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Resume

The work presented here aims at investigating the feasibility of iron-based
Fe-SMA (shape memory alloy) reinforcement as an alternative to conventional
steel reinforcement. The conventional steel reinforcement shows large
plastic strain, low resistance to corrosion, low resistance to fatigue and also
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inadequate recentering capability. As a result, advanced materials available Keywords:
in the form of superelastic (SE) shape memory alloy (SMA) are fabricated to = Fe-SMA
form structural reinforcements. This FE-SMA mitigates the problem of long- RC beam

flexural strength
stress-strain relationship

lasting deflection by using its reversible stress-strain capability. This iron-
based Fe-SMA may be stimulated between the temperatures of 90 to 150°C,
with which it is possible to strengthen the reinforced concrete (RC) beams
without any crucial damage. The stress-strain behavior in tension, corrosion
resistivity, pull-out tests of Fe-SMA reinforcement and flexural strength of
RC beam were evaluated experimentally. The FE-SMA exhibits recovery
stresses of 250-300 MPa subjected to a temperature of 160°C. A comparison
of load-carrying capacity of iron-based Fe-SMA reinforcement is also shown.
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1 Introduction The first group of it comprise Fe-Pt, Fe-Pd and Fe-Ni-Co,

exhibiting the same features as Ni-Ti, thermoelastic

In recent years; researchers are focusing to employ
the smart materials technology in composite structures.
SMA characteristics and behavior of Fe-30Mn-1Si alloy
as a single crystal were put forth by Sato et al. [1].
Reinforced cement concrete is one of the areas where
SMA materials can be used. In reinforced concrete
structures, we use conventional steel as reinforcement,
which has its own deficiency in terms of structural
response. This deficiency can be overcome by Shape
Memory Alloy (SMA) bars. The SMA is an alloy, which
has a property to regains its unique shape and size upon
the removal of stress or by application of a temperature
field [2]. The four basic types of SMA are: (a) copper-
zinc (b) aluminum-nickel (¢) copper-aluminum-nickel
and (d) nickel-titanium (NiTi) alloys. These may also be
fabricated by casting zinc, iron, copper and gold.

There exist two main groups of iron-based SMA'’s.

martensitic transformations with a precise thermo
hysteresis. The second group comprises alloys of Fe-Ni-C
and Fe-Mn-Si, showing extensive thermal hysteresis in
transformation.

Effectiveness of equiatomic and near-equiatomic
titanium-nickel alloys and compositions showing
shape memory and superelastic behavior are described
by Duerig and Pelton [3]. SMA reinforcements and
composites are mostly employed as self-restoration of
structural members in various applications [4-9]. Janke
et al. [10] emphasized the behavior of SMAs in terms
of super elasticity, martensite damping and variable
stiffness to be used as highly non-linear material. Song
et al. [11] explored a review of use of the SMA for active-
passive and semi-active controls of reinforced cement
concrete RCC structures. Alam et al. [12] predicted
analytically the seismic response of superelastic SMA
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in RCC structural components. It became necessary to
model the SMA reinforcements properly to evaluate the
structural response in tension and compression [13-16].
Hence, the passive smart self-repairing concrete beams
by incorporating SMA wires and fibers are also found to
be fabricated [17]. Mathematical models are developed
to examine accurate strain-temperature behavior of
SMA actuators [18]. Both experimental investigation
and finite element modeling is an effective approach
to examine the SMA rebar characteristics [19-20].
Nehdi et al. [21] focused on casting corrosion-resistant
RCC beam-column with required energy dissipation
(seismic) through SMA FRP fiber reinforced polymer
hybrid beam-column joint and FRP ties. Experimental
results showed that over strength factor of the SMA-RC
frame was analogous to that of the steel RC frame with
a difference of 8 %. SMA frame has ductility at least 16 %
less compared to that of steel RC frames whereas for
steel-SMA frames it ranges from 8 to 18 % less from that
of steel RC frames. Properties and application of iron
based SMA alloys are given in literature [22].

Speicher et al. [23] investigated the response of
beam-to-column connection frame in NiTi-SMA.
These SMA alloys are also effective in controlling the
response of structure in seismic excitations [24]. Paul
and Saha [25] found out the load-carrying capacity
of RC bridge longitudinal girder having the T-beam
by providing SMA bars in place of conventional steel
reinforcement. Abdulridha et al. [26] examined the
influence of various loads on the NiTi SMA reinforced
beam in comparison to conventional steel reinforcement.
Experimental examination on performance of the RC
structural members, having hybrid SMA and FRP
bars as reinforcement, subjected to seismic loading, is
found to be useful [27-28]. Choi et al. [29] examined the
influence of using the welded SMA rings on a column
to reduce development of micro cracks. Results show
that composite reinforcement bars, fabricated from
SMA alloys, are more effective in controlling the seismic
behavior of structures [30]. A similar type of work has
also been put forth by employing pizolaminated beams
and plates for structural control [31-34]. Mechanical
properties are studied to investigate the load recovery in
the SMA hybrid components [35-36]. Cladera et al. [37]
stated a state of the art for characteristics and employed
the iron-based SMA to study properties including
recovery stress, weldability, resistance to corrosion and
workability of iron-based SMA.

Czaderski et al. [38] opened up the feasibility
of iron-based SMA strips for strengthening the
prestressed concrete structures. Sepulveda et al. [39]
experimentally verified a prototype of a partially
restrained connection using the copper-based SMA.
Malagisi et al. [40] modeled smart concrete beams
with actuating SMA. In the pre-stressed concrete SMA
reinforcements have more advantages due to their
stress recovery property [41]. Some smart composites
manufactured with pizolaminated structures are also

effective in controlling structural response [42]. Bendine
and Wankhade [43] employed finite element modeling to
study characteristics of actuated piezolaminated smart
beams. Hence, dynamic excitations of actuated beams
and plates can also be controlled by use of such smart
materials [44]. Fatigue properties of Fe-28Mn-6Si-5Cr-
0.5Nbc alloy are examined for its utility in structural
applications [45]. Furthermore, the genetic algorithm is
developed to find optimal locations of active materials in
the composites [46-47]. Actuation and sensing behavior
of smart composites have been demonstrated to study
control response of beams and plates [48-49].

Based on the above scenario, we performed
experimental work to investigate the performance
analysis of conventional steel and Fe-SMA rebar,
stress-strain behavior in tension, corrosion resistivity
and pull-out responses of the Fe-SMA reinforcement
in comparison to the conventional reinforcement. An
experimental research work is proposed utilizing the
Fe-SMA as reinforcement in reinforced concrete (RC)
beam to compare the flexural strength with conventional
steel reinforcement in RC beam and results are validated
using ANSYS 16. Coarse and fine aggregates in RC
beam are used conforming to IS 383: 1970 standard
specification [50]. Further for test on reinforcement bars
IS 11309: 1985 standard is followed to conduct pull-out
test [561]. A comparison of load-carrying capacity of
Fe-SMA reinforcement using ANSYS 16 is carried out
to obtain more durable reinforcement having longer
lifetime than that of conventional reinforcement. The
comparative study between the costs of various types
of reinforcing bars used for construction purposes is
carried to obtain cheaper alloys as an alternative to
expensive NiTi alloys.

2 Phenomenon of iron-based shape
memory alloy (Fe-SMA)

Basically, the SMAs exhibit the complaisant
tendency of memorizing their shape after being
deflected, either quickly upon stress removal or under
thermal effect.

The SMAs comprise more than one crystal structure
like other alloys and to be termed as polymorphism.
Temperature and external loading both govern the
preponderating nature of crystal structure in such
polycrystalline metals and alloys.

The tendency of SMAs to be active and stronger
in the austenite phase and in the martensite phase,
i.e. at lower temperatures it is feeble, can be employed
effectively in RC members. The transition temperature
of SMAs varies from, about -50 °C to 166 °C, depending
upon their compositions. It shows a simplified two-
dimensional representation of the material’s crystalline
arrangement.

Phase transformation in SMA occurs at four
characteristic temperatures as (1) the austenite
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Figure 1 Different phases of shape memory alloys

start temperature As, where the material starts to
transform from twinned martensite to austenite, (2)
austenite finish temperature Af, where the material
is completely transformed to austenite, (3) martensite
start temperature Ms, where austenite begins to
transform into twinned martensite, (4) martensite finish
temperature Mf, where the transformation to martensite
is completed. Figure 1 depicts these transformation
phases as temperatures increase with applied stress.

2.1 The martensitic transformation
Shape Memory Effect (SME)

The shape memory effect is the capability of SMA
material to achieve its pre-deformed shape after being
deformed by means of a thermal effect. Below the
Mf temperature, the SMA remains in the twinned
martensite phase. After the application of loading above
the critical level, the material transforms to a detwinned
martensite phase to maintain this phase even after the
stress removal. Above the Af temperature, if the SMA
material is heated, it re-achieves its original shape/
size. Hence, warming the material above Af results in
the gaining of the austenite phase and thus a complete
shape recovery. By the consequent cooling, the SMA
transforms to the initial twinned martensite phase
without any enduring deformation.

The super elastic effect (SE) may be termed as
the restoration of large strain by virtue of the stress-
induced martensitic phase transformations under
definite temperature. The SMA remains in its austenite
phase at a temperature above Af. After the application
of higher stress to the material in the austenite phase,
the SMA mold into the detwinned martensite. A partial
shape recovery can be seen if the temperature remains
in between Af and As. In addition, the martensitic
transformations may not be brought about by applied
stress if the temperature was above the critical
temperature (Md), as the material may get stabilized in
the austenite phase only.

2.2 Advantages of Fe-SMA over conventional
reinforcement

The Fe-SMA exhibits an immense temperature
transformation hysteresis with a higher elastic stiffness.
In addition, as compared to the conventional steel
reinforcement their corrosion resistance and weld ability
are superior.. The shape memory alloys are benefited
from the potency of recentering and recovering more
than 80% of the induced strains; high modulus of
elasticity; similar behavior in tension and compression.
It is again used for making machined components
such as bolts; high resistance against corrosion and
with high resistance against fatigue as compared to
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Figure 2 (a) Tensile test; (b) Bend test; (c) Salt spray test

conventional reinforcement. After considering all the
options, shape memory alloys can be considered as
an alternative reinforcement over the conventional
one, by finding optimum benefits, while neglecting the
maximum possible deficiencies of the same.

The primary aim of the present study is to investigate
the performance of fabricated Fe-SMA reinforcing
bars over conventional reinforcing bars along with
comparison of the RC beams with and without Fe-SMA
reinforcement, both experimentally and analytically
using ANSYS. Based on the presented literature review,
the following objectives have been drawn:

3 Experimental study

The experimental study is designed to facilitate the
investigation on the feasibility of Fe-SMA reinforcing
bars in RC structures in terms of tensile strength,
corrosion resistivity, load-carrying capacity and pull-out
resistance. Fe-SMA reinforcing bars were fabricated
with optimum gradation [Iron (Fe)-72%, Manganese
(Mn)-6.57 %, Silicon (Si)-0.21 %, Chromium (Cr)-15.82 %,
Nickel (N1)-4.08 %)] of 10mm diameter, on which chemical
test was carried out as per IS 9879:1998 to achieve
desired optimum gradation [52]. IS 9103: 1999 standard
is also used for concrete admixtures-specifications [53].
Tensile test, bend test and corrosion test were carried
out on mild steel, TOR steel and Fe-SMA reinforcing
bars and shown in further sections. Flexural test under
the three-point bending test condition was performed
on RC beams with conventional reinforcement, Fe-SMA
reinforcement and combination of conventional and
Fe-SMA reinforcement. Pull-out test on concrete with
mild steel, TOR steel and Fe-SMA reinforcing bars was
performed to achieve greater bond strength.

3.1 Test on reinforcing bars

The Fe-SMA reinforcement was fabricated from
Iron, Manganese, Silicon, Chromium and Nickel as

stated. This gradation helps to verify the strength
of bars under different tests. Hence, the tensile
test, bend test and salt spray test were performed
on TOR steel, mild steel and Fe-SMA reinforcing
bars respectively as shown in Figures 2(a)-2(c),
respectively.

3.2 Test on RC beams and cubes

A Material and mixes
Concrete

The concrete is formed with different
ingredients and materials. The admixture used was
MasterRheobuild-1124 superplasticizer, 2% by mass
of cementitious material as per IS 9103:1999 standard
[563]. The specific gravity of the admixture was found to
be 1.145. Reinforcements used for beam specifications
were based on IS 1786: 2008 standard specifications
required for concrete [54]. The mix proportion used was
1:2:2.87 with a water-cement ratio used was 0.35 as per
IS 10262:2009 standard [55]. ASTM B117: 2011 standard
guidelines are employed for different test conditions and
method [56]. The raw material, consisting of Ordinary
Portland cement of 53 grade, conforming to Indian
Standard IS 12269:2013, was used throughout the
experimental program [57]. The minimum fineness
was 225m%*kg. The standard consistency was 30.5%,
whereas the initial and final setting times were 30
min and 600 min, respectively. The specific gravity of
cement was 3.14 and its compressive strength after 28
days was 53 MPa. The coarse aggregate-I (CA-I) and
coarse aggregate-II (CA-II) of maximum size 10mm
and 20mm, respectively, were used.. The bulk density
of CA-I and CA-II was 1.5gm/cm?® and 1.589 gm/cm?,
respectively. The specific gravity of CA-I and CA-II was
found to be 2.8 and 2.82, respectively. The crushed sand
and natural sand conforming to zone-II is used with
bulk density of 1.712 gm/cm?®. The specific gravity of
crushed sand was found to be 2.76. The cement content
was 384 kg/m?..
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Table 1 Final Batch weight in kg/m?of concrete and material and mechanical property of Fe-SMA

Cement PFA CA-II CA-1 CFA Water Admixture Total
(kg/m?) (kg/m?) (kg/m?®) (kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
384 96 613 408 755 220 6.24 2482

Reinforcement Material and mechanical property Range
Elastic Modulus (GPa) 75-165
Yield Stress (MPa) 400-550

Failure Strain (%) 40

Fe-SMA

Optimum Prestrain (%) 2-4
Activation Temperature (°C) 160-500
Recovery Stress (MPa) 130-580

2 @10 mm @ 8 mm 2 legged stirrups
\ y [
= ¥
150 mm
X
[ A . 2 @lﬂlmm L]
rS{Jmm 200 mm 200 mm I 200 mm 5{]|mm|
700 mm
Figure 3 Flexural test (a) Loading and reinforcement details (b) setup
Reinforcement bending test are obtained for three combinations.

A bilinear stress-strain curve has been used for
the steel behavior. The values of elastic modulus and
Poisson’s ratio of steel are 200 GPa and 0.3, respectively.
The steel is assumed to have a yield strength of 500 MPa.
The Fe-SMA reinforcement with optimum gradation is
used. Table 1 shows the mix design used in this study.

B Experimental setup for the three-point
bending test

The RC beams were cast with the dimension of
150mm x150mm x700mm. Results from the three-point

a) Conventional reinforcement of 2010mm at the top
and 20 10mm at the bottom,

b) Fe-SMA reinforcement 200 10mm at the top and 20
10mm at the bottom,

¢) Combination of conventional reinforcement @10 mm
at the top, @10mm at the bottom and Fe-SMA
reinforcement @10mm at the top with @10mm at
the bottom.

The thickness of the layer cover was 25mm. The
axial distance of the stirrup was 100mm. The load
applied was up to 100 kN, as per IS 516:2021 standard
[58], flexural test using a three-point bending test setup
was carried out as shown in Figure 3.

The test specimen for pull-out test was basically
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Figure 4 Pull-out test (a) Specimen details (b) setup

Table 2 Material types and element types of the finite element model

Material types ANSYS elements
Concrete Solid 65
Steel support Solid 45
Steel reinforcement (main r/f and stirrups) Link 8
Fe-SMA reinforcing bars Link1

Figure 5 FE model in ANSYS for RC beam reinforced with a combination of conventional
reinforcement and Fe-SMA reinforcing bars under the four-point bending test condition

a concrete cube of 150 mm x 150 mm x 150 mm dimension
with a bar embedded coaxially. The upper end of the bar
under test was projected up to the length of 500 mm.
Double nuts were fitted in it above the 400mm high
spring-return central-hold jack, as shown in Figure
4. Therefore, the ultimate pullout force is directly
proportional to the compressive strength.

4 Analytical study
4.1 Finite element modeling

The static analysis is performed on a concrete
beam modeled with dimensions 150mm x 150mm x
700mm. The beam is reinforced with conventional
reinforcement as well as with Fe-SMA reinforcement for
undergoing flexural test under the four-point bending
test conditions. To reduce the time for analysis, half RC

beam was modeled. Thus, Figure 5 shows arrangement
of reinforcement in the beam. Results from the four-point
bending test are obtained for three combinations same
used in the experimental program, (a) conventional
reinforcement of 2010 mm at the top and 20 10mm at
the bottom, (b) Fe-SMA reinforcement 20 10mm at the
top and 20 10mm at the bottom and (c) combination of
conventional reinforcement @10mm at the top, @10 mm
at the bottom and Fe-SMA reinforcement @10mm at
the top with @10mm at the bottom. Table 2 summaries
the material types and element types of the model in
ANSYS 16.

4.2 Mesh, loading and support condition

The RC beam, with and without Fe-SMA
reinforcement, model with a particular mesh sizing
is calculated in such a way that the better results are
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Figure 6 Mesh for static analysis under the four-point bending test of RC beam reinforced with and without Fe-SMA
reinforcement

obtained from the elements. The inherent assumption
is that there is full displacement compatibility between
the reinforcement and the concrete and that no bond
slippage occurs. Figure 6 represents the model of
the beam under consideration with its meshing in
ANSYS. Proper mesh and elements are demonstrated
for convergence criteria. At first, the beam is modeled
with normal reinforcement and solved to get the results.
In the next step, the same beam is modeled with
Fe-SMA reinforcement for comparison. Only half of the
beam is shown here with the FE mesh in the enlarged
view. Displacement boundary conditions are needed
to constrain the model to get a unique solution. The
support was modeled as roller support at one end and
the other end as a hinged support. Loading is applied as
per the four-point bending test for flexure.

5 Results and discussion

This paper focuses on feasibility of the Fe-SMA
reinforcing bars as an alternative to conventional
reinforcement in structural engineering. Fabricated
Fe-SMA reinforcing bars were used for experimentation.
Tensile test, bend test and corrosion test were carried
out on mild steel, TOR steel and Fe-SMA reinforcing
bars to achieve mechanical and corrosion properties.
The pull-out test on concrete with mild steel, TOR steel
and Fe-SMA reinforcing bars was also performed to
check the bond strength. Flexural test under three-point
bending test condition was performed on RC beams
with conventional reinforcement, Fe-SMA reinforcement
and a combination of conventional reinforcement both
experimentally and then analytically in ANSYS 16.
The results are compared for conventional and Fe-SMA
reinforcement with respect to the flexural strength
of the beam. To interpret a comparison between the
conventional reinforcement and Fe-SMA reinforcement,
with respect to the stress, deformation and fatigue
properties of reinforcing bars were evaluated, as well.
Based on this scenario, results are presented.

5.1 Chemical test on Fe-SMA reinforcing bars

The chemical test is carried out on Fe-SMA
reinforcing bars and results are provided further. The
main elements of Fe-SMA bars are iron, manganese,
silicon, chromium and nickel. The addition of manganese
at 6.57% and silicon with 0.21% allows the shape
memory effect to occur. The addition of chromium with
15.82% and nickel with 4.08% improves its corrosion
resistance and improves effectiveness in restraining.

5.2 Tensile test on reinforcing bars

A tensile test is carried on mild steel, TOR steel
and Fe-SMA reinforcing bars as per ASTM A370 [59].
Table 3 shows results related to the tensile test on
reinforcing bars. Stress-strain graphs for mild steel,
TOR steel and Fe-SMA reinforcing bars, Figures 7
(a), (b) and (c), reveal many properties like 0.2% proof
stress and ultimate tensile strength, including data to
establish the modulus of elasticity of mild steel, TOR
steel and Fe-SMA, respectively. Figure 7 (c) shows flag
shaped curve, which indicates at the loading stage,
SMA takes a large level of strain as the stress remains
fairly constant and then at unloading the SMA recovers
strain at a lower stress stage. Figures 8 (a), (b) and (c)
show the cup and cone fracture of TOR steel, mild steel
and Fe-SMA reinforcing bars after the tensile test,
respectively. Table 3 shows 0.2% proof stress for mild
steel, TOR steel and Fe-SMA are 681 MPa, 504 MPa, 868
MPa, respectively. This indicates that there is a 22%
and 42 % precedent beginning of nonlinear deformation
of Fe-SMA as compared to mild steel and TOR steel,
respectively.

The ultimate tensile strength of steel, mild steel
and Fe-SMA are 743 MPa, 621 MPa and 1037 MPa,
respectively. This indicates that Fe-SMA has 40%
and 29% maximum capacity to withstand while being
stretched or pulled before breaking as compared to
mild steel and TOR steel respectively. The modulus of
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Table 3 Tensile test on reinforcing bars

Specimen Dia. (mm) Maximum Load 0.2% proof stress U.T.S (MPa) Modulus (GPa)
(kN) (MPa)
TOR steel 10 45.81 504 621 187
Mild steel 10 58.09 681 743 200
Fe-SMA 10 81.09 868 1037 208
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Figure 7 Stress-Strain curves for (a) mild steel (b) TOR steel (c) FE-SMA

Figure 8 Specimen after the tensile test (a)mild steel (b) TOR steel (b) Fe-SMA
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Table 4 Bend test of reinforcing bars

Specimen Diameter (mm) Bend Remark
Mild steel 10 4D Satisfactory
TOR steel 10 4D Satisfactory
Fe-SMA 10 4D Satisfactory
Table 5 Corrosion test of reinforcing bars
Specimen Dia. (mm) Period (h) Observation
Mild steel 10 24 Red pitting observed
TOR steel 10 24 Red pitting observed
Fe-SMA 10 24 Slightly red pitting at cutting edge
Table 6 Pull-out test
Case Material Diameter of bar (mm) Maximum Load Bond strength (N/mm?)
(kN)
1 RC cube with mild steel 10 22.6 0.72
2 RC cube with TOR steel 10 22.8 0.73
3 RC cube with Fe-SMA 10 15.1 0.48

elasticity for mild steel, TOR steel and Fe-SMA are 200
GPa, 187 GPa and 208 GPa respectively. This indicates
that Fe-SMA is for 4% and 10% stiffer material, as
compared to mild steel and TOR steel, respectively.

5.3 Bend test on reinforcing bars

The bend test was a simple and inexpensive
qualitative test that can be used to evaluate both the
ductility and soundness of a material. The bend test
is carried out on mild steel, TOR steel and Fe-SMA
reinforcing bars to suggest the suitability for concrete
structures. Figure 9 shows the results of the bend test
on mild steel, TOR steel and Fe-SMA, respectively. The
results of this test show satisfactory remarks, which
indicates that none of the material failed under pressure
as no fracture occurred on mild steel, TOR steel and
Fe-SMA. It is observed that during the test there no
crack has developed in TOR steel, mild steel nor the
Fe-SMA reinforcement, after undergoing a 180° bend.
Hence, those reinforcement bars can be effectively used
with concrete as a ductile material further loaded with
bending forces. However, when those reinforcements
are used in concrete, cracks, which are measurable, get
developed in concrete, while with use of the Fe-SMA,
these cracks in concrete get diminished and recovered
due to the self-healing properties. Table 4 shows the
bend test results and their remarks.

5.4 Corrosion test on reinforcing bars

Corrosion test was carried out on mild steel, TOR
steel and Fe-SMA reinforcing bars and the results were

compared. Table 6 shows the results of the corrosion test
mild steel, TOR steel and Fe-SMA respectively. Figure
10 shows specimens before and after the test. Table
5 shows that in the salt solution of 5% (in weight) of
NaCl, (more than seawater, which is only 1.8% to max
3%) maintained at 35 °C with pH ranges from 6.5 to
7.2 for 24 h, red pitting was observed on the mild and
TOR steel, whereas for the Fe-SMA reinforcing bars
slightly red pitting was observed at the cutting edge.
These results indicate that the Fe-SMA reinforcing
bars are more corrosive resistant than the mild
and TOR steels.

5.5 Pull-out test

The pull-out test is carried out on reinforcing
concrete embedded with mild steel, TOR steel and
Fe-SMA reinforcing bars to verify the maximum load
and bond strength. Figure 11 shows specimens after
the pull-out test. Table 6 shows the maximum load of
22.6 kN, 22.8 kN and 15.1 kN acted on a cube reinforced
with mild steel, TOR steel and Fe-SMA reinforcing bars
respectively. Similarly, bond strengths were observed
as 0.72 N/mm?, 0.73 N/mm? 0.48 N/mm? for cubes
reinforced with mild steel, TOR steel and Fe-SMA
reinforcing bars, respectively. This indicates that the
maximum load and bond strength of a cube embedded
with Fe-SMA reinforcing bars is 34 % smaller than mild
and TOR steel. Thus, the bond strength is proportional
to the contact surface of the steel to the concrete.
A deformed reinforcing bar adheres better than a plain
one because it has a greater bearing surface. The
rougher the surface of the steel, the better it adheres to
concrete. Thus, steel with a light, firm layer of rust is
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(a) () (c)
Figure 9 Specimens after bend test (a) mild steel (b) TOR steel (c) Fe-SMA

() ) (c)

Figure 10 Reinforcing bars sample before and after corrosion test (a) mild steel (b) TOR steel (c) Fe-SMA

Table 7 Comparison of Flexural Strengths for RC beams reinforced with Conventional and FE-SMA

Case  Reinforced concrete beam Beam size (mm) Maximum Flexural strength (MPa)
Load (kN)
Experimental Analytical
results results
1 Conventional reinforcement 150 x 150 x 700 71.48 12.65 12.43

#2-10mm @ (top)
#2-10mm @ (bottom)

2 Fe-SMA reinforcement 150 x 150 x 700 88.81 16.08 15.89
#2-10mm @ (top)
#2-10mm @ (bottom)

3 Conventional reinforcement 150 x 150 x 700 73.28 13.04 12.94
#1-10mm @ (top)
#1-10mm @ (bottom)
Fe-SMA reinforcement
#1-10mm @ (top)
#1-10mm @ (bottom)
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superior to clean steel; however, steel with loose or scaly
rust is inferior.

5.6 Flexural test on the RC beams

Flexural test under the four-point bending test
condition is carried out on RC beams experimentally
to compare the flexural strength of RC beams with and
without Fe-SMA reinforcement and the same results
are validated using ANSYS 16. Table 7 shows the
experimental and analytical results of RC beams with
and without Fe-SMA reinforcement. Figures 12 (a), (b)
and (c) show the flexural strength acting on RC beam
with and without Fe-SMA reinforcement obtained from
analytical results using ANSYS.

Table 7 shows that experimental results for the
flexural strength of RC beams, with and without Fe-SMA
reinforcement, are in good agreement with the analytical
results for the flexural strength of RC beams with and
without Fe-SMA reinforcement. The flexural strength of
the RC beam reinforced with Fe-SMA and a combination
of Fe-SMA and conventional reinforcement is observed to
be 16.08 MPa and 13.04 MPa is 22 % greater than the RC
beam reinforced with conventional reinforcement. There
is a marginal increase of 3% in the flexural strength
of the combination of conventional reinforcement and
Fe-SMA. This proves that Fe-SMA can withstand in

severe conditions for longer period, as compared to
conventional reinforcement.

5.7 Total deformation of RC beam

Total deformation is carried out on RC beams with
and without Fe-SMA reinforcement, both experimentally
and analytically. Figure 13 (a) shows the crack closure
of the RC beam with Fe-SMA reinforcement at the
maximum deflection is 0.53mm and after the unloading
it is 0.13mm. Even if there was a marginal increase
in total deformation of the RC beam with Fe-SMA
reinforcement, it shows strain recovery of 75%. This
results in crack vanishing in the RC beam with Fe-SMA
reinforcement, as shown in Figure 13 (b). Figures 14
(a), (b) and (c) represent the total deformation on the
RC beams with and without the Fe-SMA reinforcement.
Analytical results show that the total deformation
of Fe-SMA reinforcement is 0.04897mm, which
is marginally higher than that of the conventional
reinforcement and a combination of conventional and
Fe-SMA reinforcements, which is observed to be 0.03879.

5.8 Load-strain response and recovery stress

Further, for measuring the recovery strain of the

(a)

b (c)

Figure 11 Pull-out test (a) mild steel (b) TOR steel (c) Fe-SMA

15.99 Max
14.214

12437

10.66
8.8836
71089
5.3302
3.5534
1.7767
3.8557e-14 Min

12.439 Max
11.057
8.6745
8.2024
6.9104
5.5283
41462
2,764
1.3821
4.139%e-14 Min

(a)

4.8921e-14 Min

(b) (c)

Figure 12 Flexural strength on RC beam (a) conventional reinforcement (b) Fe-SMA reinforcing bars
(¢c) combination of conventional reinforcement and Fe-SMA reinforcement
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(a) (®)

Figure 13 Crack behavior of RC beam with Fe-SMA reinforcement (a) at maximum deflection (b) recentering of RC beam
with Fe-SMA reinforcement after unloading

0.035025 0.043536 0.03448
0.030647 0.032004 003017
0.026269 0.032852 0.02586
0.021831 Q02721 0.02155
Q.017512 0.021768 Q.01724
0.013134 0.016326 0.01283
0.0087562 0.010884 0.00862
Q.0043731 0.005442 0.00431
0 Min ) 0 Min 0 Min

(a) ) (c)

Figure 14 Total Deformation on RC beams (a) conventional reinforcement (b) Fe-SMA reinforcing bars (c) combination of
conventional reinforcement and Fe-SMA reinforcement
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0 1000 2000 3000
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Figure 15 Load-strain response of the Fe-SMA reinforcement
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450 A
400 +
350 -

® Activation temperature (°C)
Recovery stress (Mpa)
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200 -
150 -
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Figure 16 Recovery stress with respect to an activation temperature

reinforcement, the strain gauges were attached to
Fe-SMA reinforcing bars at the mid-span. Those bars are
longitudinal reinforcing bars provided into the concrete
beam. Hence, Figure 15 shows the load versus strain
response of the Fe-SMA reinforcement. Again, it can
be stated that the Fe-SMA reinforcing bar has a lower
modulus of elasticity as compared to the conventional
reinforcement. When the flexural cracks occur, high
strains are developed at the mid-span of the beam.
The yield point of both the Fe-SMA and conventional
reinforcement differs.

Now, it is obvious that at the higher activation
temperatures recovery stress shows larger values. After
heating the Fe-SMA at temperatures in the range of 150
- 450 °C, the recovery stress increased from 320 MPa to
450 MPa, as indicated in Figure 16. We generally do not
require higher activation temperatures for concrete
structures to maintain proper bonds between the concrete
and Fe-SMA. This property of recovery stress is of a great
interest for such adaptive Fe-SMA reinforcements in
terms of diminishing the crack propagation in concrete
members. We used this phenomenon of SM alloy
reinforcements for actively monitoring the self-recovery
of the beam. After increasing the cycle-fatigue load these
activated Fe-SMAs revealed an insignificant decrease in
stiffness. Perhaps, a decrease in recovery stress occurs
with an increase in cyclic loads. The reversible phase
transformation-induced deformations are observed at
this stage..

6 Conclusions

In the present research, the feasibility of the
Fe-SMA reinforcing bars, to be used as an alternative
to conventional reinforcement in structural engineering,
was considered. Tensile test, bend test and corrosion test
were carried out on TOR steel, mild steel and Fe-SMA
reinforcing bars and test results were compared. The

pull-out test on concrete with TOR steel, mild steel
and Fe-SMA reinforcing bars was performedto check
the bond strength. The Flexural test, under the four-
point bending test conditions, was performed on RC
beams with conventional reinforcement, Fe-SMA
reinforcement and a combination of conventional
reinforcement, both experimentally and analytically
in ANSYS 16, to evaluate the comparison between
the conventional and Fe-SMA reinforcement, with
respect to its flexural strength and too interpret the
comparison between the conventional and Fe-SMA
reinforcement, with respect to the stress, deformation
developed in beams and fatigue properties of reinforcing.
The conclusions from the above study have been drawn
as follows:

Chemical test results reveal that corrosion resistance
of the Fe-SMA reinforcing bars was enhanced due to the
addition of silicon along with manganese and chromium
in iron. The tensile strength of Fe-SMA reinforcing bars
is greater than those of both mild and TOR steels, which
shows that the Fe-SMA reinforcing bars would sustain
severe loads for a longer time than the conventional
reinforcing bars. There is no crack observed on TOR
steel, mild steel and Fe-SMA reinforcing bars after
a 180° bend which reveals that they are satisfactory to
be used as reinforcements. The corrosion test results
reveal that the Fe-SMA reinforcing bar is more corrosion
resistant than the conventional reinforcement, as there
was slightly red pitting observed at the cutting edge.
The bond strength of Fe-SMA reinforcing bar is smaller
than that of the TOR steel and mild steel. Therefore,
the deformed Fe-SMA reinforcing bars should be used
instead of plain Fe-SMA reinforcing bars, to achieve
better bond strength. Flexural strength result reveals
that the RC beam reinforced with Fe-SMA reinforcing
bars can withstand in severe conditions and has
a greater load-carrying capacity than the conventional
reinforcing bars. There is a good agreement between the
experimental and analytical results. Total deformation
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of an RC beam with Fe-SMA reinforcement full
replacement is marginally higher than the conventional
RC beam, however, it has the capability of recentering,
crack vanishing and recovering due to the chemical
composition of the Fe-SMA reinforcing bars. The service
life of the Fe-SMA reinforcement is far longer than that
of the conventional reinforcement. It is demonstrated
that the conventional reinforcement in RC beam can be
replaced by 50% or 100% by super elastic iron-based
shape memory alloy, very effectively in terms of strength
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