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Abstract 

A recent development of smart materials called Iron-based Shape Memory Alloys (Fe-

SMA) envisages a new perspective in the rehabilitation of structures. SMAs are metallic alloys 

that recover their original shape through heating. Utilizing this interesting feature of SMAs to 

retrofit reinforced concrete (RC) beams is the main objective of the current research project. An 

innovative active self-prestressing technique using Near Surface Mounted (NSM) Fe-SMA 

bars/strips for flexural strengthening of RC beams is proposed. The pre-strained (elongated) Fe-

SMA bar/strip is anchored in a pre-cut groove in the tension side of the RC beam; heating the 

bar/strip will then trigger the recovery of the induced strain (i.e. the bar/strip tendency to 

shorten). However, due to the restrained ends of the bar/strip, a tensile force develops instead 

(i.e. prestressing force). In this case, no jacking tools or special anchorage systems are required.  

The main objective of this study is to examine the potential capability of the newly 

developed Fe-SMA as an active retrofitting material for RC beams. Consequently, its contribution 

to the flexural performance enhancement of the RC beam at service and ultimate load conditions 

was investigated. In addition, the long-term performance of the strengthened beams subjected 

to freeze-thaw cycles and fatigue loading was studied. In total, 11 RC beams were tested; 7 beams 

with a length of 2 meters and 4 large-scale beams with a length of 5 meters. 

The experimental test results revealed the effectiveness of the proposed technique in 

enhancing the flexural capacity of the RC beams at the service and ultimate load conditions, while 

maintaining a ductile failure mode similar to the under-reinforced beams. The strengthened 

beams tested under severe freeze-thaw cycles and fatigue loading showed a good performance 
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except for the bonding between the Fe-SMA bars and the grout which experienced a rapid 

deterioration and resulted in a rupture of the Fe-SMA bar at the anchorage location under fatigue 

loading.  
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Chapter One:                                                                                         

Introduction 

1.1 General Introduction 

The infrastructure in North America is suffering from serious deterioration and structural 

deficiency. Several reports raised a red flag and called for immediate action to stop the backlog 

of investments towards reducing the risk of deterioration on the infrastructure inventory. The 

2016th Canada Infrastructure Report Card (CIRC) reported that one-third of the municipal 

infrastructure is in fair, poor or very poor conditions, and the replacement value of the bridges 

alone was estimated as $20.8 billion [1]. The 2013th America’s Infrastructure Report Card (AIRC) 

pointed out that one in nine of the nation’s bridges is rated as structurally deficient [2]. To 

eliminate the bridge deficient backlog by 2028 in the United States, the Federal Highway 

Administration (FHWA) estimated that they need to invest $20.5 billion (USD) annually [3]. In 

light of the mentioned facts, researchers have been looking for practical, efficient, and 

economical retrofitting and strengthening techniques to repair the deteriorated structures and 

to reduce the rate of degradation of other structures. 

The strengthening and repairing of structures is a well-established field of structural 

engineering. Several codes and guidelines have been set to control the practice of these 

applications. Nevertheless, the research in this area continues into two main streams, the 

strengthening techniques; and the strengthening materials. In the case of flexural strengthening 

of Reinforced Concrete (RC) beams and girders, Fiber Reinforced Polymers (FRP) are the 
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dominant strengthening materials. Typically, the FRP is applied to the beam as Externally Bonded 

(EB) or Near-Surface Mounted (NSM). The NSM strengthening technique involves inserting the 

FRP reinforcement (bars, strips) in a pre-cut groove on the tension side of the RC members, which 

is then filled with epoxy adhesive. The EB technique involves bonding the FRP materials (sheets, 

strips, plates) onto the tension side of the RC members using epoxy adhesive. The NSM 

strengthening technique is proven to be more efficient as it provides protection to the 

strengthening material and reduces the chances for de-bonding compared to the EB technique 

[4]. The application of FRP to RC structures can be categorized into two main categories, non-

prestressed FRP (passive system); and prestressed FRP (active system). In the passive system, the 

ultimate capacity of the strengthened beam is improved. However, it has minimal effect on the 

flexural behavior at service loads [5]. In other words, when the non-prestressed FRP is applied to 

the beam, the FRP is not be activated unless further deflection occurs in the beam. While in the 

active system, the prestressing force in the FRP helps to reduce the cracks and deflection even at 

service loads [5-7]. The application of prestressing force to the FRP requires special and case-

dependent (i.e. beam size and configuration) jacking and anchorage tools, which might not be 

practical in certain circumstances. Furthermore, the beams strengthened using FRP exhibit 

strength-ductility trade-off due to the brittle nature of the FRP materials [8-10]. 

The Shape Memory Alloys (SMA) are metallic alloys that are mainly characterized by their 

ability to recover deformations upon heating [11, 12] in a process called the Shape Memory Effect 

(SME). The SME offers an easier prestressing technique compared to the FRP. If the FRP material 

is replaced with pre-deformed SMA material, no jacking tools are required. If both edges of the 
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SMA are restrained, heating above the activation temperature results in a prestressing force in 

the SMA. The application of SMA in the structural engineering field is limited due to its high cost 

relative to the FRP. However, the recent development of an Iron-based SMA (Fe-SMA) with 

relatively inexpensive constituent materials is expected to scale up its applications in the 

structural engineering field [13-17]. The current research project is introducing a new 

strengthening technique using NSM Fe-SMA reinforcements. The new system is called self-

prestressing, which implies that the prestressing force can be generated by the activation of the 

SME phenomenon that is inherited through its unique thermo-mechanical properties without the 

need for external jacking tools. 

In this chapter, more light is shed on the characteristics of the SMA material and its 

mechanical behavior. The basic characteristics of a typical shape memory alloys is first introduced 

followed by more information about the Iron-Based Shape Memory Alloys. 

1.2 Shape Memory Alloys 

Shape Memory Alloys (SMAs) are a special type of metallic alloys that have a range of 

unique properties such as Shape Memory Effect (SME), superelasticity, and damping capabilities. 

As the name of SMA implies, the SME is its main characteristic. SME represents the ability of SMA 

to recover permanent deformations upon heating [11, 12]. These properties are due to the 

special metallurgical phenomenon of stress and temperature dependent martensite 

transformation. The first breakthrough was the production of NiTiNOL in 1963 (NiTi is referred to 

the Nickle Titanium, and NOL is referred to the Naval Ordnance Laboratory in Maryland, USA) by 

Buehler et al. [18]. In 1972, the National Aerospace and Space Administration (NASA) published 
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a report summarizing the research work on NiTiNOL for several research groups funded by NASA. 

The report highlighted that the NiTiNOL exerts very considerable mechanical work that can be 

utilized in different engineering applications. The substantial potential applications include self-

actuating fasteners, vibration damping structures, prestressing massive glass and concrete, 

bioengineering devices, etc. [19]. The discovery of NiTiNOL in 1963 triggered the development of 

several commercial products in the 1970s [11]. Most of the early applications were in the 

bioengineering field due to its biocompatibility and the corrosion resistivity [20].  

1.2.1 Crystallography of SMA 

The distinct properties of the SMA materials are attributed to the special characteristics 

at the microstructural level. SMAs have two main crystallographic phases, the low-symmetry 

martensite phase, and the high-symmetry austenite phase. The crystal structure of the austenite 

phase is typically cubic, while the martensite phase has either tetragonal, orthorhombic, or 

monoclinic crystal structure [14]. The key feature of SMA is the reversible phase transformation, 

also called the martensite transformation, which is a solid state diffusionless transformation from 

the austenite phase to the martensite phase. The martensite transformation doesn’t involve 

diffusion of atoms but rather by shear lattice distortion [11]. The martensite phase is 

thermodynamically stable at low temperatures, while the austenite phase is thermodynamically 

stable at high temperatures. The best way to understand the tendency of stability to either phase 

(i.e. martensite and austenite) is to examine the variation of Gibbs free energy (G), with 

temperature for both phases. As shown in Equation 1.1, G decreases with increasing the absolute 

Temperature (T). As each phase has different Enthalpies (H) and Entropies (S), the two curves 
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intersect at a point where the free energy of each phase is equal (i.e. both phases are equally 

stable) [21]. The temperature at which the two curves intersect is called the critical temperature 

(To) is shown in Error! Reference source not found.. According to the second law of t

hermodynamics, a closed system will be thermodynamically stable at the minimum state of 

energy [22]. Below To the martensite phase has lower free energy, therefore, the martensite 

phase is favored thermodynamically. While at temperature values higher than To, the austenite 

phase is more stable as it has lower free energy. 

𝐺 = 𝐻 − 𝑇𝑆 1.1 

where H is the enthalpy, T is the absolute temperature in Kelvin, and S is the entropy. 

 

Figure 1.1: The stability of martensite and austenite phases with changing in temperature, after 
DoITPoMS [21] 

The driving force of the martensite transformation is the difference of Gibbs free energy 

between the martensite phase and the austenite phase. This difference can be induced by either 
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temperature gradient or mechanical loading. The thermally-induced martensite transformation 

and the stress-induced martensite transformation causes the Shape Memory Effect (SME), and 

the pseudoelasticity, respectively. These two phenomena will be discussed in the following 

sections [23]. 

1.2.2 Hysteresis Characteristics of SMA 

In the absence of mechanical loading, the presence of the critical temperature To does not 

imply an instantaneous transition between the two phases, rather, the martensite 

transformation (forward transformation) occurs at a temperature less than To called the 

martensite start temperature (Ms). At the martensite finish temperature (Mf ) the material has 

totally transformed to the martensite phase. During the heating of the SMA (reverse 

transformation) while in the martensite phase, the material starts to transform to the austenite 

phase at a temperature value greater than To, called the austenite start temperature (As), and 

has completely transformed to austenite phase at the austenite finish temperature (Af) as shown 

in Figure 1.2. The persistence of the current phase beyond the critical temperature is mainly due 

to two main reasons. The first reason is the nucleation barrier, where a driving force is required 

to form the new thermodynamic phase. The other reason is attributed to the stored elastic strain 

energy which arises from the mismatch of the crystal lattices of coexisting phases along the 

boundaries. The consequence of those two factors is the thermal hysteresis that appears in the 

phase transformation of SMA as illustrated in Figure 1.2 [21, 24]. For civil engineering 

applications, the large thermal hysteresis is an essential property to ensure phase stability at 

ambient temperatures. In some cases, the SMA is chemically treated to increase the thermal 
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hysteresis width. Duerig, T. and Melton, K., [25] added soft deformable particles of niobium to 

increase the thermal hysteresis width of NiTi. 
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Figure 1.2: Thermal hysteresis of a typical SMA, after DoITPoMS [21]. 

 

1.2.3 Shape Memory effect (SME) 

In the absence of mechanical loading, the martensite transformation results in the 

formation of several martensite variants. The arrangement of these variants is in such a way that 

it is not associated with macroscopic changes. At this stage, the martensite phase is called 

twinned martensite. At a temperature below Mf, the material can be forced by mechanical 

loading to the detwinned martensite phase, where a single variant dominates. The detwinning 

process starts at a stress level called the detwinning start (σs) and finishes at stress level called 

the detwinning finish (σf) causing macroscopic deformations. The martensite remains detwinned 
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after unloading. The stress and temperature phase diagram of typical SMA is illustrated in the 

schematic diagram in Figure 1.3. [11, 12] 
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Figure 1.3: Phase diagram of a typical SMA material, after Lagoudas [11]. 

 

The Shape Memory Effect (SME) is one of the main characteristics of the SMA. It 

represents the ability of the SMA to recover the deformations (i.e. restore the original shape) 

upon heating. It is also called the thermally-induced reverse martensite transformation. Figure 

1.4 shows the process of SME of a typical SMA. In the absence of stress, and upon the application 
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of heat above As, the detwinned martensite material starts to recover the permanent 

deformations and completely transform to the parent austenite phase at Af. 

The SME can be utilized in different fields of structural engineering applications. It can be 

used as strands for post-tensioned applications, active confinement of columns, and 

rehabilitation of structures by imposing prestressing forces. For post-tensioning purposes, 

Cladera et al. [14] pointed out several advantages of SMA materials over traditional post-

tensioning techniques. This includes the easiness of applying the prestressing force (i.e. it 

requires only heating which can be done using electric heating), no friction losses are associated 

with the prestressing process, and no space is needed for the hydraulic jacking process. 
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Figure 1.4: The shape memory effect process of a typical SMA, after Lagoudas [11]. 

 



 

10 

1.2.4 Pseudoelasticity 

The thermally-induced transformation (i.e. SME) is one of the most useful properties of 

SMA as mentioned earlier. The martensite transformation can be also induced by mechanical 

loading (stress-induced martensite transformation) at a temperature higher than Af as presented 

in Figure 1.5. The material behaves elastically up to σMs, where the stress-induced martensite 

transformation starts. This stage involves large deformations with little increase in the stress. The 

detwinning continues until stress level σMf. Upon unloading, the material returns to the austenite 

phase without permanent deformations. The reverse transformation starts at stress level σAs and 

is completed at σAf. The hysteresis loop formed during loading and unloading dissipates energy. 

This property is called pseudoelasticity, which reflects the damping capabilities of the SMA [11, 

12].  
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Figure 1.5: The pseudoelasticity behavior of typical SMA, after Cismasiu [12]. 
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1.2.5 Improving the SME through “training” and “NbC precipitates” 

It is worth mentioning that the shape recovery through the SME is not absolute, in other 

words, only part of the induced deformation can be recovered through heating. The SME can be 

improved, i.e., the amount of shape recovery as a percentage of the induced mechanical 

deformations can be increased through what is called thermomechanical training. The training 

process changes the orientation of the martensite variant to be more favorable to the SME 

process [11]. However, this process is the main contributor in increasing the cost of the SMA 

production. The other method to improve the SME is through special chemical treatment, by 

introducing fine NbC (Niobium carbide) precipitates to the microstructure [14]. This means that 

no thermo-mechanical training is required, consequently, this represents a huge cut in the 

production cost. 

1.2.6 Iron-based Shape Memory Alloys 

The most common SMA utilized in the industry is the NiTi. However, the high cost of this 

material has made it infeasible for large-scale applications (e.g. structural engineering field). 

Therefore, researchers started investigating an inexpensive iron-based SMA (Fe-SMA). The shape 

memory effect (SME) of Fe-SMA was first reported in 1975 by Enami et al. [26]. With relatively 

inexpensive constitutive materials, this discovery impelled the continuous development of SME 

of Fe-SMA. Cladera et al. [14] reported two main stages of the Fe-SMA development. The first 

stage over the period of 1982 to 1990 included the production of Fe-Mn-Si-based SMAs with 

varied amounts of Mn (Manganese) and the addition of Cr (Chromium). These alloys require 

thermo-mechanical treatment to improve their SME. The second stage included the production 
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of Fe-Mn-Si-based SMAs—where the SME can be improved without the need for thermo-

mechanical treatment. The SME of these alloys can be improved by introducing fine NbC 

precipitates. The precipitates provided a large elastic strain failed, which consequently facilitated 

the martensite transformation.  In addition to eliminating the training process and the 

inexpensive constituent materials, the cost of the Fe-SMA material would be further reduced 

considering the availability of steel mass-production facilities. 

At the metallurgy level, the main difference between the NiTi and Fe-SMA is the 

mechanism of martensite transformation. The martensite transformation of NiTi is thermo-

elastic, where the lattice is distorted without the diffusion of atoms (unlike plastic deformation) 

but with a change in crystal structure. This change is associated with macroscopic deformations, 

which can be recovered through heating. In the case of plastic deformation, the movement of 

dislocations (i.e. slip) causes no change in the crystal structure. Therefore, plastic deformation is 

an irreversible process. The martensite transformation of Fe-SMA also involves slip, but unlike 

the plastic deformation, this slip results in a different lattice structure (i.e. from body-centered 

cubic to hexagonal close-packed) [14]. Furthermore, the detwinning process of Fe-SMA material 

takes place at a temperature between Ms and As as shown in Figure 1.6, while in the case of NiTi, 

the detwinning process takes place at a temperature below Mf. It is worth mentioning that, once 

the Fe-SMA is activated through heating while contraction is inhibited, the recovered stress 

remains stable even if the temperature drops below the Ms
 due to the wide thermal hysteresis 

[14]. This is important for civil engineering applications, where the prestressing force shouldn’t 

be changed with the change in ambient temperature. 
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Figure 1.6: Schematic phase diagram of Fe-SMA, after Cladera et al., [14]. 

 

1.2.7 Applications of the Iron-based Shape Memory Alloys 

The first reported attempt to use the Fe-SMA bars in structural rehabilitation was by 

Soroushian et al. [27]. Soroushian used 24 Fe-SMA bars with 10.4 mm diameter for external post-

tensioning to repair a bridge girder for shear. The bars generated 120 MPa stress when heated 

with electric current of 1000 Amps causing a 40% reduction in crack width and restoring the shear 

strength of the girder. To investigate the feasibility of the Fe-SMA strips for the prestressed 

strengthening of RC structures, Czaderski et al. [15] used Fe-SMA strips to apply prestressing 

force to 9 small concrete bars. The authors concluded that the Fe-SMA can be used as a 

strengthening material for RC beams using the NSM technique. Another review paper by Cladera 
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et al. [14] stated that the Fe-SMA material could be easily prestressed compared to the FRP for 

flexural strengthening applications. 

1.3 Research Significance 

The Iron-base Shape Memory Alloy (Fe-SMA) is believed to be the best candidate for 

rehabilitation of existing RC structures. The proposed self-prestressing technique requires no 

jacking tools and sophisticated anchorage system as is the case in prestressed FRP materials. To 

the authors’ knowledge, this is the first time that Fe-SMA material is used as a flexural 

strengthening material for RC beams. The results show evidence of the potential capability of the 

Fe-SMA bars as prestressing reinforcement in enhancing the flexural capacity of RC beams at 

service and ultimate load conditions without compromising the ductility of the beams. 

1.4 Objectives 

The main objective of this study is to examine the potential capability of the newly 

developed Fe-SMA material as an active retrofitting material for RC beams. Consequently, an 

innovative strengthening system called “self-prestressing” is proposed. The contribution of the 

proposed system to the flexural performance enhancement of the RC beams at service and at 

ultimate load conditions will be investigated. The following list presents a breakdown of the main 

objective: 

 Investigate the performance of RC beams strengthened with NSM self-prestressed Fe-

SMA bars/strips under service and ultimate load conditions. 

 Investigate the long-term performance of RC beams strengthened with Fe-SMA 

reinforcements under severe environmental conditions and sustained loading. The 
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environmental conditions include a high level of sustained loading and harsh freeze-thaw 

cycles. 

 Investigate the performance of RC beams strengthened with Fe-SMA reinforcements 

under fatigue loading. 

 Investigate the effect of different types of grouting materials, different types of 

anchorage systems and different methods of Fe-SMA activation (heating). 

1.5 Scope of Work 

The experimental program consisted of four stages, in the first stage, four RC beams with 

a span of 1.8 m (centre-to-centre) were tested under static load at room temperature. The beams 

in the first stage included a control beam and three beams strengthened with NSM Fe-SMA bars. 

The second stage included two 1.8 m long RC beams exposed to 650 cycles of severe 

freeze-thaw cycles and subjected to sustained loading. The beams included one control beam 

and one beam strengthened with NSM Fe-SMA bar. The minimum and maximum temperatures 

in each freeze-thaw cycle were -34 oC and +34 oC, respectively. The sustained loading was about 

50% of the ultimate strength of the control beam. 

The third stage included two 1.8 m long RC beams subjected to 6 million cycles of fatigue 

loading with different load limits. The beams included one control beam and one beam 

strengthened with NSM Fe-SMA bar. 

The fourth stage included the testing of four large-scale beams with a span of 5.0 m 

(centre-to-centre). The beams included one control beam, one beam strengthened with five non-

activated Fe-SMA strips, and two beams strengthened with five and seven activated Fe-SMA 
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strips. The results of the fourth stage were compared to beams with similar dimensions found in 

the literature but strengthened with NSM prestressed CFRP bars with a comparable prestressing 

forces. 

Each beam tested in the experimental program was unique, and no replicates were tested 

due to the limitation of the shape memory alloy materials. Therefore, no statistical analysis was 

conducted, hence, the reported results were as observed results. Nevertheless, the difference 

between the performance of the strengthened beams and control beams was significant enough 

to rule out the effect of experimental errors.  

1.6 Thesis Contents 

This thesis is a manuscripts-based thesis – a collection of four journal papers – with a total 

of six chapters and five appendices. In addition to the introduction and conclusion chapters, each 

journal paper represents a separate chapter. The following shows a breakdown of the thesis 

contents: 

Chapter 1: this chapter includes a general introduction and a brief background about 

shape memory alloys and their characteristics. 

Chapter 2: this chapter is adapted from the following publication (Hothifa Rojob and 

Raafat El-Hacha “Self-Prestressing using Fe-SMA for Flexural Strengthening of RC Beams”, ACI 

Structural Engineering. Accepted, in press. 

Chapter 3: this chapter is adapted from the following publication (Hothifa Rojob and 

Raafat El-Hacha “Performance of RC Beams Strengthened with Self-Prestressed Fe-SMA Bars 
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Exposed to Freeze-thaw Cycles and Sustained Load” Manuscript is submitted for the Journal of 

Engineering Structures). 

Chapter 4: this chapter is adapted from the following publication (Hothifa Rojob and 

Raafat El-Hacha “Fatigue Performance of RC Beams Strengthened with Self-Prestressed Iron-

based Shape Memory Alloys” Manuscript is submitted for the Journal of Engineering Structures). 

Chapter 5: this chapter is adapted from the following publication (Hothifa Rojob and 

Raafat El-Hacha “Flexural Strengthening of Large-Scale RC Beams Using NSM Self-Prestressed 

Iron-Based Shape Memory Alloy Strips”. The manuscript is submitted for PCI Journal. 

Chapter 6: this is the conclusion chapter which includes a summary of the main research 

findings and recommendations for future research in this field. 

Appendices: five appendices are provided. Appendix A, provides some experimental test 

results on the material properties. Appendix B, provides some information about the fabrication 

process of the small-scale beams. Appendix C, elaborates more on the fabrication and 

strengthening procedure of the large-scale beams. Appendix D, provides more photos of the 

large-scale beams after failure. Appendix E, provides the copy right permissions. 
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Chapter Two:                                                                                                   

Self-Prestressing Using Fe-SMA for Flexural Strengthening of RC Beams 
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2.1 Abstract 

The behavior of RC beams strengthened with Near-Surface Mounted (NSM) Iron-Based 

Shape Memory Alloy (Fe-SMA) bars was studied. Since there were no jacking tools used to apply 

the prestressing force, this technique was called Self-Prestressing. The pre-strained Fe-SMA bar 

was anchored inside a pre-cut groove on the tension side of the RC beam (2000×305×150 mm 

[78.7×12.0×5.9 in]). The bar was then activated through heating above 300 oC [572 oF] causing a 

prestressing force in the bar. The beam was then tested under four-point bending setup to 

failure.  The results revealed a significant increase in the yielding and ultimate load capacities. 

Unlike the prestressed FRP strengthening techniques, the ductility of the beam was significantly 

improved due to the yielding nature of the Fe-SMA material. 

Keywords: Anchorage, Self-prestressing, Iron-based Shape Memory Alloys, Flexural 

Strengthening, Fiber Reinforced Polymers, Near-Surface Mounted 

2.2 Introduction 

Infrastructure in North America is suffering from a serious deterioration and structural 

deficiency. Over two hundred million trips are taken daily across 102 largest metropolitan regions 

in the United States [1]. As of December 2013, the Federal Highway Administration reported that 

10% of the bridges in the United States are classified as structurally deficient, and about 14% are 

classified as functionally obsolete [2]. The National Highway System in Canada includes more 

than 8700 bridges; 60% of them are more than 30 years old and about 15% of them are more 

than 50 years old. Many of these bridges require major rehabilitation or reconstruction [3]. To 

overcome this issue, researchers have been looking for innovative strengthening or rehabilitation 
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techniques. In the case of flexural strengthening of Reinforced Concrete (RC) beams, Externally 

Bonded (EB) or Near-Surface Mounted (NSM) Fiber Reinforced Polymers (FRPs) have been 

extensively used due to its high-strength-to-weight ratio (compared to conventional materials 

such as steel and concrete), and corrosion resistivity [4-6]. The NSM strengthening technique 

involved inserting FRP reinforcement (bars, strips) in pre-cut grooves on the tension of the RC 

members and filled with epoxy adhesive. The EB technique involves bonding the FRP materials 

(sheets, strips, plates) onto the tension surface of the RC members using epoxy adhesive. The 

NSM strengthening technique provides protection to the strengthening material and reduces the 

chances for de-bonding compared to the EB technique. Most of the FRP applications are passive 

strengthening, where the FRP strips, bars, or sheets are attached to the tension side of the RC 

beams without the application of prestressing forces. The passive strengthening would enhance 

the flexural capacity of the RC beams at the ultimate limit state. However, there is a little 

contribution under service loads [7]. 

To improve the flexural performance at service loads, the active strengthening technique 

was introduced. This technique involves the application of prestressing force to the FRP material 

through external reaction frames [8], or against the beam using special jacking tools [9-13]. The 

application of prestressing force to the FRP requires special and case-dependent (i.e. beam size 

and configuration) jacking and anchorage tools, which might not be practical in certain 

circumstances. Furthermore, the beams strengthened using FRP involve strength-ductility trade-

off due to the brittle nature of the FRP material [7,8,14]. 



 

24 

In the light of the above-mentioned facts, the Self-Prestressing technique is proposed 

herein. The backbone of this technique is the unique characteristics the Shape Memory Alloys 

(SMA). The SMAs are metallic alloys that are mainly characterized by their ability to recover 

permanent deformations upon heating. This phenomenon is called the Shape Memory Effect 

(SME) [15,16], where the recovered strain can be utilized to introduce stresses to structures. The 

SME offers an easier prestressing technique compared to the FRP. When the FRP material is 

replaced with pre-deformed SMA material, there is no need for the jacking tools. If both edges 

of the SMA are restrained, heating above the activation temperature will result in a prestressing 

force in the SMA (i.e. Self-prestressing). 

2.3 Background 

2.3.1 Brief history 

Shape Memory Alloys (SMAs) are a special type of metallic alloys that have a range of 

unique properties such as Shape Memory Effect (SME), superelasticity, and damping capabilities. 

As the name of SMA implies, the SME is its main characteristic. SME represents the ability of SMA 

to recover permeant deformations upon heating [15,16]. These properties are due to the special 

metallurgical phenomenon of stress and temperature dependent martensite transformation. The 

first breakthrough was the production of NiTiNOL (NiTi is referred to the Nickle Titanium, and 

NOL is referred to the Naval Ordnance Laboratory in Maryland, USA) by Buehler et al. (1963) [17]. 

In 1972, the National Aerospace and Space Administration (NASA) published a report 

summarizing the research work on NiTiNOL for several research groups funded by NASA. The 

report highlighted that the NiTiNOL exerts very considerable mechanical work that can be utilized 
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in different engineering applications. The substantial potential applications include self-actuating 

fasteners, vibration damping structures, prestressing massive glass and concrete, bioengineering 

devices, etc. [18]. The discovery of NiTiNOL in 1963 triggered the development of several 

commercial products in the 1970s [16]. Most of the early applications were in the bioengineering 

field due to the biocompatibility and the corrosion resistivity of the NiTiNOL [19]. Due to its high 

cost, the NiTiNOL wasn’t used in large-scale applications such as structural engineering field. The 

recent production of the Iron-based SMA (Fe-SMA) with relatively inexpensive constituent 

materials is expected to scale up the application in the structural engineering area [20-22]. 

2.3.2 Physical metallurgy of SMA 

SMAs have two main crystallographic phases, the low-symmetry martensite phase, and 

the high-symmetry austenite phase. The unique properties of SMA are due to the special 

metallurgical phenomenon of stress and temperature dependent martensite transformation. The 

martensite transformation is a solid-state diffusionless transformation from the austenite phase 

to the martensite phase. The martensite transformation doesn’t involve diffusion of atoms but 

rather by shear lattice distortion [16]. The driving force of the martensite transformation is the 

difference of Gibbs free energy between the martensite phase and the austenite phase. Figure 

2.1 shows the Gibbs free energy of martensite and austenite phases. The curves intersect at the 

critical temperature To. Below To the martensite phase has lower free energy; therefore, the 

martensite phase is favored thermodynamically. While at temperature values higher than To, the 

austenite phase is more stable because it has lower free energy [23]. The martensite 

transformation can be induced by either temperature gradient or mechanical loading. The 
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thermal-induced martensite transformation and the stress-induced martensite transformation 

causes the Shape Memory Effect (SME), and the pseudoelasticity, respectively [24]. Before 

introducing the Fe-SMA, it is important to understand how common SMAs are working (i.e. NiTi). 

Figure 2.2 shows schematically the phase diagram of typical NiTi SMA. In the absence of 

mechanical loading, the martensite transformation results in the formation of several martensite 

variants. The arrangement of theses variants is in such a way that it is not associated with 

macroscopic changes. At this stage, the martensite phase called twinned martensite. At a 

temperature below Mf, the material can be forced by mechanical loading to the detwinned 

martensite phase, where a single variant dominates. The detwinning process starts at a stress 

level called detwinning start (σs) and finishes at stress level called detwinning finish (σf) causing 

macroscopic permanent deformation. The martensite remains detwinned after unloading. In the 

absence of stress, and upon the application of heat above As, the detwinned martensite material 

starts to recover the permanent deformations and completely transform to the parent austenite 

phase at Af in a process called SME. This process is illustrated in the stress-strain-temperature 

diagram in Figure 2.3. The SME can be improved through a thermo-mechanical treatment 

process, called “training”. The training process changes the orientation of the martensite variant 

to be more favorable to the SME process. The recovered strain can be improved to about 4% 

[25]. 
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Figure 2.1: Gibbs free energy curves of martensite and austenite phases. After DoITPoMS [23]. 
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Figure 2.2: Schematic phase diagram of NiTi SMA. After Lagoudas [16]. 
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Figure 2.3: SME process of a typical NiTi SMA. After Lagoudas [16]. 

 

2.3.3 Difference between the NiTi and Fe-SMA 

As mentioned earlier, the Fe-SMA is relatively inexpensive compared to the most 

common NiTi SMA. This is due to the inexpensive constituent materials and the availability of 

steel mass production facilities that can be used to produce this material [20]. At the metallurgy 

level, the main difference between the NiTi and Fe-SMA is the mechanism of martensite 

transformation. The martensite transformation of NiTi is thermo-elastic, where the lattice is 

distorted without the diffusion of atoms (unlike the plastic deformation) but with a change in 

crystal structure. This change is associated with macroscopic deformations, which can be 

recovered through heating. In the case of plastic deformation, the movement of dislocation (i.e. 

slip) causes no change in the crystal structure. Therefore, the plastic deformation is an 

irreversible process. The martensite transformation of Fe-SMA also involves slip but unlike the 



 

29 

plastic deformation, this slip results in a different lattice structure (i.e. from body-centered cubic 

to hexagonal close-packed) [26]. Furthermore, the detwinning process of Fe-SMA material takes 

place at a temperature between Ms and As as shown in Figure 2.4, while in the case of NiTi, the 

detwinning process takes place at a temperature below Mf. It is worth mentioning here that once 

the Fe-SMA is activated through heating while contraction is inhibited, the recovered stress 

remains stable even if the temperature drops below the Ms [26]. This is important for civil 

engineering applications where the prestressing force shouldn’t be changed with the change in 

ambient temperature. 
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Figure 2.4: Schematic phase diagram of Fe-SMA. After Caldera et al. [26]. 

 

2.3.4 Application of Fe-SMA 

The easiness of applying the prestressing force using the Fe-SMA is expected to scale up 

the applications of this material in the structural engineering field. Furthermore, the availability 
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of steel bars mass production facilities will contribute more in decreasing the production cost of 

this material. The application of this material in the structural engineering field is still in a pioneer 

stage. Soroushian et al. [27] were the first to use Fe-SMA for external post-tensioning to repair 

bridge girder in shear. To explore the efficiency of Fe-SMA bars in prestressing applications, 

Czaderski et al. [28] used Fe-SMA strips to apply prestressing force to small concrete bars. The 

authors concluded that the Fe-SMA could be used as a strengthening material for RC beams using 

the NSM technique. Another review paper by Cladera et al. [26] stated that the Fe-SMA material 

could be easily prestressed compared to the FRP for flexural strengthening applications. 

Hadiseraji and El-Hacha [11] used SMA bar as an actuator to apply prestressing force to FRP strip 

embedded in a pre-cut groove for flexural strengthening of RC beam. The Fe-SMA could also be 

used for active confinement RC columns.  

2.4 Research Significance 

Giving the fact that the infrastructure in North America is seriously in need for an efficient, 

cost-effective, and practical retrofitting system, the proposed self-prestressing technique is 

believed to be one of the best candidates for that. The proposed flexural strengthening technique 

of RC beams requires no jacking tools and sophisticated anchorage system as the case in 

prestressing FRP materials. To the authors’ knowledge, this is the first time that Fe-SMA material 

is used as a structural strengthening material for RC beams. The results show an evidence of the 

potential capability of the Fe-SMA bars as prestressing reinforcement in enhancing the flexural 

capacity of RC beams at service and ultimate load conditions.  
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2.5 Experimental Investigation 

2.5.1 Geometric details of the beams and loading setup 

The experimental program involves the testing of three 150×305×2000 mm 

[5.9×12×78.74 in] RC beams. Two beams were strengthened with Fe-SMA bars. The strengthened 

beams differ by the thermo-mechanical training of the Fe-SMA bar. Beam B-SMA-0 refers to the 

beam strengthened with Fe-SMA bar without training, and B-SMA-1 refers to the beam 

strengthened with Fe-SMA bar with one cycle of thermo-mechanical training. In addition to the 

strengthened beams, a control beam (B-C) used for comparison purposes was tested by 

Hadiseraji and El-Hacha [11]. The beams were tested monotonically on a displacement-controlled 

four-point bending setup as shown in Figure 2.5. The displacement rate was 1 mm/minute [0.039 

in/min]. Figure 2.5 also shows the geometrical details of the beam and the loading setup. All 

beams were designed according to CSA 23.3-04 [29] as under-reinforced concrete beams such 

that the failure will occur by crushing of the concrete after the yielding of the steel 

reinforcements. The shear failure was prevented by providing 10M two-legged closed U-shape 

steel stirrups at a spacing of 150 mm [5.90 in]. The beams were reinforced with two 15M bars in 

tension and two 10M bars in compression with total steel cross-sectional area of 400 mm2 [0.62 

in2] and 200 mm2 [0.31 in2], respectively. The induced prestressing force from the NSM Fe-SMA 

bars in the strengthened beams was selected such that the beam remains under-reinforced and 

the failure occur by the crushing of concrete after the yielding of the steel reinforcements and 

the Fe-SMA bar.  Table 2-1 shows the steel and concrete material properties.  
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Figure 2.5: Geometric details of the beam specimen and the loading setup. All the dimensions 

are in mm [1in = 25.4mm] (drawing not to scale). 

Table 2-1–Concrete and steel material properties. All units are in MPa [1 ksi = 6.89 MPa] 

Batch 
Concrete strength Steel yield strength fy 

Beam 
28 days at testing Compression  Tension 

1 38.3 39.9 458 458 B-C, B-SMA-0 

2 36.9 41 446 505* B-SMA-1 

*Beam-SMA-1 was cast after the other two beams. Although the authors ordered the steel 
rebars from the same company with the same grade (grade 400), however, there was still 
inconsistency in the yielding strength. 
 

2.5.2 Instrumentation 

The beams were instrumented with four Linear Strain Conversion (LSC) at the mid-span 

as presented in Figure 2.5 to monitor the strain at the concrete surface (two LCSs were mounted 

on the side of the beam at the level of the longitudinal bottom and top steel reinforcements; and 



 

33 

two LCSs were mounted at the top surface of the beam to measure the strain in the concrete in 

compression). Two strain gauges (SG) were installed on the tension steel and one was installed 

on the compression steel. Two laser transducers were used to monitor the vertical deflection at 

the mid-span of the beam. For beam B-SMA-1, five strain gauges were installed along the Fe-SMA 

bar. 

2.5.3 Preparation of Fe-SMA bars  

2.5.3.1 The application of initial strain 

The beams were strengthened with 1000 mm [39.37 in] long and 14.3 mm [0.56 in] 

diameter Fe-SMA bars manufactured by Awaji Materia [20]. The bar is hot rolled without a 

surface finish, i.e. smooth surface (this was the only available type of Fe-SMA bars at the time of 

this research was conducted). The preparation of the Fe-SMA bars is different for the two 

strengthened beams. For beam B-SMA-1, the Fe-SMA bar was trained for one cycle of thermo-

mechanical training. While the bar used to strengthen beam B-SMA-0 wasn’t trained. According 

to the manufacturer, one cycle of thermo-mechanical training will result in better SME (i.e. better 

recovery strain/stress) as shown in Figure 2.6. Figure 2.6 also indicates that the 6% initial strain 

is the optimum strain value that will result in the highest recovery strain or highest recovery 

stress in case of having both ends of the Fe-SMA bar restrained. According to the manufacturer, 

the recovery stress of the Fe-SMA bar is about 130 MPa [18.85 ksi] and 200 MPa [29 ksi] without 

training and with one cycle of thermo-mechanical training, respectively [20]. Therefore, one of 

the Fe-SMA bars was exposed to one cycle of thermo-mechanical training. The cycle started with 

an initial strain of 6% (using tensile testing machine) followed by heating in an electric oven to 
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600 oC [1112 oF]. To prepare the bar for the strengthening procedure, it was again strained for 

6%. This procedure is presented by the engineering stress-strain curve presented in Figure 2.7. In 

the case of Fe-SMA bar without thermo-mechanical training, the bar is only strained to 6% which 

is represented by the first cycle in Figure 2.7. 

 
Figure 2.6: Effect of thermomechanical training on the recovery strain of Fe-SMA bar, and the 

optimum initial strain value. after Awaji [20]. 

 
Figure 2.7: The process of one cycle of thermo-mechanical training followed by the application 

of 6% strain to the Fe-SMA bar which is used to strengthen B-SMA-1. 
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2.5.3.2 Anchorage 

The Fe-SMA bars were threaded using NF 6/19’’ threading tap on both ends. Both ends 

of the threaded bars were connected to steel coupling nuts welded to 10 mm thick steel plates 

as shown in Figure 2.8. The bars were then embedded in a pre-cut groove made on the tension 

side of the RC beam using diamond blade concrete saw. The steel plates were anchored to the 

RC beam using Carbon Steel Kwik Bolt 3 expansion anchors produced by Hilti Inc. [30]. 

 
Figure 2.8: Details of the anchorage mechanism. All dimensions are in mm [1 in = 25.4 mm]. 

 

2.5.3.3 Heating 

To activate the Fe-SMA (i.e. to provoke the reverse martensite transformation) the bars 

were heated above 300 oC [572 oF]. Two techniques were used to heat the Fe-SMA bars. For 

beam B-SMA-0 heating of the Fe-SMA was performed using flexible resistive heating tape 

wrapped around the bar as shown in Figure 2.9. While for beam B-SMA-1, heating of the Fe-SMA 

was conducted using Oxy-Acetylene rosebud torch as shown in Figure 2.10, with the concrete 

surface protected using thin aluminum sheets placed around the bar. In addition to the 

thermocouples, temperature indicator markers were used to verify that the temperature 
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reached the activation temperature at all the points (it is in the form of paint that melts at the 

target temperature, so the marker is used to draw a line along the bar, and the heat is continued 

until the paint melts down along the bar).  

The prestressing force developed in the Fe-SMA bar due to the heating caused 

compression in the internal tension steel bars. In order to monitor the development of the 

prestressing force, the compression strain in the internal tension steel was monitored during the 

heating process using strain gauges (For B-SMA-0, the strain gauges results were not available, 

therefore, the strain in the concrete using LSC at the level of the tension steel was measured 

instead). 

 
Figure 2.9: Heating of Fe-SMA bar using the fixable heating tape for B-SMA-0. 
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Figure 2.10: Heating of Fe-SMA bar using Oxy-Acetylene rosebud torch for B-SMA-1. 

 

2.5.3.4 Grouting 

Grouting is important to create a bond between the Fe-SMA bar and surrounding 

concrete to transfer the load through the bar-grout interface. Furthermore, the grouting acts as 

a protection measure for the Fe-SMA bar against the environmental deterioration, i.e. corrosion. 

It is worth mentioning that this is the first time that this new type of Fe-SMA bar is used for 

strengthening applications, and the corrosion resistivity of the material has not yet been proved. 

However, the manufacturer reported that it is a high corrosive resistant material [20]. It is worth 

mentioning that the Fe-SMA bars were smooth without any type of surface deformations. 

Consequently, the bond at the bar-grout interface is not expected to be strong. To optimize the 

strength of the bond, two types of grouting materials were investigated. In beam B-SMA-0, the 
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groove was filled with Sikadur 32 epoxy adhesive [31], while cement-based grout proposed 

by Hashemi [32] was used to fill the groove in beam B-SMA-1 as shown in Figure 2.11. 

 
Figure 2.11: Filling the groove with cement-based grout for beam B-SMA-1 (left) and epoxy 

adhesive for beam B-SMA-0 (right). 

2.6 Results and discussion 

2.6.1 Flexural behavior 

2.6.1.1 Failure mode 

All the beams (i.e. B-C, B-SMA-0, and B-SMA-1) failed by crushing of concrete after the 

yielding of the longitudinal internal steel. The Fe-SMA bars in the strengthened beams yielded 

after the yielding of longitudinal steel reinforcements. Figure 2.12 and Figure 2.13 show B-SMA-

0 and B-SMA-1 after failure, respectively. Both figures show the crushing of the concrete on the 

compression side at mid-span and the flexural cracking pattern. The figures also show the 



 

39 

separation of one anchor that occurred during the test under the further increase in the load 

after the crushing of concrete. This separation was more evident in B-SMA-1. 

 
Figure 2.12: Failure of B-SMA-0 showing the concrete crushing at mid-span, flexural cracks, and 

separation of concrete around the anchor on the left. 

 
Figure 2.13: Failure of B-SMA-1 showing the concrete crushing at mid-span, flexural cracks, and 

separation of concrete around the anchor on the left. 
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2.6.1.2 Effectiveness of self-prestressing technique 

A summary of the testing results is presented in Table 2-2. In Figure 2.14, the load mid-

span deflection curve of the RC beam strengthened with trained Fe-SMA bar (B-SMA-1( and the 

beam strengthened with non-trained Fe-SMA bar (B-SMA-0) are shown against the control un-

strengthened beam (B-C) tested by Hadiseraji and El-Hacha [11]. The yielding loads of beams B-

SMA-0 and B-SMA-1 show an increase of 22% and 44% relative to beam B-C, respectively. The 

ultimate load of beams B-SMA-0 and B-SMA-1 was 33 % and 36% more than beam B-C, 

respectively. Furthermore, the ductility of the strengthened beams was significantly improved, 

that is due to the yielding nature of the Fe-SMA material. The ductility index (i.e. the ratio of 

deflection at ultimate to the deflection at yielding) for beams B-SMA-1 and B-SMA-0 increased 

by 33% and 41% over beam B-C, respectively. The percentage increase in the total dissipated 

energy (i.e. the total area under the load-deflection curve up to the failure load, the point at 

which the load dropped) was 146% and 158% for beams B-SMA-1, B-SMA-0 over beam B-C, 

respectively. 

In addition to the easiness of applying the prestressing force (i.e. through heating), the 

ductile behavior of the strengthened beams is another significant advantage of the self-

prestressing technique using Fe-SMA bars when compared to the traditional prestressing 

systems of FRP material. The beams strengthened with prestressed FRP typically involves 

strength-ductility trade-off due to the brittle nature of the FRP material [7,8,14], while the ductile 

behavior of the beams strengthened with Fe-SMA bars is attributed to the yielding nature of the 

Fe-SMA material. More elaboration on the ductile behavior of the beams strengthened using the 
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self-prestressing technique can be found in the paper by Rojob and El-Hacha [33] that compares 

the behavior of an RC beam strengthened with prestressed CFRP strips and an RC beam 

strengthened with Fe-SMA bar. 

Table 2-2–Summary of the test results of B-C [11], B-SMA-0, and B-SMA-1 

Beam       → 
B-C 

Strengthened Beams 

Variable   ↓ B-SMA-0 %Δ B-SMA-1 %Δ 

Cracking load, Pcr (kN) 19 40 111 46 142 

Yielding load, Py (kN) 104 127.4 23 148 42 

Ultimate load, Pu (kN) 124 165.4 33 169 36 

Deflection at cracking, Δcr (mm) 0.65 0.75 15 1.2 85 

Deflection at yielding, Δy (mm) 5.3 5.7 7 6.0 13 

Deflection at ultimate, Δu (mm) 18.0 27.5 53 27 51 

Deformability index 3.4 4.8 41 4.5 33 

Energy Dissipated (kN.mm) 1534 3777 146 3952 158 

          Units conversion: 1 Kips = 4.448 kN, 1 in = 25.4 mm. 

 
Figure 2.14: Load versus mid-span deflection curves of beams B-C [11], B-SMA-0, and B-SMA-1. 
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2.6.1.3 Effectiveness of thermo-mechanical training of the Fe-SMA bar 

Figure 2.6 shows the effect of thermomechanical training on the behavior of the Fe-SMA 

material. One cycle of thermo-mechanical training is expected to improve the SME of the Fe-SMA 

bar. The flexural behavior of beam B-SMA-1, strengthened with trained Fe-SMA bar doesn’t show 

a significant improvement over beam B-SMA-0, strengthened with Fe-SMA bar without training. 

The cracking and yielding loads of beam B-SMA-1 were 15% and 16% more than beam B-SMA-0, 

respectively. It is worth mentioning that the yield strength of the tension steel used to reinforce 

beam B-SMA-1 is 10% more than the steel used for beam B-SMA-0. The anchorage setting during 

the heating process and during the bending test which was more evident in beam B-SMA-1 made 

it not realistic to draw a solid conclusion about the effectiveness of the thermo-mechanical 

training process. The following section will elaborate more on the anchorage behavior of the two 

beams.  

2.6.1.4 Anchorage behavior 

Some cracks in the concrete cover were observed around the anchorage during the 

heating process due to the development of the prestressing force in the Fe-SMA bar. These cracks 

were due to the lack of enough side cover to the anchors and continued to grow during the 

flexural loading in both strengthened beams. Due to the size limitation of the steel plate which is 

the same size as the width of the beam, the edge distance (i.e. the distance from the center of 

the anchor to the edge of the beam) was 25 mm [0.98 in] as presented in Figure 2.8. However, 

according to the manufacturer, the edge distance must not be less than 38 mm [1.49 in]. While 

to achieve the ultimate strength of the anchor bolt, the minimum required edge distance should 
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not be less than 98 mm [3.85 in] [30]. Furthermore, anchorage setting was observed during the 

heating process (due to the developed prestressing force in the Fe-SMA bars). The anchorage 

setting is believed to be attributed to the fact that the hole in the concrete and the steel plate is 

a little bit larger than the anchors. As the temperature increases, the strain in the internal steel 

increases (Compression stress or strain is induced in the steel due to the shortening of the beam 

caused by the prestressing effect). Figure 2.15 shows the strain in the tension steel versus time 

in seconds for beam B-SMA-1. The figure shows that a sudden drop in the strain occurred at 

several points on the curve. The sudden drop of the strain is an indicator of the anchorage setting 

in beam B-SMA-1. Furthermore, there was a huge reduction in strain after the peak value as 

shown in Figure 2.15. This might also be attributed to the anchorage setting. The strain in the 

concrete at the level of the tension steel was measured in beam B-SMA-0 during the heating 

process as shown in Figure 2.16. It is worth mentioning that the maximum temperature reached 

in the Fe-SMA bar in beam B-SMA-0 was about 310 oC  [590 F] due to the limitations of the flexible 

heating tapes. There is no sign of sudden reduction in the strain as in the case of beam B-SMA-1. 

This means that anchorage setting didn’t happen during the heating process in beam B-SMA-0. 

However, the anchorage setting might have happened during the bending test for beam B-SMA-

0. The reduction in the concrete strain (i.e. internal steel due to compatibility) at the beginning 

of the heating process as presented in Figure 2.16 is due to the thermal expansion effect of the 

Fe-SMA bar. After the heating stopped at a temperature just above 300 oC [572 oF], a further 

increase in the strain is observed in the cooling stage due to the removal of thermal expansion 

effect. It is worth mentioning that in the case of beam B-SMA-1 it wasn’t possible to track the 
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strain versus temperature, because the heating of the Fe-SMA bar in beam B-SMA-1 using the 

gas burning torch was relatively fast unlike the heating of the Fe-SMA bar in beam B-SMA-0, 

where fixable heating tapes were used and the heating process was relatively slow. 

 
Figure 2.15: Change in strain in the tension steel during heating. The red circles highlight the 

points at which a sudden drop in the strain occurred in Beam B-SMA-1. 

 

 
Figure 2.16: Change in strain in concrete at the level of tension steel versus temperature during 

the heating of Fe-SMA bar in beam B-SMA-0. 
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2.6.1.5 Bond behavior 

Two types of grouts, Sikadur 32 epoxy adhesive, and cement-based grout were used to 

fill the grooves in beams B-SMA-0 and B-SMA-1, respectively. In both beams, a debonding 

between the grouting material and the Fe-SMA bar was noticed at high-load levels. Figure 2.17 

shows the strain distribution at mid-span across the depth of beam B-SMA-1. It is noted that the 

strain in the Fe-SMA bar is less than the steel bars at yielding and ultimate loads. This is attributed 

to two main reasons. Firstly, the smoothness of the Fe-SMA bar leads to a slip between the bar 

and the cement-based adhesive grout. Secondly, the cracks that occurred around one of the 

anchors and the anchorage setting caused a reduction in the strain. The tensile strain along the 

Fe-SMA bar for beam B-SMA-1 is shown in Figure 2.18. At higher loads (yield load, and ultimate 

load), the strain on the left-hand side of the mid-span is lower than the other side. This is due to 

the excessive cracks around that anchor which caused a relaxation at that end of the bar. It is 

also noted that the strain at the mid-span and the point just to the right are almost the same. 

This means that a complete debonding has occurred between the Fe-SMA bar and the 

surrounding grout at that region. 
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Figure 2.17: Strain Distribution at mid-span across the depth of beam B-SMA-1 at different 

loading stages. 

 

  
Figure 2.18: The tensile strain along the Fe-SMA bar along different loading stages of B-SMA-1. 
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2.6.2 Modification to the self-prestressing technique 

It was noted that the anchorage setting is a main concern for the current setup. As 

discussed earlier, confirming fully restrained ends of the Fe-SMA bar is crucial to prevent strain 

recovery (i.e. to obtain the full prestressing force). There was also signs of debonding between 

the Fe-SMA bars and the grout. Therefore, a modification to the self-prestressing technique is 

required in order to overcome the issues of the anchorage setting and the weak bond interface 

between the Fe-SMA bar and the concrete. This modification would be part of the ongoing 

research project by the authors. The modification involves the use of resistive heating (i.e. 

heating through electric current) which allows having the groove filled first and then the heat to 

be applied later. For the resistive heating, it is only required to have access to the ends of the Fe-

SMA to connect the bar to the electric circuit. In this case, the mechanical anchors at both ends 

are not needed. In order to rely on the bond between the grout and the Fe-SMA bar to transfer 

the prestressing force to the concrete, Fe-SMA bars with ribs like normal steel bar will be used. 

These bars were recently developed by Re-fer Strengthening Solutions [34]. 

2.7 Future research 

The research at the metallurgy level of the Fe-SMA is still at an early stage, and there are 

no commercially available ribbed Fe-SMA bars. Only smooth Fe-SMA bars were available at the 

time when the current research project was conducted. Recently, a new company is developing 

Fe-SMA bars with ribs. Therefore, the authors are looking at modifying the self-prestressing 

technique by using these bars along with a simplified heating system using electrical current. The 

bar can be inserted in the groove which can be filled with the grout before the activation of the 
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bar. To activate the bar (i.e. to induce prestressing force onto the concrete section), only the end 

of the bar will be connected to the electric circuit. Following this procedure would eliminate the 

need for the end anchors, and will facilitate the application of the heating. The bond between 

the ribbed Fe-SMA bars and the grout will be strong enough to transfer the prestressing force to 

the concrete. Additionally, the new material can be activated at a much lower temperature of 

150 oC, which eliminates any concerns of concrete damage due to high temperature.  These 

modifications to the current approach ensure the applicability of the self-prestressing technique 

for strengthening application in the field. 

The other future research area that the authors are considering is the long-term 

performance of RC beams strengthened with NSM Fe-SMA bars. Future work involves several RC 

beams exposed to freeze-thaw cycles and under sustained loading. Other beams will be also 

tested under fatigue. 

Evaluating the short-term and long-term losses of the prestressing force developed in the 

Fe-SMA bars is very crucial for prestressing applications. The short-term losses (including the 

anchorage setting) can be measured indirectly by monitoring the strain in the steel 

reinforcements or concrete as presented in Figure 2.15. After the bar cools down, any reduction 

in the strain can be used to back-calculate the amount of loss in the prestressing force. The strain 

gauges can be added after the heating (otherwise, the gauges will be damaged due to the heat) 

and before the grouting. In this case, any negative strain means a relaxation in the bar. In this 

way, the long-term losses can be evaluated. However, the authors believe that there is a need 
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for a more rational and practical way to accurately measure the losses. This is another area that 

requires more investigation. 

2.8 Conclusions  

The test results proved the feasibility and practicality of the proposed self-prestressing 

technique in strengthening RC beams for flexure. The advantages of the self-prestressing 

technique using the Fe-SMA material over the prestressing technique using the FRPs are the 

easiness of applying the prestressing force and the ductile nature of the Fe-SMA material that 

allows for a ductile failure mode. The following conclusions are drawn: 

1- The strengthened beams show significant enhancement of flexural capacity at both, the 

service and ultimate conditions. 

2- The ductility of the strengthened beams was significantly improved. Unlike the prestressing 

FRP techniques which involve strength-ductility trade-off. 

3- No solid conclusion was drawn on the effectiveness of the thermo-mechanical training of the 

Fe-SMA due to the anchorage setting during the heating process and during the bending test. 

The anchorage setting resulted in a relaxation of the Fe-SMA bar, and consequently, a 

reduction in the prestressing force, which was more evident in B-SMA-1. 

4- Because the Fe-SMA bars were smooth, a debonding between the groove filling material (i.e. 

epoxy adhesive in the case of B-SMA-0 and cement grout in the case of B-SMA-1) and the Fe-

SMA was noticed. 
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Finally, it is believed that the self-prestressing system using Fe-SMA will have a great 

potential in the field of structural strengthening of existing structures as well as prestressed 

concrete for new construction.  
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Chapter Three:                                                                                           

Performance of RC beams strengthened with self-prestressed Fe-SMA bars 

exposed to freeze-thaw cycles and sustained load 
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3.1 Abstract 

Iron-Based Shape Memory Alloys (Fe-SMA) have been recently used by researchers as a 

strengthening material for Reinforced Concrete (RC) beams. This material is relatively 

inexpensive compared to the traditional Nickel Titanium SMA (NiTi-SMA), which makes it feasible 

for large-scale structural engineering applications. The Fe-SMA is mainly characterized by the 

Shape Memory Effect (SME) phenomenon, which allows the material to recover the induced 

deformations through heating. When the pre-strained Fe-SMA bar/strip is anchored on the 

tension side of an RC beam using the Near-Surface Mounted (NSM) strengthening technique and 

is then heated to the activation temperature, a tension force (prestressing force) develops in the 

material, which results in enhancing the flexural capacity of the RC beam at service and ultimate 

load conditions. This paper investigates the long-term performance of RC beams strengthened 

with NSM Fe-SMA bars and exposed to severe freeze-thaw cycles and sustained loading. The 

results revealed that the strengthened beam was superior in flexural performance compared to 

the un-strengthened beam, and there was minimal degradation compared to other beams tested 

at room temperature. 

3.2 Introduction 

Fiber Reinforced Polymers (FRP) have been used extensively by researchers as viable 

materials to strengthen RC beams using both the externally bonded (EB) or Near-Surface 

Mounted (NSM) techniques. The NSM FRP strengthening technique has been proven to be the 

most efficient system of mounting the FRP strips/rods to the RC beam [1]. The NSM technique 

involves placing the FRP material in a pre-cut groove on the tension side of the RC beam and 
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anchored at both ends to the beam. As the NSM FRP strengthening technique is intended for 

existing structures, the FRP material is not expected to be activated unless a further 

deformation/load is imposed on the beam. This process is called passive strengthening system, 

and the contribution of the strengthening material occurs mainly under ultimate load conditions 

[1]. The active strengthening technique is essential to improve the serviceability performance of 

RC beams under service load conditions. Active strengthening involves applying a prestressing 

force to the strengthening material, which causes a counter effect of the applied loads, and 

consequently, helps to close existing cracks, delay the formation of new cracks and reduce 

deflection. However, as more strain is employed for the prestressing force, RC beams become 

more brittle [1, 2]. Furthermore, applying a prestressing force to an FRP bars/strips is a 

sophisticated and might be a too laborious process that involves the need for special anchorage 

and jacking tools. 

Recently, some researchers proved the efficiency of Iron-Based Shape Memory Alloys (Fe-

SMA) as an active strengthening material using the NSM technique [3,4]. In the case of Fe-SMA, 

a prestressing force can be generated by heating the material above the activation temperature 

without the need for jacking tools. Additionally, the yielding nature of the Fe-SMA allows for a 

ductile behavior/failure of RC beams unlike the FRP-strengthened beams [5]. 

Fe-SMA is a metallic alloy that mainly consists of iron, manganese, and chromium. The 

Fe-SMA is characterized by the Shape Memory Effect (SME), which reflects the capability of the 

material to recover its shape upon heating [6,7]. The Fe-SMA is more feasible than the Nickel 

Titanium SMA (NiTi-SMA) for large-scale structural engineering applications, as the former is 
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made of relatively inexpensive constituent materials. More information about the material 

properties can be found in [8-13].  

The manufacturer of the Fe-SMA materials used in this research reports that after the 

activation of the Fe-SMA, the material become as an integral part of the structural system and 

no shape transformation is expected as a result of ambient temperature variation [8]. This 

material property which makes it stable for external structural applications is attributed to the 

wide thermal hysteresis of the Fe-SMA material [9]. However, there is no information about the 

behavior of the Fe-SMA under thermal variation. Therefore, it is important to investigate the 

long-term performance of RC beams strengthened with Fe-SMA bars under environmental 

exposure and sustained loading. 

This paper presents the findings of an experimental investigation of the performance of 

RC beams strengthened with Fe-SMA bars and exposed to freeze-thaw cycles and sustained 

loading. The beams were exposed to 650 freeze-thaw cycles under a sustained load of 50% of the 

ultimate capacity of the control un-strengthened beam. The performance of the beams exposed 

to the freeze-thaw cycles is compared with other beams tested at room temperature. 

3.3 Experimental program 

3.3.1 Testing matrix: 

Four RC beams in total were tested; the beams were divided into two groups based on 

the type of exposure: Group R (R refers to room temperature), and Group E (E refers to 

environmental exposure). Each group consisted of two beams; one beam was strengthened in 

flexure with a Fe-SMA bar (R-SMA beam and E-SMA beam), and one was a control un-
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strengthened beam (R-C beam and E-C beam) as presented in Table 3-1. Only beams E-C and E-

SMA were subjected to sustained load during the exposure duration. 

Table 3-1: Test matrix 

Group Name Strengthening Type of Exposure # of cycles Sustained Load 

R 
R-C N/A Room 

Temperature 
N/A N.A. 

R-SMA Fe-SMA bar 

E E-C N/A Freeze-Thaw, and 
sustained loading 

650 cycles 
(7 months) 

50 % of ultimate 
capacity of Beam E-C E-SMA Fe-SMA bar 

* The beams were 6 months old when the freeze-thaw exposure started. 

 

3.3.2 Description of the Specimens: 

All the beams had the same cross-sectional dimensions and reinforcement details. Figure 

3.1 shows the geometric details of a typical beam, the instrumentation details, and the loading 

setup. All the beams were designed as under-reinforced beams according to the CSA A23.1-04 

[14]. The shear reinforcements consisted of 10M two-legged closed stirrups provided at a spacing 

of 150 mm to prevent shear failure. The beams were reinforced with two 15M bars in tension 

and two 10M bars in compression with a total steel cross-sectional area of 400 mm2 and 200 

mm2, respectively. Table 3-2 shows the steel and concrete material properties. 
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Figure 3.1: Typical geometric details, the instrumentation details, and loading setup (not to 

scale, all dimensions are in mm). 

Table 3-2: Material properties of steel and concrete 

Beam 
Concrete compressive strength (MPa) Steel yield strength fy (MPa) 

28 days At testing 
Age 

(month) 15M bars 10M bars 

R-C 
39 ± 0.8 43 ± 0.6 2 451.4 ± 0.2  440 ± 2.2  

R-SMA 

E-C 35.3 ± 0.2  36.8 ± 0.9 16 
505 ± 1.0 446 ± 4.0 

E-SMA 36.9 ± 0.3 38.4 ± 1.0 16 

 

3.3.3 Preparation of Fe-SMA bars 

Two Fe-SMA bars were used to strengthen the R-SMA and E-SMA beams. The bars were 

hot rolled without a surface finish, 1000 mm long and 14.3 mm in diameter, were produced by 

Awaji [8]. Figure 3.2 shows the stress-strain curve of the Fe-SMA bar up to failure. Due to the 
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high ultimate strain of the material (about 40%), the Digital Image Correlation Technique (DICT) 

was employed to monitor strain during the tensile testing. Solid white dots, used as tracking 

points for the DICT, were marked along the specimen as shown in Figure 3.2. 

 
Figure 3.2: Left: The Fe-SMA bar loaded on the tensile testing machine. Right: the stress-strain 

curve of the Fe-SMA bar. 

 To measure the recovery stress, a Fe-SMA specimen was first strained to 6% strain (using 

a tensile testing machine), the optimum initial strain value that will result in the highest Shape 

Memory Effect (SME), i.e., the highest recovery stress as reported by the manufacturer [8]. The 

specimen was gripped at both ends on an MTS tensile testing machine to restrain any movement, 

i.e., to prevent strain recovery. A schematic drawing of the testing setup is shown in Figure 3.3. 

A small load of 5 kN (equivalent to 30 MPa stress in the Fe-SMA bar) was applied to the specimens 

to ensure a firm grip at the ends. The specimens were then heated above the activation 

temperature of 350 oC using flexible heating tapes. The heating triggered the SME property and 

caused a recovery stress in the Fe-SMA bars. The resultant force due to the recovery stress was 

reported by a load cell in the MTS machine. The development of the stress versus temperature 
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is shown in Figure 3.4. Initially, there was a small drop in stress due to the thermal expansion 

effect; after the initial drop, the stress started to increase gradually until the temperature 

reached 350 oC. During the cooling stage, the stress continued to increase due to the removal of 

the thermal expansion effect and the martensite transformation. The difference between the 

stress at the beginning and at the end of the heating-cooling process is the amount of the 

recovered stress. The bars used to strengthen the beams were initially strained to 6% as shown 

in the stress-strain curve in Figure 3.5. 

 

Figure 3.3: Schematic drawing of the SME test. 
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Figure 3.4: Stress versus temperature as a result of the SME test of the Fe-SMA bar. 

 
Figure 3.5: The application of the 6% initial strain to the Fe-SMA bars. 

3.3.4 Anchorage system: 

A schematic drawing of the end anchor is shown in Figure 3.6. The Fe-SMA bars were 

threaded at both ends using NF 9/16” threading die. The bars were then inserted into a steel 

coupling nut pre-welded to 10 mm thick steel brackets. The steel brackets were then anchored 

to the concrete using Kwik Bolt 3 steel expansion anchors [15]. The system was similar to the one 

used by Rojob and El-Hacha [3] with a minor modification to each beam to prevent the anchorage 

from setting and premature anchorage failure that was reported by Rojob and El-Hacha [3]. For 
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beam E-SMA, the anchorage system was slightly modified, two steel brackets were added on the 

sides to reduce the amount of anchorage setting and to prevent anchorage failure at high load 

levels as shown in Figure 3.6. Rojob and El-Hacha [3] also reported that the edge distance for the 

expansion anchors was not large enough to prevent the premature failure of the anchors; 

therefore, a modification was made to the anchor for beam R-SMA, which was fabricated after 

testing beam E-SMA, such that the edge distance was within the minimum required by the 

manufacturer to ensure full capacity of the anchor. Additionally, Sikadur 330 epoxy adhesive 

[16] was used to fill the holes in the concrete before driving the expansion anchors. A summary 

of the different anchorage systems is presented in Table 3-3.  

 
Figure 3.6: Details of the anchorage system. 

 

Table 3-3: Details of the anchorage systems used for beam R-SMA and beam E-SMA 

Beam ID Anchor ID# 
Dimensions 
(mm×mm) 

Side brackets Epoxy filling 
Edge distance 

(mm) 

R-SMA Anchor 1 100 × 100 No Yes 50 

E-SMA Anchor 2 150 × 150 Yes Yes 25 
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3.3.5 Strengthening procedure: 

The anchorage system detailed above was used to anchor the NSM Fe-SMA bars 

embedded in a pre-cut groove in the tension face of the RC beams. For the Shape memory effect 

(SME) to be triggered (i.e. for the Fe-SMA bars to recover the initially induced strain), the bar 

should be heated to above the activation temperature of 350 oC. Because the bars were anchored 

onto the beam at both ends and the movement was restrained, no strain was recovered upon 

heating; instead, a prestressing force developed in the bars in a process called “self-prestressing.” 

The bars used to strengthen beams R-SMA and E-SMA were heated using an Oxy-Acetylene 

rosebud torch as shown in Figure 3.7. It was not possible to measure the prestressing force in the 

bar directly; instead, the strain in the tension steel was monitored during the heating process. 

The prestressing force that developed in the Fe-SMA bars caused a compression strain on the 

tension face of the beam (also a compression strain in the tension steel). After the bars cooled 

to room temperature, strain gauges were attached along the bars to be used later to monitor the 

strain distribution during the loading stage. Two different types of grouts were used to fill the 

grooves of each beam in order to compare their effect on the bond characteristics. Beam E-SMA 

was filled with a cement-based grout proposed by Hashemi [17], while beam R-SMA was filled 

with SikaGrout 428 [18]. 
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Figure 3.7: a) The heating setup for beam R-SMA. b) The strain gauges attached. c) The groove 

filled with cement-based grout.  

 

Beam E-C and beam E-SMA were both exposed to 650 freeze-thaw cycles under sustained 

loading. Each cycle took about 8 hours to finish, and the 650 cycles were completed in seven 

months. The minimum and maximum temperatures were -34oC and +34oC, respectively. These 

temperatures represent the average minimum and maximum mean daily temperatures in 

Canada [19]. The same temperature limits were chosen by Omran and El-Hacha [20] to 

investigate the effect of 500 freeze-thaw cycles on the performance of RC beams strengthened 

with prestressed FRP strips and bars. The breakdown of each cycle is shown in Figure 3.8 (Top); 

Figure 3.8 (Bottom) shows the actual air temperature inside the environmental chamber and the 

concrete core temperature, which was measured using a thermocouple inserted inside the beam. 
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3.3.6 Freeze-thaw protocol 

 
Figure 3.8: (Top) Schematic diagram of the freeze-thaw cycle program. (Bottom) the air 

temperature and the concrete core temperature inside the chamber for one cycle. 

For a city such as Toronto, which has about 33 to 39 freeze-thaw cycles per year [21], 650 

cycles occur over 16 to 20 years. However, the accelerated exposure makes it much more severe 

(three cycles a day) than real life freeze-thaw cycles. Bisby and Green [22] estimated that 300 

freeze-thaw cycles with lower and upper temperatures of -18oC and +18oC, respectively, at a rate 
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of one cycle per day, was equivalent to 10 to 20 years of exposure in Toronto. This estimation 

clearly shows that 650 cycles (-34oC to +34oC) with a frequency of 3 cycles per day are equivalent 

to much more than 20 years of real life freeze-thaw exposure.  

In addition to temperature variation, fresh water was sprayed on the top and sides of the 

beams for 10 minutes before the start of the freezing stage of each cycle. Omran and El-Hacha 

[20] reported that spraying water directly on the beam at a rate of 18 Liters per minute is more 

severe than maintaining a humidity level of 75%, which is the annual average relative humidity 

in Canada, inside the environmental chamber. 

The sustained loading was 63 kN representing about 50% of the ultimate capacity of the 

control beam E-C, which is about the service load that the beam is expected to carry. A schematic 

diagram of the self-reaction frame to apply the sustained load on the beams is shown in Figure 

3.9. The sustained load induced 310 MPa and 240 MPa stress in the tension steel of beams E-C 

and E-SMA, respectively. The load was monitored for one week before the freeze-thaw exposure 

to compensate for any relaxation and reduction in the load. After that, the permanent nut was 

locked and the hydraulic jack was removed. Figure 3.10 shows the beams under the sustained 

loading. It is worth mentioning that, although the bending stiffness of beam E-SMA is slightly 

higher than beam E-C, however, the difference between the amount of load carried by each beam 

under the sustained loading configuration is negligible. 
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Figure 3.9: A schematic drawing of the self-reacting frame used to apply the sustained loading 

on beams E-SMA and E-C. 
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Figure 3.10: The application of sustained loading on beam E-C and beam E-SMA inside the 

chamber. 

 

3.4 Results and discussion 

3.4.1 Self-prestressing stage 

The change in the strain in the tension steel during the heating process for the 

strengthened beams is shown in Figure 3.11. The change in strain provided an indirect way of 

monitoring the development of the prestressing force in the Fe-SMA bars during heating. The 

sudden drop in strain was due to the anchorage setting (as indicated by the red circle in Figure 

3.11). The strain continued to increase during the cooling stage due to the removal of the thermal 

expansion effect. The reduction in strain after the peak was attributed to the fact that the room 

temperature corresponds to the upper limit of the temperature range of martensite 
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transformation, hence, the stress-induced martensite transformation occurred in the reverse 

direction [8]. The change in the strain in the tension steel can be used to calculate the 

prestressing force that developed in the Fe-SMA bars. A linear elastic analysis of the beam (i.e. 

steel and concrete) under the effect of the prestressing force can be conducted as shown in 

Equation 1. 

𝐹 =
𝜀𝑐𝐸𝑐

[
1

𝐴
+

𝑒𝑦

𝐼𝑔
]
           (1) 

where F is the prestressing force that developed in the Fe-SMA bars, ԑc is the strain in the 

concrete at the level of the tension steel (measured using strain gauge at the tension steel, 

assuming a strain compatibility between the steel and the concrete), Ec is the modulus of 

elasticity of the concrete and was calculated as (𝐸 = 4500√𝑓𝑐
′) in accordance with CSA A23.1-04 

[14], A is the gross area of the beams cross section (150x305mm) , e is the eccentricity of the Fe-

SMA bar (142.5 mm), y is the distance from the center of gravity of the beam cross-section to the 

concrete at the level of the tension steel (112.5 mm), and Ig is the gross moment of inertia of the 

cross section of the RC beam. The prestressing forces were calculated to be 34.6 kN and 33 kN 

for beam R-SMA and E-SMA, respectively. As the preparation procedure of the Fe-SMA bars for 

all the beams was the same, the difference between the prestressing forces was attributed to 

the anchorage behavior, i.e., the amount of anchorage setting. Comparing the prestressing forces 

that developed in both beams, Anchor 1, used for beam R-SMA, behaved slightly better than 

Anchor 2, used for beam E-SMA, with a 5% increase in the developed prestressing force. 
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Figure 3.11: Strain in the tension steel during the heating of the Fe-SMA bar in beams E-SMA 

and R-SMA. 

 

3.4.2 The application of the sustained loading stage: 

Before the application of the freeze-thaw cycles, beam E-C and beam E-SMA were loaded 

to 63 kN, which was about 50% of the ultimate load of the control beam. The load was sustained 

for the entire period of freeze-thaw cycles. Figure 3.12 shows the cracks on beam E-SMA and 

beam E-C due to the application of the sustained loading. Figure 3.13 shows the load versus mid-

span deflection curves of beam E-SMA and beam E-C during the application of the sustained load. 

For comparison, the load versus mid-span deflection curves of beams R-SMA and R-C are also 

shown in Figure 3.13 . The cracking load of beam E-SMA is 36% higher than beam E-C with 39 kN 

and 28.6 kN, respectively. The cracking load of beam R-SMA is 48% higher than beam R-C with 

41 kN and 27.7 kN, respectively. Further, the cracking load of beam R-SMA is 5% higher than 
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beam E-SMA. This result is attributed to the higher prestressing force that developed in beam R-

SMA compared to beam E-SMA as mentioned in the previous section. 

 
Figure 3.12: The cracking pattern of beam E-C (left) and beam E-SMA (right) due to the 

sustained loading. 

 
Figure 3.13: The load-deflection curves of beam E-SMA and beam E-C during the application of 
sustained loading along with the load-deflection curves of beams R-SMA and R-C at the same 

load level. 
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At this stage of loading (sustained load), a comparison was conducted between the two 

types of grout used to fill the grooves in beam R-SMA and beam E-SMA, the SikaGrourt 428 [18] 

and the cement-based grout proposed by Hashemi [17], respectively. Figure 3.14 shows the 

strain distribution in the Fe-SMA bar in beams R-SMA and E-SMA during loading. it is worth 

mentioning that the location of the SGs were slightly different in each beam. The strain in the Fe-

SMA bar at the mid-span of beam R-SMA was higher than the strain in the steel before and after 

cracking, which implied a strain compatibility, i.e., a perfect bond between the grout and Fe-SMA 

bar. Whereas in beam E-SMA, the strain in the Fe-SMA bar was equivalent to the strain in the 

steel at the cracking load and less than the strain in the steel after cracking. This result implied 

that a deterioration in the bond occurred between the grout and the Fe-SMA bar, i.e., partially 

bonded behavior. This result also can be seen in Figure 3.15, which shows the strain in the Fe-

SMA bar and the steel during the loading in beam R-SMA and beam E-SMA. At the onset of 

cracking, the bond between the Fe-SMA bar and the surrounding grout started to deteriorate in 

beam E-SMA, while the behavior was still fully bonded in beam R-SMA. Consequently, SikaGrout 

428 [18] behaved much better than the cement-based grout proposed by Hashemi [17]. 
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Figure 3.14: The strain profile along the Fe-SMA bar at different loading stages in beam R-SMA 

(Top) and beam E-SMA (Bottom).  
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Figure 3.15: The development of strain versus load in the Fe-SMA bar and steel at the mid-span 

for beam R-SMA (Top) and beam E-SMA (Bottom). The vertical dotted line represents the 
cracking load. 

 

3.4.3 Freeze-thaw cycles stage: 

The freeze-thaw exposure on beam E-SMA and beam E-C caused significant spalling of the 

concrete and cracking as shown in Figure 3.16 and Figure 3.17, respectively. The degradation was 

less evident on beam E-SMA due to the prestressing force in the Fe-SMA bar. The grout covering 
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the Fe-SMA bar was completely deteriorated, and the Fe-SMA bar was exposed. The amount of 

corrosion on the Fe-SMA bar was minimal, as shown in Figure 3.16, compared to the steel 

reinforcements (the steel reinforcements exposed due to the concrete spalling at the edge of the 

beam as shown in Figure 3.16). This finding indicated that the corrosion resistivity of the Fe-SMA 

bar was better than that of the steel. 

 
Figure 3.16: Beam E-SMA after the freeze-thaw exposure and sustained loading.  
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Figure 3.17: Beam E-C after the freeze-thaw exposure and sustained loading.  

 

Most of the strain gauges failed due to the severe environmental exposure; therefore, 

only limited information was extracted during the freeze-thaw cycles. The change of the strain in 

the tension steel over time for beams E-C and E-SMA is shown Figure 3.18 (Only the first 42 days 

of exposure is shown as the gauges failed).  Initially, the tension strain in beam E-SMA was lower 

than beam E-C by 25% due to the presence of the Fe-SMA bar and the prestressing force. As the 

stiffness of beam E-C started to deteriorate with the freeze-thaw cycles, the portion of the 

reaction frame load that is carried by the stiffer beam, beam E-SMA, started to increase, and 

consequently, the tension strain in the E-SMA beam also started to increase. Figure 3.18 also 

shows the strain in the Fe-SMA bar (400 mm away from the mid-span). The line marked (1) 

indicates an increase in the strain due to the deterioration in the bond between the Fe-SMA bar 

and the filling grout, which caused a redistribution of the stress along the Fe-SMA bar. Line (2) 

indicates a stabilized strain profile in the Fe-SMA bar. Further, the portion of the curve below line 
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(2) is due to the effect of low temperature on the strain gauges and not the actual reduction in 

the strain. 

 
Figure 3.18: The change in strain in the steel at the mid-span of beams E-SMA and E-C.  

 

3.4.4 Post-exposure behavior: 

The concrete at the end supports of beams E-SMA and E-C was severely damaged; 

therefore, both beams were repaired at the support location before the testing, as shown in 

Figure 3.19. The spalled concrete was first removed and Sika repair mortar [23] was used to repair 

the support areas. The repaired areas were then wrapped with 2 layers of SikaWrap 

unidirectional CFRP sheets [24] and laminated using Sikadur 330 epoxy [16]. 
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Figure 3.19: Repairing the end the supports: a) the formwork b) the poured repair mortar c) 

after the removal of the formwork d) after the application of the CFRP wraps e) the beams after 
repairing the end supports. (Note: all photos show the beam in the inverted position to facilitate 

the repair process). 

 

After repairing the supports, the beams were tested in flexure under a four-point bending 

setup until failure. The load versus mid-span deflection curves of all beams are shown in Figure 

3.20. Overall, the strengthened beams showed a significant enhancement in the flexural capacity 

at service and ultimate load conditions without compromising ductility. The strengthened beams 

exhibited a ductile failure mode by crushing of the concrete after yielding of the reinforcements, 

similar to the control beams. In particular, beam E-SMA performed significantly better than beam 
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E-C after being exposed to severe freeze-thaw cycles and sustained loading. This result indicated 

the effectiveness of the strengthening technique. Table 3-4  shows a summary of the testing 

results of all beams. 

 
Figure 3.20: Load versus mid-span deflection of all beams.  

There was a 19% and 12% reduction in the yielding and ultimate loads of beam E-SMA 

compared to beam R-SMA, respectively, due to the deterioration in the stiffness caused by the 

severe environmental exposure. Additionally, beam E-SMA experienced a premature failure at 

the anchors which caused a reduction in the ductility. Figure 3.21 shows the cracks around the 

anchor before starting the flexural test, during the test, and after failure. The premature failure 

in the anchors of beam E-SMA was mainly due to the small edge distance of the expansion anchor 
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for Anchor 2 as reported by Rojob and El-Hacha [3]. This is further evidence (in addition to the 

higher prestressing force) that Anchor 1, which was used for beam R-SMA, is a better option as 

no signs of anchorage failure were noticed in beam R-SMA. 

 
Figure 3.21: The development of cracks around end anchors in beam E-SMA (a) before the 

freeze-thaw exposure, (b) after the freeze-thaw exposure, (c) and after the failure of the beam. 

 

The strain distribution across the depth of the beams at the mid-span is shown in Figure 

3.22. Some strain gauges were damaged under ultimate loads; therefore, the readings of the 

Linear Strain Conversion (LSC) transducers were used to estimate the strain values. It is worth 

mentioning that the strain gauges at the Fe-SMA bar in beam E-SMA were damaged during the 

freeze-thaw cycles. As a result, the strain in the Fe-SMA bar was not reported in beam E-SMA. 

The strain distributions along the Fe-SMA bar in beam R-SMA are shown in Figure 3.23at the 

cracking load, the yielding load, an intermediate value of 80 kN between the cracking and yielding 

loads, and at 167 kN (the strain gauges failed after this value). The strain distribution implied that 

the bond between the Fe-SMA bar and the grout was still holding even at ultimate load. However, 

a sign of bond deterioration occurred near the left support where the strain was higher than the 

strain near the right support at the yielding load. 



 

82 

 
Figure 3.22: Strain distribution across the depth of the cross section of beam E-SMA (top left), 

beam E-C (top right), beam R-SMA (bottom left), and beam R-C (bottom right). 

 
Figure 3.23: Strain profile along the Fe-SMA bar at different load levels in beam R-SMA. 
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Table 3-4: Summary of the bending test results for all the beams 

 
R- Beams E-Beams %Δ  

R-C R-SMA %Δ E-C E-SMA %Δ E/R 

Cracking Load: Pcr (kN) 27.7 41 48% 28.6 39 36% -5% 

Yielding Load: Py (kN) 125* 178* 42% 112.7 145 29% -19% 

Ultimate Load: Pu (kN) 158.7* 226.6* 43% 158.6 199 25% -12% 

Deflection at cracking: Δcr (mm) 0.71 0.84 18% 0.71 0.55 -22% -52% 

Deflection at Yield: Δy (mm) 6 6.5 8% 5. 4 5.76 6% -12% 

Deflection at Ultimate: Δu (mm) 86.2 69 -20% 78 43.6 -44% -37% 

Ductility: Δu/Δy 14.9 14.4 -3% 16.8 8 -52% -44% 

Energy dissipated† (kN.mm)103  12.5 18.6 49% 12.8 12.1 -5% -35% 

* Values corrected to account for the difference in the steel yielding strength as the following: 

(𝑋𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑋𝑎𝑐𝑡𝑢𝑎𝑙
𝑓𝑦(𝐸−𝑏𝑒𝑎𝑚)

𝑓𝑦(𝑅−𝑏𝑒𝑎𝑚 )
). 

† Calculated as the area under the load-deflection curve up to the failure point 

 

3.5 Conclusions 

The effect of 650 cycles of severe freeze-thaw exposure and sustained loading on the 

performance of RC beams strengthened with Fe-SMA bars was investigated. The performance of 

the exposed beams was also compared to the performance of non-exposed beams. The following 

conclusions can be drawn: 

 The freeze-thaw exposure caused an insignificant reduction in the yield and ultimate 

capacities of the E-SMA beam compared to the beam R-SMA (19% and 12%, respectively). 

Beam E-SMA performed significantly better when compared to beam E-C after the severe 

freeze-thaw exposure. 
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 The grout was completely spalled, and the NSM Fe-SMA bar was uncovered due to the 

freeze-thaw exposure. In other words, the Fe-SMA bar became externally un-bonded 

post-tensioned bar. 

 Minimal signs of corrosion were noticed on the surface of the Fe-SMA bar, while more 

corrosion was noticed on the steel reinforcements. This finding indicates a better 

corrosion resistivity for Fe-SMA material compared to steel rebars. 

 The beams strengthened with self-prestressed Fe-SMA bars showed superior behavior 

compared to the control beams under both service and ultimate load conditions. The 

strengthened beams failed in a ductile failure mode similar to an under-reinforced RC 

beams. 

 SikaGrout 428 was better than the cement-based grout as the former maintained a good 

bond with the Fe-SMA bar and surrounding concrete. 

 Providing enough edge distance for the expansion anchors (Anchor 1) resulted in 

improved performance of the end anchors. Consequently, anchorage setting was reduced 

and the prestressing force in the Fe-SMA bar increased. While Anchor 2 experienced a 

premature failure under ultimate conditions, Anchor 1 performed well until the ultimate 

failure of the beam. 

Overall, the deterioration of the RC beam strengthened with the NSM Fe-SMA bar 

exposed to severe freeze-thaw cycles under sustained loading was insignificant. However, it is 

recommended that the surface finish of the Fe-SMA bar be improved (e.g. by applying ribs) to 
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provide a stronger bond with the grout. More comprehensive research is needed to study the 

corrosion resistivity of the Fe-SMA material. 

Since the self-prestressing system using NSM Fe-SMA bars doesn’t require any jacking 

mechanism or sophisticated end anchors, the system is expected to facilitate the strengthening 

and rehabilitation processes in real life applications, hence, it is expected to be a great candidate 

in this field of application. 
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Chapter Four:                                                                                            

Fatigue performance of RC beams strengthened with self-prestressed iron-

based shape memory alloys 
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4.1 Abstract 

The behavior of RC beams strengthened with self-prestressed NSM Iron-Based Shape 

Memory Alloy (Fe-SMA) bars under fatigue loading was experimentally investigated. Four beams 

divided into two sets were tested; the first set of beams was exposed to 6 million cycles of fatigue 

loading at different loading limits, while no fatigue loading was applied to the second set. Each 

set contained one control beam and one strengthened beam. The results of the first static load 

cycle indicated that strengthening with NSM Fe-SMA bars significantly improved the 

performance of the RC beams under service load conditions. During fatigue loading, the beam 

strengthened with NSM Fe-SMA performed much better than the control beam at relatively low 

levels of fatigue loading (when the upper and lower limit of the fatigue loading induced 0.29fy 

and 0.53fy stress in the tension steel of the control beam, respectively). The stiffness degradation 

of the strengthened beam stabilized after two million cycles. However, higher load limits caused 

continued degradation in the bond between the Fe-SMA bar and the grouting material. This 

degradation caused higher stress levels at the anchors, which consequently caused the rupture 

of the Fe-SMA bar at the anchors’ location after 5.5 million cycles.  

Keywords: Fatigue loading, Shape Memory Alloys, Self-prestressing, Near-surface 

mounted. 

4.2 Introduction 

Many countries suffer from severe deterioration in bridges due to aging and an increase 

in the load demand. In the United States, 200 million trips are taken daily across deficient bridges 

[1], and the estimated replacement cost of those bridges is about $51.8 billion (US dollars) [2]. In 
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Canada, 60% of the bridges in the national highway system are more than 30 years old, and 15% 

of them are more than 50 years old, and many of them require major rehabilitation [3]. In light 

of the mentioned facts, a practical and efficient structural rehabilitation technique is essential. 

The use of Fibre Reinforced Polymers (FRP) in the rehabilitation and strengthening of 

Reinforced Concrete (RC) structures has been widely adopted by researchers and implemented 

in design codes and standards, as well in several filed applications. One of the most efficient 

techniques in FRP strengthening is the Near-Surface Mounted (NSM) system, where the FRP 

material is embedded in a pre-cut groove along the tension side of the RC beam then filled with 

epoxy adhesive; this technique ensures a better bond with the grouting material and protection 

for the FRP material [4]. Strengthening using FRP can be either passive, where no prestressing 

force is applied to the strengthening material, or active in the case of prestressed FRP. In passive 

strengthening, the FRP mainly contributes to the flexural performance of the RC beam at ultimate 

load conditions with minimal contribution under service load conditions [5,6]. Whereas, in the 

case of the active strengthening, the performance of the RC beam is enhanced at service 

conditions due to the presence of the prestressing force, which counteracts the applied loads, 

and consequently, reduces cracking and deflection [5,6]. There are several techniques to apply 

the prestressing force to the FRP material, such as using external frames [6] or by prestressing 

against the beam itself [4,7-9]. In many cases, the application of the prestressing force to the FRP 

material is a sophisticated and too laborious process, and the procedure is case-dependent due 

to the need for special anchorages and jacking tools.  
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Recent studies showed the effectiveness of the self-prestressing system using NSM Fe-

SMA [10, 11] and using Fe-SMA bars embedded in shotcrete layer [12]. The application of the 

prestressing force did not require any jacking tools, where the prestressing force was developed 

through heating. Additionally, due to the yielding nature of the Fe-SMA material, the behavior of 

the beams strengthened with the Fe-SMA material, which failed in a ductile manner by crushing 

of concrete after yielding of the reinforcements and the Fe-SMA material, was similar to the 

under-reinforced beam [13]. 

Further, the Fe-SMA material is relatively inexpensive compared to the commonly used 

Nickel Titanium SMA (NiTi-SMA). Also, the availability of the regular steel bars’ mass production 

facilities is expected to contribute to reducing the cost of the Fe-SMA material [14]. The shape 

memory alloys are mainly characterized by the Shape Memory Effect (SME), which represents 

the ability of the material to recover the induced permanent deformations upon heating. The 

SME occurs when the SMA material at detwinned martensite phase is heated above the 

activation temperature which results in more thermodynamically stable austenite phase [4]. 

Figure 4.1 shows the SME process of the Fe-SMA material (from point 1 to 4) on temperature-

stress-strain phase diagram. The parent austenite phase (1) at a temperature above the 

temperature range of the martensite phase is loaded mechanically to form the detwinned 

martensite phase (2) in a process called the forward martensite transformation, where a single 

variant dominates. The detwinning process starts at a stress level called detwinning start (σs) and 

finishes at stress level called detwinning finish (σf) causing macroscopic permanent deformation. 

The martensite remains detwinned after unloading (3). In the absence of stress, and upon the 
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application of heat above As (austenite start temperature), the detwinned martensite material 

starts to recover the permanent deformations and completely transform to the parent austenite 

phase (4) at Af (austenite finish temperature) in a process called the reverse martensite 

transformation. When the material cools down to room temperature, the austenite phase is 

reserved (1). More information about the material characteristics of Fe-SMA can be found in [14-

18]. 
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Figure 4.1: The SME process of Fe-SMA material, after Lagoudas [19] and Cladera et al. [16]. 

The objective of the study presented in this paper is to investigate the performance of RC 

beams strengthened with NSM Fe-SMA bars under fatigue loading. The beam stiffness 

degradation and the loss of prestressing force during fatigue loading are investigated. The results 

of the fatigued beams are compared to another set of un-fatigued beams (strengthened and 
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control beams). The performance of two different anchorage systems and two grouting materials 

are also investigated.  

4.3 Experimental program 

4.3.1 Testing matrix: 

Four beams in total were tested; the beams were divided into two groups, group S (static 

loading), and group F (Fatigue loading). Each group consisted of two beams: one beam was 

strengthened in flexure with an NSM Fe-SMA bar (S-SMA and F-SMA beams), and the second 

beam was a control un-strengthened beam (S-C and F-C beams) as presented in Table 3-1.  

Table 4-1: Test matrix 

Group Beam ID Strengthening # of fatigue cycles 

S 
S-C N/A 

N/A 
S-SMA Fe-SMA bar 

F 
F-C N/A 

6 million 
F-SMA Fe-SMA bar 

 

4.3.2 Description of the Specimens 

The beams were designed as under-reinforced beams according to CSA A23.3-04 [20]. 

Figure 3.1 shows the geometric details of a typical beam, the instrumentation details, and the 

loading setup. The beams were instrumented with 8 Strain Gauges (SG); 3 of them were mounted 

on the steel reinforcements at the mid-span (1 on the compression and 2 on the tension steel) 

and 5 of them were mounted along the Fe-SMA bar. Four Linear Strain Conversion transducers 

(LSC) were mounted at the mid-span to measure strains: two of them were placed on the top 

surface of the beam and two were located at the level of the tension and compression steel. Two 

laser transducers were used to monitor the deflection at the mid-span as shown in Figure 3.1. 
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The shear reinforcements included 10M two-legged closed stirrups placed at a spacing of 150 

mm. The beams were reinforced with two 15M bars in tension and two 10M bars in compression 

with a total steel cross-sectional area of 400 mm2 and 200 mm2, respectively. Table 4-2 shows 

the steel and concrete material properties. It is worth mentioning that the difference between 

the yielding strength of the S-Beams and F-Beams was due to the fact that the S-Beams were 

fabricated separately, due to some technical issues, as a replacement for another set of beams 

fabricated along with the F-Beams. The difference between the yielding strengths was 11%. This 

difference was accounted for when a comparison between the two groups of beams was 

conducted. 

 
Figure 4.2: Typical geometric details, loading setup, and the instrumentation details. 
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Table 4-2: Material properties of steel and concrete 

Beam ID 
Concrete compressive strength (MPa) Steel yield strength fy (MPa) 

28 days At testing Age (month) 15M bars 10M bars 

S-C 
39 ± 0.8 43 ± 0.6 2 451.4 ± 0.2  440 ± 2.2  

S-SMA 

F-C 35.1 ± 0.4 35.2 ± 2.1 6 
505 ± 1.0 446 ± 4.0 

F-SMA 35.3 ± 0.2 37.1 ± 1.4 6 

 

4.3.3 Fe-SMA material characteristics  

Two Fe-SMA bars were used to strengthen beams S-SMA and F-SMA. The bars were 

smooth without any surface finish, produced by Awaji [14], were 1000 mm long and 14.3 mm in 

diameter. They were tested in a unidirectional tensile testing machine to determine their stress-

strain behavior. Since the available strain gauges were limited to 4% strain, the Digital Image 

Correlation Technique (DICT) was employed to measure the strain in the Fe-SMA bar during 

tensile loading. The DICT system consisted of a camera that takes photos of the Fe-SMA bar every 

5 seconds, the photos were then analyzed using MatLab algorithm developed by Whiye et al. [21] 

to calculate the strain. Solid white dots were put on the Fe-SMA bar (Figure 4.3), and the 

algorithm was used to report the movements of these points through analyzing the photos. After 

that, the strain was calculated based on the relative movements of a white dots on the Fe-SMA 

bar. The stress-strain curve of the Fe-SMA bar is shown in Figure 4.3. 
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Figure 4.3: Stress-strain behavior of a Fe-SMA bar. 

 

 To measure the recovery stress (the stress developed in the pre-strained Fe-SMA bar 

when heated while restrained at both ends), the bars were first strained to 6% strain (using a 

tensile testing machine), the optimum initial strain value that will result in the highest Shape 

Memory Effect (SME), i.e., the highest recovery stress as reported by the manufacturer [14]. The 

bars were then gripped at both ends on an MTS tensile testing machine to restrain any 

movement, i.e., to prevent strain recovery. A small load of 5 kN (equivalent to 30 MPa stress in 

the Fe-SMA bar) was applied to the specimens to ensure a firm grip at the ends. While restrained 

at both ends, the specimens were then heated above the activation temperature of 350 oC using 

flexible heating tapes. The heating triggered the SME property and caused a recovery stress in 

the Fe-SMA bars. The resultant force was reported by a load cell in the MTS machine. The 

development of the stress versus temperature is shown in Figure 4.4. Initially, there was a small 
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drop in stress due to the thermal expansion effect; after the initial drop, the stress started to 

increase gradually until the temperature reached 350 oC. During the cooling stage, the stress 

continued to increase due to the removal of the thermal expansion effect and the martensite 

transformation. The strain dropped slightly at the room temperature due to a partial reverse 

transformation from austenite to the martensite phase. The difference between the stress at the 

beginning and at the end of the heating-cooling process is the amount of the recovered stress. 

 
Figure 4.4: The Shape Memory Effect (SME) of the Fe-SMA bar. 

 

4.3.4 Anchorage system: 

A schematic diagram of the anchorage system that was used to anchor the Fe-SMA bars 

to the beams is shown in Figure 4.5. The bars were threaded at both ends using NF 9/16’’ 

threading die. Steel coupling nuts pre-welded to 10 mm thick steel plates were inserted in both 

ends of the bar. The steel plates were then anchored to the soffit of the beam using Kwik Bolt 3 
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steel expansion anchors [22]. There were some differences between the anchors used for the S-

SMA beam (Anchor 1) and F-SMA beam (Anchor 2) as shown in Figure 4.5. Anchor 1 was modified 

such that a bigger edge distance was provided for the steel expansion anchors as recommended 

by Rojob and El-Hacha [10], while Anchor 2 was modified by providing side plates. Furthermore, 

Sikadur 330 epoxy adhesive [23] was used in Anchor 1 to fill the holes of the expansion anchors 

in the concrete to prevent any anchorage setting, while in Anchor 2, the head of the expansion 

anchors was welded to the steel plates. Table 4-3 shows a summary of the two different anchors. 

 
Figure 4.5: Details of the anchorage systems. 

 

Table 4-3: Details of the anchorage systems used for the different beams 

Beam ID 
Anchor 

ID # 
Dimensions of the 

steel plates (mm×mm) 
Side 

brackets 
Epoxy 
filling 

Edge distance to the 
steel anchor (mm) 

S-SMA Anchor 1 100 × 100 No Yes 50 

F-SMA Anchor 2 150 × 150 Yes No 25 
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4.3.5 Strengthening procedure 

The Fe-SMA bars were first anchored to the beams using the anchorage systems 

explained above. The bars were then heated using an oxy-acetylene rosebud torch as shown in 

Figure 4.6. The change of strain in the tension steel was measured during the heating process as 

an indirect way to monitor the effect of the prestressing force that developed in the Fe-SMA bar. 

After the bars cooled to room temperature, 5 strain gauges were mounted along the Fe-SMA 

bars to measure strain in the bars during the loading stage. The grooves were then filled with two 

types of cement-based grouts. Beam F-SMA was filled with a cement-based grout proposed by 

Hashemi [24], while beam S-SMA was filled with SikaGrout 428 [25]. 

 
Figure 4.6: Heating of the Fe-SMA bar in beam F-SMA. 
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4.3.6 Fatigue loading protocol 

Beam F-SMA and beam F-C were both exposed to 6 million cycles of fatigue loading at a 

frequency of 3 Hz. The loading protocol is shown in Figure 4.7. During the first and second stages, 

the upper and lower load limits were selected such that the stress range in the tension steel of 

the control beam F-C was around 120 MPa taking into account the CSA S6-06 requirements that 

the stress range in straight bars shall not exceed 125 MPa [26]. In the first stage of 3 million 

cycles, the upper and lower loads were 46.3 kN and 16.3 kN, respectively. These values 

correspond to stress levels in the tension steel of beam F-C of 0.53fy and 0.29fy, respectively, 

where fy is the yield strength of the tension steel. In the second stage, the upper and lower loads 

were increased to 67 kN and 32.5 kN, respectively. These values correspond to stress levels in 

the tension steel of beam F-C of 0.68fy and 0.45fy, respectively. In both stages, the stress in the 

tension steel of beam F-C was less than 0.7fy. This limit was selected based on the ACI Committee 

440 recommendation that the stress in the steel reinforcements under service load should be 

limited to 0.8fy [27]. The 0.7fy. was selected as a representative of service load stress condition 

that a RC beam would encounter in practice. The same load limits obtained from beam F-C were 

applied to beam F-SMA, meaning that the stress limits on beam F-SMA were smaller than those 

of beam F-C due to the presence of the Fe-SMA bar and the induced prestressing force. In the 

third stage, the load limits were the same as in the second stage for beam F-C, while the load 

limits of beam F-SMA were increased such that the stress limits in the internal tension steel 

matched the stress limits for beam F-C. The upper and lower load limits of beam F-SMA during 

the third stage were 80.5 kN and 42 kN, respectively. Quasi-Static (QS) cycles were conducted at 

certain intervals to evaluate the stiffness degradation of the beams. 
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Figure 4.7: The fatigue loading protocol; the frequency was kept at 3Hz. throughout the test. 

 

4.4 Results and discussions 

4.4.1 Prestressing stage: 

 The change in strain in the tension steel (compression strain due to the prestressing 

force) is shown in Figure 4.8 for beams S-SMA and F-SMA. The sudden drop in strain (highlighted 

in Figure 4.8) is due to the anchorage setting. The amount of residual strain in the tension steel 

reinforcements can be used to estimate the amount of the prestressing force using the following 

equation: 

𝐹 =
𝜀𝑐𝐸𝑐

[
1
𝐴 +

𝑒𝑦
𝐼𝑔

]
 

where F is the prestressing force developed in the Fe-SMA bars, ԑc is the strain in the concrete at 

the level of the tension steel (assuming strain compatibility between the steel and the concrete), 

Ec is the modulus of elasticity of the concrete and was calculated as (𝐸 = 4500√𝑓𝑐
′) in accordance 

with CSA A23.1-04 [20], A is the gross area of the cross section of the beams (150x305mm), e is 

the eccentricity of the Fe-SMA bar (142.5 mm), y is the distance from the center of gravity of the 
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beam to the concrete at the level of the tension steel (112.5 mm), and Ig is the gross moment of 

inertia of the cross section of the RC beam. The prestressing forces were calculated to be 34.6 kN 

and 25.7 kN for beams S-SMA and F-SMA, respectively. These forces correspond to a tensile stress 

in the internal reinforcing steel rebars of 215 MPa for beam S-SMA and 160 MPa for beam F-

SMA. As the preparation procedure of the Fe-SMA bars for both beams were the same, the 

differences between the prestressing forces is attributed to the anchorage behavior. The 

presence of the epoxy adhesive used to fill the holes in the expansion anchors in Anchor 1, and 

the larger edge distances for the expansion anchors, resulted in lowering the anchorage setting 

and eventually caused higher prestressing forces in beam S-SMA. 

 
Figure 4.8: Strain in the tension steel during heating of the Fe-SMA bars in beams S-SMA and F-

SMA. 
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4.4.2 Fatigue loading stage 

The fatigue load was applied in different stages as illustrated in Figure 4.7. Figure 4.9 and 

Figure 4.10 show the mid-span deflection and the strain level in the tension steel, respectively. 

The deflection and strain values correspond to the peak load of the fatigue cycles.  

 
Figure 4.9: Mid-span deflection during fatigue loading for beams F-SMA and F-C. 

 
Figure 4.10: Strain in the tension steel at the mid-span during fatigue loading for beams F-SMA 

and F-C. 
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Figure 4.11: Strain in the tension steel and in the Fe-SMA bar at the mid-span during fatigue 
loading for beam F-SMA. (Note: the readings were extracted from the quasi-static test after 

every one million cycles, and the variation between the points was assumed to be linear). 

In the first and second stages, where the same load level was applied to both beams, 

beam F-SMA experienced less mid-span deflection and less strain in the tension steel compared 

to what beam F-C experienced. This result was due to the presence of the Fe-SMA bar and the 

prestressing force in beam F-SMA. The prestressing force resulted in a bending moment around 

the neutral access of beam F-SMA that counteracted the applied load, and consequently, resulted 

in stress/strain reduction in the internal steel reinforcements. Additionally, the stiffness of beam 

F-SMA was slightly improved by the presence of the Fe-SMA bar, which also contributed to a 

reduction of the strain in the tension steel and a reduction of the mid-span deflection. The results 

showed that, under the same load level (first and second stages), beam F-SMA behaved better 

under fatigue load. As the fatigue life of any RC beam is directly correlated to the stress level in 

the tension steel, consequently, beam F-SMA is expected to have a longer fatigue life. Further, 

the rate of degradation in beam F-SMA, i.e. the rate of increase in mid-span deflection and strain 
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in the tension steel over the fatigue cycles, was higher than beam F-C at the first few hundred 

cycles as shown in the upper left corner of Figure 4.9 and Figure 4.10, respectively. This finding 

is attributed to the fact that the upper load limit of 46.3 kN was close to the cracking load of the 

F-SMA beam (33.6 kN). In the case of beam F-C, the deflection degradation during the first stage 

was less than in the F-SMA beam because the upper load limit was much higher than the cracking 

load (26 kN). Therefore, the loss of stiffness due to the cracking of the concrete in beam F-C 

mainly occurred in the first cycle. 

Figure 4.9 and Figure 4.10 indicate that the degradation in both beams stabilized after 2 

million cycles, and the deflection and strain difference between the two beams remained 

constant until the end of the first stage. The stabilization in the degradation can also be seen in 

Figure 4.11, which shows the strain in the Fe-SMA bar and the strain in the tension steel in F-SMA 

at the mid-span of the beam (the y-axis shows the strain divided by the upper load limit, as the 

load limits changes in each stage). In the second and the third stages, the degradation in the F-

SMA beam continued as a result of a reduction in the force carried by the Fe-SMA bar as 

presented in Figure 4.11. The loss of force in the Fe-SMA bar caused an increase in steel strain 

until the Fe-SMA bar ruptured at 5.5 million cycles, which caused a rapid increase in the tension 

steel strain. Figure 4.12 shows the rupture of the Fe-SMA bar at the right anchor of the beam F-

SMA. The loss of strain in the Fe-SMA bar at the mid-span is attributed to the loss of the bond 

between the Fe-SMA bar and the grout and due to the cracks around the end anchor. The cracks 

around the left and right anchors and the debonding between the grout and the surrounding 

concrete are shown in Figure 4.12. The debonding between the Fe-SMA bar and the surrounding 
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grout can be seen through the strain profile along the Fe-SMA bar as shown in Figure 4.13 (no 

strain is reported on the Fe-SMA bar next to the right anchor as the strain gauge at that location 

was damaged).  

As the number of fatigue cycles increased, the strain gauges on the Fe-SMA bar near the 

mid-span started reading strain values closer to the one at the mid-span, which indicated a 

deterioration in the bond. This deterioration stabilized after the 2 million cycles until 3 million 

cycles, the end of the first loading stage. The deterioration increased during the second and third 

stages, which can be seen through the increase in the Fe-SMA bar strain to the right of the mid-

span up until the rupture of the Fe-SMA bar next to the right anchor. According to the CSA S6-14 

[26], the stress range at the anchorage shall not exceed 65 MPa. However, in the case of F-SMA 

beam, the deterioration of the bond due to the fatigue loading caused high stress at the right 

anchor, which eventually caused the rupture of the Fe-SMA bar.  

 
Figure 4.12: The cracks around the anchors and the debonding between the grout and the 

concrete in beam F-SMA. The photo on the lower right corner shows the rupture in the Fe-SMA 
bar after the removal of the surrounding grout. 
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Figure 4.13: Strain profile along the Fe-SMA bar over several stages of fatigue cycles. (M refers 

to Millions) 

 

Figure 4.14 and Figure 4.15 show the quasi-static response of beams F-C and F-SMA, 

respectively. The stiffness degradation (the stiffness was calculated as the slope of the load-

deflection curve during the unloading) is more evident in beam F-SMA. This result can also be 

seen in Figure 4.16, which shows the stiffness (kN/mm) against the number of cycles (the stiffness 

of the beams was calculated as the slope of the load-deflection curve). The stiffness of the F-SMA 

beam after the rupture of the Fe-SMA bar was 24.8 kN/mm, which was slightly smaller than the 

stiffness of beam F-C, which was 25.6 kN/mm. 
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Figure 4.14: Quasi-static response of beam F-C after each fatigue loading stage. 

 
Figure 4.15: Quasi-static response of beam F-SMA after each fatigue loading stage. 
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Figure 4.16: Stiffness degradation of beams F-C and F-SMA over the number of cycles. 

4.4.3 Post-fatigue behavior 

4.4.3.1 Load-deflection response 

As the Fe-SMA bar ruptured during the fatigue loading at 5.5 million cycles, the post-

fatigue static flexural behavior of beam F-SMA and beam F-C was the same. Figure 4.17 shows 

the load versus mid-span deflection curves of the fatigued beams and the unfatigued beams. 

Table 4-4 shows a summary of the test results for all beams. Yielding and ultimate loads for beams 

S-SMA and S-C were corrected for the difference in the yielding strength of the steel bars. The 

difference between the cracking loads of beam F-SMA and beam S-SMA was due to the amount 

of prestressing force in each beam. Since the anchor used for beam S-SMA (Anchor 1) behaved 

much better in limiting the anchorage setting, the cracking load was 22% higher than that for 

beam F-SMA. The effectiveness of the prestressing technique could be investigated by comparing 

beam S-SMA and beam S-C. The strengthened beam showed a superior performance over the 
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control beam. The NSM Fe-SMA strengthening significantly improved the flexural performance 

at the service and ultimate load conditions, while maintaining a ductile behavior with a negligible 

reduction in the ductility index as reported in Table 4-4. All the beams failed by crushing of the 

concrete after yielding of the steel reinforcements (and after the yielding of the Fe-SMA bar in 

the case of S-SMA beam). The cracking patterns for all the beams are shown in Figure 4.18. 

 
Figure 4.17: The load-deflection curves of the beams. 
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Figure 4.18: The cracking patterns for the beams. 

 

Table 4-4: Summary of the test results 

 S-C S-SMA %Δ F-C F-SMA %Δ 

Cracking Load: Pcr (kN) 27.7 41 48% 26.7 33.6 26% 

Yielding Load: Py (kN) 125* 178* 42% 120 120.5 0% 

Ultimate Load: Pu (kN) 158.7* 226.6* 43% 162 160 -1% 

Deflection at Yield: Δy (mm) 6.0 6.5 8% 4.5 4.7 4% 

Deflection at Ultimate: Δu (mm) 86.2 69 -20% 80.8 83.4 3% 

Deflection at Ultimate: Δu (mm)* 89.9 94 5% 100.6 107 6% 

Ductility: Δu/Δy 14.9 14.4 -3% 22.3 22.7 2% 

†Dissipated Energy (kN.mm)103 12.5 18.6 49% 15.7 15.6 0% 

*Values are corrected to account for the difference between the steel yielding strength as the 

following: (𝑋𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑋𝑎𝑐𝑡𝑢𝑎𝑙
𝑓𝑦(𝐹−𝑏𝑒𝑎𝑚)

𝑓𝑦(𝑆−𝑏𝑒𝑎𝑚 )
). 

† Calculated as the area under the load-deflection curve up to the failure point. 
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4.4.3.2 Grout performance 

SikaGrout 428 [25] was used to fill the groove in beam S-SMA, and the cement-based 

grout proposed by Hashemi [24] was used for beam F-SMA. The strain profile along the Fe-SMA 

bar was reported for both beams at the same load level (46.3 kN, which was the peak load in the 

first quasi-static load cycle for beam F-SMA, before the start of the fatigue loading) to compare 

the performance of the two grouting materials, as shown in Figure 4.19. The strain in the steel at 

the same load level was also plotted on the same graph. The strain in the Fe-SMA bar at the mid-

span was higher than the steel strain in beam S-SMA as the strain is linearly distributed across 

the depth of the beam (the Fe-SMA is closer to the extreme tension face of the beam). This 

indicated a strain compatibility between the Fe-SMA bar and the surrounding concrete, i.e., a 

good bond between the Fe-SMA bar and the grout. In contrast, in beam F-SMA, the strain in the 

Fe-SMA bar was less than the steel strain at the mid-span. This finding indicated a slip between 

the Fe-SMA bar and the grout. Figure 4.20 also shows a photo of the grout after testing the beams 

F-SMA and S-SMA. There were longitudinal cracks in the grout in beam F-SMA near the end 

anchors, while there was no sign of these cracks in beam S-SMA. Consequently, SikaGrout 428 

performed much better compared to the grout proposed by Hashemi [24]. 



 

113 

 
Figure 4.19: Strain profile along the Fe-SMA bars in beams F-SMA and S-SMA at a load level of 

46.3 kN (before the application of fatigue loading to beam F-SMA). 

 
Figure 4.20: Cracks in the grouting material after the failure of beams S-SMA and F-SMA. 
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4.5 Conclusions 

Four beams were tested, and two of them were subjected to 6 million fatigue cycles. The 

following conclusions can be drawn: 

 During the first stage of fatigue loading where the fatigue cycles induced relatively 

low-stress limits, the deterioration in both the strengthened and the control beams 

stabilized after 2 million cycles. The strengthened beam maintained a superior 

performance over the control beam by lowering the stress induced in the tension 

steel, which, consequently, would help in increasing the fatigue life of the beam. 

 During the second and the third stages, the higher load limits caused continuous 

deterioration in the bond between the Fe-SMA bar and surrounding grout, which 

resulted in high-stress levels at the anchorage location and, consequently, caused a 

rupture of the Fe-SMA bar at approximately 5.5 million cycles. 

 The smoothness of the bar resulted in a weak bond with the grout. Therefore, it is 

recommended that the surface finish of the Fe-SMA bar be improved in order to 

improve the bond strength. 

 The effectiveness of the NSM Fe-SMA strengthening technique was proven by 

comparing the strengthened beams with the control beams. The strengthened 

beams experienced significantly higher cracking, yielding, and ultimate loads 

compared to the control beam. Furthermore, the ductility of the strengthened beam 

was the same as the ductility of the control beam. 
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 The SikaGrout 428 performed much better than the cement based grout in 

maintaining a strong bond with the Fe-SMA bar. The strain profile in the Fe-SMA bar 

was used to draw this conclusion. 

 The anchor used for beam S-SMA performed much better than the anchor used for 

beam F-SMA. The former performed better in reducing the anchorage setting, which, 

consequently, increased the prestressing force in the Fe-SMA bar and prevented the 

formation of the cracks around the anchor. The superiority of the first anchor was 

attributed to an increased edge distance for the steel expansion anchors and filling 

the anchors’ holes with strong epoxy adhesive. 

In summary, the NSM Fe-SMA strengthening system was proven to be an efficient and 

practical technique to improve the flexural performance of RC beams. However, the bond 

between the Fe-SMA bar and the surrounding concrete needs to be improved to minimize the 

stress level around the end anchors. This improvement can be achieved by applying ribs on the 

Fe-SMA bar.  
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Chapter Five:                                                                                             

Flexural Strengthening of Large-Scale RC Beams Using Near-Surface 

Mounted Self-Prestressed Iron-Based Shape Memory Alloy Strips  
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5.1 Abstract 

An experimental program was conducted to investigate the performance of large-scale 

Reinforced Concrete (RC) beams strengthened with Near-Surface Mounted (NSM) Iron-based 

Shape Memory Alloy (Fe-SMA) strips. Four beams were tested in total, including a control beam 

and three beams strengthened with NSM Fe-SMA strips. One beam was strengthened with 5 non-

activated strips and two beams were strengthened with 5 and 7 activated Fe-SMA strips, 

respectively. The results revealed the effectiveness of the strengthening technique in enhancing 

the flexural performance of the strengthened beams at the service and ultimate load conditions. 

Furthermore, the strengthened beams failed in a ductile failure mode by crushing of concrete 

after yielding of the steel reinforcements and the Fe-SMA strips, similar to the behavior of an 

under-reinforced beam. The performance of the strengthened beams was compared to similar 

beams found in the literature strengthened with prestressed NSM CFRP bars with comparable 

prestressing forces. The comparison revealed the superiority of the NSM Fe-SMA in maintaining 

the ductile behavior of the beams compared to the brittle failure of NSM CFRP-strengthened 

beams. 

5.2 Introduction 

Several reports painted a bleak picture of the condition of North America’s infrastructure. 

The 2016th Canada Infrastructure Report Card (CIRC) reported that one-third of the municipal 

infrastructure is in fair, poor or very poor conditions, and the replacement value of the bridges 

alone, was estimated as $20.8 billion (CAD) [1]. The 2013th America’s Infrastructure Report Card 

(AIRC) pointed out that one in nine of the nation’s bridges is rated as structurally deficient [2]. To 
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eliminate the bridge deficient backlog by 2028 in the United States, the Federal Highway 

Administration (FHWA) estimated that, they need to invest $20.5 billion (USD) annually [3]. In 

light of the mentioned facts, researchers have been looking for practical, efficient, and 

economical retrofitting and strengthening techniques to repair the deteriorated structures.  

5.3 Shape Memory Alloy 

Recently, a new class of smart materials called Shape Memory Alloys (SMA) in the form 

of wires and bars has been attracting the researchers from different fields due to their superior 

properties. The SMA is a unique class of alloy with the ability to undergo large deformations (up 

to 8%) and return to its original shape through stress removal i.e. unloading (Super-elasticity 

Effect) or heating (Shape Memory Effect). These unique properties of SMA are a direct result of 

temperature or stress-induced phase transformation of the material between its crystallographic 

phases the martensite (low temperature) phase and austenite (high temperature) phase. The 

bold-centered-cubic structure that is the parent phase is called the austenite phase, and the 

product phase is known as the martensite phase. The SMA materials have the ability to transform 

from martensite to austenite phase in a process called the reverse martensite transformation. 

The superelasticity effect occurs when an external stress is applied to the material at a constant 

temperature state causing the material to undergo a phase transformation from austenite to 

martensite. Upon unloading of the applied stress, a diffuseness solid state reverse transformation 

occurs from the martensite to the austenite phase and the initial shape of the material is 

reformed. On the other hand, the Shape Memory Effect (SME) occurs when the SMA material at 

detwinned martensite phase is heated above the activation temperature which results in more 
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thermodynamically stable austenite phase [4]. This process is associated with a macroscopic 

shape change. Figure 5.1 shows the SME process of the iron-based Shape Memory Alloys (Fe-

SMA) material (from point 1 to 4) on the temperature-stress phase diagram. The parent austenite 

phase is first loaded to form the stress-induced detwinned martensite phase -at a temperature 

above the martensite start temperature (Ms)- where a single variant dominates. The detwinning 

process starts at a stress level called detwinning start (σs) and finishes at stress level called 

detwinning finish (σf) causing macroscopic permanent deformation. The martensite remains 

detwinned after unloading. In the absence of stress, and upon the application of heat above As 

(austenite start temperature), the detwinned martensite material starts to recover the 

permanent deformations and completely transform to the parent austenite phase at Af 

(austenite finish temperature). More details about the martensite transformation in the Fe-SMA 

can be found in [4-6]. 

 
Figure 5.1: Phase diagram of Fe-SMA material, after Cladera et al. [5]. 
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A recent development of the Fe-SMA envisages a new perspective in the rehabilitation of 

structures [7-10]. The Fe-SMA is relatively inexpensive compared to the traditional Nickel 

Titanium SMA (NiTi-SMA) which makes it more suitable for large-scale structural engineering 

applications [5, 7]. The use of NiTi-SMAs in structural engineering applications was limited to 

small-scale members and not adopted in practical application due to two main challenges; the 

relatively high cost of the material and production schemes, and it’s thermal instability if exposed 

to an ambient temperature which may results in reverse transformation [9,10]. 

Besides the material super-elasticity, corrosion and fatigue resistivity, SMAs are metallic 

alloys that are mainly characterized by the Shape Memory Effect (SME) property that is inherited 

through their unique thermo-mechanical properties [11,12]. This makes them attractive 

materials for adoption in various civil engineering applications such as braces, base isolators, 

damage repair devices and bridge restrainers [13-15]. Their unique properties make them a 

highly potential candidate for seismic retrofitting of concrete structures. 

5.4 Recent Progress 

The SME ability of the SMA makes it suitable for external prestressing for the 

strengthening of RC beams. The literature review reveals no single application for SMA in the 

flexural strengthening of RC beams. This was due to the relatively higher cost of NiTi-SMAs 

compared to the currently used materials such as Fibre Reinforced Polymers (FRPs). To eliminate 

the use of hydraulic jacks to prestress FRP reinforcements for flexural strengthening of RC beams, 

El-hacha and Hadiseraji proposed an innovative application of pre-strained NiTi-SMA bars to act 

as actuators connected to end anchors attached to externally bonded FRP sheets and to NSM 
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FRP strips [16,17]. The prestressing force induced in the FRP was applied by activating the SMA 

bar through heating above its activation temperature. This active prestressed strengthening 

technique provides stresses in the beam that partially counteracted the stresses induced in the 

beam due to the effect of applied gravity load. However, the recent development of corrosion 

resistant iron-based SMA (Fe-SMA) with considerably lower cost, high recovery stress, and a very 

large thermal hysteresis which prevents reverse transformation, have made this new material to 

be the choice for structural engineering applications [4,6,9]. 

If a pre-strained SMA material is heated above the activation temperature, the heating 

triggers the SME phenomenon causing the material to recover part of the induced strain. 

However, if the edges of the SMA material are restrained, a stress will develop in the material 

instead of the shape recovery. This stress can be utilized for structural engineering applications. 

The first reported attempt to use the Fe-SMA bars in structural rehabilitation was by Soroushian 

et al. [18]. Soroushian used a total of 24 Fe-SMA bars with 10.4 mm diameter for external post-

tensioning to strengthen a bridge girder for shear. The bars were anchored to the sides of 

concrete beams inclined at 35°. The bars generated 120 MPa stress when heated with an electric 

resistant heating system of 1000 Amps causing a 40% reduction in cracks width and restoring the 

shear strength of the girder. To investigate the feasibility of the Fe-SMA strips for the prestressed 

strengthening of RC structures, Czaderski et al. [8] used Fe-SMA strips to apply prestressing force 

to 9 small concrete bars. The authors concluded that the Fe-SMA can be used as a strengthening 

material for RC beams using the NSM technique. Recently, Rojob and El-Hacha [6] used smooth 

Fe-SMA bars for flexural strengthening of 1.8 m long RC beams using the Near Surface Mounted 



 

125 

(NSM) technique. The bars were placed in a pre-cut groove in the tension side of the beam and 

anchored at both ends. Shahverdi et al. [19] used Fe-SMA ribbed strips as NSM reinforcements 

for flexural strengthening of 2.0 m long RC beams. The strips were activated using electric current 

after filling the pre-cut grooves with cement-based grout. Shahverdi et al. [20] also strengthened 

RC beams with the same configurations as the previous beams but with the Fe-SMA bars 

embedded in a shotcrete layer at the tension face of the beam. All studies by Rojob and El-Hacha 

[6], and Shahverdi et al. [19,20] revealed a significant enhancement of the flexural capacity at 

service and ultimate load conditions of the strengthened beams compared to the control un-

strengthened beams. 

The objective of the studies presented in this paper is to investigate the flexural 

performance of large-scale beams strengthened with NSM Fe-SMA strips. Four beams in total 

were tested, one control beam, one beam strengthened with non-activated Fe-SMA strips, and 

two beams strengthened with a different number of activated Fe-SMA strips. The results were 

compared to similar beams found in the literature strengthened with prestressed NSM CFRP bars. 

The results revealed the effectiveness of the NSM Fe-SMA in strengthening large-scale beams. 

5.5 Experimental program 

5.5.1 Testing specimens and loading setup 

Four large-scale Reinforced Concrete (RC) beams were tested monotonically to failure 

under four-point bending loading. The four beams consisted of a control beam (B-C) and three 

beams strengthened with NSM Fe-SMA strips. Beam B-SMA-0 was strengthened with 5 Fe-SMA 

strips without activation, while beams B-SMA-1 and B-SMA-2 were strengthened with 5 and 7 
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activated Fe-SMA strips, respectively. The load was applied in a displacement-controlled mode 

using 250 kN MTS actuator. The displacement rate was selected as 1 mm per minute until the 

yielding load and then increased to 3 mm per minute until failure. The span of the beams was 5.0 

meter (center-to-center between the supports) with a cross-section of 200x400 mm. Figure 5.2 

shows a typical schematic drawing of the RC beam along with the instrumentation details. The 

beams were reinforced with three 15M steel bars on the tension side and two 10M steel bars on 

the compression side, with a total cross-sectional area of 600 mm2 and 200 mm2, respectively. 

Two-legged 10M steel stirrups were uniformly spaced at 300 mm in the constant moment region 

and 200 mm elsewhere. The control beam was designed according to CSA 23.3-04 [21] as an 

under-reinforced beam, i.e., the failure would occur by crushing of the concrete after yielding of 

the steel reinforcements.  

The beams were instrumented with four strain gauges (SG) mounted on the tension and 

compression steel at the mid-span (2 for each). The mid-span deflection was measured using two 

laser transducers on each side of the beam. Two linear stain conversion transducers were 

mounted at the level of tension and compression steel in the mid-span to measure the strain in 

the concrete. The Fe-SMA strips in B-SMA-0 were instrumented with 8 strain gauges along the 

length of the strips as indicated in Figure 5.2. The reason why the Fe-SMA strips in other beams 

were not instrumented with strain gauges is due to the fact that the activation of the strips 

through heating would damage the strain gauges. 
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Figure 5.2: Geometric details of a typical beam. 

 

5.5.2 Steel and concrete material properties 

The yield strength and modulus of elasticity were 410 ± 3.2 MPa and 175.2 ± 6.3 GPa, 

respectively of the 15M bars, and 474.7 ± 1.2 MPa and 177.7 ± 3.8 GPa for 10M bars. The results 

were based on a unidirectional tensile testing based on ASTM A370-14 [22]. Two batches of 

concrete were used to cast the beams. One batch was used to cast beam B-C and B-SMA-0 and 

the other batch was used to cast beam B-SMA-1 and B-SMA-2. The specified concrete 
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compressive strength was 40 MPa. Table 5-1 shows the details of the concrete compressive 

strength at 28 days and at the day of testing. 

Table 5-1: The compressive strength of concrete 

 Compressive strength MPa 

Beam ID at 28 days at testing 

B-C 
46.1 ± 1.8 51.3 ± 0.6 

B-SMA-0 

B-SMA-1 
45.8 ± 1.3 48.6 ± 0.9 

B-SMA-2 

 

5.5.3 Fe-SMA material: 

5.5.3.1 Material characteristics 

The stress-strain behavior of the Fe-SMA strips was determined in accordance with ASTM 

A370 [22]. Because the ultimate strain of such material is relatively high, and the available strain 

gauges can’t read more than 3% to 5% strain, the Digital Image Correlation Technique (DICT) was 

employed to measure the development of the strain during the tensile loading.  A black dots 

were put on the surface of the dogbone-shape specimens as tracking points for the DICT as shown 

in Figure 5.3. The stress-strain behavior of the Fe-SMA material is shown in Figure 5.3. The 

behavior of the Fe-SMA strips can be divided into three approximate tri-linear stages, the initial 

higher stiffness stage of about 116 GPa up to a stress level of 400 MPa followed by intermediate 

stiffness of 38 GPa between a stress level of 400 MPa to 600 MPa, and finally the low stiffness 

stage of 1 GPa from 600 MPa stress until the failure. More details about the Fe-SMA strips stress-

strain behavior is available in Appendix A. 
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Figure 5.3: Stress-strain behavior of the Fe-SMA strips and the specimen used for the tensile 

testing. Note: The zoom-in curve is the SG results, the other curve is DICT results. 

5.5.3.2 Preparation of the Fe-SMA strips 

 The Fe-SMA strips were cut from a 5000 mm long, 100 mm wide, and 1.5 mm thick sheets 

developed at EMPA laboratories [23] and distributed by Re-fer – strengthening solutions [24]. 

The sheets were cut using waterjet cutting machine into 15.8 mm wide strips. The reason behind 

using waterjet cutting and not laser cutting was due to the fact that the heat generated from 

laser cutting would alter the material characteristics. Figure 5.4 shows the Fe-SMA sheets and 

the Fe-SMA strips. 

 
Figure 5.4: The Fe-SMA sheets cut into 15.8 mm wide strips. 
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Before being anchored in the beams, the Fe-SMA strips were strained to about 3% strain 

as recommended by the manufacturer [24]. This initial strain value is the optimum value that 

would result in the highest recovery stress upon heating. A reaction frame was built to apply the 

initial strain to the strips as shown in Figure 5.5. The strain was applied to the strips in groups of 

three strips gripped between two thick steel plates pre-welded to a dywidag bar. The load was 

applied through a hydraulic jack that was pulling the dywidag bar. More details on the application 

of the initial strain is reported in Appendix C. To confirm the uniformity of the strain during the 

loading, the strain was measured at different locations along the strips. Figure 5.6 shows the load 

versus strain at different locations during the application of the initial strain. The drop indicated 

in the curve is due to the slip that occurred at one of the end gripping tools. The load was applied 

again after fixing the slippage issue. The strain distribution illustrated in Figure 5.6 confirmed the 

uniformity of the strain distribution along the Fe-SMA strips with a slight higher strain at the mid-

span of the center strip (SG2). 

 
Figure 5.5: The reaction frame used to apply the initial strain to the Fe-SMA strips  
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Figure 5.6: The application of the initial strain to the Fe-SMA strips in a group of 3 strips. The 

locations of the strain gauges are shown on the top of the figure. 

 

5.5.4 Strengthening procedure 

5.5.4.1 Anchorage system 

After the initial strain was applied to the Fe-SMA strips, the strips were inserted into the 

specially designed end anchors. A schematic diagram of the end anchors is shown in Figure 5.7. 

Five steel nails with a diameter of 3 mm were driven through the strips as illustrated in Figure 

5.7. The size and number of steel nails were proportioned to provide a sufficient anchorage to 

the Fe-SMA strips during the activation process. The tubes were then filled with Sikadur 330 

epoxy adhesive [25]. The strips were bent at the ends of the steel tube and welded to the sides 

of the tube as shown in Figure 5.8. Spacers were used temporally to keep a space between the 
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Fe-SMA strips until curing of the epoxy adhesive. The space between the Fe-SMA strips was 

needed for the activation process, as the heating tapes were to be inserted between the strips. 

More details on the fabrication of the end anchors is reported in Appendix C. 

 
Figure 5.7: Details of the end anchors. 

 

 
Figure 5.8: End anchor before being placed in the beam. 

To confirm the adequacy of the anchorage system, a specimen of the anchorage system 

was prepared and tested under unidirectional tensile loading until failure as shown in Figure 5.9. 
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Figure 5.10 shows the tensile load versus strain measured in the Fe-SMA strips. The strips failed 

by tensile rupture of the net area at the location of the first nail as indicated in Figure 5.9, at an 

ultimate load of 80 kN. Since the amount of the prestressing force that is to be generated in the 

Fe-SMA strips upon heating - when anchored in the beams - was estimated as 32.5 kN, the anchor 

was considered adequate to hold that force without failure. 

 
Figure 5.9: Testing the capacity of the end anchor. a: the tested specimen b: the specimen under 

unidirectional testing c: the rupture face d: close look at the rupture face. 

 
Figure 5.10: Load versus strain from the unidirectional tensile test of the end anchor. 
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The Fe-SMA strips – with the end anchors – were placed in a pre-cut groove in the tension 

side of the RC beams. The steel plates were then anchored to the soffit of the beams using steel 

expansion anchors [26] as shown in Figure 5.11. Before driving the expansion anchors in the 

holes, the holes were filled with Sikadur 330 epoxy adhesive [25]. 

 
Figure 5.11: The end anchors connected to the beam. 

5.5.4.2  Activation of the Fe-SMA strips 

In order to activate the pre-strained Fe-SMA strips, the strips were heated above the 

activation temperature of 150 oC. Flexible heating tapes were put between the strips as shown 

in Figure 5.12. Three thermocouples were used to monitor the temperature on the strips at 

different locations. During the heating, the strain in the tension steel was reported as an indirect 

way of monitoring the development of the prestressing force in the NSM Fe-SMA strips. 
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Figure 5.12: Inserting the heating tapes between the Fe-SMA strip. 

 
5.5.4.3 Grouting 

After the Fe-SMA strips cooled to room temperature, the grooves were filled with 

Sikadur 30 paste adhesive [27]. A spatula was used to force the paste between the strips as 

shown in Figure 5.13. 

 
Figure 5.13: Filling the groove with paste adhesive. 
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5.6 Results and discussion 

5.6.1 Prestressing stage 

The prestressing force generated in the Fe-SMA strips was estimated using the strain 

developed in the tension steel during the activation process. Figure 5.14 shows the change in 

strain in the tension steel – compression strain due to the prestressing force, which was used as 

positive strain – in beams B-SMA-1 and B-SMA-2. The slight reduction in the strain at the 

beginning of the activation process was due to the thermal expansion effect. At a temperature 

of 110 oC the strain started to increase, i.e. the prestressing force started to develop in the Fe-

SMA strips. The strain continued to increase at a low rate until the end of the heating stage (at a 

temperature of 155 oC). During the cooling stage, the prestressing force continued to increase 

due to the shape transformation – from martensite to austenite – and the removal of the thermal 

expansion effect. The strain dropped slightly at the room temperature due to a partial reverse 

transformation from austenite to the martensite phase. In beam B-SMA-2, the strips were heated 

in two stages, as the available heating tapes were not enough to heat the 7 strips simultaneously. 

The point at which the last set of strips were heated is shown in Figure 5.14. The difference 

between the compression strain at the beginning and at the end of the heating-cooling cycle is 

the amount of strain that corresponds to the prestressing force. To estimate the prestressing 

force generated in the Fe-SMA strip, the linear elastic analysis of the beam (i.e. steel and 

concrete) was conducted as the following: 

𝑃 =
𝜀𝑐𝐸𝑐

[
1

𝐴𝑔
+

𝑒𝑦
𝐼𝑔

]
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where P is the prestressing force developed in the Fe-SMA bars, Ag and Ig are the gross area and 

moment of inertia of the cross-section of the beams, respectively, ԑc is the strain in the concrete 

at the level of the tension steel (this was taken from the readings of the strain gauges attached 

to the tension steel at the mid-span assuming strain compatibility between the steel and the 

concrete), Ec is the modulus of elasticity of the concrete, which  was calculated as (𝐸 = 4500√𝑓𝑐
′) 

in accordance with CSA A23.1-04 [21], e is the eccentricity of the Fe-SMA strips (192 mm), y is the 

distance from the center of gravity of the tension steel to the center of gravity of the beam’s 

cross section (150 mm). The prestressing forces were calculated to be 31.7 kN and 49 kN for 

beams B-SMA-1 and B-SMA-2, respectively. These prestressing forces correspond to stress level 

of 268 MPa and 295 MPa in the Fe-SMA strips in beam B-SMA-1 and B-SMA-2, respectively. The 

amount of recovery stress obtained from the activation process was comparable to the recovery 

stress values obtained by the SME test of 274 MPa as reported by the manufacturer [24]. There 

were no signs of anchorage setting during the activation process which proved the efficiency of 

the end anchors. Anchorage setting would have resulted in a sudden drop in the compression 

strain in the tension steel as reported by Rojob and El-Hacha [6].   
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Figure 5.14: The change of strain (the compression strain was considered positive) over 

temperature in the tension steel during the activation process of the Fe-SMA strip in beams B-
SMA-1 and B-SMA-2. 

 

5.6.2 Loading stage 

5.6.2.1 Load-deflection response 

As indicated earlier in Figure 5.2, all the beams were loaded monotonically in a four-point 

bending setup until failure. The load versus mid-span deflection curve of all beams is shown in 

Figure 5.15. Beam B-SMA-2 was unloaded at 136.5 kN due to a technical issue and then loaded 

again until failure. The Control beam failed by crushing of the concrete after yielding of steel 

reinforcements. Similarly, the strengthened beams failed by crushing of concrete after yielding 

of the steel reinforcements, and after the Fe-SMA strips entered into the low stiffness stage of 

its stress-strain behavior (this stage of Fe-SMA behavior will be called yielding stage from now 

on). 
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Figure 5.15: The load versus the mid-span deflection curve of all the beams. 

 

5.6.2.2 Effectiveness of the strengthening technique 

Table 5-2 shows a summary of the test results for all the beams. At the service conditions, 

the beams strengthened with activated Fe-SMA strips, B-SMA-1 and B-SMA-2 showed a 29% and 

59% increase in the cracking load and 40% and 53% increase in the yielding load over beam B-C, 

respectively. Whereas, the non-activated beam B-SMA-0 showed 25% increase in the cracking 

and yielding loads. At the ultimate conditions, there was a 21%, 23%, and 34% increase in the 

ultimate load capacity over the control beam for beams B-SMA-0, B-SMA-1, and B-SMA-2, 

respectively. More importantly, due to the yielding nature of the Fe-SMA strips, the strengthened 

beams exhibited large deflection after the yielding load until the crushing of concrete. The 

reduction in the ultimate deflection of beam B-SMA-1 with 5 activated Fe-SMA strips, compared 
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to B-SMA-0 with 5 non-activated Fe-SMA strips, was about 16%. In other words, activating the 

Fe-SMA strips didn’t cause a significant reduction in the ductility of the beam. Furthermore, the 

total dissipated energy – calculated as the area under the load deflection curve until the crushing 

of the concrete – in beams B-SMA-1 and B-SMA-2 was reduced by 16% and 18% over the non-

activated beam B-SMA-0, respectively, and 29% and 31% over the control beam B-C. 

Table 5-2: Summary of the test results. 

  B-C B-SMA-0 Δ% B-SMA-1 Δ% B-SMA-2 Δ% 

Cracking Load: Pcr (kN) 19.6 24.5 25% 25.2 29% 31.2 59% 

Yielding Load: Py (kN) 73.5 92 25% 103 40% 112.6 53% 

Ultimate Load: Pu (kN) 103.5 124.8 21% 127.3 23% 138.9 34% 

Deflection at Yield: Δy (mm) 23.8 24.6 3% 25.6 8% 25 5% 

Deflection at Ultimate: Δu (mm) 258.0 175.0 -32% 146.5 -43% 132 -49% 
Ductility index: Δu / Δy 10.8 7.1 -34% 5.7 -47% 5.3 -51% 

*Energy Dissipated (kN.mm)103 23.2 19.4 -16% 16.5 -29% 15.9 -31% 

*Calculated as the area under the load-deflection curve up to the ultimate load 

 
5.6.2.3 Strain distribution 

The strain distribution across the depth of the beams at mid-span section is shown in 

Figure 5.16 at cracking, yielding, and ultimate loads. The strain distribution is linear across the 

depth of the beams at all loading stages. The strain in the Fe-SMA strips at the mid-span was only 

reported for B-SMA-0 because no strain gauges were used in other beams as mentioned earlier. 

The strain in Fe-SMA strips was taken as the average of the strain measured by the three strain 

gauges in the constant moment region. At the cracking and yielding loads, the strain distribution 

was linear in beam B-SMA-0 which indicated a full compatibility between the Fe-SMA strips and 

the surrounding grout. However, at the ultimate load, the strain in the Fe-SMA strips is smaller 
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than the tension steel strain which indicated a slippage occurred between the Fe-SMA strips and 

the surrounding grout. 

 
Figure 5.16: The strain distribution across the depth of the beams at the mid-span section. 

5.6.2.4 Bond characteristics 

There was no signs of separation or cracking noticed on the paste adhesive in any of the 

strengthened beams. The strain profile along the Fe-SMA strips in beam B-SMA-0 is shown in 

Figure 5.17. Lower strains near the anchors indicated that the bond was able to transfer the load 

carried by the Fe-SMA strips to the concrete. The strain in the constant moment region was 

relatively constant up to the load of 120 kN –equivalent to 100 mm mid-span deflection– after 

which the strain to the left of the mid-span become higher than the strain to the right, which 
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indicated a debonding in that localized region. Figure 5.18 shows the strain in the Fe-SMA strips 

and the tension steel at the mid-span of beam B-SMA-0. The strain in the Fe-SMA strips was 

higher than the steel until the yielding load, which indicated a debonding between the Fe-SMA 

and the grout at the mid-span. 

 
Figure 5.17: Strain profile along the Fe-SMA strips in beam B-SMA-0. Left) at cracking and 

yielding loads. Right) at 120 kN and at ultimate load. 

 
Figure 5.18: The development of strain over load in Fe-SMA strips and tension steel at the mid-

span of beam B-SMA-0. 
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5.6.2.5 Cracking pattern 

A typical flexural cracking patterns were exhibited by all the beams as shown in Figure 

5.19. The cracks were distributed uniformly similar to the control beam B-C. No cracks were 

noticed around the end anchors, except for beam B-SMA-2 as a crack was noticed around the 

anchors at a load of 134 kN, which was close to the ultimate load of 138.9 kN. More photos of 

the cracking patterns are shown in Appendix D. 

 
Figure 5.19:Cracks patterns in all the beams. 

 

5.7 Comparison with prestressed NSM-CFRP strengthening 

The performance of the strengthened beams, B-SMA-1 and B-SMA-2, were compared to 

similar beams strengthened with NSM prestressed Carbon Fibre Reinforced Polymers (CFRP) bars 

tested by El-Hacha and Gaafar [28]. The beams strengthened with CFRP (CFRP-beams) were 

CFRP-20 and CFRP-40, where 20 and 40 refers to the prestressing level as a percentage of the 

ultimate tensile strength of the CFRP bars. It is worth mentioning that El-Hacha and Gaafar 

selected the 40% prestressing level as the optimum prestressing level that resulted in enhancing 
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the flexural capacity of the beam with sufficient level of ductility. The amount of prestressing 

forces in beams CFRP-20 and CFRP-40 were 27.4 kN and 52.6 kN, respectively [28]. The 

prestressing forces applied to the CFRP bars were comparable to the prestressing forces 

developed in the Fe-SMA strips in beams B-SMA-1 and B-SMA-2 (SMA-beams) as 31.7 kN and 49 

kN, respectively. The load-deflection curves of the CFRP-beams and the SMA-beams are shown 

in Figure 5.20. Table 5-3 shows a comparison between the CFRP-beams and the SMA-beams. At 

the service load conditions, the SMA-beams and CFRP-beams exhibited comparable performance 

as presented in Table 5-3. At ultimate conditions beams CFRP-20 and CFRP-40 exhibited slightly 

higher ultimate capacity than beams B-SMA-1 and B-SMA-2 with 11% and 2% higher load 

capacities, respectively. However, the increase in the ultimate load capacity of the CFRP-beams 

significantly compromised the beams’ ductility. Furthermore, El-Hacha and Gaafar [28] reported 

that beams CFRP-20 and CFRP-40 failed in a brittle mode by the sudden rupture of the NSM CFRP 

bars. The ductility indices of the CFRP-20 and CFRP-40 beams were 71% and 90% less than B-

SMA-1 and B-SMA-2, respectively. In summary, the SMA-beams maintained a comparable service 

and ultimate load capacities comparable to the CFRP-beams, while not significantly 

compromising the ductility of the beams or changing its failure mode. The SMA-beams failed in 

a ductile mode similar to the under-reinforced beams. 
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Table 5-3: Comparison between the CFRP-strengthened beams and the SMA-strengthened 
beams. 

 B-SMA-1 CFRP-20 SMA/CFRP* B-SMA-2 CFRP-40 SMA/CFRP 

Cracking Load: Pcr (kN) 25.2 22.1 1.14 31.2 27.9 1.12 

Yielding Load: Py (kN) 103 105.7 0.97 112.6 114.5 0.98 

Ultimate Load: Pu (kN) 127.3 141 0.90 138.9 141.7 0.98 
Deflection at Yield: Δy 
(mm) 25.6 27.7 0.92 25 28.6 0.87 
Deflection at Ultimate: 
Δu (mm) 146.5 92.5 1.58 132 79.3 1.66 

Ductility index: Δu / Δy 5.7 3.34 1.71 5.3 2.77 1.90 
ⱡEnergy Dissipated 
(kN·mm)103 16.5 9.9 1.66 15.9 8.7 1.84 

*SMA/CFRP is the ratio of the SMA-beam results to the CFRP-beam results  
ⱡ Dissipated energy, calculated as the area under the load-deflection curve up to the failure 
load. 

 

 
Figure 5.20:Load-deflection curves of the CFRP-strengthened beams and SMA-strengthened 

beams. 
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5.8 Conclusions  

A self-prestressing technique using NSM Fe-SMA strips was proven to be an efficient 

technique to enhance the flexural capacity of the RC beams without the need for sophisticated 

jacking tools. Four large-scale RC beams were tested in total; three of them were strengthened 

with Fe-SMA strips. The following conclusions were drawn: 

 The beams strengthened with activated NSM Fe-SMA strips experienced an 

enhancement in the flexural performance at the service and ultimate load conditions. 

 The strengthened beams failed by crushing of concrete after yielding of the steel 

reinforcements and the Fe-SMA strips, similar to the un-strengthened beam. The 

ductility of the strengthened beams was comparable to the un-strengthened beam 

due to the yielding nature of the Fe-SMA strips. 

 The end anchors designed in the current research were able to transfer the load 

during the activation and the loading stages with no signs of anchorage settings. The 

prestressing forces resulted from the activation of the Fe-SMA strips were close to 

the values estimated by the manufacturer.  

 The bond between the Fe-SMA strips and the grout maintained a strong bond until 

the yielding load, where a localized debonding occurred in the mid-span. There were 

no signs of longitudinal cracks in the grout in any of the strengthened beams. 

 A comparison between NSM prestressed CFRP-strengthened beams and self-

prestressed NSM SMA-strengthened beams with comparable prestressing forces, 
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revealed that both systems resulted in a comparable performance at service load 

conditions. While the CFRP-beams attained a slightly higher ultimate strength than 

the SMA-beams, the CFRP-beams experienced a significant reduction in the ductility 

and failed by a sudden rupture of the CFRP bars. In contrast, the SMA-beams 

maintained a ductile behavior and failure mode similar to the under-reinforced 

beams. 

In summary, the self-prestressing NSM Fe-SMA strengthening system is a promising 

technique in the field of rehabilitation of existing structures because of its easiness of application, 

with relatively inexpensive material, and its yielding nature which ensures that the failure mode 

of the under-reinforced RC beams will be reserved. 
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Chapter Six:                                                                                        

Conclusions and Recommendations  

The work presented herein provides an innovative system for flexural strengthening of 

reinforced concrete beams using self-prestressed iron-based shape memory alloys. The detailed 

findings of this research project are presented at the end of each chapter (Chapter 2, Chapter 3, 

Chapter 4, and Chapter 5). In the following sections, the main findings will be presented followed 

by recommendations for future research in this field. 

 

6.1 Conclusions 

 The RC beams strengthened with self-prestressed NSM Fe-SMA exhibited significant 

enhancement of flexural performance at both the service and ultimate load conditions. 

 The beams strengthened with Fe-SMA bars/strips exhibited a ductile failure mode by 

crushing of concrete after the yielding of steel reinforcements and the Fe-SMA materials. 

The failure mode of the beams strengthened with Fe-SMA materials is similar to the 

failure mode of under-reinforced RC beams. The ductility of the beams strengthened with 

Fe-SMA strips/bars is attributed to the yielding nature of the Fe-SMA material. 

 Exposure to cycles of freeze-thaw caused an insignificant reduction in the yield and 

ultimate capacities of the beam strengthened with Fe-SMA bar compared to the control 

beam tested at room temperature. Compared to the control beam exposed to the same 

freeze-thaw exposure, the strengthened beam performed significantly better in terms of 
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flexural performance at service and ultimate load conditions. However, the grout 

surrounding the Fe-SMA bar was completely spalled, and the Fe-SMA bar was exposed 

due to the freeze-thaw cycles. Nevertheless, minimal signs of corrosion were noticed on 

the Fe-SMA bar, while more corrosion was noticed on the steel reinforcements. This 

finding indicated a better corrosion resistivity for Fe-SMA material compared to steel 

reinforcements. 

 At relatively low level of fatigue loading, the deterioration in the beam strengthened with 

Fe-SMA bar and the control beam stabilized after 2 million cycles. The strengthened beam 

maintained a superior performance over the control beam by lowering the stress induced 

in the tension steel, which, consequently, would help in increasing the fatigue life of the 

beam. However, higher load limits caused continuous deterioration in the bond between 

the Fe-SMA bar and surrounding grout, which resulted in high-stress levels at the 

anchorage location and, consequently, caused a rupture of the Fe-SMA bar at 

approximately 5.5 million cycles. 

 Due to the smoothness of the Fe-SMA bars and strips, debonding occurred between the 

Fe-SMA material and the grout in all of the strengthened beams. The Sikadur 30 which 

used to fill the grooves of the beams strengthened with Fe-SMA strips performed better 

than other types of cement-based grouts. The Sikadur 30 paste adhesive delayed the 

debonding until after the yielding load. In contrast, other types of grout exhibited 

debonding at lower load levels. 



 

153 

 The edge distance for the steel expansion anchors played an important role in maintaining 

adequate behavior of the end anchors. End anchors with smaller edge distances 

experienced a premature failure. 

 A comparison between NSM prestressed FRP-strengthened beams and RC beams 

strengthened with NSM self-prestressed Fe-SMA strips with comparable prestressing 

forces, revealed that both systems resulted in a comparable performance at service load 

conditions. While the FRP-beams attained a slightly higher ultimate strength than the 

SMA-beams, the FRP- beams experienced a significant reduction in the ductility and failed 

by a sudden rupture of the CFRP bars. In contrast, the SMA-beams maintained a ductile 

behavior. 

 

6.2 Recommendations for future work 

It is believed that the Fe-SMA will have a great potential in the structural engineering field 

in the near future. In addition to the rehabilitation field, the Fe-SMA may be a great candidate 

for post-tensioning applications as well. Based on the results of the current research project, the 

following is recommended. 

 The bond between the Fe-SMA material and the surrounding concrete is very important, 

it is recommended to manufacture Fe-SMA bar/strips with ribbed surface. The author is 

aware of some attempts by a new company, but it is still at a very early stage and further 

work is required. In such a case (having ribbed Fe-SMA bars/strips), the bar/strip can be 

inserted in the groove which can be filled with the grout before the activation. To activate 



 

154 

the Fe-SMA, only the ends of the bar/strip need to be connected to the electric circuit. 

Following this procedure would eliminate the need for the end anchors, and will facilitate 

the applicability of the activation process. The bond between the ribbed Fe-SMA bar/strip 

and the grout is assumed to be strong enough to transfer the prestressing force to the 

concrete. 

 One of the areas where the Fe-SMA might play an important role is the post-tensioning 

applications. In such a case, the ducts can be eliminated and there is no need for grouting. 

The friction losses can also be significantly eliminated. These advantages can make the 

Fe-SMA as a better alternative to the steel strands. However, more research at the 

material level is required to increase the stiffness and the ultimate strength of the Fe-

SMA material to be comparable to the high strength steel strands. 

 Although it has been claimed by some producers that the Fe-SMA materials are highly 

corrosive resistant, it is important to investigate the corrosion resistivity of this material 

if it is to be an alternative to the FRP material for rehabilitation purposes. 

 More research is required to find a direct correlation between the amount of induced 

initial strain and the amount of the recovered stress upon activation. If a certain level of 

the prestressing force is required, a designer should be able to know the required initial 

strain value that would result in the desired prestressing force. Currently, the available 

Fe-SMA products provide very little information about the relation between the initial 

strain and the recovered stress. 
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APPENDICES 
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Appendix A. Material properties 

 

A.1 Steel material properties 

The steel reinforcements were obtained from a local supplier. Each batch of steel 

reinforcements was tested in accordance with ASTM A370 standards [1]. In total, three batches 

of steel were used as presented in Table A-1. The stress-strain behavior of all the steel 

reinforcements is presented in Figure A-1 to Figure A-6. 

Table A-1: The steel reinforcements test results. 

Batch # Beams ID 
Yield strength fy (MPa) 

10M bars 15M bars 

1 
Chapter 2 (B-SMA-1 and B-SMA-0), Chapter 3 and 
Chapter 4 (E-C, E-SMA, F-C, and F-SMA) 

446 505 

2 
Chapter 3 and Chapter 4 (R-SMA, R-C) same as (S-SMA, 
S-C) 

451 440 

3 
All beams in Chapter 5 (B-C, B-SMA-0, B-SMA-1, and B-
SMA-2) 

475 410 
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Figure A-1 Stress-strain curve of 10M bars (Batch 1). 

 
Figure A-2 Stress-strain curve of 15M bars (Batch 1). 
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Figure A-3 Stress-strain curve of 10M bars (Batch 2). 

 
Figure A-4 Stress-strain curve of 15M bars (Batch 2). 
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Figure A-5 Stress-strain curve of 10M bars (Batch 3). 

 
Figure A-6 Stress-strain curve of 15M bars (Batch 3). 
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A.2 Fe-SMA material properties. 

A.2.1 Fe-SMA bars. 

The Fe-SMA bars were used in Chapter 2 to Chapter 4. The stress-strain behavior of the 

Fe-SMA was reported in the previous Chapters. Table A-2 and Table A-3 show the chemical 

compositions and the physical properties of the Fe-SMA bars as reported by the manufacturer, 

respectively. 

Table A-2: Chemical composition (by mass %) of the Fe-SMA bar as reported by the 
manufacturer [2]. 

Chemical Abbreviation mass% 

Carbon C 0.01 

Silicon Si 6.23 

Manganese Mn 28.16 

Phosphorous P 0.008 

Sulphur S 0.005 

chromium Cr 4.88 

Aluminum Al 0.01 

Nitrogen N 0.0038 

Nickel Ni 0.04 

Oxygen O 0.0014 

 

Table A-3: Physical properties of the Fe-SMA bars provided by the manufacturer [2]. 

Term Value Unit 

Proof stress* 298 MPa 

Tensile strength 776 MPa 

Elongation 42 % 

Density (@25 oC) 7.454 g/cm3 

Melting point 1320~1350 oC 

Thermal expansion 
 (0 ~ 500 oC) 

16.5x10-6 oC-1 

Thermal Conductivity 0.2 cal/cm.deg.sec 

Specific heat 0.13 cal/g.deg 



 

161 

Specific resistance 100 ~ 130 X 10-6 W.cm 

Young's Modulus 170 GPa 

Shear Modulus 65 GPa 

Poisson ratio 0.359   

Ms - 20 ~ 25 oC 

Af 130 ~ 185 oC 

Recovery Strain 2.5 ~ 4.5 % 

Recovery Stress 150 ~ 200 MPa 

* Yield stress calculated as the intersection point between the stress strain curve and a line 
starts from a 0.2% strain and parallel to the initial straight line of the stress-strain curve. 

A.2.2 Fe-SMA strips. 

The Fe-SMA strips were used to strengthen the large-scale beams in Chapter 5 (B-SMA-0, 

B-SMA-1, and B-SMA-2). The chemical composition was not provided by the manufacturer. The 

stress-strain behavior of the material was tested in accordance with ASTM A370 standards [1]. 

The Digital Image Correlation Technique (DICT) was employed to measure the strain. Figure A-7 

shows the stress-strain behavior of the Fe-SMA material for three samples. To assess the validity 

of the DICT, the stress-strain behavior is shown against the Strain Gauges (SG) readings for all the 

samples, in Figure A-8 , Figure A-9 and Figure A-10. As noted in these figures, the SG results 

stopped at strain values between 2% and 4% (due to the failure of the gauge). The DICT results 

are comparable with good accuracy to the strain gauges. It is worth mentioning that the DICT 

readings are an average strain over a certain length of the bar, while the SG results are very 

localized strains. 
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Figure A-7 Stress-strain curves of Fe-SMA strips using DICT. 

 

 
Figure A-8 Comparison between the DICT and SG readings for Sample 1 of the Fe-SMA strips up 

to strain value of 4%  
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Figure A-9 Comparison between the DICT and SG readings for Sample 2 of the Fe-SMA strips up 

to strain or stress value of 2% (the SG failed at 2% strain) 

 

 
Figure A-10 Comparison between the DICT and SG readings for Sample 3 of the Fe-SMA strips up 

to strain or stress value of 4% (the SG failed at 2.8% strain) 
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A.3 The grouting and repair material properties. 

Several types of grouts were used to fill the grooves of the RC beams. The following 

section highlights some properties of the grouting material through the experimental testing and 

the manufacturer information. Additionally, the material properties of the repair mortar used to 

repair beams E-SMA and E-C is also presented. 

A.3.1 Hashemi Cement based grout [3] 

The composition of the cement-based grout is presented in Table A-4. 50 x 50 mm cubes 

of the grout were tested at 7 days and 28 days. The compressive strength of the grout was 30.3 

MPa and 42.6 MPa, at 7 days, and 28 days respectively. Figure A-12 and Figure A-11 show the 

grout cubes during the testing and after failure, respectively. 

Table A-4: The composition of the cement-based grout. 

 Cement Water Silica Silica fume Plasticizer 

Unit (kg) (Liter) (kg) (kg) (ml) 

Per m3 813 406.5 691 81.3 10 

 

 
Figure A-11 Concrete cubes under compression testing. 
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Figure A-12 Failure shape of the concrete cubes. 

A.3.2 Sika Mono-Top-623. 

Sika  Mono-Top-623 was used to repair the support regions of the beams exposed to 

freeze-thaw cycles (Chapter 3). 50x50 mm cubes of the grout were tested at 24 hours and 7 days. 

The compressive strength was 22.7 MPa and 32.8 MPa at 24 hours and 7 days, respectively. The 

manufacturer material properties are shown in Table A-5. 

Table A-5: Sika Mon-Top-623 manufacturer material properties [4]. 

Age at testing Compressive strength (MPa) 

24 hours 18 

7 days 30 

28 days 40 
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A.3.2 SikaGrout -428. 

SikaGrout-428 was used to fill the grooves of beam R-SMA (also S-SMA) in Chapter 3 and 

4.50x50 mm cubes of the grout were tested at 5 days and at 10 days (the day when beam R-SMA 

was tested). The compressive strength of the cubes was 54.8 MPa and 67.7 MPa, at 5 days and 

10 days respectively. The manufacturer material properties are shown in  

Table A-6: SikaGrout-428 manufacturer material properties [5]. 

Age at testing Compressive strength (MPa) Bond strength (MPa) 

24 hours 51 12.4 

7 days 69 15.2 

28 days 82 17.2 

 

A.3.3 Sikadur-30. 

Sikadur 30 epoxy adhesive was used to fill the groove in beam B-SMA-0 in Chapter 2. 

The manufacturer material properties are shown in Table A-7.  

Table A-7: Sikadur-30 manufacturer material properties [6]. 

Age at 

testing 

Compressive strength 

(MPa) 

Age at testing Bond strength (MPa) 

24 hours 51 2 17.9 

7 days 69 14 20.6 

28 days 82 n.a. n.a. 
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A.3.4 Sikadur-32. 

Sikadur-32 Hi-Mod was used to fill the grooves of beams B-SMA-0, B-SMA-1, and B-SMA-

2 (Chapter 5). The manufacturer material properties are shown in Table A-8 

Table A-8: Sikadur-32 Hi-Mod manufacturer material properties [7]. 

Age at 

testing 

Compressive strength 

(MPa) 

Age at testing Bond strength (MPa) 

24 hours 32 14 13 

7 days 66 n.a. n.a. 

28 days 66 n.a. n.a. 
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Appendix B. Fabrication of the small RC beams 

The small RC beams used in Chapter 2 to Chapter 4 were fabricated at the University of 

Calgary structural engineering labs. Figure B.1 shows the steel cage for a typical small beam. Steel 

molds were used for concrete casting as shown in Figure B.2. Figure B.3 shows the casting process 

and Figure B.4 shows the beams after the casting. 

 
Figure B.1: Typical steel cage of the small beams. 

 
Figure B.2: Steel cage inside the steel mold. 
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Figure B.3: Concrete casting process. 

 
Figure B.4 The small beam after casting. 
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Appendix C. Fabrication and strengthening of the large-scale RC beams 

 

C.1 Fabrication of the large-scale RC beams 

The steel cage and the wood formwork was fabricated at the University of Calgary 

structural engineering labs, while the concrete was provided by a local concrete supplier. Figure 

C-1 shows the formwork before and after the casting of concrete. The formwork was used to cast 

two beams at a time. 

 
Figure C-1 The formwork before and after the casting of concrete. 

 

C.2 Preparation of the grooves 

Some of the grooves were cut with a diamond-blade concrete saw as shown in Figure C-2. 

While the grooves for beam B-SMA-2 were fabricated during the casting by attaching a wood 

piece with the groove size to the bottom of the formwork. The grooves were made wider at the 

ends to adopt the end anchors as shown in Figure C-2. 
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Figure C-2 Cutting the grooves. 

C.3 The application of initial strain to the Fe-SMA strips. 

The Fe-SMA material was received from the manufacturer in a coil form of 100 mm wide 

sheets and 5.0 meters long. The sheets were cut and strained as presented in the following 

sections. 

C.3.1 Cutting the Fe-SMA sheets. 

The waterjet cutting machine was used to cut the 100 mm wide Fe-SMA sheets 

longitudinally into two 50 mm halves, each half was then cut longitudinally into three strips, 

however, the strips were kept connected at the ends as shown in Figure C-3. 

Three strips
The strips are 

attached

5
0

 m
m

200 mm

 
Figure C-3 the configuration of the Fe-SMA strips’ cut 
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C.3.2 The reaction frame used for straining the Fe-SMA strips. 

Both ends of the 50 mm wide sheets were gripped between two 10 mm thick steel plates 

as shown in Figure C-4. The two steel plates were connected together using 5/8’’ steel bolts. The 

ends of the sheet were bent and bolted to the top steel plate. The bottom steel plate was welded 

to a dywidag bar. The reaction frame consisted of two bulkheads attached firmly to the floor. A 

hydraulic jack was used to pull one of the dyweidag bars while the other end was locked against 

the bulkheads. It is worth mentioning that the hydraulic jack had a maximum stroke of 75 mm 

which was not enough to apply the 3% strain (which is equivalent to 150 mm of elongation for 

5000 mm long strips) to the Fe-SMA strips, therefore, a steel chair was used as indicated in Figure 

C-5. After the hydraulic jack reached the maximum stroke, a coupling nut was used to lock the 

system and the hydraulic jack was released and the process was repeated again. 

 
Figure C-4 Photo of the gripping tool. 



 

173 

 
Figure C-5 The active end of the reaction frame. 

 

C.4 Fabrication of the end anchors 

The steel tubes were first cut to the proper size, after that the Fe-SMA strips were inserted 

into the tubes. Five holes were drilled in the tubes -while the Fe-SMA strips were inserted- and 3 

mm diameter steel nails were driven through the holes. The ends of the nails were then welded 

to the steel tubes. The drilling setup is shown in Figure C-6. It is worth mentioning that the 

hardness of the Fe-SMA strips was tested as C42 which is relatively high, consequently, the typical 

drill bits (High-speed steel) were not able to drill the strips. Therefore, Carbide bits were used for 

the drilling. 
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Figure C-6 Drilling the steel tube and the Fe-SMA strips 

The tubes were then welded to the steel plates. The Fe-SMA strips were protected during 

the welding by wet towels, so the heat generated by the welding wouldn’t activate the strips. 

The beams B-SMA-0 and B-SMA-1 were both strengthened with 5 Fe-SMA strip, therefore one 

tube was enough to hold the strips. However, beam B-SMA-2 were strengthened with 7 Fe-SMA 

strips, therefore two tubes were needed to hold the strip. Figure C-7 shows the end anchor for 

beam B-SMA-2 while filling the Sikadure 330 epoxy. After the setting of the epoxy, the ends of 

the Fe-SMA strips were bent and welded to the sides of the steel tube. 
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Figure C-7 Filling the tubes with Sikadur 30 epoxy for beam B-SMA-2. 

C.5 Anchoring the strips to the beams 

The anchors were first placed in the pre-cut groove and clamped to the beam as shown 

in Figure C-8. A drill was used to drill the holes while the anchores were clamped as shown Figure 

C-8. The steel expansion anchors were immersed in Sikadur 330 epoxy adhesive before being 

driven into the holes as shown in Figure C-9. A hammer was used to drive the expansion anchors 

into the holes. 
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Figure C-8 (Right): The end anchors clamped to the beam, (Left): Drilling the holes for the 

expansion anchors. 

 
Figure C-9: The expansion anchors were driven into the holes, in the coroner, the expansion 

anchor is immersed in the Sikadur 330 epoxy adhesive. 
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C.6 Beam B-SMA-2 

Figure C-10 shows the heating process of the Fe-SMA strips in the double-groove of beam 

B-SMA-2. Figure C-11 also shows the beam after grouting. 

 
Figure C-10: Heating of beam B-SMA-2. 
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Figure C-11: B-SMA-2 after grouting. 
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Appendix D. Large-scale RC beams after failure 

Close view of the cracking pattern and the crack distribution at the bottom side of the 

large-scale RC beams are shown in Figure D-1 to Figure D-4. 

 
Figure D-1 Side view and bottom view of beam B-C after failure. 

 
Figure D-2 Side view and bottom view of beam B-SMA-0 after failure. 
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Figure D-3 Side view and bottom view of beam B-SMA-1 after failure. 

 
Figure D-4 Side view and bottom view of beam B-SMA-2 after failure. 
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Appendix E. Copy right permission 

A permission to use the paper presented in chapter 2 is shown in the following email from 

the ACI structural journal. The rest of the papers (chapter 3, 4, and 5) have not been accepted 

yet, therefore, no copy right permission is required. 
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