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Abstract 
 
Shape Memory Alloys (SMAs) are novel materials that have many applications in different 
fields. The unique properties of SMA such as Superelasticity (SE) and Shape Memory Effect 
(SME) have made it distinctive to other metals and alloys. These unique properties have 
motivated researchers to utilize it in civil engineering applications. One of these applications is 
using SMA as reinforcing bars in Reinforced Concrete (RC) members. The lack of understanding 
of the behaviour of SMA RC members has limited its use as reinforcing bars. This behaviour can 
be understood by developing the moment-curvature relationship for SMA RC sections. Due to 
the unique properties of SMA and the difference in the stress-strain relationship between steel 
and SMA, the stress-block parameters provided by the Canadian standards to design steel RC 
sections might not be valid for designing SMA RC sections. In this paper, moment-curvature 
analyses were conducted for a range of SMA RC concrete sections. The results of these analyses 
allowed evaluating the capacities of SMA RC sections and the corresponding maximum concrete 
strain. Results were used to evaluate the validity of using the stress block parameters provided by 
the Canadian standards in designing SMA RC sections. 
 
Keywords: concrete, shape memory alloys, moment-curvature, stress block parameters, 

superelasticity, shape memory effect. 
 
 
Introduction 
 
Shape Memory Effect, Superelasticity, and behaviour under cyclic loading are unique properties 
that distinguish SMAs from other metals and alloys. These properties have made them attractive 



for various civil engineering applications. SMA can be used as tendons in prestressed concrete1, 
as rods to strengthen existing structures through the application of corrective post-tensioning 
forces2, and as bracing members to retrofit existing frames3. Youssef et al.4 have studied the 
applicability of using SMA in the plastic hinge regions of concrete beam-column joints. 
Research is still needed to develop design guidelines for SMA RC sections. 

A Superelastic SMA can theoretically recover its initial shape even from the inelastic range 
upon unloading. If SMA did not recover all of its inelastic deformations, heating it above a 
characteristic temperature results in recovering these deformations, shape memory effect. 
Behaviour under cyclic loading is another unique property of SMA. When SMA is subjected to a 
cycle of deformation within its superelastic range, it dissipates a certain amount of energy. The 
restored energy is released in the form of phase transformation of the SMA. 

Many types of SMAs with different chemical compositions have been introduced in the 
market. Among these types, Ni-Ti (Nickel-Titanium based SMA) was found to be the most 
appropriate for civil engineering applications. It has a high recoverable strain, superelastic range, 
and good resistance to corrosion5. On the other hand, Ni-Ti has a primary constrain on its use, 
which is its high cost. 

Moment-curvature analysis utilizing non-linear material models can accurately determine the 
ultimate moment capacity Mu, ultimate curvature Φu, and the corresponding ultimate concrete 
strain εcu. Thus, the behaviour of flexural RC sections can be described by establishing the 
moment-curvature relationship. As this paper focuses particularly on using SMA as reinforcing 
bars instead of regular steel reinforcing bars, a parametric study on unconfined normal strength 
concrete sections reinforced with SMA rebars was conducted. The studied parameters were the 
cross-section dimensions, the reinforcement ratio, the compressive concrete strength, and the 
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Fig. 1 – Stress block parameters for rectangular sections. 

 
Building codes provide designers with stress block parameters α1, and β1 to simplify the 

design process. As shown in Fig. 1, α1, and β1 converts the non-linear concrete stress distribution 
to an equivalent rectangular stress block. These parameters were obtained such that they result in 
a section capacity that is as close as possible to that obtained from the actual stress distribution. 



Because of the unique properties of SMA, and the difference in the stress-strain model between 
steel and SMA, the values provided by the Canadian standards for α1, and β1 might not be valid 
for designing SMA RC sections. Exact sections capacities obtained from the moment-curvature 
analysis were compared to that obtained based on α1, and β1 calculations. 
 
Research significance 
 
The unique properties of SMA have motivated researchers to utilize it in civil engineering 
applications. One of these applications is using the SMA as reinforcing bars in reinforced 
concrete structures. The lack of understanding of the behaviour of SMA RC sections will be 
limiting its use as reinforcing bars. This paper presents a study on the flexural behaviour of SMA 
RC sections, and provides an evaluation of the flexural design equations provided with by 
Canadian standards when used to design SMA RC sections. 
 
Material properties 
 
The non-linear constitutive material models used in the moment-curvature analysis are identified 
in this section. This includes the concrete and uniaxial SMA material models. 
 

 Concrete compressive stress-strain model: 
The parabolic-linear stress-strain relationship proposed by Scott et al.6 was used in this paper to 
model the concrete behaviour in compression. As this paper focuses on unconfined concrete, the 
model was used with confinement factor equal to one. The concrete was assumed to reach its 
peak stress at a strain value of 0.002, and to disintegrate at a strain of 0.0035. The model is 
shown in Fig. 2 and can be represented by Eq. 1 as follow: 
 

                oc

2

o

c

o

c'
cc εε0

ε
ε

ε
ε

2.0ff ≤≤
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=                                                (1a) 

                 [ ] '2.0)(1 ccococ
'
cc ffandεεεεZff ≥≥−−=           (1b) 

      

o'
c

'
c ε

f
f

Z
−

−

+
=

1000(MPa)145
(MPa)0.293

0.5                                                                             (1c) 

 
Where: fc = concrete compressive stress, Z = slope of compressive strain softening branch, εc = 
concrete compressive strain, oε = is the concrete strain corresponding to the maximum concrete 
stress.  
 

 SMA stress-Strain model: 
As mentioned earlier, Ni-Ti (known as nitinol) was found to be the most appropriate type of 
SMA for civil engineering applications. Nitinol stress-strain model consists of four linear 
branches that are connected with smooth curves7. To simplify the model, these smooth curves 



were ignored, and the linear parts are defined to intersect as shown in Fig. 3. The model is 
represented by Eq. 2. 
 

SMAySMASMAy-SMASMA εεoεEf −≤≤=                                  (2a) 

( ) p1SMAy-SMAy-SMASMAp1y-SMASMA εεεεεEff ≤≤−+=                              (2b) 

     ( ) p2SMAp1p1SMAp2p1SMA εεεεεEff ≤≤−+=                                       (2c) 

     ( ) u-SMASMAp2p2SMAu-SMAp2SMA εεεεεEff ≤≤−+=                                   (2d) 

 
Where: fSMA = SMA stress, fp1 = maximum recovery stress, fp2 = second SMA yielding stress, εp2 
= second SMA yielding strain, and εu-SMA = SMA strain at failure.  
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Fig. 2 – Stress-strain model for concrete in 
compression. Fig. 3 – Stress-strain model for SMA. 

 
Sectional analysis  
 
The moment-curvature analysis was conducted based on the fibre model methodology8. This 
methodology depends on dividing the section into a finite number of layers as shown in Fig. 4. 
Using the defined stress-strain models for the materials and taking into considerations section 
equilibrium and kinematics, the mechanical behaviour of the section is analyzed. The 
relationship between the axial strain, the curvature, the applied moment, and the axial force can 
be written as: 
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Where: ΔM =incremental increase in the moment acting on the section, ΔP = incremental 
increase in the axial load force acting on the section, ΔΦ = incremental increase in section 



curvature, Δεc = incremental increase in the section central axial strain, Ei = modulus of elasticity 
of layer i, Ai = area of layer i, and yi = distance between the centre of gravity of layer i and the 
centre of gravity of the concrete section. 

Assumptions that are applicable to steel RC sections are used. These assumptions are: (1) 
plane sections remain plane, so strain distribution is linear, (2) perfect bond exists between 
concrete and reinforcement, (3) the tensile strength of concrete can be neglected.  
The load is applied into two different stages. In the first stage, the axial load is applied in an 
incremental way while the moment is kept equal to zero. After reaching the specified axial load, 
stage II starts by applying a curvature in an incremental way while keeping the axial load equal 
to the specified value. The steps involved in these stages can be summarized as follows:  

                         

 

 

 

 

 

 

Fig. 4 – Fibre model for a concrete section. 
 

Stage I: 
1) The initial axial load, concrete strain, and curvature are set to zero, 
2) The initial Ei values for the concrete and steel layers are calculated, 
3) A suitable load increment ∆P is chosen and applied to the cross section, 
4) The incremental increase in the strain Δεc is calculated using Eq. 3, 
5) The modified Ei values are calculated using the modified axial strain (εc = εc-previous + Δεc), 
6) If the axial load is equal to the required load, the values of εc and Ei are recorded and analysis 

of stage II starts, and 
7) Analysis proceeds by repeating steps 4 to 6. 
 
Stage II: 
The axial load is kept constant at the desired value recorded in stage I and the applied curvature 
is increased from zero to a specified value. A displacement approach is selected to capture the 
sectional behaviour after reaching the maximum compressive strength. The steps involved in this 
stage are summarized below: 
1) The values of εc and Ei are set equal to those recorded in step 6 of analysis stage I, 
2) A suitable curvature increment ΔΦ is chosen and applied to the section, 
3) The modified Ei values are calculated using the axial strain of each layer 

(εci = εc-previous ± ΔΦ yi), 
4) Δεci is calculated from Eq. 3, such that ΔP is equal to zero (εc = εc-previous + Δεc), 
5) Δεc is checked against a predefined tolerance. If the error is higher than the tolerance, steps 3 

and 4 are repeated, 



6) The value of ∆M is calculated from Eq. 3. The total moment on the section is M = MPrevious 
+ΔM. At this moment stage, the total concrete compressive forces, the forces in the steel 
layer and the centre of gravity of these forces are recorded, and 

7) The analysis is repeated by applying a curvature increment ΔΦ and repeating steps 3 to 6. 
 

Moment-curvature response 
 
Moment-curvature analysis was carried out for a range of SMA RC sections. The sections had 
different heights h (500 mm, 700 mm, and 900 mm), reinforcement ratios ρ (0.25%, 0.50%, and 
0.75%), concrete compressive strength f’

c (20 MPa, 40 MPa, and 60 MPa), and axial load levels 
(ALI ranges from 0 to 1). Properties of the analyzed sections are given in Table 1. The 
mechanical properties of the SMA reinforcement are given in Table 2. The mechanical 
properties were taken as average values for the ranges provided by Alam et al7. Among the 
different axial load levels, ALI=0 and 0.3 were chosen to present in details the behaviour of SMA 
RC sections. 

 
Table 1 – Details of analyzed sections. 

Section Studied 
variables 

h 
(mm) 

b 
(mm) 

As 
(mm2) 

f’
c 

 (MPa) 
C1 
C2 
C3 

h 
h 
h 

500 
700 
900 

300 
300 
300 

655 
655 
655 

40 
40 
40 

C4 
C5 
C6 

ρ, f’
c 

ρ 
ρ 

700 
700 
700 

300 
300 
300 

525 
1050 
1575 

40 
40 
40 

C7 
C8 

f’
c 

f’
c 

700 
700 

300 
300 

525 
525 

20 
60 

 
It was observed from the analysis results that failure for all SMA RC sections occurred by 

concrete crushing rather than SMA rupture. The reason behind this is the high tensile strain of 
the SMA rebars that can reach a value of 20%. This also resulted in no yielding for the SMA 
rebars at ALI higher than 0.2. The low modulus of elasticity of SMA relative to that of steel 
results in a relatively higher curvature values at yielding compared to that of steel RC sections. 

Figures 7(a) and 7(b) show the effect of varying the section height on the moment-curvature 
relationship at two axial load levels (ALI=0 and 0.3). At ALI=0, increasing the section height 
increased the section capacity for the SMA RC sections. The yielding of the SMA rebars 
occurred at relatively high curvature values (1.87E-05 to 3.75E-05). The section ultimate 
curvature, Φu was not significantly affected by the increase in the section height since failure is 
governed by crushing of concrete. Increasing the axial load level from 0 to 0.3 resulted in a 
significant increase (315%) in the cracking moment. At this level of axial load, SMA RC 
sections did not exhibit yielding. The amount of dissipated energy calculated by integrating the 
area under the moment-curvature relationship increased with section height increase. 

Table 2 – Mechanical properties of SMA rebars. 
Material Property Ey (GPa) fy (MPa) fp1 (MPa) fu (MPa) ε p1 (%) ε u 

(%) 
SMA Tension 36 540 600 1400 7.0 20 
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Fig. 7 – Effect of varying section height h on the M-Φ relationship. 

 
As shown in Fig. 8(a) (ALI=0), a 200% increase in the tensile reinforcement ratio ρ increases 

the section capacity by 160%. Although the yielding moment increased with increasing ρ, the 
yielding curvature was slightly affected. The increase in ρ resulted in decreasing Φu. For lower 
reinforcement ratio (ρ=0.25%), the dissipated energy was higher than that for other ratios since 
the SMA rebars exhibited extensive yielding. At higher levels of axial load, ALI=0.3, the effect 
of increasing the reinforcement ratio on increasing the section capacity has a minor effect, Fig. 
8(b). Increasing ALI from 0 to 0.3 increased the cracking moment by 320%. Failure occurred by 
crushing of concrete and thus Φu was not affected. The dissipated energy was almost not 
affected. 
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Fig. 8 – Effect of varying the tensile reinforcement ratio ρ on the M-Φ relationship. 

 
At ALI=0, Fig. 9(a), increasing the concrete compressive strength f’

c from 20 to 40 MPa did 
not notably affect the yielding or ultimate moments for the SMA RC sections. However, Φu 
increased by 90% with the increase of f’

c. At f’
c=60 MPa, the yielding plateau of SMA rebars was 

followed by a strain hardening behaviour resulting in a substantial increase in section capacity 
and ductility. At ALI=0.3, Fig. 9(b), the cracking and ultimate moments increased by 160% to 
180%. SMA rebars did not yield at this level of axial load. Φu was comparable for the studied 
range of f’

c since failure occurred by crushing of concrete. 
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Evaluating the use of A23.3 stress block parameters for SMA RC sections 
 
The values of α1, and β1 given by A23.39, Eq. 4, are used in this section to evaluate the capacity 
of SMA RC sections. Normalized moment capacity calculated based on A23.39 recommended 
values were plotted versus the normalized capacity obtained from the moment-curvature 
analysis, Fig. 10. It can be observed from the figure that the code recommended values give 
good estimates for zero and low axial load levels (ALI≤ 0.4). When the load exceeds this limit, 
the code values can result in significant underestimation of the section capacity. 

'0015.085.0 c1 fα −=                           (4a) 

'0025.097.0 c1 f−=β                              (4b) 
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Fig. 10 – Mcode  / (Ag x h) – Mmax / (Agx h) relationship. 
 
Conclusions 
 
In this paper, the flexural behaviour of SMA RC sections was investigated by studying the 
moment-curvature relationship. The fibre model methodology that is used with steel RC section 



was used in establishing the moment-curvature analysis. The analysis was carried out for a range 
of cross-sections. The studied range has four variables, which are section height, reinforcement 
ratio, concrete compressive strength, and axial load level. For each of the analyzed sections, the 
cracking, yielding, ultimate moments, and curvatures were recorded. It was noticed from the 
analysis that the failure occurred in all of the studied sections by concrete crushing rather than 
rupture of SMA rebars. This failure occurred because of the high tensile strain of the SMA 
rebars. For high concrete compressive strength (60 MPa) and at zero axial load level (pure 
moment), the SMA rebars exhibited a strain hardening behaviour following the yielding plateau. 
This resulted in a significant increase in section capacity and section ductility. 

The results from the moment-curvature analysis were used to judge on using the stress block 
parameters provided by the Canadian standards for steel RC sections with SMA RC sections. 
Sections capacities were calculated using the stress block parameters and compared to the exact 
values obtained from the moment-curvature analysis. The stress block parameters gave good 
estimates for section capacities at zero and low levels of axial load (ALI ≤ 0.4). For axial load 
levels exceeding this limit, a significant underestimation of section capacity was observed. 
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