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Abstract: This paper aims to evaluate potential of an Fe-based shape memory alloy (Fe-SMA) for
strengthening civil structures. Mechanical properties of the Fe-SMA were investigated with a direct
tensile test, which showed the stress-induced transformation, stress at fracture of the Fe-SMA,
and modulus of elasticity. Heating temperature ranging from 110 ◦C to 220 ◦C and pre-straining
level ranging from 2% to 8% of the Fe-SMA were considered as variables to provoke a shape memory
effect (SME), which generates a recovery stress. The recovery stresses ranged from 207.59 MPa to
438.61 MPa, which plays a role in introducing a pre-stressing force to concrete members. Bonding
behavior of the Fe-SMA embedded into a groove with a cement-based mortar filler was investigated
to determine the required bonding length to fully develop the pre-stressing force of the Fe-SMA with
a near-surface mounted (NSM) strengthening technique. All the tested specimens showed slippage
failure and suggested a minimum bonding length of 600 mm. The pre-stressing force applied on
the concrete can be calculated with the recovery stress of the Fe-SMA. Based on those test results,
the Fe-SMA shows sufficient potential to be used as strengthening material for civil structures.

Keywords: Fe-based shape memory alloy (Fe-SMA); strengthening material; recovery stress; recovery
temperature; bonding behavior; cement-based mortar filler

1. Introduction

Shape memory alloys (SMAs) are unique and widely known materials that can return to a
pre-defined shape when heated above a defined temperature. The pre-defined shape is memorized by
changes in temperature or action of stresses. The SMAs were developed from the discovery of Au-Cd
alloys with a shape memory effect (SME) by Chang and Read in 1951 [1]. As well as Ti-Ni SMAs
publicized by Buehler in 1962 [2], various SMAs such as Cu-Zn-Al alloys, Mn-Cu alloys, and Cu-Al-Ni
alloys have been discovered with a SME [3–5]. The SME from those SMAs is generated by a
thermoelastic phase transformation. The thermoelastic phase transformation known as transformation
hysteresis is a transformation behavior of the crystal structure that depends on a change in temperature.
The SMAs have two phases: martensite, which is stable in low temperature; and austenite, which is
stable in high temperature. The phase transformation occurs between the martensite and austenite
phase by change in temperature. Forward phase transformation takes place during temperature
change from low to high. On the contrary, the reverse phase happens during change of temperature
from high to low [6–9]. Although the aforementioned SMAs with such phase transformation process
have been used in such fields as aerospace and the medical industry, due to expensive cost of production
and raw material it is not feasible for them to be used in civil structures which require large and stable

Appl. Sci. 2018, 8, 730; doi:10.3390/app8050730 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-8584-1348
http://www.mdpi.com/2076-3417/8/5/730?type=check_update&version=1
http://dx.doi.org/10.3390/app8050730
http://www.mdpi.com/journal/applsci


Appl. Sci. 2018, 8, 730 2 of 16

recovery stresses for active control, damping, and pre-stressing strengthening material [9–12]. In 1982, Sato
discovered a Fe-30Mn-1Si alloy and subsequently the SME from the Fn-Mn alloy, which contributed to
lowering production cost [8]. In addition, as compared to the aforementioned SMAs, Fe-SMAs have
wide transformation hysteresis and high stiffness and strength [11–16]. Initially discovered Fe-SMAs,
including Fe-Pt, Fe-Pd, and Fe-Ni-Co, showed a transformation hysteresis which was caused by the
transformation phase from the γ-austenite phase that is stable in high temperature to the ε-martensite
phase that is stable in low temperature. However, not only did this transformation hysteresis
narrow thermal hysteresis, but also the dissolution and homogenization processes were complicated
and cyclic heating treatment known as “training” was required to improve the SME [5,13,14,17].
Those limitations and increased production cost made the Fe-SMAs challengeable in application in
structures for civil engineering similar to Ni-Ti SMAs [9,10,18]. Later, Fe-SMAs processing a wide
transformation hysteresis with different precipitates were discovered. In 2001, Kajiwara et al. and
Farjami et al. discovered fine NbC and VN precipitates in the microstructure that enhanced the
SME of Fe-SMAs without any training process [19,20]. Dong et al. and Leinenbach et al. improved
the SME of Fe-17Mn-5Si-10Cr-4Ni-1(V,C) and Fe-16Mn-5Si-10Cr-4Ni-1(V,N) by mass fraction [21,22].
The developed SME, high stiffness, high strength, and low production cost of these Fe-SMAs prompted
international research into its application in such civil engineering fields as damping, active control,
and pre- or post-stressing tensioning of structures [11,14,23–29].

When the deformation of the Fe-SMA generated by the transformation hysteresis is constrained,
the energy to be used for the transformation phase is used in recovery stress, which can be
a pre-stressing strength in concrete structures. In 2004, Moser demonstrated feasibility of the
pre-stressing strength in a cementitious mortar by using a short fiber type of Ni-Ti-based SMAs.
Prism specimens were heated up to 180 ◦C, which induced the pre-stressing strength of 845 MPa to
the surrounding mortar layers [30]. The pre-stressing strength ranging from 130 MPa to 580 MPa
are reported at phase transformation temperature of 130 ◦C to 580 ◦C on different Fe-Mn-Si alloys,
which showed that the Fe-SMAs could be used as the strengthening material for civil structures [6].
Czaderski et al. in 2014 reported that recovery stresses ranged from 250 MPa to 300 MPa when heating
to 160 ◦C, which demonstrated the general feasibility of the Fe-SMA strips [10].

The aim of this paper is to evaluate the feasibility of the Fe-SMA as the strengthening material
for civil structures based on thermal mechanical test results. The recovery stresses of the Fe-SMAs
were investigated with five different recovery temperatures ranging from 100 ◦C to 220 ◦C and with
four different pre-straining levels ranging from 2% to 8%. Additionally, a bonding test was performed
to understand the bond behavior and to determine the minimum bonding length of the Fe-SMA.
For this bonding test, the Fe-SMAs were embedded with a near-surface mounted (NSM) technique
which involves the embedding of Fe-SMA into grooves opened on a concrete surface. Finally, a
cement-based mortar bar including the Fe-SMA was tested to calculate a compressive force—namely a
pre-stressing force transferred from the recovery stress of the Fe-SMA to the surrounding concrete.
The pre-stressing force was calculated based on the recovery stress, the thermal mechanical properties
of the strengthening material and the equivalent modulus of elasticity on the concrete. Based on those
material test results, a flexural strengthening performance of a reinforced concrete (RC) beam with
NSM Fe-SMA strip will be evaluated in further research.

2. Experimental Program

2.1. Fe-SMAs

Fe-SMA used for this paper were produced by re-fer AG Company in Switzerland. The Fe-SMA
has a chemical composition of iron, manganese, silicon, chromium, and nickel, Fe-17Mn-5Si-10Cr-4Ni-1
(V,C) when categorized by mass ratio [21,22]. As a preliminary test for this paper, a direct tensile
test was conducted to investigate the mechanical properties and material behavior on the Fe-SMA.
As a result of the tests in Figure 1, the modulus of elasticity, limit of proportionality (σ0.01), 0.2% proof
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stress (σ0.2), and the stress at fracture of the Fe-SMA referred to as ultimate tensile strength (σUTS) were
taken as 133 GPa, 200 MPa, 463 MPa, and 863 MPa, respectively, which are lower than the 173 GPa,
230 MPa, 546 MPa, and 1015 MPa reported in [31].

Figure 1. Stress-strain curve of direct tensile test.

2.2. Pre-Straining of Fe-SMA

The Fe-SMA specimens for a pre-straining process and a recovery stress test had length, width,
and thickness of 300 mm, 10 mm, and 1.5 mm, respectively. To prevent stress concentration by hydraulic
wedge grips during the pre-straining process and recovery stress test, dumbbell shaped specimens with
an arc transition were precut at both ends, as shown in Figure 2a. A total of 16 specimens were tensioned
to four different pre-straining levels (2%, 4%, 6% and 8%) with a universal testing machine (UTM)
of 100 kN loading capacity under the machine head at the rate of 0.25 mm/min. Four specimens
were prepared for each pre-straining level to obtain reliable test data. After the specimen was fully
extended up to the target strain level, the load was removed at the rate of 0.25 mm/min until the
residual stress on the specimen reached zero, and then the residual strain was recorded. The tensile
load was measured by a load cell equipped inside the UTM test machine and a tensile strain was
measured by using the strain gauge attached at the mid-length of the specimen.

Figure 2. Pre-straining process: (a) Detailed view of specimen; (b) Pre-straining setup.

2.3. Recovery Stress Test of Fe-SMA

As aforementioned, the Fe-SMA can be changed to its pre-defined shape due to the SME when it
is heated. By using this feature of the Fe-SMA, the SME can introduce the compressive stress in the
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Fe-SMA when its deformation is restrained. The compressive stress is called “recovery stress” in this
paper. This recovery stress was assessed under restrained strain on the different pre-strained Fe-SMAs
and the different recovery temperatures. An electric resistance heating was generated by passing the
electrical voltage of 2 A/mm2 throughout the Fe-SMA from copper clips connected to a power supply
system, as shown in Figure 3.

Figure 3. Electronic power supplying.

Before heating the Fe-SMA, the pre-tensile stress of approximately 50 MPa was applied on
the Fe-SMA to prevent buckling failure due to the thermal expansion effect on it during the
heating. The pre-tensile stress of 50 MPa was conservatively calculated using the coefficient of
thermal-expansion of the Fe-SMA. The pre-strained Fe-SMAs were heated up to the target temperature
(110 ◦C to 220 ◦C with an interval of 30 ◦C) to activate the SME by resistive electronic heating. At the
mid-length of the Fe-SMA specimen, a K-type thermocouple was attached to measure the recovery
temperature on the surface. The test variables are given in Table 1 and the specimen name presents the
pre-strained value of “PS” and the recovery temperature of “T”.

Table 1. Details of specimens for recovery stress test.

Specimen Pre-Strain (%) Recovery Temperature (◦C)

PS2-T100 2 100
PS2-T130 2 130
PS2-T160 2 160
PS2-T190 2 190
PS2-T220 2 220

PS4-T100 4 100
PS4-T130 4 130
PS4-T160 4 160
PS4-T190 4 190
PS4-T220 4 220

PS6-T100 6 100
PS6-T130 6 130
PS6-T160 6 160
PS6-T190 6 190
PS6-T220 6 220

PS8-T100 8 100
PS8-T130 8 130
PS8-T160 8 160
PS8-T190 8 190
PS8-T220 8 220
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2.4. Bonding Test of Fe-SMA

A bonding test was chosen to evaluate the bond behavior and strength of the Fe-SMA embedded in
a concrete block with bonding lengths, pre-strained values, and recovery temperatures as experimental
variables. The used concrete block size was 130 mm × 150 mm × 500 mm and had the modulus of
elasticity and the compressive strength of 30.48 GPa and 42.4 MPa after 28 curing days, respectively.
After curing for 28 days, a groove was pre-cut along the length of the concrete block on one surface
using a grooving machine. The groove had depth and width of 30 mm and 1.5 mm, respectively.
The Fe-SMA had a nominal thickness of 1.5 mm and width of 20.0 mm, and was elongated up to the
target strain level, then was inserted in the groove with rubber pads to centrally align it. The groove of
the concrete block was filled with a cement-based mortar with the compressive strength of 87.62 MPa.
The recovery temperature was measured by K-type thermocouple installed at the mid-height of the
Fe-SMA at the casting step. For the bonding test, the concrete block was held by a steel cage and the
test setup is shown in Figure 4b.

Figure 4. Bonding test setup: (a) Detailed of bonding test specimen; (b) Bonding test setup.

With the loading rate of 0.25 mm/min, the tensile load was applied under the displacement control.
Bonding strength and corresponding slippage values were recorded from the load cell equipped inside
the test machine and Linear Variable Differential Transformers (LVDTs).

The experimental variables are given in Table 2. The specimen name indicates that the first initial
“L” means the bond length, the second initials “PS” mean the pre-strained values, and the last initial
“T” represents the recovery temperature.

Table 2. Specimens of bonding test.

Specimen Bond Length (mm) Pre-Strained Value (%) Recovery Temperature (◦C)

L250-PS0-T020 250 0 20
L300-PS0-T020 300 0 20
L350-PS0-T020 350 0 20
L400-PS0-T020 400 0 20
L450-PS0-T020 450 0 20

L300-PS4-T080 300 4 80
L300-PS4-T120 300 4 120
L300-PS4-T160 300 4 160
L300-PS4-T200 300 4 200

L300-PS2-T160 300 2 160
L300-PS4-T160 300 4 160
L300-PS6-T160 300 6 160
L300-PS8-T160 300 8 160
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2.5. Recovery Stress Transfer Test

To measure the compressive stress on a concrete member transferred from the Fe-SMA of which
the SME activated, a cement-based mortar bar was prepared and tested as shown in Figure 5a.
The dimensions of the cement-based mortar bar were with the width 55 mm, thickness 30 mm,
and length 500 mm, respectively and the compressive strength of it was 87.67 MPa. The embedded
Fe-SMA had dimensions of width, thickness, and length 20 mm, 1.5 mm, and 600 mm, respectively
and was pre-strained to 4% at ambient temperature. To prevent crack development on the surface of
the cement-based mortar bar due to the thermal expansion of the Fe-SMA, steel fibers with dimensions
of 0.5 mm and 30 mm in diameter and length, respectively, were mixed with 2% by volume of the
specimen bar. The SME of the Fe-SMA was activated by the resistive electronic heating with the
relatively high density of 2 A/mm2 from the power supply system with a capacity of 510 A. The K-type
thermocouples were attached on the Fe-SMA to measure the recovery temperature at the mid-length.
In addition, two strain gauges were attached on the top and lateral side surfaces at the mid-length of
the cement-based mortar bar to measure the elongation strain of the specimen due to either thermal
expansion effect or thermal contraction effect from the heated Fe-SMA. The recovery temperatures
ranging from 100 ◦C to 190 ◦C with increments of 30 ◦C were considered as experimentally variable
and are given in Table 3.

Figure 5. Recovery stress transfer test: (a) Cement-based mortar bar containing Fe-SMA; (b) Test setup
of recovery stress transfer.

Table 3. Details of variable for cement-based mortar bar specimen.

Specimen Pre-Strain (%) Recovery Temperature (◦C)

Com-PS4-T100 4 100
Com-PS4-T130 4 130
Com-PS4-T160 4 160
Com-PS4-T190 4 190
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3. Results and Discussion

3.1. Pre-Straining of Fe-SMA

Stress-strain responses on different pre-strain levels are shown in Figure 6. The variance of the
stress-strain responses at each pre-strain level on Figure 6 might be because of the microstructure
changes due to the initial defects during alloy casting and the temperature difference during
pressing [10]. Moreover, in contrast with the mechanical behavior of a normal steel material,
no distinguished yielding point was shown on behavior of the Fe-SMA material as shown in Figure 6.
This is because the Fe-SMA shows the plastic deformation and the phase transformation from austenite
phase to martensite phase during the activation of the SME by resistive electronic heating [10]. Due to
difficulty in defining the stress-induced transformation (σ0.2) on the stress-strain diagram of the
Fe-SMA, 0.2% offset point was arbitrarily set to define the modulus of elasticity, which shows the
averaged modulus of elasticity of 133 GPa and the averaged stress induced transformation of 463 MPa.
The stresses at the fracture of the Fe-SMA were 640 MPa, 691 MPa, 697 MPa, and 742 MPa at 2%,
4%, 6% and 8% of the pre-straining levels, respectively, which shows the increasing stresses by the
averaged 5.1%. The stress and strain results are summarized in Table 4.

After the strain of the specimen reached the target pre-strain level, the load was removed at a
rate of 0.25 mm/min until the residual stress became zero to measure the residual strain. As shown
in Figure 6, at the beginning of the unloading, the stress was reduced from the ultimate stress to 60%
with same inclination of the initial modulus of elasticity, and the strain was recovered by the reverse
transformation as pseudoelastic strain [9,22]. The residual strains of the specimens were 1.07%, 2.90%,
4.72% and 6.52% for 2% to 8% of pre-strains, respectively, which shows 1.19% of the average recovered
strain. The relationship between the recovered strain and pre-strain values showed a linear tendency
with a slope and an intercept of 0.9234 and −0.7696, respectively. Around 99.5% of recovered strain
values can be explained by the pre-strain values with the mentioned linear tendency.

Table 4. Results of recovery stress for Fe-SMA.

Specimen Pre-Strain Recovered Strain Maximum Stress Recovery Temperature Recovery Stress

(%) (%) (MPa) (◦C) (MPa)

PS2-T100 1.94 1.02 644.80 114.6 287.06
PS2-T130 1.91 1.05 641.85 130.7 322.37
PS2-T160 1.96 1.03 636.11 163.4 358.08
PS2-T190 2.00 1.12 631.00 191.9 398.73
PS2-T220 1.99 1.12 644.38 228.2 404.73

PS4-T100 3.94 2.83 691.30 106.4 323.06
PS4-T130 4.00 2.90 695.73 131.4 337.80
PS4-T160 4.00 2.96 676.39 164.3 397.50
PS4-T190 4.00 2.91 698.18 191.3 426.89
PS4-T220 4.00 2.89 694.79 209.6 438.61

PS6-T100 6.00 4.75 712.45 110.0 306.31
PS6-T130 6.00 4.80 692.42 138.4 332.34
PS6-T160 6.00 4.49 675.29 173.0 374.47
PS6-T190 6.00 4.79 699.70 194.0 416.65
PS6-T220 6.00 4.76 704.71 219.9 422.51

PS8-T100 8.00 6.69 734.97 96.4 207.59
PS8-T130 8.00 6.66 742.24 130.0 271.14
PS8-T160 8.00 6.60 753.66 163.4 351.58
PS8-T190 8.00 6.70 726.49 188.6 386.08
PS8-T220 8.02 6.66 752.47 220.0 407.26
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Figure 6. Pre-straining of Fe-SMA specimens: (a) 2% of pre-strain; (b) 4% of pre-strain; (c) 6% of
pre-strain; (d) 8% of pre-strain.

To investigate the effect of the pre-strain levels on the modulus of elasticity of the Fe-SMA,
the un-loaded Fe-SMAs after being stretched up to the target strain were heated to induce the recovery
stress and were re-loaded with the direct tensile test. Figure 7 shows the modulus of elasticity of
120.93 GPa, 108.90 GPa, 97.82 GPa and 88.22 GPa, respectively. The modulus of elasticity was decreased
by an average of 9.3% with increase in the pre-strains from 2% to 8%. At 2% pre-strained Fe-SMA,
modulus of elasticity of the Fe-SMA with activated SME was 120.93 GPa, which is lower than the
173 GPa reported in [32].

Figure 7. Modulus of elasticity of pre-strained Fe-SMA with activated SME.

3.2. Recovery Stress Test of Fe-SMA

Figure 8 shows the typical temperature-recovery stress behavior of Fe-SMA in this paper.
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Figure 8. Stress-temperature diagram of a heating and cooling cycle on 4% pre-strained Fe-SMA with
the recovery temperature of 160 ◦C.

The recovery stress diagram is divided into four connected segments: (1) from points 1 to 2 is
thermal expansion on the specimen; (2) from points 2 to 3 is heating the specimen; while (3) from points
3 to 4; and (4) from points 4 to 5 are cooling the specimen. The recovery stress from points 1 and 2 was
decreased due to the thermal expansion effect on the Fe-SMA during temperature increase. By comparing
the thermal coefficient of typical steel material of 1.0 × 10−5 C◦−1, the Fe-SMA remaining in austenitic
microstructure has the 60% larger coefficient of thermal expansion, 1.6 × 10−5◦−1. This is the reason
for the recovery stress being decreased [10]. The recovery stress was increased back to 100 MPa at
100 ◦C due to the SME effect and was decreased again to 80 MPa at the targeted 160 ◦C due to the
thermal expansion. After reaching the target temperature of 160 ◦C, the thermal contraction effect
increased the recovery stress to the point of 4 during cooling of the Fe-SMA to the ambient temperature.
The inclination of the recovery stress and temperature is parallel to the initial dropping inclination
at the points between 1 and 2 because of similar coefficients of thermal expansion and modulus of
elasticity of the Fe-SMA [10]. The points between 4 and 5 show decreased inclination because the
partial phase transformation that occurred on the Fe-SMA from austenite phase to martensite phase [9].

The recovery stresses induced by the activated SME of the Fe-SMA are plotted on different
recovery temperatures from 100 ◦C to 220 ◦C and different pre-strained values from 2% to 8% in
Figure 9. As shown in Figure 9 and Table 4, the recovery stress increases linearly with the recovery
temperature on all the pre-strained specimens. Ghafoori reported the fatigue behavior of the Fe-SMA
and reported the recovery stress of 372 MPa on the 2% pre-strained Fe-SMA at 160 ◦C, referred to as
“recovery temperature” in this paper [32]. The recovery stress reported in [32] is somewhat higher
than obtained from this paper with 2% pre-strained Fe-SMA and 160 ◦C heating temperature.

Figure 9. Cont.
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Figure 9. Recovery stress with different resistive recovery temperatures: (a) 2% of pre-strain; (b) 4% of
pre-strain; (c) 6% of pre-strain; (d) 8% of pre-strain.

In the case of the pre-strain level variable, the 6% or over pre-strained specimen shows somewhat
reduced recovery stress when compared to 4% pre-strained one. The recovery stress of 8% pre-strained
specimen was significantly lower than that of 6% pre-strained specimens. This is because the modulus
of elasticity of specimen decreases with the pre-strain increases, as aforementioned in Figure 7.
Additionally, with all pre-strained specimens on the 190 ◦C and 220 ◦C temperatures, the recovery
stresses did not show any significant increase. This phenomenon is related to the hysteresis behavior
of the Fe-SMA material at different temperatures. The SMA materials have four specific temperatures:
martensite start and finish temperatures (Ms and Mf) and austenite start and finish temperatures
(As and Af). After the temperature reaches the Af, the deformation of the specimen is a constant, which
causes a constant recovery stress. For this reason, the recovery stress was not increased linearly after
the recovery temperature went over 190 ◦C.

As shown in Figure 10a, at the target temperature on all the pre-strained specimens, the recovery
stress tends to decrease with the recovery temperature increases because the thermal expansion effect
of the Fe-SMAs were governed rather than the SME. However, on the contrary, the fully recovered
stresses after the heating-cooling process was completed show an increasing trend when the recovery
temperature increased (see Figure 11a). As previously mentioned, below 190 ◦C of the activation
temperature, the recovery stresses were increased. However, an activation temperature on the Fe-SMA
of over 160 ◦C may cause microcracks in the surrounding concrete, resulting in the delay of the normal
formation of ettringite [33]. Therefore, it would be considered that the recovery temperature of 160 ◦C
is suitable to induce the recovery stress of the Fe-SMA inside the concrete.

Figure 10. Recovery stress at target temperature: (a) Activation temperature of SME; (b) Pre-strain value.
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Figure 11. Recovery stress after completed cooling down: (a) Activation temperature of SME;
(b) Pre-strain value.

Considering the recovery stresses on the pre-strain levels, the recovery stresses were decreased
to 4% of the pre-strained specimens when the temperature reached the target temperatures (see
Figure 10b) and were completely cooled (see Figure 11b). This might be because of the decreased
modulus of elasticity with higher pre-strained specimens, as aforementioned in Figure 7.

3.3. Bonding Test of Fe-SMA

The slippage failures occurred in the all the specimens at the ultimate bonding strength, which
occurred because of the less shear strength at the interface between the Fe-SMA and the cement-based
mortar than the yield strength of the Fe-SMA. Furthermore, the feasibility of the Fe-SMA inside the
concrete block was evaluated based on the below Equation (1). The feasibility index (F.I.) is expressed
in Equation (1).

F.I. =
σmax

fult.
× 100 (1)

where, F.I. is a feasibility index, σmax is the maximum tensile stress of the Fe-SMA from the bonding
test, and f ult is the ultimate tensile stress of the Fe-SMA from the material test. The bonding strength,
slippage, and F.I. are given in Table 5.

Table 5. Results of bonding tests.

Specimen Bond Strength (kN) Slippage (mm) F.I. (%)

L250-PS0-T020 14.87 1.46 57.39
L300-PS0-T020 18.14 2.03 62.29
L350-PS0-T020 18.32 2.64 70.71
L400-PS0-T020 19.82 3.87 76.48
L450-PS0-T020 20.77 5.04 80.17

L300-PS4-T080 19.95 2.57 76.99
L300-PS4-T120 21.06 3.45 81.82
L300-PS4-T160 22.27 5.03 85.95
L300-PS4-T200 23.38 6.64 90.19

L300-PS2-T160 22.47 6.56 86.73
L300-PS4-T160 22.27 5.03 85.95
L300-PS6-T160 22.16 3.43 85.51
L300-PS8-T160 22.04 3.05 85.05

Figure 12 shows the bonding strength and slip deformation responses according to the bonding
lengths of the Fe-SMAs inside the concrete blocks. The bonding strength and F.I. were linearly
proportional to the bonding length. The bonding strength and F.I. are improved by an average of 8.8%
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as the bonding length of the specimen increased from 250 mm to 450 mm. Because of linear regression
analysis based on the bonding length and the F.I., the required bonding length of the Fe-SMA to
introduce fully pre-stressing force on the concrete is over 600 mm.

Figure 12. Bonding strength and slippage responses.

Figure 13 shows the bonding strengths and the slippage on different recovery temperatures
and different pre-stained values of the embedded Fe-SMAs. The bonding strengths linearly increase
by an average of 5.1% with the recovery temperature (see Figure 13a). With this result, it can be
mentioned that the Fe-SMA at the high recovery temperature maintains the sufficient bonding strength.
Additionally, there is no significant difference on the bond strengths with increase in the pre-strained
Fe-SMAs, as shown in Figure 13b. This is because that the pre-strained Fe-SMAs have similar recovery
stresses on different pre-strained values. However, the slippage occurrence of the Fe-SMA, referred
as “slippages” in Figure 13, shows somewhat different results, compared to the bonding strength.
In Figure 13a, after increasing the recovery temperatures, the slippages showed decreases. This might
be closely related to the recovery stress. The higher recovery stress accounted for the tensile strength,
which resulted in lower slippages. In Figure 13b, the slippages on the different pre-strained values of
the Fe-SMAs happened at the deformation of around 2.6 mm. This is because the recovery stresses of
those specimens were gathered around the average of 370.40 MPa.

Figure 13. Bond strengths on different temperature and pre-strained values: (a) Different recovery
temperatures on L300-PS4 specimens; (b) Different pre-strained values on L300-T160 specimens.

3.4. Result of Recovery Stress Transfer Test for Cement-Based Mortar Bar

Behavior of the cement-based mortar bar containing the Fe-SMA was investigated to calculate a
compressive strength on surrounding concrete transferred from the Fe-SMA. As mentioned previously,
in the recovery stress of the Fe-SMA, the Fe-SMA with the activated SME under constrained strain
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by the cured concrete generated the recovery stress which would be used as the pre-stressing force.
The measured elongation on the surface of the cement-based mortar bar by the strain gauge was used
to calculate the measured compressive stress, σmeasured. The measured strength of the cement-based
mortar bar was computed with the equivalent modulus of elasticity and obtained strains, as expressed
in Equation (2) below.

σmeasured =
∆l
lo

Eeq (2)

in which Eeq is an equivalent Young’s modulus of elasticity and lo is the original length of the Fe-SMA.
In addition, the expected compressive stress, σexpected, was calculated with the recovery stress

from the thermal mechanical properties of Fe-SMA. The expected compressive strength of the Fe-SMA
is calculated by Equation (3) below.

σexpected =
σr.s. × AFe−SMA

Aeq
(3)

where AFe-SMA is an area of the Fe-SMA strip, Aeq is the cross-sectional area of mortar bar, and σr.s. is
the recovery stress by the SME of the Fe-SMA at the 160 ◦C of the recovery temperature.

Figure 14 shows comparisons between the expected compressive stress from the Fe-SMA (black
solid line) and the measured compressive stress from the cement-based mortar bar (red solid line) on
different recovery temperatures. During the activation of the SME, the difference of two compressive
stress responses was remarkably shown. This is because of the thermal expansion effect on the mortar
bar. The heating for the activation of the SME was transferred to the surrounding cement mortar bar,
which makes the cement-based mortar bar expand. Because the mortar strain was assessed from the
strain gauge which was attached on the surface of the specimen bar, a strain could be measured that
was higher than the surface strain of the Fe-SMA.

Figure 14. Compressive stress on different recovery temperatures: (a) recovery temperature of 100 ◦C;
(b) recovery temperature of 130 ◦C; (c) recovery temperature of 160 ◦C; (d) comparison of expectation
and measurement of compressive stresses.
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The compressive stresses of the cement-based mortar bar and the Fe-SMA increased by 25%
with the increased activation temperature. At higher recovery temperature than 160 ◦C applied to
the mortar bar, the high heat of the Fe-SMA was transferred to the mortar surrounding the strip,
which generated longitudinal cracks along the Fe-SMA. Furthermore, the recovery temperature higher
than 160 ◦C delays a formation of ettringite at the interface between the cement and fine aggregate,
or destroys the formation of ettringite, which generates crack development [33].

According to the results of the recovery stress transfer test, it is confirmed that the pre-stressing
force applied on the concrete member would be estimated by the recovery stress of the Fe-SMA.
Furthermore, these results obtained from these tests suggest that the optimum recovery temperature is
160 ◦C for the introduction of the pre-stressing force on the concrete.

4. Conclusions

In this paper, thermal-mechanical properties of a Fe-based shape memory alloy (Fe-SMA) were
investigated for use as strengthening material for civil structures. Based on results from material tests,
conclusions can be drawn as follows:

(1) The Fe-SMA shows sufficient potential to be applied as strengthening material when retrofitting
damaged structures or strengthening civil structures. By applying a electric resistive heating
temperature of 160 ◦C, the 4% pre-strained Fe-SMA embedded inside the concrete would show
the shape memory effect (SME), which induces a compressive force on concrete. This compressive
force plays an important role as the pre-stressing force on concrete structures.

(2) From the direct tensile tests of the Fe-SMA, the limit of proportionality stress, the 0.2% offset
stress, and the modulus of elasticity were 463 MPa, 863 MPa, and 133 GPa, respectively. Based
on these mechanical properties, the recovery stresses of the Fe-SMA by the SME activation at
recovery temperature from 100 ◦C to 220 ◦C range linearly from 207.59 MPa to 438.61 MPa, which
is transferred to the surrounding concrete as the pre-stressing force.

(3) The bonding strength and feasibility index of the Fe-SMAs were improved by an average of 8.8%
with an increased embedding length from 250 mm to 450 mm. The regression analysis based on
the feasibility index and bonding length of the Fe-SMA indicates that the pre-stressing force can
be fully developed when the embedded length is over 600 mm.

(4) Based on the recovery stress transfer tests, the amount of pre-stressing force applied on
strengthened concrete structures could be estimated by the recovery stress of the Fe-SMA.
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