, it is essential to clarify the
mechanical behavior of Fe-SMA under cyclic loading [78–94]. In this section, some basic
properties of Fe-SMA under cyclic loading are discussed.

2.4.1. Hysteretic Behavior

Obtaining the hysteretic behavior under symmetrical cyclic loading is often a first
and standard procedure to understand the basic performance of a member or material
during earthquakes [95–100]. Figure 8a shows typical stabilized hysteretic loops (taken
from half-life cycle response) of Fe-SMA and steel, where the curves are divided into the
elastic (linear) part, transition part and hardening part. It is found that the loop shape
of the Fe-SMA is slightly narrower than that of the mild steel. An early spring-back
phenomenon, which results from the aforementioned pseudo-elasticity, is displayed during
the unloading process, leading to a smaller elastic region. In addition, Fe-SMA shows a
more obvious strain hardening response, whereas the mild steel shows little hardening
with an almost flat stress-strain curve in the hardening part. It is reasonable to deduce that
the residual deformation of structures with Fe-SMA-based components would be reduced
during earthquake conditions, since the spring-back self-centering trend, together with a
relatively large post-yield hardening, could effectively promote a self-centering capability
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of the system under dynamic shakedown [101,102]. Figure 8b further presents the full
incremental stress-strain responses as well as the skeleton curves (obtained from connecting
the peak stresses of the hysteretic loops) of Fe-SMA and mild steel.

Table 4. Recovery stresses for Fe-SMA under different activation conditions.

Ref. Manufacturing Details Specimen 1 Pre-Strain 2 Pre-Load Activation
Temperature f R/MPa 3

[41]
Hot rolled at 1040 ◦C SP-15 × 150 4% 50 MPa 160 ◦C 444
Hot rolled at 1000 ◦C SP-15 × 150 4% 50 MPa 160 ◦C 448

[14]
Hot rolled,

solution treated at 1100 ◦C for 5 h,
aging at 850 ◦C for 2 h

SP-0.7 × 1 4% 50 MPa 160 ◦C 330
SP-0.7 × 1 4% 50 MPa 225 ◦C 380

[76]

Hot press at 1100 ◦C and cold rolled,
solution treated at 1100 ◦C for 5 h and

water quenched,
aging at 850 ◦C for 2 h followed by air cooling

SP-0.7 × 1 4% 50 MPa 160 ◦C 565

[72]

Hot press at 1100 ◦C and cold rolled,
solution treated at 1100 ◦C for 5 h and

water quenched,
aging at 850 ◦C for 2 h followed by air cooling

SP-0.8 × 2 2% - 100 ◦C 290
SP-0.8 × 2 4% - 100 ◦C 303
SP-0.8 × 2 2% - 140 ◦C 317
SP-0.8 × 2 4% - 140 ◦C 355

[21] Hot pressed and cold rolled

SP-1.5 × 15 0.5% 50 MPa 160 ◦C 293
SP-1.5 × 15 2% 50 MPa 160 ◦C 346
SP-1.5 × 15 2% 50 MPa 195 ◦C 388
SP-1.5 × 15 4% 50 MPa 160 ◦C 334
SP-0.5 × 15 4% 50 MPa 160 ◦C 331
SP-1.5 × 15 6% 70 MPa 160 ◦C 298
SP-1.5 × 15 8% 83 MPa 160 ◦C 334

[73]

Hot rolled at 1150 ◦C and cold rolled,
solution treated at 1100 ◦C in

H2N2-atmosphere for 5 h,
aging at 850 ◦C for 2 h

SP-1.6 × 6 1% 50 MPa 200 ◦C 330
SP-1.6 × 6 2% 50 MPa 200 ◦C 344
SP-1.6 × 6 4% 50 MPa 200 ◦C 342
SP-1.6 × 6 6% 50 MPa 200 ◦C 332
SP-1.6 × 6 8% 50 MPa 200 ◦C 337
SP-1.6 × 6 2% 50 MPa 349 ◦C 364
SP-1.6 × 6 4% 50 MPa 350 ◦C 421
SP-1.6 × 6 6% 50 MPa 350 ◦C 428
SP-1.6 × 6 8% 50 MPa 350 ◦C 445

1 ‘SP’ refers to the sheet plate specimen, and is expressed in the form of ‘thickness × width’; 2 The pre-strain
process is performed under room temperature environment; 3 ‘f R’ refers to the recovery stress of Fe-SMA.

Figure 8. Comparison of (a) Decomposed hysteretic loops; and (b) Skeleton curves obtained from
stabilized hysteretic loops of Fe-17Mn-5Si-10Cr-5Ni and mild steel (Q235).

Researchers have reported that the hysteretic loops of Fe-SMA can quickly saturate
regardless of the strain range so that the peak stress is stable until failure [23]. However,
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according to the findings reported by Rosa et al. [26], a slight cyclic softening behavior (i.e.,
decrease in peak stress) appears when the strain rate reaches 0.08/s, which is an expected
strain rate considering a real earthquake excitation [103]. Further research opportunity
exists in comprehensive understanding of the rate effect of the material, especially in the
context of seismic application.

Figure 9 presents the stabilized hysteretic loops at different strain amplitudes by
moving their compressive corners to the same coordinate origin. If the ascending curves of
these hysteresis loops coincide, i.e., a master curve can be drawn in accordance with the
ascending curves, the material is deemed to possess Masing behavior. Previous research [84]
reported that Masing behavior can be observed in Fe-SMA when the strain amplitudes are
less than ±2%, as shown in Figure 9a. However, when the strain amplitude increases, the
ascending branches of the saturated hysteresis loops deviate from the master curve and
represent a non-Masing behavior (Figure 9b). Microstructural observations reveal that the
adaptability of Fe-SMA to Masing behavior is related to its micro-deformation patterns.
When the strain amplitude is moderate (e.g., not exceeding ±2%), the strain-induced
martensitic transformation accompanied by a planar slip of Shockley partial dislocations
in austenite is the main deformation mode [84]. However, when the strain amplitude
advances to a larger range, the micro-deformation pattern is dominated by the formation
of mechanical-twinning [90].

Figure 9. Adaptability of Fe-SMA to Masing behavior under (a) small strain ranges [84]; and (b) large
strain ranges [23].

2.4.2. Low Cycle Fatigue (LCF) Behavior

Large-size Nitinol elements are often criticized for their brittle fracture behavior and
poor LCF resistance [104–107]. Figure 10 and Table 5 summarize the LCF lives of some
typical steels. It can be seen that Fe-SMA possesses significantly longer LCF life than
conventional steels. This remarkable property results from the evolution of cyclically
deformation-induced ε-martensitic transformation, in contrast to dislocation-based plas-
ticity with irreversible slip in normal steels. As demonstrated in Figure 11, the parent
γ-austenite phase partially transforms into a tension-induced ε-martensite during the
loading process. During the unloading stage, the tension-induced martensite gradually di-
minishes and returns back to γ-austenite. When subjected to compression towards negative
strain, compression-induced ε-martensite is generated in the field of γ-austenite [77,78].
The phase transformation of the re-loading stage is similar to that of the aforementioned
unloading stage, and the repeated tension-compression cyclic loading process induces
alternate formation and disappearance of stress-induced ε-martensite. The repeated phase
transformation is beneficial in reducing the internal stress concentration caused by cyclic
loading and inhibiting local accumulation of dislocations and hence the initiation and
propagation of fatigue cracks [88].
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Figure 10. Comparison of fatigue lives between Fe-SMA and other typical metals [23,108,109].

Table 5. Numbers of cycles to failure of different metals.

Research Group Material
Strain Amplitude

Ref.
±1% ±3% ±5% ±7% ±9%

Tongji University Fe-17Mn-5Si-10Cr-5Ni 4007 880 210 102 83 [23]

Portland State University

GR345 536 69 27 16 - [108]
HPS485 400 51 21 13 - [108]
HS440 720 69 31 15 - [108]
LYP225 - 38 - 9 - [108]
LYP100 720 50 32 11 - [108]

Imperial College
S355 495–732 53–107 22–24 9–15 - [109]
S235 439–521 16–21 8–20 3 - [109]

EN1.4301 266–335 27–78 7–61 2–4 - [109]

Tsinghua University
LY100 512–694 82–103 - - - [25]
LY160 1008 121 40 - - [25]
LY225 1220 101 46 - - [25]

Japanese National Institute
for Materials Science

Fe-15Mn-(0-6)Si-10Cr-8Ni 2860–8500 - - - - [85]
Fe-30Mn-(6-x)Si-xAl 2024–8070 - - - - [80]

Figure 11. Phase transformation during cyclic tension-compression process for Fe-SMA.
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2.4.3. Energy Dissipation

The equivalent viscous damping ratio (EVD), as defined in Equation (1), is considered
to evaluate the energy dissipation capacity of Fe-SMA specimens under fully reversed
cyclic loading.

EVD =
1

2π

ED
ES

(1)

In the equation, ED is the area within the inelastic force-displacement response
curve, and ES is the recoverable elastic strain energy stored in an equivalent linear elastic
system [110]. The EVDs of different metals under half-life cycle are plotted in Figure 12a.
It can be seen that the EVDs of Fe-SMA are lower (decreased by about 20%) than that of
conventional steel. This is mainly attributed to its strain hardening behavior, resulting in a
narrower hysteresis loop shape. The early spring-back behavior also decreases the ES of
Fe-SMA to some degree. On the other hand, the absolute energy dissipation WD, which is
calculated by the area of the stabilized stress-strain curves, shows that Fe-SMA could be
have more energy dissipation, especially at larger strain amplitudes (see Figure 12b). More
importantly, due to the excellent LCF resistance, the total energy dissipation (accumulation
of ED) of Fe-SMA is much larger than that of normal steel with the same geometric size.

Figure 12. Parameters for evaluating energy dissipation capacity under different strain amplitudes:
(a) EVDs; and (b) Absolute energy dissipation at half-life cycle. Results are re-produced from [23,25].

3. Research and Potential Engineering Applications

Early application of Fe-SMA in civil engineering began in the 1990s, where focus was
mainly on special connections, such as railway fishplates, crane rail joint plates, and pipe
connection devices for tunnel construction [5,9,17,111]. These connections are tightened
via the SME of Fe-SMA. The SME-triggered tightening method greatly simplifies the
construction/prestressing process.

Recent research and development activities enable a wider use of Fe-SMA in the
construction industry. In particular, the research and application of Fe-SMA over the past
10 years can be mainly divided into two fields: (1) SME-induced prestressing technique for
repairing and strengthening structures [112–139], and (2) seismic damping [23,28,75].

3.1. Novel Strengthening Solution Based on SME of Fe-SMA

High-cycle fatigue causes crack propagation in structural components, a case which
in turn leads to the deterioration of stiffness/strength and shortens the service life of the
structure. Practice has proven that through strengthening the cracked or damaged compo-
nents, the service life can be effectively prolonged. Existing strengthening strategies include
using external bonding reinforcing materials or applying prestressing. Overcoming some
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possible shortcomings such as the difficulty in construction for the traditional reinforcing
strategies, a new method utilizing Fe-SMA has received great attention. The main proce-
dure of the Fe-SMA-based strengthening solution is similar to that of the aforementioned
SME-triggered tightening method and can be summarized as follows (see Figure 13):

(1) Pre-deform (for most cases, pre-tension) the Fe-SMA elements to a preset strain value
or the expected shape;

(2) Connect the pre-deformed Fe-SMA elements to the base components (i.e., those ready
for strengthening or connecting);

(3) Apply electric heating (or infrared heating) to the pre-deformed Fe-SMA elements
to a preset temperature and keep it for a short period of time to guarantee fully
activated SME;

(4) Wait until the Fe-SMA elements cool down to room temperature, and recovery stress
is generated;

(5) The structures then return to normal service state.

Figure 13. Schematic illustration of procedure for Fe-SMA-based strengthening/connecting solution.

3.1.1. Strengthening for Reinforced Concrete (RC) Structures

The earliest practical application of Fe-SMA in the field of prestressing can be traced
back to 2001 where a bridge in Michigan, United States, experienced fatigue-induced
cracking [120]. In this case, Fe-SMA tendons were installed perpendicularly to the shear
cracks. After electric heating, a recovery stress of approximately 225 MPa was induced
in the Fe-SMA tendons. Field measurements indicated that the generated recovery stress
closed the width of the shear cracks to a large extent and the load-carrying capacity of this
bridge was effectively recovered.

Since the initial success, laboratory research works have been conducted on concrete
structures strengthened by Fe-SMA reinforcement, and suitable anchorage systems have
been developed. For example, EMPA (Swiss Federal Laboratories for Materials Science and
Technology) proposed an anchorage system for Fe-SMA tendons employed as near-surface
mounted reinforcement (NSMR) in RC structures [121–123]. As shown in Figure 14a, Fe-
SMA prestressing elements are embedded in pre-made grooves and covered with adhesive
material such as cement-based mortar herein. Lap-shear experiments have been carried out
to clarify the bonding behavior between the Fe-SMA strips and cement-based mortar [122].
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Deeper embedment depth and ribbed surface for Fe-SMA strips are recommended for
practical application [124]. It is also found that the current design guidelines would
underestimate the necessary anchorage length for Fe-SMA bars [125]. The corresponding
calculation methods are yet to be available.

Figure 14. Schematic illustration of different anchoring methods for Fe-SMA tendon/strip strength-
ening RC components: (a) NSMR method; (b) shotcrete method; (c) NSMR-expansion anchor method;
and (d) nail-based method.

With the aim of further simplifying the anchoring process and satisfying the objec-
tive of rapid recovery on site, a new anchoring method employing shotcrete is proposed
(see Figure 14b) [126]. The previously tensioned Fe-SMA tendons are installed beneath
the beam with an additional cementitious layer (shotcrete) sprayed on, covering the
Fe-SMA tendons. After sufficient curing, current resistance heating is applied for acti-
vation and prestress is induced. Feasibility studies on flexural strengthening [126] and
shear strengthening [127] of RC beams with this anchoring method have been conducted.
Both the test results revealed that this strengthening system can efficiently increase the
flexural/shear-resistant performance of RC beams. At the same time, beam deflections,
number of cracks, and the widths of cracks were all reduced.

The flexural behavior of RC beams strengthened by the Fe-SMA NSMR system was
investigated in [128], where ribbed Fe-SMA strips were longitudinally embedded at the
bottom of the beam. Copper clamps were used to transmit the electric current. After
current resistance heating to a target temperature of 160 ◦C, a permanent prestress of about
200 MPa was created in the Fe-SMA strips. Rojob et al. [129] conducted a comparative
experimental study on the effect of strengthening through CFRP strips and Fe-SMA strips,
and confirmed that the Fe-SMA strips lead to better ductility of the beam. Rojob et al. [130]
further added expansion anchor to this system (see Figure 14c) and found that the ductility
of the RC beam was further improved. This is because the additional expansion anchor
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provides an extra force transmission path, which maintains beam function after the Fe-SMA
tendons are stripped from the adhesive material.

Nail-based mechanical anchorage system is an alternative method for the Fe-SMA
NSMR system. As shown in Figure 14d, Fe-SMA strips can be easily fixed to the sur-
face of the base concrete layer by the aid of direct-fasteners (e.g., nails) and nail-setting
devices [131]. The total duration for installing and activating a 5-m Fe-SMA strip is within
20 min [132]. This method has been applied to some retrofitting cases in Switzerland [132].
However, nail-based anchorage systems may not be the best solution for bridges since the
nails tend to loosen under HCF-loading conditions.

It should be noted that for RC structures, the target temperature during electric heating
should be carefully controlled, since high temperatures may cause concrete cracking/damage
and could be detrimental to the bond strength between Fe-SMA and concrete [73]. As reported
in [125], a longitudinal splitting crack with a width of about 0.05 mm appeared in the
mortar surface when the Fe-SMA was heated up to 190 ◦C. Most existing studies adopt a
maximum activation temperature of around 160 ◦C, which can be regarded as a feasible
target temperature.

3.1.2. Strengthening for Steel Structures

The friction-based mechanical anchorage system, which is feasible for strengthening
steel structures with Fe-SMA prestressing strips, was first developed by EMPA, as shown
in Figure 15a [133]. Glass-fiber-reinforced plastic (GFRP) laminates and friction foils are
also involved in this anchorage system, along with clamping plates and bolts which are
necessary for anchoring. The GFRP laminates electrically insulate the Fe-SMA strips
from the steel plate during the activation procedure, thus avoiding energy waste and
reduction of heating efficiency. Extra friction foils are often used to increase the static
friction coefficient for this joint. The experiment was first conducted on simple steel plates,
and it was shown that a 2% pre-strain of the Fe-SMA strips can produce a recovery stress
of about 330–410 MPa after heating to 260 ◦C, resulting in a compressive stress of about
35–74 MPa in the base steel plates. A fatigue test was further conducted and the results
proved that the fatigue life of these strengthened steel plates was evidently increased and
the propagation of initial cracks was postponed and even arrested in some cases [134].
Appropriate modifications were subsequently made and the applications were extended
to fatigue strengthening of metallic girders (see Figure 15b) [135,136] and connections
(see Figure 15c) [137]. Similar conclusions were drawn from these works.

Recently, a novel fatigue strengthening solution for steel structures using adhesively
bonded Fe-SMA strips was investigated by EMPA. The adhesive Sika1277 was used to
bond the Fe-SMA strips to the steel plates [138]. It is reported that the bonding force is
approximately twice the prestress achieved in the Fe-SMA strips. No softening behavior
was observed during the activation process, which means that the adhesive can securely
anchor the Fe-SMA strip throughout the whole strengthening process [139]. Due to the
bridging mechanism of the adhesive anchorage, crack opening in the base structure was
suppressed and stress singularity at the crack tip was also significantly reduced [139].
However, future studies are still needed to investigate the time-varying behavior of this
bonding-based anchorage system during the entire service life.
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Figure 15. Schematic illustration of friction-based mechanical anchorage system for Fe-SMA strips in
steel structures: (a) Configuration details; (b) Strengthening of metallic girders; and (c) strengthening
of metallic connections.

3.2. Seismic Dampers

Conventional metal dampers are usually made of steel with a reasonably low yield
strength, which encourages early participation in energy dissipation. Ductility and dura-
bility are also important characteristics, since many strong ground motions followed by a
series of aftershocks have been recorded in the past decades [140]. A Japanese industry–
academic–government joint research group had developed Fe-SMA-based (Fe-15Mn-4Si-
10Cr-8Ni) buckling restrained shear dampers (BRS, see Figure 16a) and buckling-restrained
braces (BRB, see Figure 16b), and used them in the JP Tower Nagoya and The Aichi
International Convention & Exhibition Center, Tokoname, respectively [28]. Related experi-
ments have been conducted [23,28,75] and the results confirmed that the Fe-SMA seismic
dampers exhibit considerably longer fatigue life (around ten times) than conventional
steel dampers. Loading tests with random seismic wave inputs were also performed
and the results showed that the seismic dampers exhibit stable energy absorption behav-
ior under a wide range of deformation angles, reflecting a reliable performance during
earthquake sequences [28].

A more comprehensive experimental study on Fe-SMA (Fe-17Mn-5Si-10Cr-5Ni) BRS
was conducted by the authors and co-workers recently [23] (Figure 17a). Loading protocols
with constant and incremental symmetrical shear displacement amplitudes, marked as
‘protocol I’ and ‘protocol II’ in Figure 17b, respectively, were employed to investigate
the hysteresis response of the Fe-SMA-based BRSs. Such loading protocols were also
conducted on steel (Q235) BRSs with the same geometry, and the test results are compared
in Figure 18. The hysteretic loops of Fe-SMA-based BRSs are slightly narrower than
those of steel BRSs (half-life cycle EVD = 0.42 vs. 0.52 under constant displacement
amplitude), which is consistent with the material-level observation described previously.
Importantly, significantly enhanced fatigue resistance was achieved in the Fe-SMA-based
BRSs, leading to a considerable increase in the total accumulated energy dissipation (ET)
(Figure 19). Figure 20 shows the final crack patterns of Fe-SMA- and Q235-based BRSs in
this experiment. The cracks of the Fe-SMA-based BRSs tended to be initiated in the center
region of the core plates, with a subsequent crack propagation to the arc-shaped edge,
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whereas the cracks of the Q235-based ones were initiated from the arc-shaped edge region.
Research opportunities exist in further investigating the reasons behind the difference in
the fracture mechanism between Fe-SMA and steel shear dampers.

Figure 16. Configuration of Fe-SMA-based (a) BRS; and (b) BRB developed by a Japanese industry–
academic–government joint research group.

Figure 17. Laboratory experiment of Fe-SMA-based BRS: (a) illustration of test setup; and (b) loading protocols.

Figure 18. Hysteretic behavior for Fe-SMA- and Q235-based BRS under: (a) Protocol ‘I’; and (b) Protocol ‘II’.
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Figure 19. The total amount of accumulated energy dissipation (ET) for Fe-SMA- and Q235-based
BRS: (a) ET vs. Cycles under Protocol ‘I’; and (b) a comparison of ET between these two metal BRS
under different loading protocols.

Figure 20. Macroscopic fracture behavior of (a) Fe-SMA-based BRS; and (b) Q235-based BRS under
loading protocol ‘I’.

More recently, the authors and co-workers have completed a series of tests on Fe-SMA
U-shaped dampers, as shown in Figure 21a. It was found that the LCF life of the Fe-SMA
dampers is 5–7 times that of their steel counterparts. A representative Fe-SMA damper
hysteretic curve is shown in Figure 21b, where full and stable hysteresis curves are observed.
The details of this experimental program will be published in a separate paper.

Figure 21. Fe-SMA U-shaped damper tests: (a) test setup; and (b) hysteretic response under incre-
mental loading protocol.

227



Materials 2022, 15, 1723

3.3. Advantages Compared with Alternative Solutions

Summarizing the above studies and applications, the main advantages of the Fe-SMA
solutions are further elaborated here. In the field of retrofitting, the prestressing process of
Fe-SMA strips is easier than that of the CFRP tendon-based reinforcement which currently
prevails [133,136,139,141]. This is mainly because the former can be activated through elec-
trical heating without any heavy hydraulic jacks or dedicated mechanical clamps. Moreover,
the required fire protection for Fe-SMA strips can be less demanding than that required for
CFRP strips. Studies have found that Fe-SMA strips have a positive effect in countering the
relaxation behavior of structures at elevated temperatures [142]. Furthermore, corrosion,
creep, and relaxation behavior under extreme environments (e.g., high-temperature and
chlorine environments) have been investigated which confirmed the suitability and reliabil-
ity of Fe-SMA [120,143–150]. Another attractive advantage of Fe-SMA-based strengthening
strategy is its re-prestressing property, i.e., HCF-induced relaxation in recovery stress can
be restored through repeated rounds of thermal activation [18,134,151]. This process is
simple and can be implemented without the necessity for the time and labor-intensive
disassembling procedure.

As for the Fe-SMA-based seismic dampers which have attracted great attention in
the community of seismic designers, the fatigue-free and maintenance-free seismic design
ambition may become possible. These significantly benefit society since the maintenance
costs including those related to hazards have become an important part of governments’
expenditure over the years (for example, about 400 billion Euros are paid for maintenance
of buildings in Europe [152]).

Despite the fact that the price of Fe-SMA is currently higher than conventional struc-
tural steel, the whole-life costing of Fe-SMA-based applications may be comparable with
the conventional technologies. It is noted that Fe-SMA is much cheaper than NiTi SMA
which is often criticized for its high cost [153–157]. Existing studies also found that the total
costs of Fe-SMA- and CFRP-based strengthening solutions are comparable when the cost of
dedicated mechanical clamps for prestressing CFRP strips as well as the cost of labor were
considered [141]. Moreover, long term costs can be saved to some degree due to the low
maintenance requirements and the corrosion-resistance property of Fe-SMA. Importantly,
since Fe-SMA shares similar production process to stainless steel [9], it is optimistic to
predict that the price of Fe-SMA has the potential to approach that of stainless steel as long
as the demand matches with production quantities.

4. Further Research Needs

There is still a gap to be filled for a comprehensive understanding of Fe-SMA’s me-
chanical properties towards more confident application in practice. Metal plastic forming
and heat treatment have a strong influence on the mechanical properties of Fe-SMA. Cold-
worked Fe-SMA displays higher yield strength and higher shape recovery stress than that
of hot-rolled ones [76], and the stress-strain curves may also show differences. The rationale
behind the influence of these factors has not been comprehensively studied, and there are
still limited constitutive models developed for Fe-SMA.

Welding is another important aspect for engineering application of Fe-SMA. Although
the applicability of different welding technologies such as tungsten-inert gas, laser beam,
and electron beam welding have been studied [158–162], some crucial welding proper-
ties and technologies are still under investigation. For example, in most of the existing
experiments, Fe-SMA was welded to Fe-SMA or austenitic stainless steel in which the
base metal shares the same metallography (γ-austenite). However, there has been little
experimental research focusing on welding methods for connections between Fe-SMA and
conventional structural steel. In addition, most of the existing studies focused on the effect
of welding on the SME of Fe-SMA, whereas the mechanical properties of the weld itself
and the heat-affected zone (HAZ) have been inadequately studied. Special attention should
be paid to the fracture initiation mechanism of the weld, because the fatigue resistance as
well as the plastic deformation capability of the weld and HAZ are usually inferior to the
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parent material of Fe-SMA, a case which leads to early fracture of the weld zone before the
LCF failure of Fe-SMA. Further research opportunities exist in seeking for reliable weld
techniques for Fe-SMA-based components, especially in the field of seismic engineering.

From a fracture mechanics’ point of view, previous research works have found that
the crack distribution pattern of Fe-SMA-based dampers is very different from steel
dampers [23], which may be related to the unique reversible martensitic transformation of
Fe-SMA. However, an accurate explanation for the difference in the crack initiation and
propagation behavior is still unavailable. Research opportunities exist in revealing how the
microscopic feature of Fe-SMA would affect the macroscopic fatigue failure mode.

In future, Fe-SMAs may be used as next-generation structural steel due to its high
strength, high ductility, excellent energy dissipation capability and LCF resistance during
earthquakes. To this end, a more in-depth understanding of the mechanical behavior of Fe-
SMA elements (such as springs, tendons, cables, etc.) and structural components (such as
beams, columns, shear plate walls, etc.) is required. Since differences in mechanical proper-
ties exist between Fe-SMA and conventional structural steel, the applicability of the existing
construction and design methods for normal steel to Fe-SMA-based structural components
is questionable. In particular, a more unique system-level behavior is anticipated when
the Fe-SMA elements are employed because of the special cyclic hardening and unloading
spring-back behavior. Fe-SMA may also be used together with super-elastic Nitinol to
reach a hybrid design which enables a good balance among self-centering capability, energy
dissipation, and cost, compared with a pure Nitinol solution [44,163–167]. Preliminary
seismic collapse safety assessment has revealed that the collapse capacity of beam-column
joints equipped with Fe-SMA is significantly improved [168]. More studies are needed
towards establishing a systematic and standardized design and construction process for
Fe-SMA-based components and structural systems, and the entire design philosophy has
to be revisited in future. Similarly, for the application of Fe-SMA in strengthening, further
work is required to develop an integral design approach including the selection of materials,
installation process, activation process, and quality check standard.

Last but not least, when one utilizes both the excellent LCF resistance and SME of
Fe-SMA, a completely new structural design philosophy, namely, fatigue free and in situ
recoverable structural design, may be developed. In other words, even if small residual
deformation exists after an earthquake, a further deformation recovery may be promoted
by heating the material via either electrical resistance or infrared heating, where the entire
process is safe, quick, and economical. In this regard, the recoverable strain/recovery stress
of cyclically ‘trained’ Fe-SMA (rather than that of the material under monotonic loading) is
worth further studies.

5. Concluding Remarks

Fe-SMA is an emerging high-performance metal with unique properties that make it
well suited to many applications in the construction sector. Its shape recovery properties
result from reversible martensitic transformation and have been utilized for prestress-
ing/retrofitting structural components. It is foreseeable that the convenient prestressing
process and sound re-activating properties would promote the material for wider use in
the field of structural retrofitting. A series of anchoring systems for Fe-SMA strengthening
solution have been developed for different structural types.

The use of Fe-SMA as seismic-resistant material began in the 2000s. Satisfactory ductil-
ity and energy dissipation capability are identified. The repeated tension and compression-
induced martensite, generated through cyclic loading, suppresses the micro-crack initiation
and/or propagation which directly enhances the LCF life of Fe-SMA. These features make
fatigue-free and maintenance-free seismic design philosophy possible in the near future.

Challenges and opportunities do remain for a more confident application of Fe-SMA
in construction. For example, the influences of forming process and heating effects on
the mechanical properties of Fe-SMA have not been fully investigated. Technologies for
welding of Fe-SMA are needed. Constitutive models applicable to Fe-SMA should be
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proposed and the fundamental fracture mechanism of the material under different stress
states needs to be clarified. Existing design approaches may be revisited when designing
Fe-SMA-based structural components since many unique mechanical behaviors exist in
Fe-SMA. The highly nonlinear stress-strain response, especially the substantial strain
hardening characteristic may be a key design challenge for Fe-SMA-based seismic dampers.
It is advised that more experiments on the component level and even system level should
be conducted, seeking for a more comprehensive understanding of this material and its
behavior in a structural system.
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