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Abstract. This paper presents the results of an experimental study on the axial compressive 

behaviour of normal- and high-strength concrete (NSC and HSC) confined by shape memory 

alloy (SMA) spirals. A spiral pitch space of 36 and 20 mm was used for SMA confinement of 

NSC and HSC columns, respectively. The confining pressure was applied on the concrete 

cylinders by SMA spirals that were prestrained at 0, 5.5, and 9.5%. The compression test 

results on the SMA-confined specimens indicate that the prestrain level of SMA significantly 

affects the axial compressive behaviour of both NSC and HSC. An increase in the level of 

prestrain leads to an increase in the peak axial stress and corresponding strain of SMA-

confined concrete.  

1. Introduction 

It is now well understood that lateral confinement of concrete enhances its strength and ductility [1-

13]. In most general terms the lateral confinement can be classified under two categories, namely as 

active and passive confinement. In passive confinement, the confining pressure develops under lateral 

dilation of concrete subjected to axial compression, whereas in active confinement, a constant 

confining pressure is present independent of the lateral expansion of the concrete [14-22]. It was 

shown that active confinement is more effective in enhancing the compressive strength of concrete 

compared to the passive confinement [14, 15, 17]. 

Most of the existing studies in the literature on the behavior of actively confined concrete used 

mechanically prestressed materials or triaxial testing devices to provide confining pressure on the 

concrete [15, 23-26]. However, because of practical limitations in prestressing the concrete, the 

application of active confinement in practice has so far been limited [23]. In recent years, a new class 

of smart material known as shape memory alloy (SMA) has been used to actively confine the concrete 

specimens. SMA, a class of metallic alloys, is known for its ability in recovering the original shape 

after experiencing a large strain (i.e. up to 8%) because of its shape memory effect (at martensitic 

phase) and superelastic behavior (at austenitic phase) [27].  

In recent years, a number of studies have been conducted to understand the mechanical 

performance of concrete confined by SMAs [28-31]. The results of existing studies revealed that 

improved mechanical behavior makes SMA a promising material for concrete confinement in the 

preparation of high performance composite. However, the existing studies only investigated the 

behavior of SMA-confined normal-strength concrete (NSC). Therefore, additional studies are required 

to understand the behavior of SMA-confined HSC. 

The study presented in this paper was aimed at investigating the compressive behavior of NSC and 

HSC columns confined by SMA spirals. The results of this study, especially for HSC, help to establish 
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the possibility of the use of SMA spirals as a confinement technique to produce high performance 

composite structural members in the construction industry.  

2. Test Program 

2.1. Test Specimens and Materials 

Circular NSC and HSC specimens with a diameter of 100 mm and height of 200 mm were prepared 

using two grades of concretes with 28-day target unconfined compressive strengths (f
’
co) of 25 and 65 

MPa. Crushed basalt stone with a nominal maximum size of 10 mm were used as the coarse aggregate. 

The HSC mix contained a polycarboxylic ether polymer-based superplasticizer. NSC and HSC mixes 

had a water-to-cement ratio (w/c) of 0.74 and 0.44, respectively. 16 concrete cylinder were prepared in 

eight groups, including two control groups (unconfined NSC and HSC), two NSC and HSC groups 

with unstrained SMA confinement, two NSC and HSC groups with 5.5% prestrained SMA 

confinement, and two NSC and HSC groups with 9.5% prestrained SMA confinement. The 

prestraining levels were selected based on the recovery stress (the stress recovered when the deformed 

wire is heated beyond its transition temperature) applied by SMA by keeping the recovery stress at 35% 

and 70% of the austenitic rupture stress (referred to as the tensile strength in this paper). Two 

nominally identical specimens were tested for each confinement configuration. 

A nickel (Ni)-titanium (Ti) SMA spiral with diameter of 3.5 mm, manufacturer-specified tensile 

strength of 1021 MPa, and transition temperature of 77°C was used in this study to confine concrete 

columns. Figure 1 shows the tensile stress-strain relationship of the SMA wire at martensitic (shape 

memory behaviour) and austenitic (superelastic behaviour) phases as obtained from tension tests on 

SMA wires. As can be seen in the figure, a plateau was created in the stress-strain curve of SMA wire 

at the martensitic phase between 0.01 and 0.04 strain, which is followed by a steep hardening 

behaviour. The wire finally ruptured at 880 MPa tensile strength and corresponding axial strain of 0.34. 

It can also be seen in Fig. 1 that, in the austenitic phase, SMA wire failed at a tensile strength of 790 

MPa and corresponding strain of 0.21, indicating that SMA developed a 10.2% and 38.2% lower 

tensile strength and strain, respectively, at austenitic phase than at the martensitic phase. 
 

 

Figure 1. Tensile stress-strain relationship of SMA wire at martensitic and austenitic phases. 

 

Table 1 shows the summary of tension test results on SMA wires. As can be seen in the table, 

prestrained SMA wires exhibited an average tensile strength of approximately 795 MPa, which is 

similar to that of unstrained SMA wire at the austenitic phase. This indicates that the tensile strength 

of SMA is independent to the magnitude of the prestrain induced to the wire. 
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Table 1. Results of tensile strength tests of SMA wire. 

Type of test Phase 
Temperature*  

(°C) 

Level of 

prestrain 

(%) 

σmax 

(MPa) 

εmax  

(%) 

Uniaxial Martensitic 17 0 880 34.0 

Uniaxial Austenitic 90 0 795 21.0 

Uniaxial Austenitic 90 5.5 800 15.5 

Uniaxial Austenitic 90 7.5 788 13.5 

Uniaxial Austenitic 90 9.5 794 11.5 

* Temperature of SMA wire at the beginning of tension test 

σmax = tensile strength; εmax = tensile rupture strain; Temperature 

2.2. Instrumentation and Testing Procedures 

A single continuous SMA spiral was wrapped around the NSC and HSC specimens with a spiral pitch 

space of 36 and 20 mm, respectively. The SMA spirals were then heated using a variable AC 

transformer (with low voltage and high current supply) to the austenitic finish temperature (90°C) by 

passing an electrical current through the wire. After that, the specimens were tested using a 1000-kN 

capacity universal testing machine under axial compression with displacement control at a rate of 0.18 

mm/min. The axial strains of the specimens were measured by two linear variable displacement 

transformers (LVDTs) mounted at the corners of steel loading and supporting steel plates. Two axial 

strain gauges mounted at the mid-height of the specimen were also used to validate and correct the 

LVDT measurements at the early stages of the loading. Figure 2 shows the instrumentation and test 

setup used in the compression tests.  

 

 

Figure 2. Instrumentation and test setup used in compression tests. 

3. Test Results 

3.1. Failure Modes 

Figure 3 shows typical failure modes of NSC and HSC specimens under SMA confinement. As can be 

seen in Fig. 3(a), NSC specimens failed by the formation and progression of heterogenic micro-cracks 

and surface spalling of concrete. On the other hand, HSC specimens failed as a result of the formation 

LVDT 1 LVDT 2 
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of a major diagonal macro-crack (Fig. 3(b)), which progressed to a sudden rupture of the SMA wire 

after excessive lateral expansion of concrete. 

 
(a)                                             (b) 

Figure 3. Typical failure modes of SMA-confined (a) NSC and (b) HSC. 

3.2. Axial stress-Strain Relationship 

Table 2 shows the results of the compression test of SMA-confined concrete specimens. The results 

were averaged from two nominally identical specimens. In the table, the number after NSC and HSC 

represents the prestraining level. The initial (fli) and ultimate confining pressure (flu) were calculated 

using the recovery stress (279 MPa for 5.5% and 558 MPa for 9.5% prestrain level) and tensile 

strength (795 MPa) of SMA wire, respectively. Based on the axial compression tests on unconfined 

specimens, f’co of NSC and HSC were obtained as 24.9 and 63.5 MPa and their corresponding axial 

strain (εco) were obtained as 0.24 and 0.28%, respectively. 

 

Table 2. Results of uniaxial compression tests on SMA-confined concrete specimens.  

Specimen 
f
'
co

 

(MPa) 

Level of 

prestrain  

(%) 

s (mm) 
fli 

(MPa) 
flu (MPa) 

f
*

cc  

(MPa) 

ε
*
cc 

(%) 

NSC-0 24.9 0 36 0 4.25 29.3 0.67 

HSC-0 63.5 0 20 0 7.65 67.8 0.68 

NSC-5.5 24.9 5.5 36 1.49 4.25 31.0 0.88 

HSC-5.5 63.5 5.5 20 2.68 7.65 69.4 0.74 

NSC-9.5 24.9 9.5 36 2.98 4.25 34.4 1.04 

HSC-9.5 63.5 9.5 20 5.37 7.65 78.5 1.25 

f’co = unconfined compressive strength; s = pitch spacing of SMA spiral; fli = initial confining pressure; flu = ultimate 

confining pressure; f*
cc = peak axial stress; ε*

cc = axial strain corresponding to f*
cc 

 

As can be seen in Table 2, an increase in the prestrain level resulted in an increase in the peak axial 

stress (f
*

cc) and corresponding strain (ε
*

cc) of the specimens. The results show that confinement of NSC 

specimens with 0%, 5.5%, and 9.5% prestrained SMA spirals resulted in 17.7%, 24.5%, and 38.1% 

increase in f
*
cc and 179.2%, 266.7%, and 333.3% increase in ε

*
cc, respectively, compared to those of 

unconfined NSC specimens. As can be seen in Table 2, confinement of HSC specimens with 0%, 

5.5%, and 9.5% prestrained SMA spirals led to 6.8%, 9.3%, and 23.6% increase in f
*

cc and 142.9%, 

164.3%, and 346.4% increase in ε
*
cc, respectively, than those of unconfined HSC specimens. The 

enhancement in f
*
cc and ε

*
cc with an increase in the prestrain level of SMA spirals is attributed to the 
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presence and magnitude of the active confining pressure on specimens confined by prestrained SMA 

spirals.   

Figures 4(a) and (b) show the axial stress-axial strain curves of one of the NSC and HSC specimens 

under different levels of SMA prestrain, respectively. Comparison of Figs. 4(a) and (b) indicates that 

SMA confinement of NSC specimens led to a more shallow descending branch in the post-peak curve 

of the axial stress-strain relationship compared to that of HSC specimens even under a lower level of 

lateral confinement (as defined by fli and flu). It can also be seen in the figure that the failure of SMA-

confined HSC specimens took place at a lower axial strain compared to that of SMA-confined NSC 

specimens. These can be attributed to the more brittle behaviour of HSC as was noted in Section 3.1 

and discussed in detail in previous studies [32-38].    

 

  
(a)                                                                              (b) 

Figure 4. Axial stress-strain curves of SMA-confined (a) NSC; (b) HSC. 

4. Conclusions 

This paper has presented the results of an experimental study on the axial compressive behaviour of 

NSC and HSC under SMA confinement. The results showed that SMA confinement significantly 

increases the compressive strength and corresponding axial strain of NSC and HSC specimens. An 

increase in the prestrain level results in an increase in the peak axial stress and corresponding axial 

strain of SMA-confined concrete. Owing to the more brittle behaviour of HSC, SMA-confined HSC 

fails at a lower axial strain compared to SMA-confined NSC. These promising findings, especially for 

HSC, point to the possibility of the use of SMA spirals as a confinement technique to develop high-

performance composite structural members in the construction industry. 
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