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Abstract  Shape memory alloys (SMA) can be 
employed as prestressing components in the form of bars 
and strips in new reinforced concrete (RC) members or for 
reinforcing existing RC constructions because of their 
shape memory effect. Early research focused on 
retrofitting concrete components with external SMA 
spirals, but this technology has not been extensively used 
in new building. Civil engineering constructions can 
benefit from the development of a more affordable 
iron-based shape memory alloy (Fe-SMA). A good form 
recovery stress (prestress force) and high elastic stiffness 
describe this Fe-SMA. As an added benefit, it is less 
expensive in terms of raw materials and easier to 
manufacture than nickel-titanium alloys (NiTi). Industrial 
production of Fe-SMA strips has just recently begun. In 
this research under an axial compression force, three 
circular columns are tested experimentally. The 
confinement of reinforcement-type steel strips and 
(Fe-SMA) spiral stirrups, main reinforced steel bars, as 
well as numerical simulation using finite elements, are all 
researched. The (Fe-SMA) spiral stirrups are considered 
strengthening techniques, internal and external 
confinement. Axial compressive load, load-displacement 
curve, and strain-reinforcement bars are all terms used to 
define the cause of failure. Strengthening by Fe-SMA 
stirrups external reinforcement maximum gains in 
compressive strength of around 69.99% for stirrups steel 

reinforcement columns and 51.64% for Fe-SMA stirrups 
internal reinforcement. 

Keywords  Shape Memory Alloy (SMA), Iron-Based 
SMA (Fe-SMA), Reinforced Concrete Column 

1. Introduction
Knowing the correct capacity of a structure's columns is 

vital for the overall efficiency and dependability of the 
structure. Smart materials such as shape-memory alloys are 
already making their way into the building industry SMA 
[1-4]. The most common SMA alloys are NiTi alloys [3-6]. 
Since NiTi alloys have a high cost, they haven't been 
regarded as practical for use in the construction sector 
[5,6]. Super elasticity SMA can return to its original shape 
after loading and unloading, whereas SMA can only return 
to its original shape after heating [7,8]. These materials are 
used in a variety of sectors, including transportation, 
aircraft, robotics, and biomedicine. SMA's high levels of 
elasticity were the primary focus of most of the early 
studies [8]. Shape memory alloys based on copper 
(Cu-SMAs) and iron (Fe-SMAs) are becoming 
increasingly common [9,10]. The low elastic modulus and 
poor cycle fatigue resistance of Cu-SMAs make them very 
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elastic. Fe-SMAs, on the other hand, are less costly and 
have a higher elastic modulus than NiTi-based alloys. They 
can also be activated at lower temperatures. Their use in 
reinforcing and prestressing civil structures already under 
construction, as well as those yet to be built, is extremely 
promising. In 1982, the Fe-SMA substance was found. 
Fe-SMA is now the subject of a feasibility study to see if it 
can be used to reinforce reinforced concrete structures 
[7-10]. Fe-SMA strips were to be used for both internal and 
exterior confinement in this design. Prototype strips of 
Fe-SMA were used to reinforce three RC columns in this 
project. SMAs can also be used to improve the 
performance of concrete by restricting it. Krstulovic-Opara 
and Thiedeman [17] confine concrete cylinders and 
generate active confinement on the cylinders. Molds were 
implanted with SMA wires and then concrete was moulded 
to provide specimens for the study. As a result, current 
cylinders and RC columns cannot be accommodated by 
this strategy. Janke et al. [18] advised confining it using 
SMA bands wrapped around an RC column. The stress–
strain relationship for concrete restrained by 3.23 and 
2.47mm thick SMA plates was also presented. Finally, 
Andrawes and Shin [19] used an SMA ring with a diameter 
of 7.62 mm to contain an RC. In spite of being the most 
widely used SMA, NiTi-based alloys are also the costliest. 

2. Experimental Program 

2.1. Material Properties 

The ready-mix concrete mix with 35 MP compressive 
strength comes from the platinum firm. A high-range 
water-reducing and retarding concrete additive is made 
from high-grade polymers, this company's admixture is 
called Promix G50, and it's designed to make concrete 
more fluid and easier to work with in hot climates. There 
are several benefits to using the Promix G50, improving 
the workability of fresh concrete, boosting slump 
retention, reducing slump loss over the long term, 
increasing water reduction and therefore increasing 
strength, to mention a few. To improve durability and 
reduce permeability, it is necessary to reduce cement 

content, increase early strength, and increase early 
strength. Cohesion should be increased to reduce the 
possibility of segregation, and the surface polish should 
be improved as well. To reduce the risk of bleeding or 
shrinking, because it contains no chloride, it is safe to use 
with reinforced concrete. Improve pumping and the 
qualities of fresh and hardened concrete by reducing line 
friction. Concrete mix design proportions are listed in 
Table 1. 

Developing an iron-based shape memory alloy with the 
following composition (Fe–Mn–Si–Cr–Ni–V-C) and 
properties of Fe-SMA stirrups are listed in Table 2. 

2.2. Specimen Descriptions for Laboratory Tests 

This study looks into the behaviour of Fe-SMA stirrups 
on columns reinforced. Three Circular column specimens 
with a diameter of 150 mm in height were tested, as shown 
in Table 3. Steel bars with a diameter of 10 mm provide the 
bulk of the column reinforcement. Steel bars have yield 
strength of 360 MPa. For (C S 10) specimen, there exist 
steel stirrups 8 mm cross-sectional area of a bar of 
specified diameter Asp equal to 50.26 mm2 and volumetric 
ratio ρh (relation between the volume of the transverse 
steel confinement and confined concrete core) equal to 
0.02216 for the purpose of serving as a stirrup for the 
spiral reinforcement yield strength fyh is 240 MPa. For (C 
A O 10) specimen, there exists Fe-SMA 3 mm diameter 
bar of with an area of a cross section Asp = 7.07 mm2 and 
ratio of volumes ρh (the volume of transverse confining 
steel divided by volume of confined concrete core) = 
0.00513 to serve as the spiral stirrup and reinforcement 
yield strength fySMA is 800 MPa. For (R C S A 10) 
specimen, there exist steel stirrups 8 mm diameter of bar 
with an area of a cross section Asp = 50.26 mm2 and 
volumetric ratio ρh (the volume of transverse confining 
steel divided by volume of confined concrete core) = 
0.02216 to serve as the internal spiral stirrup and Fe-SMA 
externally strengthened by a existed 3 mm diameter of bar 
with an area of a cross section Asp = 7.07 mm2 and 
volumetric ratio ρh (the volume of transverse confining 
steel divided by volume of confined concrete core) = 
0.00641 to serve as the external spiral stirrup. Fig. 1 
shows the reinforcing details and column cross-sections 
for the cast columns. 

Table 1.  Components of a concrete mixture (unit: kg/m3) 

Fcu 
(MPa) 

w/c 
ratio 

Cement 
(kg/m3) 

Coarse 
Aggregate (kg/m3) 

Fine 
Aggregate (kg/m3) 

Horse promix 
G50 (kg/m3) 

35 0.44 420 1170 680 4.5 
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Table 2.  properts of Fe-SMA stirrups 

Density 
(kN/m3) 

Diameter 
(mm) 

Melting Point Modulus of Rigidity 
(kN/mm²) 

Modulus of 
Elasticity (kN/mm²) 

Tensile strength 
(N/mm²) 

80 3 1420 °C 70.3 187.5 800 

Table 3.  Column specimen properties and confinement techniques 

Specimen 
designation 

Main 
reinforcement 

Pitch 
mm 

Ρh (%) Confinement technique Height 
(mm) 

Diameter 
(mm) 

C S 10 

6ɸ10 

50 2.216 Spiral steel hoops (internal) 

1500 150 
C A O 10 30 0.513 Spiral Fe-SMA hoops (internal) 

R C S A 10 
50 internal 
30 external 

2.016 internal 
0.641 external 

Spiral steel hoops (internal) and Spiral 
Fe-SMA hoops (external) 

  

CS10                                      CAO10                              RCSA10 

Figure 1.  Cross-section and reinforcement details of tested columns 
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Figure 2.  Experimental test setup 

2.3. Instrumentation and Test Setup 

Load cells, a specimen head, and an LVDT were utilised 
to assess the axial and horizontal displacement of the 
columns in Egypt's Housing and Building National 
Research Center (HBRC).One steel strain gauge measured 
the strain in the primary steel main bar at mid-height, 
another steel strain gauge measured the strain in the 
primary steel stirrups at mid-height, and a third concrete 
strain gauge measured the strain in the primary concrete at 
mid-height. Fig. 2 is an in-depth diagram of the test 
environment and its components. 

3. Results from Experiments 

3.1. Structure of Cracks and Manner of Failure 

Specimen failures and cracks of CS10 and CAO10 
reinforcement columns have almost the same form after 
testing; a tiny vertical fracture emerged in lower and higher 
sections of the columns. The major reinforced bars and 
spiral hoops buckled and failed because of buckling in the 
centre of the column at 0.92 of the failure loads. In the 
lower and upper test columns of specimen RCSA10 
reinforced with Fe-SMA, a tiny vertical fracture occurred 
after 0.70 of the ultimate load. Cracks appeared in the main 
reinforced bars and spiral hoops as the load rose, causing 
buckling up to 0.95% of the maximum load. Collapse was 
seen in the middle of each specimen. Deformation on the 
lateral side increases significantly, and in the plastic region, 
a local bulge is formed in the compressive region. The 
column failure loads are significantly reduced as a result of 
the strengthening measures. For all specimens, noticed 
horizontal cracks at zone of ultimate horizontal 
displacement approximate middle height of columns are 
displayed in Figs (3,4 and 5). 

3.2. Behavior of Columns as Affected by Various 
Strengthening Procedures 

In Table 4, we see the differences among the ultimate 
strain of the longitudinal reinforcement, the ultimate axial 
displacement, and the ultimate load of CAO10 and 
RCSA10, and the concrete columns of CS10. The 
compressive strength values of the CAO10 reinforcement 
column specimens were generally greater than those of 
the CS10 column specimens by around 12.10%. 
Compressive strength was shown to be improved by about 
69.99% after undergoing Fe-SMA strengthening 
procedures. 

     

Figure 3.  Shape of CS10 specimen after failure load 
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Figure 4.  Shape of CAO10 specimen after failure load 

     

Figure 5.  Shape of RCSA10 specimen after failure load 

Table 4.  All tested column specimens' experimental axial strain and compressive axial strength values 

Specimens 

Vertical 
Load 

Axial 
Displacement 

Horizontal 
Displacement 

Normal 
Stress 

Concrete 
strain 

Steel Bars 
Strain 

Stirrups 
Strain 

internal 

Stirrups 
Strain 

external 

Enhance 
due to 
confine 

(kN) (mm) (mm) (N/mm2) (%) COM (%) (%) (%) (%) 

C S 10 526.94 1.91 2.51 29.83 19.53 20.36 4.10 - - 

C A O 10 580.88 2.69 5.17 32.89 20.97 23.49 4.70 - 10.24 

R C S A 10 827.78 3.20 7.10 46.87 52.21 82.87 17.00 94.99 57.09 

 

3.3. Effect of Strengthening Type on Column 
Load-Displacement 

Because of the decrease in concrete stiffness, for the 
initial part of the experiment, the load-displacement curve 
was extremely linear. The column strength was lowered 
because of the controlled concrete cracking expansion. 
The column specimens CS10, CAO10, and RCSA10 with 
axial displacements of 1.91, 2.69, and 3.20 mm, 
respectively, and horizontal displacements of 2.51, 5.17, 
and 7.10 mm, respectively maintained peak loads of 
526.94, 580.88, and 827.78 kN, as shown in Figs 6 and 7. 
The column capacity and failure mode were modified by 
the stirrup-reinforced kinds’ of performance. The 
displacement increased against the ultimate loads when a 
specific threshold was reached while under a steady load. 
Using the Fe-SMA stirrups internal enhances the column's 
performance to 40.80% at the elastic stage. The column 
performance was improved by 67.54% by using Fe-SMA 
stirrups as confinement for the concrete. When the concrete 
reaches its limitation strain, the spiral hoop reinforcement 

begins to impact the confinement of the concrete and the 
reduction in the extension of the concrete core, and the 
outer concrete cover for CS10 and CAO10 column 
specimens will crush. Strengthening by Fe-SMA stirrups 
reinforcement raises the failure load by improving overall 
column behaviour by approximately 57.09%, while using 
the Fe-SMA stirrups internal improved the column 
behaviour to 10.24%. 

3.4. The Influence of Confinement Type on the Stresses 
in Stress Bars and in Concrete in Column 
Members 

Although the axial stresses of the CS10 and CAO10 
specimens reinforced with steel stirrups were comparable, 
the ultimate strength of the CAO10 specimen reinforced 
with Fe-SMA stirrups was greater than that of the CS10 
specimen reinforced with steel stirrups. With the same 
concrete strength and no substantial confinement strategy, 
steel stirrups were reinforced. For unconfined concrete 
stiffness, the first zone shows a linear performance rule, 
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indicating that no confinement is activated and that 
longitudinal reinforcing axial strain is negligible. The 
columns reinforced R C S A 10 specimen (confined with 

Fe-SMA stirrups external) exhibits higher axial strain 
values from CS10 and CAO10 specimens, as shown in 
Figs. 8, 9 and 10. 

 

Figure 6.  Axial load-displacement 

 

Figure 7.  Horizontal load-displacement 
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Figure 8.  Comparison of concrete stress-strain curves 

 

Figure 9.  Comparison of longitudinal steel stress-strain curves 
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Figure 10.  Comparison of stirrups stress-strain curves 

 

Figure 11.  Arch actions for hooped circular column 

 

4. Reliability of Different International 
Code Equations for Tested Column 
Results 

4.1. Equation Codes for Design Columns 

The American code ACI 318-11 building code [15] 
introduces a method for estimating the maximum loads for 
circular spiral columns. An absolute axially loaded column 
will develop unintentional eccentricity as a result of the 
imperfection of the construction or experiment. As shown 
in Equations 1 and 2, the maximum nominal load Po for 
spiral columns is reduced by a factor of 15% according to 
the ACI 318-11 building code in order to account for these 
considerations. Fig. 11 depicts the arch movements for a 
hooped circular column. 

Po=0.85 fc′ (Ag - Ast) + fy Ast            (1) 
Po=0.85 fc c′ (Ag - Ast) + fy Ast           (2) 

 (3) 

𝑓𝑙′ =  𝑓𝑙 ∗ 𝑘 𝑒                (4) 

𝑓𝑙′ = 0.5𝑓yh 𝑘𝑒ρs                 (5) 

ke =
�1− 𝑠′

2𝑑𝑠�

(1−𝑝𝐶𝐶) 
𝐹𝑜𝑟 𝑆𝑝𝑖𝑟𝑎𝑙         (6) 
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pCC = 𝐴𝑠𝑡
𝐴𝐶

                  (7) 

The CAN/CSA A23.3-04 Canadian code [16] introduces 
additional equations that are very similar to the ACI 318-11 
formulae. In place of the ACI's strength reduction factor,  
resistance factors for steel and concrete are included in the 
Canadian building code, as indicated in Equations 8 and 9. 

Po=α1 fc′ (Ag - Ast) + fy Ast        (8) 

Po=α1 fc c′ (Ag - Ast) + fy Ast     (9) 

α1 = 0.85− 0.0015 f c′ ≥ 0.67 

The findings of the comparison investigations utilizing 
the tested columns show that the results anticipated by the 
Canadian equations are 4.5 percent higher than those 
predicted by the ACI equations for all tested specimens, as 

shown in Fig 11. The column results are significantly 
influenced by the slenderness ratios, and the ACI values 
are larger than the experimental ones. The ACI 318-11 and 
CAN/CSA A23.3-04 codes produce conservative estimates 
of column strengths. The ACI 318-11 code provides the 
closest prediction, on average 20% higher than the test 
findings, depending on the slenderness ratios utilised. 
Significant concordance is created for tube- reinforced 
columns by the tri-axial compression strength of concrete. 

In addition, Fig. 12 depicts a chart introduced by the 
Euro code 2 for estimating the maximum design loads (Pr) 
for circular spiral columns. To calculate the maximum 
allowable nominal load Po for spiral columns, we divide 
the maximum allowable design loads (Pr) obtained from 
tables by 0.75. Column load capacities according to the 
ACI code, the CAN/CSA code, and the Euro code are 
compared in Fig. 13. 

 

Figure 12.  Euro code chart 
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Figure 13.  Comparison of ACI code, CAN/CSA and Euro code for column load capacity 

Table 5.  Columnar comparison the ability to bend using the ductility 
index µ 

Specimens 
Designation 

Ap 
Absorbed 

energy 
Au μ = Ap / 

Au 
Enhance due to 

Confine (%) 

C S 10 692.742 20.12 34.43 - 

C A O 10 1094.13 28.60 38.26 11.12 

R C S A 10 2078.68 32.52 63.92 85.65 

Table 6.  Comparison of columns Initial stiffness 

Specimens 
Designation 

Initial stiffness 
(KN/mm) 

Enhance due to 
external  confine (%) 

C S 10 120.4 -/ 

C A O 10 154.9 113.75 

R C S A 10 331.1 175 

5. Mechanical Properties 

5.1. Ductility Index and Absorbed Energy 

Numerous ductility measures exist for reinforced 
concrete members that are connected to displacement 
(displacement, deflections, rotations, curvatures, and 
stresses) or energy absorbed and dissipated. Ductility is a 
term used in structural design to describe a structure's 
capacity to absorb large displacement in the inelastic 
region while keeping its strength. Brittle structures break 
abruptly after reaching their maximum load capacity, with 

no obvious inelastic displacement. In order to save lives, 
ductility should be increased since it offers sufficient 
notice of approaching failure and, by conserving load 
bearing capacity, prevents catastrophic collapse. Ductility 
is a critical factor to consider when designing columns, 
particularly in seismic zones, because it indicates a 
column's ability to withstand severe earthquakes in the 
inelastic section of the structure after reinforcing yields to 
allow the structure to survive without collapsing. Because 
the tested columns specimens were subjected to axial 
compression loads, there were no rotations of the concrete 
cross section, and the failure was expected to be a 
compression (brittle) failure in concrete, the axial strain in 
concrete was chosen as a ductility indicator for the concrete 
column specimens in this section of the study. The ultimate 
axial displacement of column specimens was determined 
using an electrical strain LVDT mounted longitudinally to 
the concrete surface. Column ductility was calculated 
using the absorbed and dissipated energy technique using 
load-displacement curves [21]. As such, the ductility index 
is defined as μ = Ap / Au, Specifically, Fig. 14 shows that 
the area under the load-displacement curve at peak load, 
denoted by Ap, corresponds to the energy absorbed, while 
the area under the curve before the load drops to 25% of 
peak load, denoted by Au, is the area under the curve at 
lower loads. Because some specimens reach the failure 
load and remain there for some time with increased axial 
strain values, the area under curve increases. 

Strengthening by Fe-SMA stirrups external 
reinforcement achieved the highest ductility index 
enhancement of approximately 85.65% for steel stirrups 
reinforcement columns, too. Using Fe-SMA stirrups 
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internal reinforcement instead of steel stirrups 
reinforcement increases the column ductility index by 
approximately 11.12% as reported in Table 5. 

5.2. Initial Stiffness 

The initial stiffness is defined as the load ratio that 
corresponds to 80% of the maximum force to the yield 
displacement [22,23], as shown in Fig 15. In tensile 

reinforcement, the yield displacement relates to the 
occurrence of the first yielding point. Table 6 shows the 
results of the first stiffness of specimens. Strengthening by 
Fe-SMA stirrups external reinforcement achieved the 
highest initial stiffness enhancement of approximately  
175% for steel stirrups reinforcement columns and  
113.75% for Fe-SMA stirrups internal reinforcement also 
using Fe-SMA stirrups internal reinforcement instead of 
steel stirrups reinforcement increases the column initial 
stiffness by approximately 28.65% as reported in Table 6. 

 

Figure 14.  Calculate ductility index and absorbed energy 
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Figure 15.  Calculation initial stiffness [22,23] 

6. Numerical Simulation Using Finite 
Elements 

The finite element approach has emerged as the most 
powerful generic numerical software available, according 
to Ansys, as illustrated in Fig. 17, the reinforced concrete 
columns with heights of 1500 mm, and diameters of 150 
mm were modelled as a three-dimensional system as 
illustrated in Fig. 20. Crushing and plastic deformation are 
possible with this element, as well as cracking in three 
orthogonal directions. Element embedded in the adjacent 
concrete element was used to simulate the Fe-SMA or steel 
bars in this case. Depending on the requirements, 
alternative strengthening procedures of elements or each 
individual element can be used to input material properties 
from experimental investigations for 1500 mm column 
height. In order to replicate distinct processes, different 
sets of material attributes must be used in the simulation. It 
is necessary to conduct experiments in order to identify the 
properties of materials that will be employed in a system; 
For instance, stress analysis of solids and structures calls 
for the Young's modulus and strength. Before being 
analysed, all numerical models are loaded concentrically. 
Following is a table that may be derived from the finite 

element analysis and the axial deformations of the test 
columns: Table 7 shows that the projected ultimate loads 
from the finite element simulations were quite close to the 
ultimate loads measured by the actual data. The maximum 
compressive strength improvement of 52.23% for steel 
stirrups reinforcement columns and 40.87% for Fe-SMA 
stirrups internal reinforcement was attained by 
confinement by Fe-SMA stirrups external reinforcement. 
The constitutive equation for the uncracked concrete is 
based on the widely used elastoplastic and fracture model 
for the biaxial condition of stress proposed by Okamura 
[25], as shown in Fig 16. In the case of cracked concrete, 
the tension stiffness effect caused by the bond effect 
between the concrete and the reinforcing bars was taken 
into consideration, and the compressive behaviour of 
concrete struts between cracks was described in the 
directions normal to the crack plane and in the direction of 
the crack plane. This is depicted in Figs 16 and 17, 
respectively, in these models. The rebar model was 
developed by applying force equilibrium and strain 
compatibility to the stress distribution assumed as a sine 
function between two cracks, as shown in Fig18. Mander's 
confining effect model, shown in Fig 19, was used to 
consider the confining effects [24]. 
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Figure 16.  Elasto-Plastic and strain relationship 

 

Figure 17.  Equivalent stress–equivalent reversed cyclic loading 
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Figure 18.  Yield condition for confined concrete 

 

Figure 19.  Model for reversed cyclic loading 
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CS10 

 

CAO10 



2968 Experimental Investigation of Actively Confined RC Columns Using Iron-Based Shape Memory Alloy Spiral Stirrups  
 

 

RCSA10 

Figure 20.  Finite element geometry 
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Figure 21.  Comparison of load-displacement relationship experimental and FE results 

6.1. Comparison of Experimental and FEM Results 

The experimental and FE responses of the 
CS10-CAO10-RCSA10 specimens are shown in Fig 21. 
As can be observed, the load-displacement curves for the 
experimental specimens and the FE models correspond 
reasonably well. The FEMs reproduced the experimental 
reactions of the reinforced specimens accurately. Table 7 
compares experimental and FE results for specimens. As 
can be observed, the FE results correlate well with the 
experimental data. 

6.2. Parametric Study 

To establish a firm foundation for strengthening design, 
a parametric analysis was done to determine the 
relationship between FE-SMA thickness (3, 2.5, and 2 
mm) and concrete strength (35, 42.5 and 50 MPa) and 

FEM results for specimens shown in Table 8 and Fig 22. 
The geometry and normal stress of all specimens are 
depicted in Fig 28, 29 and 30. 

6.2.1. Effect of Concrete Strength on Column 
Load-Displacement and Ultimate Axial Load 

The maximum axial displacement values did not 
change as the concrete strength increased from 35MPa to 
42.5MPa and 50MPa for all specimens. However, 
increasing concrete strength from 35 MPa to 42.5 and 50 
MPa has a significant impact on the ultimate axial load of 
the columns as shown in Fig 23, 24 and 25. 

6.2.2. Effect of FE-SMA Thickness on Column 
Load-Displacement and Ultimate Axial Load 

A decrease in FE-SMA from 3mm to 2.5mm and 2mm 
has a significant impact on axial displacement but only a 
little impact on axial load as shown in Fig (26 and 27). 
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Table 7.  All tested column specimens’ FEM results 

Specimens 
Vertical 

Load Error Ap Absorbed energy Error Au 
Ductility index 

μ = Ap / Au 
Error Initial 

stiffness Error 

(kN) (%)  (%)   (%) (KN/mm) (%) 

C S 10 552.50 4.85 730 5.38 19.7 37.06 7.63 128.62 6.39 

C A O 10 597.08 2.79 1139 4.10 26.84 42.44 10.92 160.84 3.69 

R C S A 10 841.10 1.61 2180 4.87 32.41 67.26 5.23 351.16 5.71 

Error (%) = (FE –Exp)/Exp x 100 

Table 8.  Parametric study ot tested column specimens’ FEM results 

Specimens 
Vertical Load Axial 

Displacement 
Ap 

Absorbed energy 
Au 

Ductility 
Index (μ = Ap / Au) 

Initial 
stiffness 

(kN) (mm)    (KN/mm) 

CS10-Fcu35 552.50 1.91 730.00 19.70 37.06 128.62 

CS10-Fcu42.5 603.73 1.91 812.34 21.68 37.47 142.57 

CS10-Fcu50 668.98 1.91 890.24 23.41 38.03 156.87 

CAO10-Fcu35 597.08 2.69 1139.00 26.44 42.44 160.84 

CAO10-Fcu42.5 649.91 2.69 1239.78 28.51 43.49 181.29 

CAO10-Fcu50 727.08 2.69 1408.21 30.89 45.59 196.74 

RCSA10-Fcu35 841.10 3.20 2180.00 32.41 67.26 351.16 

RCSA10-Fcu42.5 939.46 3.20 2453.85 35.10 69.91 389.40 

RCSA10-Fcu50 1020.20 3.20 2746.81 38.06 72.17 431.57 

CAO10-t3mm 597.08 2.69 1139.00 26.44 42.44 160.84 

CAO10-t2.5mm 581.32 2.30 1004.25 26.10 38.48 155.87 

CAO10-t2mm 560.90 2.00 921.61 25.91 35.57 149.87 

RCSA10-t3mm 841.10 3.20 2180.00 32.41 67.26 351.16 

RCSA10-t2.5mm 806.91 2.80 1980.24 31.48 62.90 329.50 

RCSA10-t2mm 775.90 2.50 1760.78 30.58 57.58 307.41 

 

Figure 22.  Comparison of verify of FE results for column load capacity 
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Figure 23.  Effect of concrete strength on CS10 specimen 
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Figure 24.  Effect of concrete strength on CAO10 specimen 
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Figure 25.  Effect of concrete strength on RCSA10 specimen 
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Figure 26.  Effect of FE-SMA thickness on CAO10 specimen 

 

 



 Civil Engineering and Architecture 10(7): 2953-2986, 2022 2977 
 

 

 

Figure 27.  Effect of FE-SMA thickness on CAO10 specimen 
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Fcu = 35 Mpa 

 

Fcu = 42.5 MPa 
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Fcu = 50 MPa 

Figure 28.  Finite element normal stress of CS10 specimen 

 

Fcu = 35 MPa, t=3mm 
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Fcu = 42.5 MPa, t=3mm 

 

Fcu = 50 MPa, t=3mm 
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Fcu = 35 MPa, t=2.50mm 

 

Fcu = 35 MPa, t=2.00mm 

Figure 29.  Finite element normal stress of CAO10 specimen 
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Fcu = 35 MPa, t=3mm 

 

Fcu = 42.5 MPa, t=3mm 
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Fcu = 50 MPa, t=3mm 

 

Fcu = 35 MPa, t=2.50mm 
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Fcu = 35 MPa, t=2.00mm 

Figure 30.  Finite element normal stress of RCSA10 specimen 

7. Conclusions 
1. Compared to steel stirrups, the column capacity is 

increased by around 10.24% when reinforced with 
Fe-SMA stirrups interior. 

2. Compressive strength was increased by around 57.09% 
for steel stirrups-reinforced columns and 42.50% for 
Fe-SMA-reinforced stirrups-internally-reinforced 
columns when using Fe-SMA stirrups external 
reinforcement. 

3. Using Fe-SMA stirrups internal reinforcement 
instead of steel stirrups reinforcement increases the 
column axial displacement by approximately 40.83% 
and the column horizontal displacement by 
approximately 106%. 

4. Strengthening by Fe-SMA stirrups external 
reinforcement achieved the highest axial 
displacement and horizontal displacement 
enhancement of approximately 67.54 and 183% 
respectively for steel stirrups reinforcement columns 
and for Fe-SMA stirrups internal reinforcement 
enhancement of approximately 18.96 and 37% 
respectively. 

5. Strengthening by Fe-SMA stirrups external 
reinforcement achieved the highest steel bars strain, 
stirrups strain and concrete strain. 

6. Using Fe-SMA stirrups internal reinforcement 
instead of steel stirrups reinforcement or 
strengthening by Fe-SMA stirrups external 
reinforcement increases the ductility, absorbed 
energy and initial stiffness of column. 

7. Steel reinforcement in column findings shows 
excellent compatibility with ACI, Canadian, and 
European Union code requirements. 

8. ACI 318-11, CAN/CSA A23.3-04, and Euro codes 
all yield conservative results when used to compute 
column strengths. 

9. Reinforced columns were examined using a Finite 
element model, which accurately predicted their 
experimental response. In order to better understand 
the RC circular columns' behaviour, this model was 
built from scratch. It was decided to employ the 
tested FE approach for the subsequent parametric 
study, which included the impacts of FE-SMA 
thickness and concrete strength. When the concrete 
strength was raised from 35 MPa to 42.5 MPa and 50 
MPa for all specimens, the confirmed FE technique 
showed that the maximum axial displacement values 
remained constant. When it comes to axial load, 
increasing concrete strength from 35 MPa to 42.5 
and 50 MPa has a considerable influence, while 
decreasing FE-SMA thickness from 3 mm to 2 mm 
has a big impact on the axial displacement, but not 
much of an impact on the ultimate load. 
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