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ABSTRACT: The use of smart materials such as Shape Memory Alloys (SMA) are being 
recently utilized for strengthening and repair of concrete structures. The most common form of 
SMA wires used for concrete confinement applications is NiTi, as it possesses shape memory 
effect (SME) along with high recovery stress (up to 600 MPa) and strain (up to 8 %). Initial 
investigations reported in the literature show that actively confining concrete column with SMA 
wires can enhance the strength and significantly increase the ductility of the concrete. However, 
most of these experiments were conducted on short, non-reinforced and small-scale specimens. 
Thus, the main objective of this study was to investigate the effects of using SMA wires versus 
Carbon Fibre Reinforced Polymer (CFRP) sheets in confining medium size concrete columns 
internally reinforced with steel bars. The experimental program consisted of nine reinforced 
concrete (RC) columns (150 × 600 mm) divided into three groups subjected to monotonic uni-
axial compression loading. The first group consisted of unconfined RC columns to act as control 
specimens, the second group consisted of CFRP confined RC columns and the third group 
consisted of SMA confined RC columns. Each group contained three specimens for 
repeatability purposes. The test results showed that actively confining the concrete using SMA 
wires enhanced the peak strength and drastically improved the ductility of the concrete 
compared to the conventionally used CFRP wrapped concrete column. 

 
 

1 INTRODUCTION 

Passively confining the concrete column through steel, concrete and Fibre Reinforced Polymer 
(FRP) jackets or sheets is the most commonly used method to repair and strengthen concrete 
columns. However, this form of confinement technique requires significant damage to be 
experienced by the concrete prior to the activation of the confinement material. Research studies 
have shown that actively engaging the confinement material during the initial stages of loading 
can significantly enhance the strength and ductility of the concrete. These research 
investigations (Mortazavi et al., 2004; Yan et al., 2008; Reisi et al., 2008) have attempted to 
actively confine the concrete through prestressing techniques of the confinement jacket mainly 
using FRP’s. Although the objective of actively confining the concrete column in these studies 
was achieved, the proposed confinement techniques were unpractical, expensive, and required 
excessive labour time. Recently, researchers have utilized the unique thermo-mechanical 



  

 

  

properties of smart materials such as Shape Memory Alloys (SMA) to actively confine the 
concrete. This novel confinement method via SMA provides ease of operation, practicality, and 
minimal labour involvement. 

The SMA’s are classified as a unique class of alloy that exhibit shape memory recovery (up to 
8%) inherited through its unique thermo-mechanical properties. The two main distinctive phases 
of the SMA are the austenite phase (A) and the martensite phase (M), defined as the high 
temperature phase and the low temperature phase, respectively. The transformation from the 
austenite phase (parent phase) to the martensite phase (product phase) and vice-versa can occur 
by either changing the temperature or applying an external stress. The SMA’s are characterized 
by four distinctive characteristics, martensite start temperature (Ms), the martensite finish 
temperature (Mf), the austenite start temperature (As), and the austenite finish temperature (Af). 
The shape memory effect (SME) of the SMA describes the ability to retrain any deformation 
sustained in the material upon heating. Researchers have utilized the SME phenomenon of the 
SMA to actively confining the concrete by wrapping the column with prestrained SMA wires 
that are anchored to the concrete column. As the material is heated, the SME mechanism is 
activated and due to the constraint condition of the SMA wire, a recovery stress is generated 
that actively confines the concrete. This novel confinement technique has been experimentally 
investigated by Krstulovi-Opara and Thiedeman (2000), Andrawes et al., 2010, Choi et al (2010 
a,b), Destrebecq and Balandraud (2010), Mirzaee et al (2010), Shin and Andrawes (2010), 
Zuboski (2013), and Tran and Balandraud (2014), and the results showed improved 
performance of the concrete in terms of the ultimate strength and strain, when compared to the 
unconfined concrete. However, most of these experiments were conducted on short, non-
reinforced and small-scale specimens. Limited research studies conducted using SMA have 
shown high potential for building industry applications. Abdelrahman and El-Hacha (2015a) 
described the unique thermo-mechanical characteristics of SMA, along with a brief review on 
some of the confinement applications using SMA. Abdelrahman and El-Hacha (2015b and 
2015c) developed a numerical non-linear finite element model capable of predicting the stress-
strain characteristics of SMA confined concrete subjected to uni-axial compression loading. 
Thus, the main objective of this study was to investigate the effects of using SMA wire in 
confining medium size concrete columns internally reinforced with steel bars, and compare its 
behaviour with the unwrapped column and with the conventional CFRP wrapped concrete 
column. 

2 EXPERIMENTAL PROCEDURE 

2.1 Material and test matrix 

A total of nine circular reinforced concrete (RC) columns with identical height-to-weight ratios 
(H/D = 4, where H and D refer to the height and diameter of the column, respectively) were 
tested to failure under monotonic concentric loading. The dimensions of the fabricated columns 
measured 150 mm in diameter and 600 mm in height, and were longitudinally reinforced with 
four 10M steel bars and laterally reinforced with 6M circular steel ties spaced at 100mm centre-
to-centre (Figure 1). The specimens were divided into three groups, where each group consisted 
of three columns for repeatability purposes. The first group was left to act as control specimens 
(designated as CT-Sp1/2/3), the second group was strengthened with one layer of conventional 
CFRP sheet (designated as CFRP-Sp1/2/3), and the third group was strengthened with SMA 
wires at a pitch spacing of 10mm (designated as SMA-Sp1/2/3).  



  

 

  

The design concrete strength specified for this study was 30 MPa, with a composition of 0.4 
water-to-cement ratio, 1 % air content and a maximum aggregate size of 20 mm. Three standard 
size cylinders (100 × 200 mm) were tested according to ASTM C39/C39M-14a (2014) after 28 
days of casting to determine the compressive strength of the concrete, which was found to be 
34.3 MPa (± 1.3 MPa). The type of CFRP sheet used was SikaWrap Hex 230C made from 
unidirectional carbon fibre fabric with a thickness of 0.381 mm. According to the manufacturer, 
the ultimate tensile strength, modulus of elasticity, and strain at failure were 894 MPa, 65402 
MPa, and 1.33%, respectively (Sika, 2010). The type of epoxy resin used consisted of a two-
component mixture composed of component A (hardener) and component B (resin) with a mix 
ratio A:B of 4:1 by weight. According to the manufacturer, the epoxy had a tensile strength and 
a modulus of elasticity of 30 MPa and 3.8 GPa, respectively (Sika, 2011). The SMA wires used 
in this study were of type NiTi with a round cross-sectional diameter of 1.9 mm. The SMA 
wires were supplied by the manufacturer in a prestrained condition that could provide a linear 
strain recovery up to 6.3% when heated above the Af temperature of 60oC. According to the 
manufacturer the ultimate tensile strength, elastic modulus, and strain at failure of the SMA 
wires were 818 MPa (± 50 MPa), 75 GPa , and 41 % (± 5 %), respectively  (Memry, 2014). 
Based on a recovery stress test experimentally performed by the authors, the maximum recovery 
stress and the residual recovery stress of the SMA wire was determined to be 579 MPa and 486 
MPa, respectively.     

                           

Figure 1. Detailing of the test specimens.         Figure 2. Instrumentation detailing of the test specimens. 

 

2.2 Specimen preparation and test-set up 

All the specimens were cleaned and completely dried to ensure proper surface bonding of the 
FRP sheets and the SMA wires to the concrete surface. The specimen preparation for the CFRP 
wrapped concrete columns involved applying a thin layer of epoxy (Sikadur®330) to the 
concrete column. The unidirectional sheets were then saturated with epoxy and applied directly 
using wet lay-up method with the fibres oriented in the hoop direction. To ensure full 
development of the composite strength, an overlap length of 100 mm was provided as 
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recommended by the manufacturer. The SMA confinement procedure of the concrete column 
was initiated by coiling the SMA wire with two turns at one end of the cylinder. The SMA wire 
was then fixed and tightened to the concrete column using U-clamp anchors. Under a constant 
tensile force, the SMA wire was wrapped around the concrete column at a pitch spacing of 
10mm. At the opposite end of the column, the SMA wire was coiled with additional two turns 
and tightened to the column with U-clamp connectors. As the SMA wires were shipped in 
predefined lengths, the intermediate splices of the SMA wires were also connected using U-
clamps to ensure continuity of the SMA wire across the height of the column. Once the SMA 
confinement procedure was complete, the heating methodology adopted to actively confine the 
concrete involved connecting the ends of the SMA wire to an electrical circuit. The temperature 
of the SMA wire was monitored via thermocouple and the heating process was terminated once 
the temperature of the SMA wire exceeded the austenite finish temperature (Af). The time 
required to activate the recovery stress mechanism of the SMA wire is approximately within 5 
minutes. The active confinement mechanism of the SMA wire produces a confining pressure 
equal to 1.84 MPa. For comparison purposes, the number of CFRP layers (one layer) and the 
pitch spacing (10mm) of the SMA wires were selected to provide similar lateral confinement 
pressure to the strengthened concrete column. According to the dimensions of the columns and 
the mechanical properties of the strengthening materials, the lateral confinement pressure of the 
CFRP sheets and the SMA wires were 4.5 MPa and 4.1 MPa, respectively. 

The tested columns were externally instrumented at their mid-heights with two conventional 
electrical foil gauges in the hoop direction and with four mechanical Pi-type strain gauges in the 
axial direction (Figure 2). The foil strain gauges had an electrical resistivity of 120Ω and a 
gauge length of 6.35 mm. The Pi-type strain gauges had a gauge length of 150 mm. All the ends 
of the specimens were grinded and confined with steel collars to avoid premature failure and to 
allow uniform load distribution through the column. The compression machine used to 
experimentally test the concrete columns was of type MTS load frame with a loading capacity 
of 2 MN. All columns were tested in a displacement control mode at a displacement rate of 0.5 
mm/min until failure was achieved. 

3 RESULTS AND DISCUSSION 

3.1 Failure Mode 

The failure mode of the control, CFRP wrapped and the SMA wrapped concrete column are 
shown in Figure 3. Typical failure mode was experienced by the CFRP wrapped RC columns, 
which was mainly dominated by the rupture of the FRP sheets.  

At the initial loading stages, very low cracking noises were heard that were attributed to the 
micro-cracking of the concrete core. At loads close to failure, several loud cracking noises were 
heard that could be associated with the matrix cracking and localized fiber pullout. At failure, 
the CFRP split into a ring at the mid-section of the column, followed by a sudden release in the 
energy causing the concrete to be shattered in all directions along with bucking of the 
longitudinal reinforcement. Careful investigation of the ruptured CFRP sheet showed pieces of 
concrete still attached to the inner surface of the sheet. This evidence suggests that a good bond 
was maintained between the concrete and the FRP sheet throughout the experimental 
investigation. The failure mechanism of the SMA confined RC columns were very ductile. The 
concrete column remained intact despite the high axial deformations and radial strains recorded, 
when compared to CFRP wrapped RC column and the unstrengthened control column. 



  

 

  

Throughout the loading stages, cracking noises were heard repeatedly and were attributed to the 
micro-cracking of the concrete. At failure, the SMA wire fractured at the mid-height section of 
the column followed by spalling of the concrete and bucking of the longitudinal reinforcement. 
The axial deformation sustained by the SMA confined column was significantly higher than its 
corresponding CFRP wrapped column, yet the extent of damage experienced by the SMA 
confined column was clearly less severe than that of the conventional CFRP wrapped column. 

                     
(a)                                     (b)                                       (c)              

Figure 3. Failure mode of: (a) control column, (b) CFRP wrapped column, and (c) SMA 
wrapped column. 

3.2 Experimental results 

The axial load versus axial displacement, and the axial stress versus axial and lateral strain 
relationships for all the tested specimens are shown in Figure 4. A typical load-displacement 
and stress-strain relationship was experienced by the control and the CFRP wrapped concrete 
columns. The unwrapped concrete columns exhibited a linear load-displacement/stress-strain 
relationship until about 50% of the peak load, after which the concrete entered into a non-linear 
response zone until the peak load was attained. The post-peak behaviour of the control columns 
followed a descending softening branch until significant loss of strength was recorded. The 
behaviour of the CFRP wrapped columns mainly featured a bi-linear curve. The initial response 
of the column followed the path of the unwrapped specimens until the unconfined concrete 
strength was reached. In this region, the concrete dilation is low and the FRP sheets are not yet 
activated. Once the stress level exceeded the unconfined concrete strength, the concrete 
undergoes significant volumetric expansion activating the external FRP sheet through passive 
confinement mechanism. This zone exhibits a linear ascending load-deflection/stress-strain 
response accompanied by an increase in the strength and ductility of the concrete until rupture 
of the FRP sheets is achieved. Actively confining the concrete columns with SMA possess 
similar response to the CFRP wrapped columns until the peak strength point. However, after 
peak strength is attained, the CFRP wrapped columns fail catastrophically as shown in Figure 4. 
On the contrary, the post-peak behaviour of the SMA confined concrete exhibited a gradual 
decrease in the strength along with significant increase in the concrete ductility until failure of 
the specimens caused due to the fracture of the SMA wires. 
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(c) 

Figure 4. Axial compression load (or stress) versus axial displacement (or axial and lateral strain) for: (a) 
control, (b) CFRP wrapped, and (c) SMA wrapped concrete columns. 

Table 1 summarizes the results of all tested specimens. It should be noted that in some cases, the 
measurement instruments failed prior to achieving the ultimate failure condition of the 
specimen. The results showed that confining the concrete columns with CFRP sheets and SMA 
wire increased the peak strength of the concrete by 68 % and 59 %, respectively, compared to 



  

 

  

the unconfined concrete column. Although the ultimate strength attained by the CFRP wrapped 
concrete columns was slighter higher (by 8.5%) than its corresponding SMA wrapped concrete 
columns, the ultimate axial strain and lateral strain sustained by the SMA wrapped concrete 
columns showed superior enhancement by over 190 % and 290 %, respectively, when compared 
to the conventional CFRP wrapped concrete columns, and by 816 % and 397 %, respectively, 
when compared to the unwrapped control specimens. The results clearly indicate the enhanced 
ductility performance of the SMA confined concrete that is accompanied by an adequate 
increase in the strength ensuring their suitability to withstand high deformation forces 
experienced during an earthquake event. 

Table 1. Summary of the experimental test results. 
 Ult. Axial 

Strength       
(MPa) 

Ult. Axial 
Deflection      

(mm) 

Ult. Axial     
Strain             
(%) 

Ult. Lateral 
Strain           
(%) 

Control Specimens     
CT – Sp1 36 7.1 0.29* 0.11* 
CT – Sp2 35 7.2 0.12 0.18* 
CT – Sp3 42 7.6 – 0.69 
Average 38 (± 3.8) 7.3 (± 0.26) – – 
CFRP Wrapped Specimens     
CFRP – Sp1 63 7.1 0.35 0.9 
CFRP – Sp2 57 7.1 0.4 0.93 
CFRP – Sp3 73 8.3 – 0.83 
Average 64 (± 8) 7.5 (± 0.7) 0.375 (± 0.04) 0.88 (± 0.05) 
SMA Wrapped Specimens     
SMA – Sp1 57 16.2 1.2 1.67* 
SMA – Sp2 55 19.2 0.94 0.96* 
SMA – Sp3 66 15.1 - 3.43 
Average 59 (± 5.9) 16.8 (± 2.1) 1.1 (± 0.18) – 
*Instrumentation failed prior to reaching ultimate failure condition. 

4 CONCLUSIONS 

This paper investigated the effects of using SMA wires versus Carbon Fibre Reinforced 
Polymer (CFRP) sheets in confining medium size concrete columns internally reinforced with 
steel bars. The results of this investigation showed the effectiveness of actively confining the 
concrete using SMA wires as the concrete column experienced significant enhancement in the 
strength and ductility, when compared to the unwrapped columns. The results also showed that 
peak strength achieved by the SMA confined column is relatively comparable to that achieved 
by a CFRP wrapped concrete column with equivalent lateral confinement pressure. However, 
the ductility and lateral deformation sustained by the SMA wrapped concrete columns was 
superior to that obtained by the CFRP wrapped concrete columns. Thus, the SMA confinement 
system was able to achieve significant enhancement in the ductility combined with adequate 
strength, which possess the characteristics required to make them a potential application for 
strengthening columns in seismic prone regions. 
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