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ABSTRACT: One of the techniques to strengthen reinforced concrete (RC) beams is using 
Near-Surface Mounted (NSM) non-prestressed (passive system) reinforcement in the form of 
bars embedded inside a groove pre-cut into the concrete cover on the tension side of beam and 
filled with epoxy adhesive. Although this passive system can increase the ultimate strength of 
RC members remarkably, it does not change the behavior of the members under service loads 
significantly or substantially increase their stiffness. To achieve an improvement in the 
serviceability performance and an increase in the stiffness of the RC members, the strengthening 
system must be active rather than passive. Thus, to improve the efficiency of this technique the 
NSM reinforcement should be prestressed (active system) before bonding. The recent 
development of new type of Iron-Based Shape Memory Alloys (Fe-SMA) with relatively 
inexpensive constitutive materials compared with the traditional NiTi-SMA is expected to scale 
up the applications of such materials in the structural engineering field. Besides the material 
super-elasticity, SMAs are mainly characterized by the Shape Memory Effect (SME) 
phenomenon that reflects the ability of the SMAs to recover their original shape after being 
deformed beyond the elastic limits upon stress removal by heating through thermal heat 
transformation from martensite to austenite and can provide an active external strengthening 
mechanism to RC members. In the current research project NSM Fe-SMA bars are pre-strained 
to 6% before being anchored to the RC beams. The bars are then heated to 350°C to activate the 
SME effect. Because the bars are restrained from both ends, a tensile stress will develop in the 
bars which counteracts the applied loads on the beam.  The ongoing research project studies the 
performance of RC beams strengthened with NSM Fe-SMA bars under different environmental 
and loading conditions. This paper reports only on the performance of NSM Fe-SMA 
strengthened beam under fatigue loading. The strengthened beam was subjected to four million 
loading cycles at a frequency of 3 Hz. The performance of the strengthened beam is compared 
to the unstrengthened control fatigued beam. 

 

 

1 INTRODUCTION 

Several reports paint a bleak picture of the condition of infrastructures in North America. 
According to the 2013 ASCE Report Card for America’s infrastructure (ASCE, 2013), over two 
hundred million trips are taken daily across deficient bridges in U.S. 102 largest metropolitan 
regions. FHWA (2014) reported that 10% of U.S. bridges are classified as structurally deficient, 



  

 

  

and about 14% of the bridges are classified as functionally obsolete. As for 2011, the National 
Highway System (NHS) in Canada has more than 8700 bridges, 60% of them are more than 30 
years old, and 1318 of them are more than 50 years old. Many of them requires major 
rehabilitation or rebuilding (Transport Canada, 2012). Therefore, researchers have been looking 
for practical, efficient, and economical rehabilitation or strengthening techniques for the 
deteriorated structures. In the case of flexural strengthening of RC beams, Fiber Reinforced 
Polymers (FRP) were widely used due to their high strength to weight ratio, corrosion 
resistivity, and easiness of application (Baky et al., 2007; El-Hacha and Rizkalla, 2004; 
Lamanna et al., 2001). Most of these applications were considered as passive strengthening 
(non-prestressed). Where the FRP strips, bars, or sheets are applied to the tension side of the 
concrete beams without prestressing forces. Which means there is little contribution on the 
flexural performance of the beam under service loads. To improve the performance of the RC 
beams at service load (i.e. reduce cracking and deflection) researchers have introduced the 
prestressing systems (active strengthening) where the FRP strips, or bars are prestressed before 
being bonded or anchored to the tension side of the beam. The prestressed Near Surface 
Mounted (NSM) technique is one of the most feasible strengthening techniques, where the 
prestressed FRP strips or bars are mounted in a pre-cut groove on the tension side of the beam 
(El-Hacha and Gaafar, 2011). The application of prestressing force to the FRP strips or bars 
requires a comprehensive jacking and anchorage system. In the current research project, NSM 
Iron-based SMA bars (Fe-SMA) are used to strengthen RC beams for flexure. The inexpensive 
constitutive materials of the Fe-SMA makes this material suitable for large-scale structural 
engineering applications. The SMA materials are mainly characterized by the Shape Memory 
Effect (SME) phenomenon. The SME represents the ability of the material to recover part of the 
induced inelastic deformations upon heating (Cismasiu, 2010; Lagoudas, 2008). The pre-
strained Fe-SMA bar is anchored in a pre-cut groove on the tension side of the RC beam. The 
bar is then heated up to the activation temperature. Because the bar is restrained from both ends, 
no shape recovery will occur, instead a stress recovery will develop in the bar causing a 
prestressing force at the tension side of the beam. 

This paper reports only on the results of fatigue performance of RC beam strengthened with 
NSM Fe-SMA bar compared to unstrengthened fatigued beam. 

2 SHAPE MEMORY ALLOYS 

The SMAs are metallic alloys that have special characteristics such as pseudoelasticity and 
Shape Memory Effect (SME). These special characteristics are attributed to the temperature and 
stress dependent phase transformation. SMAs have two main crystallographic phases, the 
Martensite phase at low temperatures, and the Austenite phase at high temperature. The key 
feature of SMA is the martensite transformation which is diffusion-less transformation in the 
sense that it doesn’t involve diffusion of atoms but rather by shear lattice distortion that results 
in a change in crystal structure. The thermal-induced martensite transformation (austenite to 
martensite, also called forward transformation) occurs when the material in austenite phase 
cooled to a temperature value below Ms (martensite start), and completely transformed to 
martensite at temperature Mf (martensite finish). The backward transformation occurs when the 
SMA at martensite phase heated above the As (austenite start), and completely transformed to 
austenite at temperature Af (austenite finish) as shown in Figure 1. At the martensite phase the 
SMA exists in either twinned or detwinned martensite. At the twinned phase, the material can 
be forced by mechanical loading to change to detwinned martensite where a single variant 
dominates. The detwinning starts at a stress level σs (detwinning start) and finishes at stress 



  

 

  

level σf (detwinning finish) causing macroscopic inelastic strain. Upon heating above Af the 
detwinned martensite phase transforms to austenite phase causing recovery of the inelastic 
strain. This process is called the Shape Memory Effect (SME) as illustrated in Figure 1 
(Cismasiu, 2010; Lagoudas, 2008). If both ends of the SMA bar are restrained, no recovery 
strain will occur, alternatively, a recovery stress will develop. The recovery stress results from 
the SME process can be utilized to introduce stresses to structures. 
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Figure 1. Phase diagram of NiTi SMA (Left). SME of NiTi SMA (Right), after Lagoudas (2008). 

 

The SMAs such as Nitinol (NiTi) are not widely used in large-scale structural engineering 
applications because of the expensive constitutive materials and production scheme. On the 
other hand, Iron-based SMA (Fe-SMA) is composed of relatively cheap materials, which makes 
it suitable for large-scale structural engineering applications (Awaji, 2014; Czaderski et al., 
2014; Dong et al., 2009; Li et al., 2013; Nascimento-Borges, 2013). The mechanism of 
martensite transformation of Fe-SMA is different than the NiTi-SMA. For Fe-SMA the 
martensite transformation is induced through mechanical loading at a temperature higher than 
Ms and lower than As. The SME can then be introduced through heating above As (Cladera et al., 
2014). The stress-induced martensite transformation (especially at high initial strain values) in 
Fe-SMA is associated with slip deformation, which consequently results in a partial shape 
recovery (about 50% if the initial strain was about 6%) (Awaji, 2014). There is only one 
reported application of external prestressing using Fe-SMA bars for shear strengthening of a 
bridge girder by Soroushian et al., (2001). Hadiseraji and El-Hacha (2014) have used SMA bars 
as an actuator-jacking tool to apply the prestressing force to the NSM FRP strips and bars and 
externally bonded CFRP sheets for flexural strengthening of RC beams. Czaderski et al., (2014) 
used Fe-SMA strips embedded in concrete bars to apply prestressing to the concrete. 

Rojob and El-Hacha (2015a and 2015b) studied the effect of thermo-mechanical training of the 
Fe-SMA bar on the static flexural behavior of strengthened RC beam and compared with beam 
strengthened with un-trained Fe-SMA bar. The results showed that one cycle of thermo-
mechanical training of the Fe-SMA NSM bar resulted in a higher yield load of the strengthened 
beam. However, because the post-yield behavior of the trained and un-trained Fe-SMA bars are 
the same, the ultimate capacity of the beam was not significantly improved. The ductility of the 
strengthened beams was also improved. Rojob and El-Hacha (2015c) developed a nonlinear FE 
model to simulate the behavior of beam strengthened with NSM Fe-SMA bar.  



  

 

  

3 EXPERIMENTAL PROGRAM 

3.1 RC beam details 

The experimental program of the ongoing research project includes several RC beams tested 
under different loading and environmental conditions. In an accompanying paper, Rojob and El-
Hacha (2015d) reported on the results of the flexural behavior of RC beam strengthened with 
Fe-SMA bar tested under static loading. This paper reports on the results of fatigue performance 
of two beams tested under fatigue loading, one beam is strengthened with NSM Fe-SMA (B-
SMA-F) bar and a control un-strengthened beam (B-C-F). The beams are 2000 mm long with 
1800 mm span length, and cross section of 150×305 mm. Geometrical details of the beam are 
shown in Figure 2. Two concrete batches were used for the two beams (B-SMA-F was casted 
with batch 1, and B-C-F was casted with batch 2). The average 28 days compressive strength of 
concrete in batch 1 and batch 2 was 35.3±0.0 MPa and 35.1±0.4 MPa, respectively. The beams 
were reinforced with two 15M steel bars in tension and two 10M steel bars in compression with 
the total cross-sectional area of 400 mm2 and 200 mm2, respectively. To avoid shear failure, the 
beams were reinforced with two-legged 10M steel stirrups at 150 mm spacing center-to-center. 
The average yield strength of the tension and compression reinforcements was 505±1.0 MPa 
and 446±5.0 MPa, respectively. 
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Figure 2. Geometrical details of the RC beam. 

3.2 Preparation of Fe-SMA bar and the strengthening procedure 

Beam B-SMA-F was strengthened with 14.3 mm diameter and 1000 mm long Fe-SMA bar 
manufactured by Awaji Materia (Awaji, 2014). The stress-strain curve of this material is 
presented in Figure 3. To improve the SME behavior of the Fe-SMA, (i.e. increase the recovery 
strain or stress) it was exposed to one cycle of thermo-mechanical training. Figure 4a shows the 
effect of thermo-mechanical training on the SME of the Fe-SMA bar according to the 
manufacturer. Figure 4a also shows the effect of initial strain value. Therefore, 6% strain was 
selected as the optimum initial strain. The training process involved the application of 6% strain, 
followed by heating up to 600 oC. To prepare the bar for strengthening procedure, the bar was 
again strained to 6% strain. The training cycle followed by 6% strain is presented by the 
engineering stress-strain curve in Figure 4b. The bar was then anchored inside a pre-cut groove 
on the tension side of the beam. Both ends of the bar were initially threaded using NF 9/16’’ 
threading die. Steel coupling nuts were connected to both ends of the bar and then welded to 10 
mm thick steel plates as presented in Figure 5. The steel plates were then anchored to the 
concrete via carbon steel expansion anchors (Hilti, 2011). The bar was then heated while in the 
groove with Oxy-Acetylene rosebud torch (gas burning torch) to 350oC. After the bar cooled 
down, the groove was filled with cement-based adhesive grout proposed by Hashemi (2011). 



  

 

  

 
Figure 3. The engineering stress-strain curve of the Fe-SMA bar, after Awaji (2014).  

 

 
Figure 4. (a) The effect of thermo-mechanical training on the SME, after Awaji (2014). (b) Stress strain 
curve of the first strain, recovered strain, and second strain.  
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Figure 5. Details of the anchorage system. 

3.3 Fatigue loading 

The strengthened beam (B-SMA-F) and the control beam (B-C-F) were both exposed to 4 
million cycles of fatigue loading at a frequency of 3 Hz. The loading setup is shown in Figure 2. 
The upper and lower load limits were selected such that the stress range in the tension steel of 
beam B-C-F will be around 120 MPa taking into account the CSA S6-06 requirements that the 
stress range in straight bars shall not exceed 125 MPa (CSA, 2012). The fatigue load was 
applied in two stages; 3 million cycles in the first stage, and 1 million cycles in the second stage. 
In the first stage, the upper and lower loads were 46.3 kN and 16.3 kN, respectively. That 
corresponds to stress levels in the tension steel of beam B-C-F 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 
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were 67 kN and 32.5 kN, respectively. That corresponds to stress levels in the tension steel of 
beam B-C-F of 0.68fy and 0.45fy, respectively. These loads limits were the same in beam B-
SMA-F. In both stages, the stress in the tension steel of beam B-C-F was less than 0.7fy. This 
limit was selected considering the ACI requirements that the stress in the steel reinforcement 
under service load should be limited to 0.8fy (ACI Committee 440, 2008). The fatigue load was 
applied in a load control mode for the whole 4 million cycles. Figure 6 shows the fatigue 
loading protocol. Quasi-Static (QS) cycles were conducted at certain intervals to evaluate the 
stiffness degradation. The beams were instrumented with four Linear Strain Conversion (LSC) 
at the mid-span of the beams to monitor the concrete strains (two LCSs were placed on each 
side of the beam in which one of each is mounted at the level of the longitudinal bottom and top 
steel; and two LCSs were mounted on the top compression surface of the beam). Two strain 
gauges (SG) were installed on the tension steel and one was installed on the compression steel, 
at mid-span of the steel bars. In the case of beam B-SMA-F, five more SGs were installed along 
the Fe-SMA bar. Two laser transducers were used to measure the vertical deflection at the mid-
span of the beams. 

 
Figure 6. Fatigue loading protocol. 

4 RESULTS AND DISCUSSIONS 

The fatigue life of RC beams mainly depends on the stress level in the steel reinforcements. The 
prestressing force developed in the Fe-SMA bar through heating results in moment force around 
the centroid of the beam B-SMA-F. Therefore, when both beams (i.e. B-SMA-F and B-C-F) are 
subjected to the same load level, the stress level in the tension steel in the strengthened beam 
would be less than the stress level in the un-strengthened beam. Which means a better fatigue 
performance. It is worth mentioning that the presence of the NSM Fe-SMA bar resulted in 
higher stiffness of combined tensile reinforcements (internal steel and Fe-SMA) which also 
contributed in reducing the stress level in the internal steel reinforcements. Figure 7 shows the 
strain level in the tension steel for both beams, and Figure 8 shows the mid-span deflection. The 
reported strain and deflection values corresponds to the peak load of the fatigue cycles. The 
strain levels and the mid-span deflection is less in beam B-SMA-F in both fatigue-loading 
stages. However, the rate of stiffness degradation of beam B-SMA-F is higher. This appears on 
Figure 9, where the normalized stiffness at the end of 4 million cycles was about 55% and 76% 
of the initial stiffness for beams B-SMA-F and B-C-F, respectively. Figure 9 shows that beam 
B-SMA-F stiffness is still higher than beam B-C-F. This degradation in stiffness is mainly due 
to two main reasons. The first reason is the loss of prestressing force in the Fe-SMA bar in beam 
B-SMA-F due to the anchorage set, and the vertical cracks developed around the expansion 
anchors which used to connect the steel plates to the concrete (these cracks are mainly due to 

Stage I

16.3

46.3

Lo
ad

 (k
N

)

3 Million Cycles

St
re

ss
 (M

pa
)

St
re

ss
 (M

pa
)

Lo
ad

 (k
N

)

32.5

67 0.68fy

0.45fy

0.29fy

0.53fy

Stage II

1 Million Cycles

Raafat El-Hacha� 2015-7-14 1:25 AM
Deleted: Figure 6



  

 

  

the small concrete cover). Secondly, the loss of bond between the Fe-SMA bar and the grout, 
that was obvious through the cracks that developed along the Fe-SMA bar. Most of the 
degradation occurred in the first few hundred cycles of each stage, followed by stabilization in 
the degradation. The relatively large deflection degradation of B-SMA-F in the beginning of the 
fatigue loading of stage I is also attributed to the fact that the upper load limit of 46.3 kN was 
close to the cracking load of the beam (about 40 kN). In the case of beam B-C-F the deflection 
degradation was less giving the fact that the upper load limit was much higher than the cracking 
load (about 26 kN). Therefore, the loss of stiffness due to cracking of concrete in beam B-C-F 
has mainly occurred in the first cycle. It is worth mentioning that beam B-C-F was initially 
loaded for one cycle to a load value higher than the upper load limit of the Stage I (46.3 kN). 
This was done to determine the load limits of the upcoming stages using the obtained strain 
values in the tension steel. This resulted in a permanent deflection higher than those in beam B-
SMA-F, which was loaded initially to the upper load limit of 46.3 kN. Figure 10 shows the 
quasi-static cycles before the beginning of fatigue loading, at the end of Stage I, and at the end 
of Stage II for beams B-C-F and B-SMA-F. The cracking load of beam B-SMA-F is 40 kN, 
which is 54% higher than beam B-C-F (cracking load of 26 kN). 

 
Figure 7. Strain level in the tension steel           
at the peak load of fatigue cycles. 

 
Figure 8. Mid-span deflection at the peak load 
of fatigue cycles. 
 

  
Figure 9. Normalized stiffness degradation, and stiffness degradation of B-C-F and B-SMA-F. 
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Figure 10. Quasi-static cycles at the end of Stage I and Stage II for B-C-F and B-SMA-F. 

5 CONCLUSIONS 

The prestressing force developed in the Fe-SMA bar through heating resulted in a reduction in 
the tension steel stress levels, which eventually would result in a better fatigue life performance 
compared to the control beam under the same load levels. However, the strengthened beam 
shows higher rate of stiffness deterioration due to the loss of prestressing force in the Fe-SMA 
bar due to cracking formation around the steel anchors. More investigation is required to 
improve the performance of the steel anchors under fatigue loading. The cracking load of the 
strengthened beam was 54% higher than the control beam. This shows the effectiveness of the 
Fe-SMA alloys in enhancing the flexural performance of RC beams under service loads. 
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