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Shape memory alloys (SMAs) are a well-known type of smart material that recovers its original shapes upon
activation. This unique property makes SMAs attractive for pre-stressing applications in civil engineering.
Iron-based SMAs (Fe-SMAs) are particularly promising for civil engineering applications because of their
low cost, high stiffness, and large recovery force generation. The activation of Fe-SMAs embedded in
concrete involves four main physical processes: electrical current flow, heat generation and transfer, stress
generation, and phase transformation. A multiphysical simulation of the Fe-SMA activation is performed in
the present study, considering the interaction of the involved physical models. The verification of the model
is done in multiple steps, by comparing the simulation results with the available experimental results on
Fe-SMA activation. Following the model verification, a parametric study is done to investigate the effective
activation, and geometrical parameters on the heat, and stress distributions. The model provides a reliable
tool for understanding the behavior of the embedded Fe-SMA reinforcement and surrounding concrete during
activation. It also aids in designing the appropriate activation and geometrical parameters for SMA-reinforced

concrete structures, based on the required mechanical properties of the structure.

1. Introduction

Shape memory alloys (SMAs), a well-known type of metallic smart
material, are renowned for their ability to remember and recover
their initial shape after deformation through external stimuli such as
heat [1,2]. As one of their main characteristics, the shape memory
effect (SME) results from a reversible martensitic phase transformation
that appears in the alloy at particular threshold temperatures [3].
Their other unique feature is superelasticity which allows the SMAs to
experience substantial reversible strains when loaded and unloaded at
temperatures above the phase-transformation range (i.e., the austenite
finish temperature A,) [4]. Because of their unique mechanical and
physical properties, SMAs have been widely used in various fields of
applications [5,6]. In recent years, SMAs have received considerable
interest in civil engineering applications, particularly in earthquake
resistance and the retrofitting of existing buildings and bridges [7].
Using Fe-SMA in earthquake-resistant buildings can reduce deformation
and floor acceleration demands, leading to a lower probability of
collapse [8,9], provide excellent recentering abilities and moderate
energy dissipation [10], and enable connection recentering with sup-
plementary energy dissipation in structural connections [11]. They can

enhance the performance and durability of civil structures by providing
capabilities such as pre-stressing [12-18], energy dissipation [19-21],
self-centering [22,23], and self-healing [24-26]. Among different types
of SMAs, Iron-based SMAs (Fe-SMAs) are expected to have tremen-
dous potential for civil engineering applications because of their high
stiffness and low cost compared to the more expensive nickel-titanium
(Ni-Ti) SMAs [18,27].

Multiphysics modeling is a simulation technique that integrates
multiple physical phenomena and their interactions into a single com-
putational model [28]. This approach allows for a more comprehensive
analysis of complex systems by capturing the interplay between various
physical fields, such as electromagnetic, thermal, mechanical, and fluid
dynamics [29,30]. Since its inception, advancements in computer tech-
nology and interdisciplinary research have significantly expanded the
scope and capabilities of multiphysics modeling, making it an essential
tool in fields ranging from engineering to materials science [31].

The activation of Fe-SMAs embedded in concrete is a multiphysics
process involving four major physical processes: electrical current flow,
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heat transfer, continuum mechanics, and martensitic phase transforma-
tion [32-34]. An electrical current circulates through the SMA wires
upon activation to heat the SMA (based on the electrical resistivity)
and induce a reversible martensitic phase transformation, leading to
a shape-recovery phenomenon [35]. This method can be utilized to
strengthen concrete structures by implementing Fe-SMA wires or bars
in concrete and activating them when necessary [36,37].

Multiphysical simulation is a powerful method for analyzing mul-
tiple domains, which integrates different physical models and nu-
merical techniques into a unified computational platform [38-40]. In
recent years, there has been considerable research and development
undertaken regarding multiphysical simulations of SMA materials [41—
44]. However, based on the available literature, the multiphysical
studies on the activation process of Fe-SMAs in structures are very
limited [45-47]. A recent study [47] utilized a multiphysical model
to predict temperature distribution and pre-stress in Fe-SMA during its
activation within concrete. Based on the findings, an activation guide-
line for Fe-SMAs embedded in concrete was established. Rodino and
Maletta [45] employed a multiphysics model to capture the coupled
thermo-mechanical response of SMA activation in a polymeric matrix.
They reported excellent agreement between experimental and simula-
tion results and presented an optimal activation configuration using
a parametric study. In a recent study, Saeedi et al. [46] employed a
multiphysics model to simulate the activation process of SMA actuators
in a bi-stable shape-changing system. They used the simulation results
to control the heating process, ensuring that the SMA does not overheat
and achieves the desired shape change during activation.

The present study aims to establish a multiphysical macroscopic
simulation of the interaction between the individual constituents of
concrete with embedded Fe-SMA elements during the activation pro-
cedure to address the lack of accurate computational methods for com-
prehending the activation of Fe-SMAs embedded in concrete. The simu-
lation is performed using Comsol software, which provides a framework
for addressing the multiphysical aspects of the study. The Lagoudas
model [48] is used to simulate the SMA material behavior. However,
because this model was originally developed for Ni-Ti SMA materials,
adjustments were made to the formulation to adapt it to Fe-SMAs. In
this regard, the formulation of material characterization was modified
by adding the nonlinear strain components. The simulation results were
assessed and compared with the results of previous experiments.

The main contribution of the present study is the development of
a comprehensive multiphysical model for the activation of Fe-SMA
in concrete. The simulation incorporates not only the temperature
distribution within the system, but also the generated stress and strain
field within the model during the activation phase. While the focus of
the previous studies on Fe-SMA multiphysics simulations was mainly
on temperature distribution upon activation, this study takes a broader
approach by integrating a constitutive model of Fe-SMA to efficiently
calculate the stress distribution in the Fe-SMA and the system. The
present study offers an expanded multiphysics perspective on the Fe-
SMA and concrete material system, providing deeper insights into the
behavior of Fe-SMA during activation. Using the multiphysics model
helps to understand the activation behavior and extract additional data
from the experiment. Additionally, it can be used to define proper
SMA mechanical and activation parameters prior to the fabrication
of the specimen. The required pre-strain level, the volume fraction of
SMA, and the required temperature and current (in the case of resistive
heating) can be obtained using the model. This study emphasizes the
importance of developing reliable simulation tools to understand the
behavior of Fe-SMA embedded in concrete during activation. Such sim-
ulation approaches and tools can promote the application of Fe-SMAs
in different engineering fields, particularly in civil engineering.
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2. Multiphysical modeling

Multiphysics modeling of SMA actuation embedded in a concrete
structure requires considering the interaction between the involved
physical phenomena. For the activation process, the main steps are heat
generation in the Fe-SMA due to its electrical resistance, transferring
the generated heat to the surrounding materials (concrete and air), and
stress transfer between embedded Fe-SMA and host concrete structure.
The goal of the present work is to examine the stress distribution
inside the SMA and concrete materials, as well as the resulting beam
displacement.

In the modeling process, two different multiphysics simulation ap-
proaches are employed to accurately model the interactions between
thermal and mechanical behaviors within the Fe-SMA and concrete
composite system.

Thermal expansion multiphysics is employed to capture the effects
of temperature changes in the Fe-SMA on the mechanical stresses.
Thermal conductivity between the SMA and concrete is modeled to
account for heat flow within the composite system and convection on
the outer sides of the concrete specimen is incorporated to simulate
heat transfer with surrounding air. For thermal expansion, the secant
coefficient of thermal expansion is employed to determine the thermal
strains:

Eth = @ (T - Tref) > (€D)]

where &y, is the thermal strain due to change in temperature, and «
is the secant coefficient of thermal expansion. The temperature (T),
on the other hand, is calculated by considering resistive heating in the
Fe-SMA.

Resistive heating during activation is modeled by simulating elec-
tric current flow and incorporating the Joule heating effect into the
thermal analysis. The two modules—electric current and heat transfer
in solids—are linked together through an electromagnetic heating mul-
tiphysics module to simulate heat generation and transfer during the
activation of the Fe-SMA reinforcements.

Initially, the electric current flowing through the Fe-SMA reinforce-
ment is modeled using the principles of electrical conduction:

J=cE+1J, 2

where J is the current density, o is the electrical conductivity of the
Fe-SMA, E is the electric field, and J, is externally generated current
density.

The current density is utilized in the subsequent step to calculate
Joule heating. The generated heat (Q.) in the SMA due to electric
current is determined by:

Q.=J-E, 3

The generated heat, taking into account heat transfer within the
SMA and between the SMA and concrete, results in a temperature rise
in the model. The multiphysics coupling equation for electromagnetic
heating is:

pCP% - v (kvT) = Q,, Q]

where p is the density of the Fe-SMA and C,, its specific heat capacity.
k represents the thermal conductivity, and Q. the volumetric heat
generation from Joule heating.

2.1. Setting up the models

With the target of simulating the activation process of Fe-SMA rein-
forcement embedded in concrete beams, three models were considered.
For each of the three introduced models, the geometry of Fe-SMA
reinforcements and boundary and loading conditions were selected
similar to the experiments:
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Model I: To verify the nonlinear material model for the Fe-SMA,
the stress—strain behaviors of the Fe-SMA bar during loading and un-
loading were studied. For this model, the SMA bar with a diameter of
12 mm was modeled using the 2D axisymmetric method. The quadratic
function was selected as the transformation function of SMA, and the
modified shape memory material model was assigned to the geometry.
The plastic strains were applied to the model as the external strains.
Thermal expansions for martensite and austenite phases were also
coupled to the model. The external strength was applied to one end
while the other end was fixed.

Model II: Having verified the material model for the Fe-SMA, the
activation of constrained Fe-SMA in the air was simulated using a
multiphysical model. After verifying the nonlinear behavior of Fe-SMA
in loading cycles, a simulation of Fe-SMA activation in air was first
conducted to verify the model in a simpler context before moving
on to the more complex simulation of Fe-SMA embedded in concrete.
Experimental results were used to verify this model as well. A material
model similar to Model I was also used for Model II. The geometry
of the model was a strip with a thickness of 1.9 mm and a width
of 14 mm. A fixed boundary condition was applied to the ends of
the specimen. The time-dependent temperature was applied to the
specimen based on the measured temperature during the experiment.
The stress-temperature diagram was then obtained as the main result
of the simulation.

Model III: Finally, the activation of Fe-SMA in concrete was studied,
focusing on the interaction between the Fe-SMA and the surrounding
concrete. This model was also verified using experimental results. In
model III, the dimensions of the concrete beam were 50 mm x 35 mm
X 700 mm, reinforced with an SMA strip with a cross-section of 1.5 mm
X 15.97 mm. The same material model as Model II was used for the
SMA reinforcement. The interface between the SMA and concrete was
assumed to have perfect contact with no debonding. For the boundary
conditions during the activation, one end of the concrete bar was fixed
and the other end was free to move along the axial direction. A thermal
expansion module was used in this study to account for the thermal ex-
pansion behavior of Fe-SMA during activation. Conductive heat transfer
was defined between the SMA and concrete beam. Thermal insulation
was applied to both ends of the SMA outside the concrete.

The geometrical model of the SMA strip (representing activation
in air) is displayed in Fig. la; the concrete beam with an embedded
SMA bar is displayed in Fig. 1b. A 3D solid structure model was used
to represent the SMA and concrete beams during the modeling phase.
Following the experimental setup used in previous studies [33,49,50],
the SMA reinforcements were exposed to temperature change due to
resistive electrical heating.

For developing the nonlinear material model for Fe-SMA, four main
components were considered: elastic, thermal, plastic, and transforma-
tion strains. The elastic strain represents reversible deformations in
material and is calculated based on Hook’s law. The thermal strain
components were calculated based on the material thermal expansion
coefficient and the temperature change. Transformation strain is the
key component of the SMA characteristics that correspond to the
deformation of the martensite phase transformation in the material.
For the Fe-SMA reinforcement, the plastic strain components were also
added to the material model to capture the plastic behavior of Fe-SMA
reinforcement during loading and unloading.

2.2. Constitutive material model

The simulation of Fe-SMAs differs significantly from that of Ni-Ti
SMAs. The main difference in simulating Ni-Ti and Fe-SMAs lies in
the constitutive models required to accurately capture their thermo-
mechanical behaviors. Ni-Ti SMAs have well-established constitutive
models, such as the Liang-Rogers and Souza-Auricchio models, which
are widely recognized for their accuracy in simulating the SMA phase
transformation, stress-strain relationships, and temperature-dependent
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behavior. These models allow for precise predictions of Ni-Ti SMAs’
superelasticity and shape memory effect, which are relatively straight-
forward due to their stable, reversible transformation processes.

On the other hand, Fe-SMAs present additional complexities in
simulation, primarily due to their different material properties, trans-
formation characteristics, and significant plastic deformation. Unlike
Ni-Ti, Fe-SMAs exhibit a mechanical behavior that involves a signif-
icant plastic deformation component, commonly attributed to stress-
and temperature-induced transformations. This transformation presents
an additional difference to Ni-Ti because Fe-SMAs do not exhibit fully
reversible superelasticity at elevated temperatures. Furthermore, Fe-
SMAs display a strain-hardening response, where transformation strain
continues to increase with repeated thermal or stress cycles. Tailored
models are therefore required to accurately simulate the transformation
characteristics and mechanical responses of Fe-SMAs.

In the present study, the Lagoudas model [48,51] was used as the
base for the calculation of the transformation strains in the multiphys-
ical simulations. In Lagoudas’ model, the Gibbs free energy density is a
function of two state variables: the total stress tensor field (¢) and the
temperature field (7). The transformation strain tensor field (¢,.) and
martensite volume fraction (¢) are computed using additional internal
variables. The compliance matrix (S) is established by averaging the
elastic properties of martensite and austenite using volume averaging.

S =¢ESy+(1 -8, =5, +£4S, (5)

where AS = S,, — S,. The other material parameters are similarly
averaged. The evolution equation for the transformation strain ¢, is
derived from the flow rule as follows:

érr = '};Fv (6)

where ¢, is the time derivative of the transformation tensor. The
variable representing the direction of the martensitic transformation
(&), is computed from the previous state to determine the anticipated
increase or decrease in ¢,,.

In the Lagoudas model, the phase transformation is described by six
parameters: transformation temperatures M, M,, A;, and A, and the
slopes of the austenite and martensite limit curves C, and C,,, respec-
tively. The relationships between the start and finish temperatures and
stresses are as follows:

OpMs = CM(TD' - Ms) s OMf = CM(TD' - Mf) s Ops = CA(To' - As) s
oar = Cu(T, — A, @

where T is the constant temperature at which the stress—strain curve
was measured.

As the Lagoudas model is established for Ni-Ti type SMAs, the
formulation should be modified to simulate the behavior of Fe-SMAs.
In this regard, the nonlinear stress—strain behavior of the plastic com-
ponent was incorporated to modify the Lagoudas model for Fe-SMA
simulation. This enhancement provides a more accurate representation
of the Fe-SMA behavior under loading conditions. The stress increment
for the nonlinear plastic part is

oc=He", (8)

where H and n are the strength coefficient and strain-hardening expo-
nent, respectively.

For the Fe-SMA material, the phase diagram is displayed in Fig. 2. It
includes two transformation zones for forward and reverse transforma-
tions. The diagram suggests that the formation of e-martensite occurs
primarily between the linear-elastic limit line and yield point of plastic
deformation (shaded area in Fig. 2). The forward transformation zone
is defined by the forward transformation starting line M and yielding
line. At temperatures below the M, line, both the y- and e-phases
are stable, allowing the stress-induced e-phase to persist even after
unloading (i.e., martensite as the ¢ and austenite as the y phase). The
reverse transformation from the y-phase to the e-phase occurs at higher
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(b)

Fig. 1. (a) Fe-SMA strip and (b) concrete bar with Fe-SMA bar.

Table 2

Material properties of concrete used for multiphysical simulation.
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Fig. 2. Proposed diagram depicting the relationship between stress and temperature

for Fe-SMA phase transformations [52].

Table 1

Material properties of Fe-SMA used in multiphysical simulation.

Property Symbol Value (unit)
Young’s modulus (austenite) E, 160 (GPa)
Young’s modulus (martensite) Ey 90 (GPa)
Poisson’s ratio v 0.3 (=)
Austenite start temperature A 45 (°C)
Austenite finish temperature Ay 190 (°C)
Martensite start temperature M, —140 (°C)

Max. transformation strain el 4.1 (%)

Slope of martensite limit curve Cy 2.1 (MPa/K)
Slope of austenite limit curve C, 3.4 (MPa/K)
Coefficient of thermal expansion a 1.2 x 107 (1/K)
Thermal conductivity K 8.4 (W/m K)
Heat capacity C, 540 (J/kg K)
Electrical conductivity Q 0.5 x 10° (S/m)
Strain hardening exponent n 16.86 (-)
Strength coefficient H 926 (MPa)

temperatures between the A; and A, lines. When the temperature is
above the A, line, the ¢ phase is completely transformed into the y
phase. The A; line for the reverse transformation zone is determined
based on the 0.2% recovery strain points, whereas the A, line is
estimated from the recovery strain curve at 4 MPa, with both lines
assumed to have the same slope in the phase diagram. Table 1 lists
the material parameters of the Fe-SMA utilized in the multiphysical
simulation. The modulus and transformation temperatures are obtained
from experimental results on Fe-SMA. The plastic strain constants were
obtained by curve fitting on the plastic strain, calculated by subtracting
the transformation and elastic strains from the total strain component.

In the simulation, the Ottosen model criterion was used for the
host concrete part. This model was developed for short-term concrete

Property Symbol Value (unit)
Young’s modulus E 23 (GPa)
Poisson’s ratio v 0.2 (=)
Coefficient of thermal expansion a 1.2 x 107 (1/K)
Uniaxial tensile strength o, 20 (MPa)

Size factor Ky 11.8 ()
Thermal conductivity K 1.3 (W/m K)
Heat capacity c, 1000 (J/kg K)
a - 1.3 (-)

b - 32

Shape factor Ky 0.98 ()

loads [53,54]. Table 2 lists the parameters selected for the concrete in
the current study.

3. Results and discussion

In the following sections, the findings of the experimental investi-
gations were compared with the results of a multiphysical simulation,
and the influence of geometrical and physical variables on the stress
and deformation in reinforced concrete during activation was studied.
The goal was to assess the accuracy and reliability of the multiphysical
simulations.

3.1. Stress—strain behavior of Fe-SMA (Model I)

Using the input parameters for the SMA and modified formula-
tion, the mechanical behavior of the SMA reinforcement was first
investigated (Model I). The SMA bar was loaded statically, and its
stress-strain behavior was obtained. Fig. 3 displays the contributions
of the transformation, plastic, and elastic deformation phases to the
stress—strain behavior of Fe-SMA. This breakdown enables a more in-
depth examination of the SMA material response to loading. When the
axial stress increases, the elastic portion of the SMA stress—strain curve
is the first contributor to the axial strain. The second contribution is the
transformation strain (¢,,) which represents the phase transformation of
the SMA beyond the elastic area. A stress-induced phase transformation
was triggered in this region, resulting in the reorientation of martensitic
variations. Ultimately, the SMA stress—strain curve reached the plastic
strain. At this stage, the material developed persistent and irreversible
deformation owing to dislocation motion and microstructural changes.

To validate the model, loading and unloading cycles on the Fe-SMA
were considered. Fig. 4 displays the results of the previously pub-
lished experimental investigation [33] and the current simulation for
a loading-unloading cycle of a Fe-SMA specimen. Although the simula-
tion predicted a marginally lower residual strain than the experiment,
it aligned closely with the experimental results for both the loading
and unloading stages. However, the model tends to overestimate the
superelasticity effect. The discrepancy in recoverable strain arises from
the interaction between plastic strain and transformation strain. Cur-
rently, a power law formulation is employed to calculate plastic strains.
Utilizing a more advanced model, such as the Chaboche model, and
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Fig. 3. Stress—strain curve for the SMA in tensile loading (total) and individual stress—
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Fig. 4. Loading and unloading of Fe-SMA in experimental investigation and multiphys-
ical simulation.

incorporating various stress levels to determine the model constants
would improve unloading accuracy. Additionally, the lack of experi-
mental data for material characterization introduces uncertainties in
some input parameters related to transformation strains. Parameters
such as the martensite finish temperature (M ;) and the transformation
coefficient (C,) significantly influence the transformation strain. The
comparison of the results was also done for different strain levels. Fig. 5
displays the experimental investigation [33] and simulation results for
the loading-unloading process of Fe-SMAs under different pre-straining
conditions. The results of the multiphysical simulation align well with
the experimental data. The obtained model for the Fe-SMA is used in
the next steps for simulating the activation behavior in air and concrete.

3.2. Activation of fixed pre-strained Fe-SMA in air

In the experiments conducted by Shahverdi et al. [33] on the
activation of Fe-SMA, a climate chamber was used in tensile testing
to perform the heating during the test. This experiment using an air
heating system was chosen as a verification step to eliminate the
electric heating effect from the model. This approach allows focusing
on the activation of the shape memory alloy through direct temperature
application. The setup included a climatic chamber, clamps, a Fe-
SMA test sample, and an extensometer (Fig. 6). The Fe-SMA strips
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were fixed at both ends and subjected to a pre-load of 30-40 MPa
before the start of the heating tests to prevent compression within
the test specimens during the heat-induced expansion. Subsequently,
the temperature was gradually increased from 23 °C to 160 °C at a
rate of 2 °C/min while the testing machine maintained a constant
strain (i.e., no strain change). Following a 1-2 h delay at 160 °C,
the temperature progressively decreased at a rate of approximately
2 °C/min until it reached 23 °C. The recovery stress values were
determined by measuring the tensile stresses in the Fe-SMA strips after
1-2 h at 23 °C.

The stress—temperature relation of the 4% pre-strained Fe-SMA
specimen in air is represented in Fig. 7, which compares the results
of an experimental investigation and current multiphysical simula-
tion. Within the temperature range of 20 °C to 40 °C, there was a
distinct decline in stress for values less than 50 MPa. This decline
is attributed to the thermal expansion effect experienced by the test
specimens as the temperature increased. However, beyond 40 °C, the
stress began to increase again. This increase in stress was attributed
to the phase transformation from martensite to austenite. The stress
reached a maximum of approximately 150 MPa at a maximum heating
temperature of 160 °C. Subsequently, as the specimen cooled, the
stress further increased owing to the thermal contraction effect. After a
waiting period, the recovery stress was approximately 260 MPa. Fig. 8,
displays the strain-temperature relationship in another experimental
study [33], and the simulation results on activation of the same ma-
terial. At an initial room temperature of 20 °C, during the activation,
the temperature increased to 160 °C before gradually decreasing back
to room temperature. The strain fluctuated considerably throughout
this process, demonstrating an initial increase (tensile behavior) to
approximately 0.03% below 50 °C, followed by a reduction to —0.37%
(compressive behavior).

Based on the comparison of the results, the multiphysics model
is able to simulate the activation behavior of the Fe-SMA in air. To
validate the model in terms of heat transfer to concrete and stress
transfer during activation, another experiment is also simulated in
Section 3.3.

3.3. Activation of Fe-SMA reinforcement embedded in concrete

For a better examination of the model, two experimental studies
were chosen for validation of the results of the activation of Fe-SMAs
in concrete. Two different Fe-SMA geometries (strips and bars) were
used in the experimental investigations.

3.3.1. Activation of flat Fe-SMA strip embedded in concrete

In experimental investigations by Czaderski et al. [49], ribbed Fe-
SMA strips with a nominal thickness of 1.6 mm were centrally embed-
ded in concrete bars (Fig. 9). Three thermocouples were attached to the
Fe-SMA strips before casting the concrete to monitor the temperature
on the surfaces of the strips inside the concrete bars. The Fe-SMA
strips were triggered by resistive heating after the concrete was cured
to induce compressive stress. A current density of approximately 14
A/mm? was used to rapidly obtain a concrete strip temperature of
150 °C. The power supply was cut off after the temperature was
reached. Despite disabling the power source, the temperature continued
to increase and eventually reached 160 °C throughout the experiment.

The obtained results of the multiphysical simulation for the Fe-SMA
strip embedded in concrete were presented and compared with those
obtained by Czaderski et al.’s [49] experimental investigation. Fig. 10
displays the temperature—time relationship of the Fe-SMA strip embed-
ded in concrete throughout the experiment (T1 temperature in [49]),
and multiphysical simulation. Considering a room temperature of 20 °C
in both approaches, the temperature was increased by the start of the
activation process to 160 °C after approximately 7 s and decreased to
110 °C after 15 s. The results demonstrated good agreement between
the experimental investigations and multiphysical simulations.
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The temperature distribution over the cross section at three distinct
time steps of the multiphysical simulation is displayed in Fig. 11. At t
= 0 s, Fe-SMA and concrete had the same temperature as the room
temperature of 20 °C. At t = 10 s, the core temperature of the Fe-
SMA strip reached 160 °C; the surrounding concrete absorbed part of
this thermal energy because of its thermal conductivity. More thermal
energy was transmitted from the Fe-SMA strip to the concrete after 30
s of activation, resulting in temperatures ranging from 40 °C to 65 °C
for both materials. Fig. 12a displays the temperature distribution 15
s after the start of the activation process. The temperature transfer
from Fe-SMA to all corners of the concrete matrix can be observed
in the cross-section. As indicated in Fig. 12b, after approximately 60
s of activation, the temperature difference between the concrete and
Fe-SMA strip was less than 3 °C, demonstrating the thermally stable
behavior of the concrete and Fe-SMA material after activation.

Fig. 13 displays the temperature fluctuation at the midline of the
beam cross-section at different intervals throughout the activation pro-
cess. A uniform temperature distribution was observed at t = 0 s, which
was equal to the room temperature of 20 °C. The core temperature of
the cross-section (middle of the Fe-SMA section) exceeded 200 °C after
applying the activation temperature to the Fe-SMA strip for t = 3 s.
After 60 s, the temperature in the cross-sectional midline remained at
approximately 50 °C. Fig. 14 displays the displacement of the beam
at different times during the activation process. The beam expanded
marginally by 0.015 mm after 2 s and then contracted to 0.07 mm after
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investigation and multiphysical simulation.

90 s. This contraction of the beam could enhance the stiffness of the
concrete material, which supports the idea of using Fe-SMA materials
for pre-stressing concrete structures. The initial thermal expansion
of the concrete and Fe-SMA strip before the temperature exceeded
the martensitic phase transformation starting point could explain the
occurrence of an overall expansion at this stage. The concrete and Fe-
SMA expand owing to thermal expansion and subsequently contract
owing to the shape-memory effect.

Fig. 15a displays the first stage of expansion, followed by contrac-
tion over a long period. Starting at 500 s, the value reflecting the
decrease in placement remained comparatively stable at approximately
0.07 mm, with only minor fluctuations up to 3000 s. Furthermore, it
is evident from Fig. 15b that early tensile stresses of approximately
0.5 MPa developed when the stress values in the concrete beam were

examined. Subsequently, the compressive stress in the beam increased
to 3.5 MPa in 500 s and remained steady for the next 2500 s.

3.3.2. Activation of rounded Fe-SMA bar embedded in concrete

Another set of experiments [50] involved embedding ribbed Fe-
SMA bars with a nominal diameter of 8 mm into concrete specimens
with dimensions of 700 mm X 50 mm x 50 mm. The temperature
during the activation was measured using thermocouples positioned on
the bar surface. Following the casting of the concrete, two additional
thermocouples were installed on the surface of the rod and two on the
surface of the concrete. Fig. 16 displays the experimental layout. The
first electric impulse was set to 6 v to coordinate the electrical potential.
Despite this modest potential, only a minor increase in the temperature
was observed. Another potential of 8.6 v was applied after further
alignment and cooling to ambient temperature. An electric current was
employed in both the activation techniques for the Fe-SMA bar and
strip to initiate the phase transformation in the Fe-SMA via electrical
conductivity. The distinction is that, in the case of the Fe-SMA strip, a
capacitor configuration was employed for activation.

The temperature-time evolution of the Fe-SMA bars embedded
in concrete is shown in Fig. 17, which includes the experimental
(averaged data) and multiphysical results. Assuming a starting room
temperature of 20 °C under all circumstances, the temperature in-
creased to approximately 150 °C after 5 s of activation and then
continuously declined, reaching 30 °C after 1200 s. The results demon-
strated good agreement between the experimental investigations and
multiphysical simulations.

As presented in the experimental study [50], the insulating tape
introduced a temporal delay in the peak in Fig. 18. The time required
for heat to diffuse through the thin tape accounts for this delay.
Furthermore, creating a faultless connection between the tape and ther-
mocouples was difficult because of the uneven surface of the rod, which
is purposefully damaged to improve its adhesion with the concrete.
Fig. 18a displays the temperature distribution over the cross-section at
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t = 15 s. The temperature distribution was similarly uniform owing to
the symmetrical geometry of the concrete and Fe-SMA bar. As indicated
in Fig. 18b, after approximately 60 s of activation, the temperature
difference between the concrete and Fe-SMA bar was approximately
19 °C. By comparing the temperature-time diagrams for the Fe-SMA
bar and strip, it is noticeable that the temperature decrease in the
Fe-SMA bar was more gradual than that in the Fe-SMA strip. This
difference could be attributed to the Fe-SMA bar sample having a larger
surface area (approximately 27.0%) and a higher volume percentage of
Fe-SMA in the concrete (approximately 25.0%) than the Fe-SMA strip
sample. Section 3.4 presents a comparison of the Fe-SMA bar and strip
activation.

A comparative analysis of the simulated and experimental displace-
ments of the concrete beam during the first 60 s of activation is
presented in Fig. 19. Although the experimental setup encompassed
the recording of different displacements along the four edges of the
beam, the simulated outcomes indicated uniform displacements across
all edges. In the absence of an explanation for the variations in the
edge displacements in [50], a potential reason could be the marginal
eccentricity of the SMA bar embedded in the concrete beam.

For clarity, a supplementary simulation was conducted by introduc-
ing eccentricity into the SMA. To achieve this, the SMA bar was in-
tentionally offset by 2 mm in both vertical and horizontal orientations.
The displacement results for the beam simulation that incorporated this
eccentricity are displayed in Fig. 20. Fig. 20 displays a significant differ-
ence in the displacement values across the distinct edges following the
introduction of even minor eccentricity. This supports the hypothesis
of initial eccentricity within the experimental specimen. Notably, the
effect of self-weight on the difference in displacement at the edges was
calculated to be negligible. Owing to the thermal expansion of the Fe-
SMA bar, the average stress in the concrete began to increase (tensile)
from the beginning of the activation phase. As indicated in Fig. 21, the
phase transformation in the Fe-SMA bar occurred after approximately
5 s, and the bars transmitted pressure to the concrete section, thereby
reducing the stresses (compressive). The measured compressive stress
increased after activation.

Fig. 22, displays a displacement-time plot of the Fe-SMA bar after
activation for 600 s. The simulation continued for 600 s to obtain a
complete stress cycle for the Fe-SMA. Following an initial decrease
in displacement until the 60-s point (due to an increase in concrete
temperature and subsequent expansion of the concrete bar), there was
an increase in displacement from 60 s to 200 s. This increase occurred
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when the concrete temperature decreased, removing the thermal ex-
pansion effect and allowing the SMA to exert compressive stresses. The
stress values of the Fe-SMA bar embedded in the concrete during the
activation process are displayed in Fig. 23. The results indicate that at
the start of the activation process, for the temperature ranges of room
temperature (20 °C) and 55 °C, stress levels below 50 MPa decreased,
indicating that tensile stress was generated by thermal expansion. Con-
sequently, as the temperature increased, the stress levels also increased,
peaking at a given temperature point. Following this peak, a marginal
decrease in the temperature caused a continual increase in the stress
levels, reaching approximately 220 MPa. This value is marginally lower
than the recovery stress previously indicated in Fig. 7, in which the
sample was fixed at both ends. However, there was displacement in
the beam in the present situation.

3.4. Parametric study of Fe-SMA activation in concrete

Following the verification of the multiphysics model in multiple
steps, a parametric analysis of the effective physical and geometrical
parameters such as the volume fraction and pre-strain level of Fe-SMA
elements is presented in this section. It is essential to note that the
activation procedure and the dimensions of concrete beams utilized in
this section are identical to those used in the experiments previously
discussed for all scenarios. First, the effect of the size (volume fraction)
of the SMA reinforcement is studied. In this regard, the impact of
increasing the Fe-SMA diameter from 2 to 10 mm at 2 mm intervals on
the temperature throughout the activation phase is displayed in Fig. 24.
The temperature progressively decreased over time; a smaller diameter
attained a steady temperature more quickly than a larger diameter. A
specimen with a diameter of 2 mm reached ambient temperature in
approximately 150 s; a sample with a diameter of 10 mm required
more than 1000 s to reach a steady level of approximately 50 °C.
Fig. 25, displays the effect of changing the Fe-SMA diameter from 2
to 10 mm in 2 mm increments on the beam displacement. The average
displacement initially increased with the nominal diameter increase of
the Fe-SMA. However, after approximately 4 s, the difference became
significant. The Fe-SMA with a diameter of 10 mm exhibited the
greatest displacement (0.08 mm), whereas the one with a diameter of
2 mm exhibited negligible changes over the 15 s activation period.
Consequently, it can be assumed that increasing the diameter of the
Fe-SMA by 2 mm increases the ultimate displacement (and compressive
stress) by 40%-60%.

In addition to the diameter of the Fe-SMA bar, another effective
parameter is the pre-strain level in the Fe-SMA. Fig. 26, displays
the effect of different pre-straining levels (0, 1.0, 2.0, and 4.0%) on
the displacement of the beam. Due to the absence of phase transfor-
mation and lack of the shape-recovery effect, a component without
any pre-straining behaves similarly to conventional metallic materials.
Conversely, pre-strained Fe-SMA materials lead to different behaviors,
with larger pre-strain levels resulting in larger displacement in the
specimens. The effect of the recovery stress is similar for Fe-SMA pre-
straining levels of 2.0% and 4.0%. This result is consistent with the
experimental results reported by Shahverdi et al. [33]. Consequently,
employing a 2.0% pre-straining level could be the optimal choice
because it provides the same effects requiring less work during the pre-
straining stage. Fig. 27, displays the impacts of different pre-straining
levels (with values identical to those in Fig. 26) for the stress level
in concrete. As there is no phase transformation in Fe-SMA with no
pre-strain level, only the effect of thermal expansion and consequent
tensile stresses are obtained in this species. However, in the pre-strained
samples, a pattern similar to that in the preceding figure (Fig. 26)
occurs, where increasing the pre-straining level leads to higher levels
of induced compressive stresses (pre-stressing level). It is noteworthy
that when the tensile strength of concrete and its susceptibility to
cracking due to tensile stresses are considered, the level of pre-strain
becomes relevant. Compared to the pre-strain values demonstrated
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in this study, the corresponding tensile strains remained below the
crucial cracking threshold. However, it is vital to note that the 0% pre-
strained specimen could experience cracking and subsequent damage
to the concrete. Fig. 28, displays the effect of changing the Fe-SMA
strip thickness from 10 to 15, 20, 30, and 40 mm on the temperature
during the 60 s stimulation procedure. As the strip thickness increased,
all samples exhibited a similar temperature increase (slope) of up to

10

160 °C over the first 8 s. However, the temperature began to decrease
beyond this point, with marginally distinct slopes for each specimen.
The specimen with a thickness of 10 mm exhibited the sharpest tem-
perature reduction, whereas the thickest sample (40 mm) exhibited the
smallest temperature decrease. Fig. 29, displays the effect of altering
the Fe-SMA strip width from 10 to 15, 20, 30, and 40 mm on the
edge displacement during the 3000-s activation procedure. As the strip
thickness increased, a constant and continuous increase in displacement
was observed, indicating a clear and direct link between the Fe-SMA
strip width and displacement experienced in the specimen.

Another target of the parametric study was to compare the temper-
ature distributions and variations between the two types of reinforced
specimens. One specimen included a Fe-SMA strip; the other included a
Fe-SMA bar. This comparison was performed under specified simulation
conditions:

» Both beams had the same specimen cross-section, which matched
the Fe-SMA strip tests conducted by Czaderski et al. [49].

+ A comparable electric activation on both samples was used, fol-
lowing the methods used by Czaderski et al. [49].

» The cross-sectional areas of the bar and strip were identical,
ensuring that the volume fraction of Fe-SMA remained consistent
throughout the two scenarios. The main difference was in the con-
tact area between the bar and strip, which was directly connected
to the basic characteristics of the SMA perimeters.

The temperature profile 60 s after activation in both cases, Fe-SMA
strip and bar is shown in Fig. 30. It can be observed that both cases
attained their peak temperatures of 270 °C and 155 °C, respectively,
virtually within 6 s. The temperature decreased after the maximum
point in both cases, and after 60 s the Fe-SMA bar remained 17 °C
warmer than the strip. The temperature patterns of both specimens
after 10 s are displayed in Fig. 31. The peak temperature was con-
siderably higher for the Fe-SMA bar, demonstrating a variation in the
temperature distribution due to the use of different Fe-SMA shapes.

4. Conclusions

The key findings of this study are as follows.

+ The presented multiphysics model, which is based on the mod-
ified Laogudas constitutive model for SMA, can simulate the
stress-strain behavior of Fe-SMA during free and forced activa-
tions.
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Fig. 18. Temperature distribution pattern of cross-section at t = 60 s in the multiphysical simulation: (a) at t = 15 s and (b) at t = 60 s.
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