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A B S T R A C T   

Iron-based shape memory alloys (Fe-SMA) have recently emerged as a promising alternative for structural design 
and retrofitting due to their unique self-prestressing ability. The feasibility of using Fe-SMA rebars, strips, and 
stirrups for improving the flexural and shear behavior of reinforced concrete beams and slabs has been suc-
cessfully demonstrated in many experimental investigations. However, existing studies have mostly focused on 
applications where structural elements are subjected to monotonic loading. On the other hand, tension- 
compression reversals are mostly experienced by the reinforcement under seismic actions, which makes it 
necessary to characterize the pre-stress behavior of Fe-SMA under cyclic loading reversals. More specifically, it is 
important to identify the limit associated with the complete loss of pre-stress of Fe-SMA under tension- 
compression reversals. Another important research gap is the lack of understanding of the inelastic buckling 
behavior of Fe-SMA rebars, which is also important for the application of Fe-SMAs in seismic design and ret-
rofitting. Specifically, an understanding of the inelastic buckling behavior is needed for determining the spiral 
spacing and accurate moment-curvature analysis of cross-sections of concrete columns reinforced with Fe-SMA 
rebars. This study aims to address these important research gaps by experimentally evaluating the stress-strain 
behavior of pre-stressed Fe-SMA rebars under cyclic tension-compression reversals. The outcome of this study 
will facilitate in developing accurate analytical and numerical models for estimating the cyclic response of Fe- 
SMA rebars and will also assist in developing design guidelines for the use of Fe-SMA in seismic applications.   

1. Introduction 

New construction technologies and retrofitting methods are 
employing smart materials instead of traditional materials (concrete, 
steel) for enhancing the capacity of the structures. Smart materials are 
those materials that can respond to any changes in their condition by 
external stimuli (stress, temperature etc.) in a controlled manner. Shape 
memory alloys (SMAs) belong to the family of such smart materials that 
offer unique characteristics such as superelasticity and shape memory 
effect. Superelasticity is the property due to which an SMA can recover 
its original undeformed shape upon unloading from large deformations. 
Similarly, the shape memory effect refers to the property due to which 
an SMA can recover inelastic deformations upon heating. Nitinol and 
copper-based SMAs exhibit excellent superelastic behavior, whereas 
iron-based shape memory alloys (Fe-SMAs) show a stable shape memory 
effect [1–3]. 

The shape memory effect of the Fe-SMAs can result in recovery stress 

if external constraints (e.g. clamps, anchorages etc.) are used to prevent 
the development of recovery strain upon heating of SMA. This recovery 
stress can then be used to pre-stress reinforced concrete elements to 
improve their serviceability and ultimate limit state behavior [4]. Pre- 
stressed Fe-SMA rebars and strips have been extensively used in many 
retrofitting applications as near-surface mounted, embedded and 
externally anchored reinforcement for flexural and shear strengthening 
of RC beams [5–17], slabs [18], and masonry walls [19]. Few recent 
studies have investigated the bond-slip characteristics of near-surface 
mounted Fe-SMA rebars [20–22] and their elevated temperature 
behavior for strengthening civil structures [23]. However, all the 
existing applications of Fe-SMA involved situations where Fe-SMA was 
subjected to monotonic loading. On the other hand, the unique self- 
prestressing ability of Fe-SMA also makes it an attractive alternative 
for seismic design and retrofitting applications where cyclic loading 
excursions are expected. The potential applications include active 
confinement of RC columns and walls with embedded or externally 
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anchored pre-stressed spirals or ties. Similarly, bonded or unbonded pre- 
stressed Fe-SMA longitudinal reinforcement in RC columns and walls 
can incorporate a recentering behavior wherein the pre-stress of Fe-SMA 
can provide a restoring force to the structural element to return to its 
original position (i.e. self-centering) after strong ground motion 
excitations. 

The recovery stress behavior of pre-stressed Fe-SMA under tension- 
compression reversals needs to be fully understood for using it effec-
tively for seismic design and retrofitting applications. The material 
behavior of pre-stressed Fe-SMA under monotonic tensile loading has 
already been characterized extensively in past studies. Michels et al. 
[24] and Shahverdi et al. [25] studied the tensile behavior of pre- 
stressed Fe-SMA rebars and strips, respectively. The cyclic behavior 
including the energy dissipation of non-prestressed Fe-SMA rebars under 
large tension-compression strain reversals was recently studied in Rosa 
et al. [26]. However, no study has so far investigated the cyclic behavior 
of pre-stressed Fe-SMA under tension-compression reversals. This aspect 
needs attention because studies on high-cyclic tensile fatigue behavior 
[27,28] of pre-stressed Fe-SMA have shown partial loss of recovery 
stress under small amplitude tensile strain reversals. Therefore, it is 
particularly important to identify the strain limit associated with the 
total loss of recovery stress after which pre-stressed and non-prestressed 
Fe-SMA would start behaving identically. 

The other important aspect that needs to be studied for seismic 

design and retrofitting applications is the buckling behavior of Fe-SMA 
because, under seismic loading, the pre-stressed Fe-SMA rebars would 
be subjected to compression reversals that might initiate buckling and 
the associated softening in the compressive response, which can 
adversely impact the load carrying and energy absorption capacity of 
the reinforcement. In addition, this behavior needs to be investigated for 
accurate moment-curvature analysis of the Fe-SMA reinforced cross- 
sections so that the strength and ductility are not overestimated 
because of neglecting the softening in response due to buckling [29]. 
Furthermore, for designing RC columns with Fe-SMA, this would also 
help to determine if the spiral or tie spacing requirements for mild steel 
are applicable for Fe-SMA rebars. Previous studies on reinforcing steel 
under reversed cyclic loading have shown that softening in the 
compressive regime due to the inelastic buckling occurs when the lateral 
support spacing (spiral spacing) is greater than five to six times the 
longitudinal rebar diameter [30,31]. Therefore, it is recommended that 
tie or spiral spacing greater than six times rebar diameter should only be 
used in situations where no ductility is required from the structural 
member [29]. It has also been reported for steel rebars that the buckling 
commences after a reversal from the tension cycle and strongly depends 
on the maximum value of tensile strain reached before the reversal [32]. 

With the outlined state of research and practice on Fe-SMA, the 
primary aim of this study is to address the two identified research gaps i. 
e. pre-stress behavior and inelastic buckling of Fe-SMA rebars under 
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Fig. 1. Details of the dogbone specimens: a) D = 5.25 and L/D = 4; b) D = 7.5 mm and L/D = 4; c) D = 7.5 mm and L/D = 3.  
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tension-compression loading reversals. The following section outlines 
the details of the experimental testing campaign, which is followed by 
the results and discussion section. Finally, the work is concluded with a 
set of possible guidelines for using Fe-SMA with L/D = 3 and 4 for ap-
plications involving cyclic loading. The composition of Fe-SMA used in 
this study is Fe–17Mn–5Si–10Cr–4Ni–1(V,C) (mass%). 

2. Experiments 

2.1. Specimen details 

The experimental campaign comprised 14 cylindrical dogbone 
specimens and two ribbed rebar specimens. The geometric details of the 
specimens are summarized in Fig. 1 and Table 1, respectively. The 
dogbones with 5.25 mm diameter (at the reduced section) were manu-
factured from ribbed Fe-SMA rebars of 10.5 mm diameter, whereas the 
dogbones with 7.5 mm diameter (at the reduced section) were manu-
factured from 16.5 mm diameter ribbed Fe-SMA rebars. The different 
diameters (5.25 mm and 7.5 mm) of dogbones are intended to reflect the 
different rebar diameters (10.5 mm and 16.5 mm) from which they are 
manufactured. The dogbones were designed according to the recom-
mendations of ASTM E606/E606M-19 – Standard Test Method for 
Strain-Controlled Fatigue Testing [39]. The ratio of unsupported length 
to the diameter of the reduced section (i.e. L/D) was 4 for most of the 
specimens. A couple of specimens with L/D = 3 were also used to study 
the effect of buckling under compressive loading. In addition to the 
dogbone specimens, the test matrix included 10.5 mm diameter ribbed 
rebar specimens to identify any possible difference in the pre-stress 
behavior of the dogbones and the actual rebars from which the dog-
bones were manufactured. All the tested specimens were from the same 
batch. 

The following three types of specimens were mainly used in the 
experimental campaign: non-prestrained, prestrained non-activated, 
and prestrained-activated. The non-prestrained specimens represent 
the as-received condition of the specimens from the supplier. The pre-
strained non-activated specimens were prepared by subjecting the as- 
received samples to an initial prestrain of 4% and then unloading to 
zero load. In contrast, the preparation of the prestrained activated 
specimens involved both initial prestraining as well as thermal activa-
tion for generating the initial recovery stress, as schematically shown in 
Fig. 2. For this purpose, an initial prestrain of 4% was first applied to the 
as-received samples, followed by unloading to zero load. Subsequently, 
the thermal activation was performed on the resulting prestrained 
samples to trigger the shape memory effect of Fe-SMA for generating the 
pre-stress/recovery stress. The procedure for thermal activation was as 
follows: firstly, an initial preload of 50 MPa was applied to the specimen 
before heating. This was done to avoid compression during the initial 
stages of heating when Fe-SMA undergoes thermal expansion [25]. 
Then, while holding the strain constant (extensometer controlled), the 
specimen was heated from room temperature (23 ◦C) to a target acti-
vation temperature of 160 ◦C at a rate of 2 ◦C/min in the environmental 
chamber of the testing machine. This process generated recovery stress 
in the specimen. The holding time at the activation temperature was 30 
min after which the specimen was cooled back to room temperature at 
2 ◦C/min. The specimen was then kept again at room temperature for 30 
min before cyclic loading to allow the whole test set up to cool down to 
room temperature. The remaining recovery stress in the specimen after 
these 30 min was regarded as the initial recovery stress/pre-stress of the 
specimen. It is noted that an initial prestrain of 4% was selected in this 
study following the recommendations of [25], which showed that the 
optimum level of prestraining for generating the maximum initial re-
covery stress is 2–4% for Fe-SMA strips. 

The non-prestrained specimens were mainly considered to study the 
inelastic buckling behavior of the as-received (virgin) material. The 
prestrained non-activated or prestrained activated specimens were not 
considered for this purpose because initial prestraining and activation 

Table 1 
Specimen Matrix for Characterization of Cyclic Behavior.  

Specimen Diameter 
(mm) 

Loading State Protocol 

1  7.5 Cyclic Prestrained 50 Cycles @ 
0.075% Strain 
Amplitude 

2  7.5 Cyclic Activated@160 ◦C 50 Cycles @ 
0.075% Strain 
Amplitude 

3  7.5 Cyclic Prestrained 50 Cycles @ 0.15% 
Strain Amplitude 

4  7.5 Cyclic Activated@160 ◦C 50 Cycles @ 0.15% 
Strain Amplitude 

5  7.5 Cyclic Prestrained 50 cycles@0.4% 
Strain Amplitude 

6  7.5 Cyclic Activated@160 ◦C 50 cycles@0.4% 
Strain Amplitude 

7  5.25 Cyclic Prestrained Incremental 
Amplitudes 
(0.03125%, 
0.0625%, 0.125%, 
0.25%, 0.5%, 
1.0%) 

8  5.25 Cyclic Activated@160 ◦C Incremental 
Amplitudes 
(0.03125%, 
0.0625%, 0.125%, 
0.25%, 0.5%, 
1.0%) 

9  5.25 Cyclic Prestrained Incremental 
Amplitudes (0.1%, 
0.2%, 0.3%, 0.4%, 
0.5%, 0.6%, 0.7%, 
0.8%, 0.9%, 1.0%) 

10  5.25 Cyclic Activated@160 ◦C Incremental 
Amplitudes (0.1%, 
0.2%, 0.3%, 0.4%, 
0.5%, 0.6%, 0.7%, 
0.8%, 0.9%, 1.0%) 

11  7.5 Monotonic Non-Prestrained Compressive 
loading until 
fracture – 
Specimen’s L/D =
3 

12  7.5 Cyclic Non-Prestrained Incremental 
Amplitudes (0.5%, 
1.0%, 1.5%, 2.0%, 
2.5%, 3.0%, 3.5%, 
4.0%, 4.5%, 5.0%) 
– Specimen’s L/D 
= 3 

13  7.5 Monotonic Non-Prestrained Compressive 
loading until 
fracture – 
Specimen’s L/D =
4 

14  7.5 Cyclic Non-Prestrained Incremental 
Amplitudes (0.5%, 
1.0%, 1.5%, 2.0%, 
2.5%, 3.0%, 3.5%, 
4.0%, 4.5%, 5.0%) 
– Specimens’s L/D 
= 4 

15  10.5 Cyclic Activated@160 ◦C Incremental 
Amplitudes 
(0.03125%, 
0.0625%, 0.125%, 
0.25%, 0.5%, 
1.0%) 

16  10.5 Cyclic Heat-Treated and 
Activated@160 ◦C 

Incremental 
Amplitudes 
(0.03125%, 
0.0625%, 0.125%, 
0.25%, 0.5%, 
1.0%)  
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results in an asymmetry in the tension-compression stress behavior of 
the Fe-SMA, which makes it difficult to identify the commencement of 
softening in the compressive behavior of Fe-SMA due to the onset of 
buckling. The purpose of using prestrained non-activated specimens was 
two-fold: i) to identify the strain limit when a thermally activated 
specimen starts behaving identically to a non-activated prestrained 
specimen after losing its initial pre-stress. ii) to understand the effect of 
prestraining on the tension-compression asymmetry. Thermally acti-
vated prestrained specimens, on the other hand, were used to study the 
loss in pre-stress under cyclic loading reversals. In addition to the three 
types of specimens mentioned before (i.e. non-prestrained, prestrained 
non-activated, and prestrained activated), a heat-treated specimen was 
also used in the experimental campaign to study the effect of prior heat- 
treatment on the pre-stress loss behavior. For preparing this specimen, 
the as-received 10.5 mm diameter rebar was first subjected to heat- 
treatment of about 750 ◦C for 6 h in an oven. Later on, the rebar was 
prestrained and activated using the same procedure mentioned previ-
ously. It is noted that for simplicity the prestrained non-activated and 
prestrained activated specimens will be referred to as prestrained and 
activated specimens, respectively, throughout the manuscript. Also, the 
terms recovery stress and pre-stress are used interchangeably. 

2.2. Loading protocols 

Four types of loading protocols were used in the experimental testing 
campaign. The loading histories included, constant strain amplitude 
tension-compression reversals, incremental (small) strain amplitude 
tension-compression reversals, incremental (large) strain amplitude 
tension-compression reversals, and monotonic compression. The con-
stant strain amplitude experiments comprised up to 50 tension- 
compression reversals at a given strain amplitude, whereas the incre-
mental strain amplitude experiments consisted of one cycle of incre-
mentally increasing strains. The constant and incremental (small) strain 
amplitude tests were mainly conducted to investigate the loss in pre- 
stress of Fe-SMA under cyclic loading reversals. In these tests, the 
loading was extensometer-controlled with a strain rate of 0.03%/s. On 
the other hand, the monotonic compression and incremental (large) 
strain amplitude tension-compression reversals were used to investigate 
the inelastic buckling behavior of Fe-SMA under a stroke-controlled 
loading (to prevent damage to extensometer) at the same strain rate 
(i.e. 0.03%/s). 

2.3. Experimental test setup 

The experiments were conducted on a computer-controlled servo- 
hydraulic Walter + Bai (W&B) machine (Type LFV 500-HH) with a 
±100 kN load cell (model: GTM K 100kN) and wedge grips (WGR-100-M 

Inserts for round specimens with ø 10–16/19 mm). The machine has a 
piston stroke capacity of ±125 mm which is measured using a 
displacement transducer type MTS RHM0280MD701S2B8102, NO 1806 
323. The machine is equipped with an ultra-high-speed, high-resolution 
digital material testing control system PCS8000 with remote control. 
The software program used for operating the machine is DION7. The 
thermal activation of the specimens was performed in the environmental 
chamber (Type ETC 460-2) with a temperature range of − 80 ◦C to 
300 ◦C installed with the machine. The chamber has a stainless steel 
interior with a recirculating fan at its rear and Inconel sheathed heating 
elements. The chamber is equipped with high-grade insulation and has 
an integrated control system, based on a type K thermocouple. The 
temperature controller is a Eurotherm 2216e with an integrated over- 
temperature alarm to prevent any overheating of the system. For cool-
ing purposes, the chamber is connected to a 120-liter liquid nitrogen 
container. The details of the experimental test setup are shown in Fig. 3. 

An axial extensometer (Type: EXA15-2u S/N 2035) with a gauge 

Fig. 2. Thermal activation of Fe-SMA: a) stress-strain characteristics; b) stress-temperature characteristics (Reprinted from [25]).  

Fig. 3. Experimental test setup.  
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length of 15 mm was attached for measuring and controlling the de-
formations in experiments conducted to study the recovery stress 
behavior of Fe-SMA under cyclic loading. The displacement measuring 
range of the extensometer was ±2 mm and it could operate in the 
temperature range from − 270 ◦C up to +300 ◦C. Based on the extensive 
calibration tests performed on the extensometer, a control was imple-
mented in the testing machine to continuously compensate for the 
temperature-induced expansion of the extensometer. 

The experiments to investigate the inelastic buckling behavior 
(specimens 11–14) were stroke-controlled to prevent any damage to the 
extensometer due to geometric nonlinearity resulting from buckling. 
Thus, the machine displacement data (without any post-processing) has 
been used to calculate strains and the measured strains for buckling tests 
represent the global deformation, including geometric changes due to 
buckling. All tests were conducted at the ambient temperature in the 
laboratory. 

3. Results and discussion 

This section presents the results of the material characterization 
study where aspects such as loss of the recovery stress under cyclic 
loading, implications of initial prestraining on the symmetry/asymme-
try of the stress-strain behavior of Fe-SMA, and the inelastic buckling 
behavior of Fe-SMA under monotonic compression and cyclic tension- 
compression reversals are investigated in detail. 

3.1. Effect of cyclic loading on recovery stress 

The understanding of the extent of loss in the recovery stress of Fe- 
SMA under cyclic loading is crucial for seismic design and retrofitting 
applications. Particularly, the strain limit corresponding to the total loss 
in the recovery stress when an activated and a prestrained specimen 
would start behaving similarly should be known for the design purposes. 
For this purpose, the behavior of activated and prestrained Fe-SMA 
under constant and incremental strain reversals is compared in this 
section. The constant strain amplitude experiments were performed on 
dogbones with reduced section diameter, D = 7.5 mm, whereas incre-
mental strain amplitude experiments were performed on dogbones with 
D = 5.25 mm. Irrespective of the loading protocol considered, the 
complete loss of recovery stress for both types of specimens occurred at 
the same cyclic strain amplitude (i.e. ~ 0.4–0.5%). 

3.1.1. Constant strain amplitude experiments 
The constant loading tests were conducted at three different strain 

amplitudes (i.e. ±0.075%, ±0.15%, and ±0.4%). The strain amplitudes 
were selected to represent the specimen behavior in the early stages of 
the elastic range (±0.075%), and afterwards (i.e. ±0.15% and ±0.4%). 
The specimens were divided into three groups where each group con-
sisted of one prestrained and one activated specimen. The first group of 
specimens (i.e. specimens 1 and 2) was subjected to 50 cycles of 
±0.075% strain. The loading history for the second group of specimens 
(i.e. specimens 3 and 4) was 50 cycles at ±0.15% strain. The last group 
of specimens (i.e. specimens 5 and 6) was subjected to 15 cycles of 
±0.4% strain. The stress-strain behavior of the first, second, and third 
groups of specimens is shown in Fig. 4(a), (b), and (c), respectively. The 
initial recovery stress of the activated specimens was 280 MPa for the 
first group, 260 MPa for the second group, and 280 MPa for the third 
group, as shown in Table 2. For a fair comparison with the activated 
specimens that were subjected to an initial preload of 50 MPa before 
activation, the prestrained specimens were also preloaded to 50 MPa in 
all cases before cyclic loading. 

Fig. 4(a) shows that the loss in the initial recovery stress at ±0.075% 
strain amplitude was 50 MPa upon unloading from the first cycle. In 
contrast, the loss upon unloading from the first cycle was 125 MPa at 
±0.15% and 275 MPa (i.e. total recovery stress loss) at ±0.4% strain 
amplitudes, as shown in Fig. 4(b) and (c), respectively. The loss of the 
recovery stress was minimal in the subsequent cycles, especially for 
specimens subjected to ±0.075% and ±0.15% strain amplitudes. On the 
other hand, total loss of the recovery stress occurred after the first two 

Fig. 4. Loss of recovery stress under constant strain amplitude: a) 50 cycles@0.075% strain (Specimens 1 and 2); b) 50 cycles@0.15% strain (Specimens 3 and 4); c) 
15 cycles@0.4% strain (Specimens 5 and 6). 

Table 2 
Recovery stress behavior of activated Fe-SMA under constant strain amplitude 
tests.  

Loading Case Initial 
Recovery 
Stress (MPa) 

Recovery Stress at 
Unloading from 1st 
Cycle (MPa) 

Recovery Stress at 
Unloading from Last 
Cycle (MPa) 

50 cycles @ 
0.075% strain 
(Specimen 2) 

280 230 210 

50 cycles @ 
0.15% strain 
(Specimen 4) 

260 135 120 

15 cycles @ 0.4% 
strain 
(Specimen 6) 

280 5 0  
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cycles at ±0.4% strain amplitude. That’s why 15 cycles (instead of 50 
cycles) were used at ±0.4% amplitude, as the recovery stress was 
already lost. 

The results in Fig. 4 indicate that the stress-strain behavior of acti-
vated and the prestrained specimens approach each other with the in-
crease in the strain amplitude and become similar after the complete loss 
of pre-stress (refer Fig. 4(c)). This has important implications from the 
design point of view. It implies that after the strain limit corresponding 
to the total loss of the recovery stress, an activated Fe-SMA rebar will 
behave similarly to a non-activated prestrained Fe-SMA rebar. 

Fig. 4(a) shows that the slope of the stress-strain curve in the first 
loading cycle after activation is smaller than the rest of the loading cy-
cles. Infact, the specimen exhibited a linear elastic behavior in all the 
subsequent loading cycles. Similar behavior was observed in [27], 
where Fe-SMA specimens were tested under high-cycle fatigue loading. 
It is possible that the change in slope in the first loading cycle after 
activation is related to the initial level of prestraining but this needs to 
be ascertained with more tests in future where activated specimens with 
different levels of initial prestraining are subjected to cyclic loading 
reversals. In a previous study by Shahverdi et al.[25], it was shown that 
the slope after activation depends on the activation temperature. As 
such, among the considered activation temperatures of 120 ◦C, 160 ◦C 
and 195 ◦C, the maximum slope on loading after activation was 

exhibited by the specimen activated at 195 ◦C. Further studies on 
microstructural behavior might help in understanding the reasons for 
this behavior. 

Interestingly, a closer look at Fig. 4(b) reveals two different stiff-
nesses during the first cycle of loading of the activated specimen. The 
stiffness seems to change after 0.025% strain amplitude, which corre-
sponds to additional stress of around 50 MPa after activation. It is 
possible that the loss in recovery stress of Fe-SMA under cyclic loading 
starts from this point of change in stiffness; however, this needs to be 
investigated further. 

3.1.2. Incremental strain amplitude experiments 
Two different incremental strain histories were used to study the loss 

of recovery stress. Specimens 7 and 8 were subjected to incremental 
strain history with the following amplitudes: ±0.03125%, ±0.0625%, 
±0.125%, ±0.25%, ±0.5%, and ±1%, as shown in Fig. 5. In contrast, 
specimens 9 and 10 were tested under incremental strain amplitudes of 
±0.1%, ±0.2%, ±0.3%, ±0.4%, ±0.5%, ±0.6%, ±0.7%, ±0.8%, 
±0.9%, ±1.0%, as shown in Fig. 6. The purpose of using two load his-
tories with different increments was to evaluate the effect of loading 
history on the strain limit associated with the complete loss of pre-stress. 

Fig. 5 (a-d) and Table 3 indicate that the initial recovery stress of 300 
MPa in the activated specimen reduced by 20 MPa, 50 MPa, 110 MPa, 

Fig. 5. Loss of recovery stress under incremental strain amplitude (Specimen 7 and 8): a) ±0.03125% strain amplitude; b) ±0.0625% strain amplitude; c) ±0.125% 
strain amplitude; d) ±0.25% strain amplitude; e) ±0.5% strain amplitude; f) ±1.0% strain amplitude. 
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and 220 MPa at strain amplitudes ±0.03125%, ±0.0625%, ±0.125%, 
and ±0.25%, respectively. Fig. 5 (e-f) show that upon unloading from 
the tension-compression reversals associated with the strain amplitudes 
of ±0.5% and ±1%, the activated and prestrained specimens exhibited 
similar stresses. This implies a total loss of the initial recovery stress in 
the activated specimen. It can be noticed in Fig. 5 that the hysteretic 
stress-strain behavior of the prestrained and activated specimens is 
different in the first few excursions and becomes quite similar after the 

4th excursion. This is because, during the first few loading excursions, a 
significant amount of recovery stress is present in the activated spec-
imen. However, after the 4th loading excursion (0.4–0.5%), the recovery 
stress in the activated specimen is completely lost and thereafter the 
activated specimen behaves similarly to a non-activated prestrained 
specimen, as evident in Fig. 5(e) and (f). Similar results in terms of loss in 
recovery stress were obtained when the same experiment was repeated 
on a 10.5 diameter rebar specimen (specimen 15), confirming that the 
recovery stress loss behavior of dogbone specimens is similar to the 
rebars from which they are manufactured. 

Fig. 6 and Table 3 show that the specimens subjected to constant 
strain increments of ±0.1% experienced loss of around 70 MPa, 170 
MPa, 230 MPa, and 270 MPa in the initial recovery stress of 290 MPa at 
the strain amplitudes of ±0.1%, ±0.2%, ±0.3%, and ±0.4%, respec-
tively. At ±0.5% strain amplitude, the recovery stress was lost 
completely and the activated specimen once again exhibited similar 
stress-strain hysteretic behavior to that of the prestrained non-activated 
specimen. The comparison of results from Figs. 5 and 6 show that the 
loss of recovery stress is dependent on the strain amplitude and is in-
dependent of the increments. This can be concluded because a similar 
loss is observed for similar strain amplitudes in these two different 
experiments. 

Fig. 6. Loss of recovery stress under incremental strain amplitude (Specimen 9 and 10): a) ±0.1% strain amplitude; b) ±0.2% strain amplitude; c) ±0.3% strain 
amplitude; d) ±0.4% strain amplitude; e) ±0.5% strain amplitude. 

Table 3 
Recovery stress behavior of activated Fe-SMA under incremental strain ampli-
tude tests.  

Case 1: Specimen 8 – Strains: 
0.03125–0.5% 
Intial Recovery Stress = 300 MPa 

Case 2: Specimen 10 – Strains: 0.1–0.5% 
Initial Recovery Stress = 290 MPa 

Strain 
Amplitude (%) 

Recovery Stress at 
Unloading (MPa) 

Strain 
Amplitude (%) 

Recovery Stress at 
Unloading (MPa)  

0.03125 280  0.1 220  
0.0625 250  0.2 120  
0.125 190  0.3 60  
0.25 80  0.4 20  
0.5 0  0.5 0  
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3.1.3. Relationship between loss in recovery stress and recovered strains 
It is clear from the stress-strain behavior of activated Fe-SMA spec-

imen under constant and incremental strain amplitudes that the total 
loss of the recovery stress occurs when the strain amplitude is 0.4–0.5%. 
This strain limit is not arbitrary rather it seems to be equal to the 
recovered strains (i.e. pseudoelastic and elastic strain recovered) after 
initial prestraining of Fe-SMA, as shown in Fig. 7 (a). The pseudoelastic 
strain is the strain that recovers nonlinearly upon unloading. It is noted 
that for an initial prestrain of 4%, the recovered elastic strains were in 
the range of 0.25–0.30%, whereas the pseudoelastic strains were in the 
range of 0.15–0.20%. The stress-strain behavior of Fe-SMA specimen for 
the three stages i.e. initial prestraining, followed by activation, and 
cyclic loading reversals, shown in Fig. 7 (b), confirms this observation. 
The enlarged view of the stress-strain behavior for the activation and 
cyclic loading stages shown in Fig. 7 (c) provides a more clear picture of 
the dependence of the strain limit associated with the total loss of the 
recovery stress on the recovered strains after initial prestraining. The 
figure shows that under cyclic loading after activation, as soon as the 
total strain reaches the initial prestrain, there is total loss of the recovery 
stress and the specimen goes into compression. This implies that the 
available strain limit within which the recovery stress under cyclic 

loading would be lost partially is slightly less than the recovered strains 
after initial prestraining. Other specimens tested under different con-
stant and incremental strain histories exhibited the same behavior in 
terms of the dependence of strain limit associated with the total loss of 
recovery stress on the recovered strains after initial prestraining. For 
instance, Fig. 7 (d) shows that the specimen 10 that was tested under 
incremental strain amplitudes of 0.1–0.5% completely loses its recovery 
stress under cyclic loading once the total strain after activation reaches 
the initial prestrain. Similarly, Fig. 7 (e) shows that specimen 6 which 
was subjected to 15 cycles of 0.4% strain (constant strain amplitude) 
retains only 5 MPa of recovery stress upon unloading from the first cycle. 
This is because the total strain in the specimen is slightly less than the 
initial prestrain. These findings indicate that irrespective of the spec-
imen size (D = 7.5 mm or 5.25 mm) and loading protocol, the phe-
nomenon governing the complete loss of pre-stress under cyclic loading 
is the same. This phenomenon, as mentioned before, is that the complete 
loss of initial pre-stress occurs when the cyclic strain amplitude exceeds 
the total recovered strains obtained after the initial prestraining of the 
Fe-SMA. It should be noted, however, that the slight difference in 
behavior between the dogbone specimen sizes was observed in terms of 
the initial recovery stress generated, which was a bit higher (10–20 

Fig. 7. Dependence of loss in recovery stress on recovered strains after initial prestraining: a) specimen 8: initial prestraining to 4%; b) specimen 8: incremental 
amplitude cyclic loading after activation (strain amplitudes: 0.03–0.5%); c) specimen 8: incremental amplitude cyclic loading after activation enlarged view (strain 
amplitudes: 0.03–0.5%); d) specimen 10: incremental amplitude cyclic loading after activation enlarged view (strain amplitudes: 0.1–0.5%); e) specimen 6: constant 
amplitude cyclic loading after activation enlarged view of first cycle (strain amplitude: 0.4%). 

S. Raza et al.                                                                                                                                                                                                                                    



Construction and Building Materials 326 (2022) 126900

9

MPa) for dogbone with 5.25 mm diameter. 
In the past, similar findings have been reported about the behavior of 

pre-stressed Ni-Ti-Nb SMA wire, which also experienced total loss of the 
pre-stress under cyclic loading once the total strain on loading after 
activation was equal to the initial prestrain [33–35]. Choi et al. [33] 
concluded that under cyclic loading after activation, Ni-Ti-Nb SMA 
wires act like a viscoelastic spring from the point of recovered strains 
(after initial prestraining) to the initial prestrain. This is because no 
additional strain develops in the material within this strain limit under 
cyclic loading. On the other hand, residual strains start accumulating in 
the material once this strain limit is exceeded. This similar behavior can 
also be observed for Fe-SMA specimens tested in this study, which 
behaved like a viscoelastic spring from the point of recovered strains 
(after initial prestraining) to the initial prestrain. The reason for this 
behavior is that no residual strain accumulates in the Fe-SMA material 
within this strain limit, as it can be seen in Fig. 7 (c) that the specimen 
successfully unloads to zero strain in this range. However, as soon as this 
strain limit is exceeded, the residual strain starts accumulating and the 
material enters into the plastic phase, thereby completely losing its re-
covery stress. Fig. 7(c) shows the accumulation of residual strain in the 
specimen after the initial prestrain of 4% is exceeded. 

These findings suggest that the available strain limit of the Fe-SMA in 
which recovery stress is partially retained can be increased by increasing 
the pseudoelasticity of the Fe-SMA material. Previous research has 
shown that the Fe-SMA rebars can be subjected to ageing and heat 
treatment to increase their pseudoelasticity. For instance, Yang et al. 
[36] observed a 100% increase in the pseudoelastic strain of Fe-SMA 
when it was subjected to heat treatment at 774 OC for 144 hrs. How-
ever, prior to the heat treatment, these specimens were solutionized at 
1070 OC for 2 hrs and then quenched in water. More recent in-
vestigations at Empa have shown that the heat treatment and ageing 
without solutionizing may result in a greater increase in the pseudoe-
lastic strains of Fe-SMA. As such, pseudoelastic strains of up to 0.9% 
could be obtained upon heat treatment at 750 OC for 6 hrs. 

To verify this assertion, 10.5 mm Fe-SMA rebar specimens were 
subjected to the aforementioned heat treatment at 750 OC for 6 hrs. 
These additional rebar specimens were then prestrained, activated at 
160 OC, and subsequently subjected to incremental cyclic loading. The 
total recovered strain obtained upon initial prestraining of the speci-
mens increased to about 1.25%, as shown in Fig. 8 (a). After thermal 
activation, the specimens were subjected to tension-compression re-
versals with strain amplitudes ±0.03125%, ±0.0625%, ±0.125%, 
±0.25%, ±0.5%, and ±1.0%. Fig. 8 (b) shows that upon unloading from 

0.5% strain amplitude, the heat-treated specimen retained recovery 
stress of about 150 MPa, whereas previously, the testing of the as- 
received material (without heat treatment) has shown a total loss of 
the recovery stress at 0.5% strain amplitude. Similarly, upon unloading 
from 1% strain amplitude, the heat-treated specimen retained recovery 
stress of 20 MPa as opposed to the as-received specimens that experi-
enced compression at this strain due to total loss of the recovery stress. 
This implies that the available strain limit for the recovery stress of Fe- 
SMA under cyclic loading can be increased from 0.4-0.5% to about 
1.25% by heat treatment and ageing of the as-received material at 750 
OC for 6 hrs. The elastic modulus of the Fe-SMA reduced by about 10–20 
GPa upon heat treatment. 

It should be noted, however, that heat treatment and ageing can 
reduce the ductility of the material. For instance, the tensile loading on 
the as-received and heat-treated specimen showed that the failure strain 
of the material reduced from about 32% to 8% upon heat treatment. 
According to the requirements of Eurocode 2 [40], the minimum 
allowable characteristic strain at maximum force is 2.5% and 7.5% for 
steel rebars and decoiled rods of class A and C, respectively. This implies 
that Fe-SMA rebar exhibits an adequate failure strain (i.e. 8%) even after 
heat treatment and ageing and can still be used for structural applica-
tions. Another good alternative for improving the pseudoelasticity of Fe- 
SMA can be to increase the initial prestraining level. Past studies [25,27] 
have shown that at a higher initial prestrain Fe-SMA exhibits a larger 
pseudoelastic strain. Similarly, a recent study [38] has shown that ad-
ditive manufacturing using the laser powder bed fusion method can 
enhance the shape memory effect and pseudoelasticity of Fe-SMA 
compared to the conventional fabrication methods [38]. All these as-
pects show that the pre-stressed Fe-SMA has a promising potential for 
seismic design and retrofitting applications; however, its recovery stress 
properties need to be optimized. 

3.2. Effect of prestraining on cyclic behavior 

Since Fe-SMA rebars are mostly supplied in the prestrained form 
(usually 4%) for construction applications, so it is important to under-
stand the effect of the prestraining on the stress-strain behavior, 
particularly under tension-compression reversals. This effect can be 
understood from Figs. 4-6, where a significant nonlinearity can be 
observed as soon as the stress in the prestrained rebar enters the 
compression regime. This highly asymmetric tension-compression 
behavior of the prestrained specimen is in contrast with the behavior 
of non-prestrained specimen, which exhibits quite symmetric behavior 

Fig. 8. Effect of heat treatment (750 ◦C) and ageing (6 hrs) on the loss of recovery stress of Fe-SMA rebar (D = 10.5 mm) under cyclic loading: a) initial prestraining 
to 4%; b) cyclic loading after activation. 
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(in terms of maximum tensile/compressive stress) until the 
commencement of buckling, as shown in Fig. 9. In short, a prestrained 
specimen exhibits reduced stiffness and highly nonlinear behavior in the 
compression zone. This aspect should be taken into account when pre-
strained Fe-SMA (either activated or non-activated) is being used for 
seismic design applications because, under seismic actions, the structure 
is being subjected to tension-compression reversals. The asymmetry in 
tension-compression would imply that RC columns or walls reinforced 
with prestrained Fe-SMA rebars may experience more damage on the 
compression face than the tension face. The asymmetry in the stress- 
strain behavior also needs to be taken into account for the accurate 
moment-curvature analysis of the cross-sections reinforced with pre-
strained Fe-SMA rebars. The tension-compression asymmetry of Fe-SMA 

due to initial prestraining creates a limitation for its use in seismic ap-
plications in contrast with conventional steel reinforcement, which ex-
hibits a quite symmetric tension-compression behavior. 

3.3. Inelastic buckling behavior 

Inelastic buckling occurs when the critical buckling load estimated 
by the elastic analysis exceeds the yield strength of the material. As a 
result, this type of buckling happens in the post-yield range of the ma-
terial and results in the softening of the behavior in the compression 
regime. The understanding of the inelastic buckling behavior of Fe-SMA 
rebars under tension-compression reversals is crucial for seismic design 
and retrofitting applications, particularly in vertical load-bearing 

Fig. 9. Stress-strain behavior of Fe-SMA under a) monotonic compression and tension-compression cyclic reversals for L/D = 3 (Specimen 11 and 12); b) monotonic 
compression and tension-compression cyclic reversals for L/D = 4 (Specimen 13 and 14); c) monotonic compression for L/D = 3 and L/D = 4 (Specimen 11 and 13); 
d) tension-compression cyclic reversals up to 4% strain for L/D = 3 and 4 (Specimen 12 and 14). 
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elements (columns, walls). In reinforced concrete elements designed 
according to the current standards, the design requirements for tie/ 
spiral spacing generally result in the ratio of the unsupported length to 
the diameter (L/D) of the longitudinal reinforcement between 2.5 and 8 
[32]. Considering this, the buckling behavior of Fe-SMA was studied 
under monotonic compressive and cyclic tension-compression reversals 
for L/D = 3 and 4, as shown in Fig. 9. 

Fig. 9 (a) shows that for L/D = 3, the monotonic and cyclic stress in 
the compression zone is similar until 4% strain amplitude. With the 
further increase in the strain amplitude, the stress under cyclic loading 
gradually decreased (softening) due to buckling until fracture occurred 
at 9% strain, whereas no decrease in the compressive stress was 
observed under monotonic loading until 10% strain amplitude. On the 
other hand, the compressive stress for L/D = 4 was similar under 
monotonic and cyclic loading until 3% strain amplitude, as shown in 
Fig. 9 (b). After 3% strain amplitude, the compressive stress under cyclic 
loading started decreasing due to buckling. The fracture, in this case, 
occurred at 8% strain amplitude. This shows that the effect of inelastic 
buckling is more pronounced under cyclic stress-strain reversals as 
opposed to monotonic compressive loading. 

The monotonic compressive behavior for the two L/D values is 
compared in Fig. 9 (c). It can be observed that the maximum compres-
sive stress in the specimen with L/D = 4 is 80% of the maximum 
compressive stress in the specimen with L/D = 3. In the specimen with 
L/D = 4, the maximum compressive stress of about 470 MPa was 
attained, whereas in the specimen with L/D = 3, a higher maximum 
compressive stress of 600 MPa was achieved, thereafter the softening in 
the compressive strength commenced. Since the ultimate tensile 
strength of Fe-SMA is around 750 MPa and the decrease of L/D from 4 to 
3 led to an increase in the ultimate compressive stress by 130 MPa, so it 
can be expected that a further decrease in L/D of Fe-SMA from 3 to 2 
may lead to identical ultimate compressive and tensile strengths. This 
hypothesis is also supported by the findings in [26], in which Fe-SMA 
specimens with L/D = 2 were tested under tension-compression re-
versals of up to 5% strain and didn’t experience any buckling. 

In Fig. 9 (d), the hysteresis for specimen with L/D = 3 is overlayed 
with that for the specimen with L/D = 4. It can be noticed that while the 
two specimens exhibited quite similar hysteretic behavior in the tension 
regime, the compressive behavior of L/D = 4 deviated from that of L/D 
= 3 at 2% compressive strain. This deviation became more prominent 
from 3% strain and onwards. Due to the initiation of buckling, the 
maximum compressive stresses at 3% and 4% compressive strains were 
similar to that at 2% strain. The specimen with L/D = 4 experienced a 
significant reduction in the hysteretic area due to the softening behavior 
after the commencement of buckling. The specimen with L/D = 3, on the 
other hand, exhibited a comparatively larger hysteretic area due to the 
less pronounced buckling. An interesting aspect is that the fracture of L/ 
D = 3 and L/D = 4 specimens occurred at 9% and 8% strains, respec-
tively, despite the initiation of buckling at 3–4 times smaller strain 
values. 

To provide a better perspective on the buckling behavior of SMAs, 
the study by Barceló and Bonet [41] on the monotonic compression 
behavior of Ni-Ti SMA rebars with L/D = 6, 9.5, 12, 16.5, 20.5, and 27 is 
discussed herein. The results of this study showed that the instability in 
compression for L/D = 6, 9, and 12 commenced at a compressive stress 
of 470 MPa, irrespective of the L/D ratio. This was mainly attributed to 
the material transformation to the martensitic phase at a compressive 
stress of 470 MPa and the associated decrease in the elastic modulus due 
to this transformation (i.e. from about 65 GPa to 28 GPa). On the other 
hand, the onset of buckling occurred in the austenite phase at much 
smaller stresses for L/D = 16.5, 20.5, and 27. The comparison of the 
cited study with the present study indicates that the superelastic Ni-Ti 
SMA rebars tend to exhibit better resistance to buckling than the Fe- 
SMA rebars considered in this study. This may be because the cited 
study showed that in the absence of buckling, the Ni-Ti rebars can reach 
very high ultimate compressive stresses and strains of up to 2000 MPa 

and 130%, respectively. In contrast, the ultimate tensile stresses and 
strains of Ni-Ti rebars were reported to be 800 MPa and 140%, 
respectively 

3.4. Comparison with steel rebars 

Fe-SMA rebars offer certain advantages and a few disadvantages over 
conventional steel reinforcement. The biggest advantage is that they 
possess a unique self-prestressing ability upon thermal activation, which 
the conventional steel rebars lack. As such, the recovery stress of about 
300 MPa can be generated upon activation of a single Fe-SMA rebar, 
which has the same ribbed geometry as conventional steel rebars. This 
pre-stressing ability can be particularly useful for structural elements, 
such as beams, columns, walls, and beam-column joints that are ex-
pected to experience low and high-cycle fatigue loading. In addition, the 
Fe-SMA rebars are very ductile and exhibit a fracture strain of over 30% 
in the absence of buckling and over 8% in the case of inelastic buckling 
when L/D is 3 and 4. On the other hand, the requirement for conven-
tional steel rebars of classes A, B, and C is to exhibit a minimum fracture 
strain of 2.5, 5.0, and 7.5%, respectively [40]. This means that Fe-SMA 
rebars meet the ductility requirements quite well. Furthermore, the 
elastic modulus of the as-received (non-prestrained) Fe-SMA rebars 
(calculated between 20 and 200 MPa) used in this study was found to be 
in the range of 180–185 GPa, which is quite close to the elastic modulus 
of conventional steel (i.e. 200 GPa). However, the elastic modulus of Fe- 
SMA reduces significantly upon thermal activation and was found to be 
in the range of 75–85 GPa after activation. The yield and ultimate 
strengths of the non-prestrained Fe-SMA are about 400 MPa and 800 
MPa, respectively, which indicates an average ratio of 2 between these 
strengths. On the other hand, the minimum ratio between yield and 
ultimate strengths is recommended to be 1.05, 1.08 and 1.15, for the 
steel rebars of classes A, B and C, respectively. It should be noted that the 
yield strength of the aforementioned steel rebars is in the range of 
400–600 MPa [40]. 

The Fe-SMA reinforcement exhibits pseudoelasticity upon unload-
ing, whereas conventional steel rebars do not show pseudoelasticity. 
Furthermore, the pseudoelasticity of Fe-SMA can be enhanced by alloy 
treatments, including heat treatment and ageing. The pseudoelastic 
strain of Fe-SMA also increases with the increase in the initial prestrain. 
The limitation of prestrained and activated Fe-SMA rebars, compared to 
steel rebars, is the asymmetric tension-compression behavior, which is 
introduced in the material due to initial prestraining. 

In the past studies, the strain at the onset of buckling of steel rebars 
was observed to be 3% for L/D = 5 under cyclic loading [32]. For Fe- 
SMA, the strain at the onset of buckling under cyclic loading is 
observed to be 2% for L/D = 4 and 3% for L/D = 3. This means that 
buckling commences earlier in Fe-SMA rebars as compared to steel re-
bars, which may be attributed to the relatively lower elastic modulus of 
non-prestrained Fe-SMA (180–185 GPa) than steel (200 GPa). The 
design implication of this would be to use lower tie spacings for Fe-SMA 
rebars than steel in seismic design and retrofitting applications. 

In the study conducted by Rosa et al. [26], the cyclic behavior of non- 
prestrained Fe-SMA rebars was compared with structural steels. It was 
reported that the energy dissipation of Fe-SMA per loading excursion is 
similar to the structural steel S355J2 + N at small strains. In contrast, at 
a large strain of 5%, the normalized energy dissipation of Fe-SMA was 
reported to be about 35% smaller than S355J2 + N. However, Fe-SMA 
exhibits a comparatively higher hardening response and as a result, 
can store higher elastic strain energy than structural steels. The study 
also noted an asymmetry in the tension-compression behavior of Fe- 
SMA up to a strain amplitude of 2% in the absence of buckling. This 
asymmetry was in the form of three different tangent moduli observed 
when the specimen was loaded in compression. The cited study reported 
that the cyclic hardening/softening response of Fe-SMA is dependent on 
the strain rate. As such, an increase of about 50 MPa in tensile and 
compressive stress was observed at slow and intermediate strain rates of 
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0.03%/s and 0.8%/s, whereas a tension and compression softening of 
about 50 MPa was observed at a higher strain of 8%/s. 

4. Guidelines for the use of Fe-SMA rebars in existing and new 
RC structures 

For the use of Fe-SMA in existing and new structures that are ex-
pected to experience cyclic loading (e.g seismic actions), it is important 
to understand the strain threshold at which the pre-stress is lost 
completely. The results of this study indicate that for the as-received 
SMA rebar prestrained up to 4% and then activated at 160 ◦C, the 
total loss of pre-stress occurs at the strain amplitude of 0.4–0.5%. This 
implies that as-received Fe-SMA could be used as pre-stressed rein-
forcement for situations where pre-stress is required only at the service 
load level (i.e. for high-cycle fatigue loading scenarios). On the other 
hand, for seismic applications where pre-stress is required at the ulti-
mate limit state, the available strain limit for recovery stress can be 
increased by the heat treatment and ageing of Fe-SMA at 750 ◦C for 6 
hrs. However, it should be noted that this can reduce the failure strain of 
the material to about 8%. Alternatively, the as-received Fe-SMA rebars 
can be used as unbonded pre-stressed reinforcement instead of bonded 
pre-stressed reinforcement to delay the loss of the recovery stress. Partial 
bonding strategies can also be adopted if corrosion concerns arise due to 
the unbonding of the reinforcement. For instance, SMA rebars with 
threaded end region and plain middle region can be employed for pre- 
stressing RC bridge columns for adding a self-centering capability. In 
such a scenario, the threaded end region will provide adequate 
anchorage into the foundation, whereas the plain portion of the rebar in 
the plastic hinge region will delay the loss of the pre-stress due to partial 
bonding. As a result, the initially applied pre-stress would be able to 
provide a recentering force to the column even at large drifts. In addi-
tion, the partial bonding with concrete will provide corrosion protec-
tion. Finally, another alternative could be to retrieve the recovery stress 
that has been lost under cyclic loading by a second thermal activation of 
Fe-SMA as previous studies [28] have shown that a thermal reactivation 
of Fe-SMA can retrieve a significant portion of the recovery stress lost 
under cyclic loading. 

As the experimental results demonstrate that inelastic buckling 
commences in Fe-SMA slightly earlier than steel, therefore, to delay the 
onset of buckling at the ultimate limit state, a relatively smaller ratio of 
unsupported length to the diameter of Fe-SMA rebar should be used as 
compared to the steel rebars for bonded applications in vertical load- 
bearing elements. According to EN 1998-2 [37], the maximum spacing 
limit for steel spirals/ties in RC piers is 5-6db for delaying the inelastic 
buckling of the longitudinal rebars under loading reversals. A similar 
guideline can be adopted for Fe-SMA rebars by keeping the maximum 
spacing limit for spirals/ties up to 4db to effectively delay the 
commencement of buckling in the post-yield region. It should be noted, 
however, that Fe-SMA is mostly used for structural applications in the 
pre-stressed form. This means that Fe-SMA rebar will be under tensile 
stresses at the beginning of the cyclic loading. As discussed previously, 
the total loss in the pre-stress of Fe-SMA rebar is expected at the strain 
amplitudes of 0.4–0.5%. Thus, rebar will experience compressive 
stresses beyond these strain amplitudes. So, the spacing of the spiral/tie 
for preventing buckling of the pre-stressed Fe-SMA rebar should be 
decided considering the maximum compressive stress that is expected to 
develop in the Fe-SMA rebars under cyclic loading. 

5. Conclusions 

This paper presented an experimental investigation into the behavior 
of pre-stressed Fe-SMA rebars under cyclic loading reversals. The 
following conclusions can be drawn based on the results of the 
experiments: 

1. The results of the material characterization study under both con-
stant and incremental tension-compression strain reversals indicate 
that the total loss of the recovery stress/pre-stress of the as-received 
Fe-SMA rebars occurs at the strain amplitudes of 0.4–0.5%. This 
strain amplitude limit is not arbitrary, rather it is equal to the total 
strain recovered (pseudoelastic and elastic strain) upon unloading 
after initial prestraining of the Fe-SMA rebar.  

2. The strain amplitude associated with the total loss of the recovery 
stress under cyclic loading reversals can be increased by enhancing 
the pseudoelasticity of the material. This can be achieved by heat 
treatment and ageing of Fe-SMA. The recovered strains of the as- 
received Fe-SMA showed an increase from 0.4-0.5% to 1.25% on 
heat treatment and ageing at 750 ◦C for 6 hrs. This subsequently also 
increased the available strain amplitude for retaining the recovery 
stress of Fe-SMA under cyclic loading to 1.25%.  

3. The initial prestraining results in a tension-compression asymmetry 
of the Fe-SMA rebar. As a result, the rebar exhibits less strength and 
stiffness in the compressive regime as opposed to the tensile regime. 
This aspect should be particularly taken into account when pre-
strained Fe-SMA is used for seismic design and retrofitting applica-
tions because, under seismic actions, the structure is being subjected 
to tension-compression reversals.  

4. The onset of inelastic buckling of Fe-SMA rebars under tension- 
compression reversals occurs at 4% and 3% strain, respectively, for 
an unsupported length to diameter ratio (L/D) of 3 and 4. On the 
other hand, the fracture due to inelastic buckling for these L/D ratios 
occurs at strains of 9% and 8%, respectively. This implies that rebars 
with L/D ≤ 4 possess sufficient resistance to fracture due to inelastic 
buckling at the serviceability and ultimate limit state. Therefore, it is 
recommended to limit the unsupported length of Fe-SMA rebar up to 
4db to effectively delay the commencement of buckling in the post- 
yield region for applications involving tension-compression 
reversals. 

The present study was the first experimental study which, with a 
limited number of specimens, attempted to understand the recovery 
stress loss behavior of Fe-SMA under tension-compression cyclic re-
versals. More experimental tests are recommended in the future to 
develop a reliable material behavior model that can account for all 
variabilities. 
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