
Dan Palermo, Ph.D., P.Eng.
ASSOCIATE PROFESSOR, DEPARTMENT OF 

CIVIL ENGINEERING, YORK UNIVERSITY, 

TORONTO, ONT.

Maged A. Youssef, Ph.D., P.Eng.
ASSOCIATE PROFESSOR, DEPARTMENT OF 

CIVIL AND ENVIRONMENTAL ENGINEERING, 

WESTERN UNIVERSITY, LONDON, ONT.

M. Shahria Alam, Ph.D., P.Eng.
ASSISTANT PROFESSOR, SCHOOL OF 

ENGINEERING, UNIVERSITY OF BRITISH 

COLUMBIA, KELOWNA, B.C.

Shape memory alloys (SMAs) are smart 

materials with the capability to return to 

their original shape after experiencing large 

strains. The medical, aerospace, automotive, 

and robotic industries have incorporated 

SMAs in various devices. More recently, 

SMAs have attracted the interest of the 

structural engineering research community. 

This interest has emerged primarily due to 

the capability of the alloy to restore to its 

original shape after sustaining large deforma-

tions, levels which would cause permanent 

deformations in conventional reinforcing 

and structural steels. Potential applications 

of SMAs include: reinforcing in concrete 

structures, connections in structural steel 

assemblies, bracing members in structures, 

and prestressing rods in concrete elements 

(Alam et al. 2007). SMAs can also be used 

to mitigate unseating of bridges, and to pro-

vide damping to and isolation strategies for 

civil structures. The focus of this article is 

to summarize state-of-the-art research being 

conducted in Canada on the use of superelas-

tic SMAs in concrete structures.

Material behaviour
The commonly recommended form of SMAs 

for civil structures is nickel-titanium (NiTi), 

which consists of approximately 56% nickel 

and 44% titanium. Other forms of the alloy 

are also available, including iron- and cop-

per-based SMAs. In general, SMAs exhibit 

two distinct crystalline phases: martensite 

and austenite. SMAs exist in the fully aus-

tenite phase when their temperature is above 

the austenite finish temperature. This phase 

is characterized by superelastic behaviour; 

the SMA returns to its original shape by 

simply removing the external load.

Figure 1 illustrates a typical cyclic response 

of an NiTi superelastic solid bar with a di-

ameter of 12.5 mm and the behaviour of a 

10M deformed reinforcing steel bar routinely 

used in reinforced concrete (RC) design. It is 

evident that the SMA bar has the capability 

to recover imposed strains up to 6%. There-

after, residual strains begin to accumulate, 

albeit insignificant relative to the permanent 

straining experienced by the steel bar. The 

behaviour of the SMA is characterized by an 

initial linear elastic response in the austenite 

phase. This is followed by a near constant 

stress plateau, equivalent to yielding in steel 

reinforcement. This plateau is the result of 

stress-induced forward transformation from 

the austenite phase to the martensite phase 

in the SMA bar.

At the maximum superelastic strain where 

the material has fully transformed to mar-

tensite, a second linear elastic response is 

experienced. This initiates after 6% straining 

for the SMA in Figure 1. The unloading re-

sponse is initially linear, followed by a lower, 
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Figure 1: Cyclic 

stress-strain 

response of SMA rod 

and 10M deformed 

steel reinforcement 

(Abdulridha 2013).



near constant stress plateau. This phenom-

enon arises due to the reverse transformation 

from martensite back to austenite leading to 

recovery of the imposed strains. When the 

material returns to the fully austenite phase, 

a final linear unloading behaviour to zero 

stress occurs. A constitutive model appli-

cable for modeling superelastic SMA bars 

was developed by Abdulridha et al. (2013). 

It is notable that the forward transformation 

stress of the SMA bar and the yield strength 

of steel bar are similar. An SMA reinforced 

member would be designed to response with-

in the forward transformation range. Elbahy 

et al. (2010) proposed stress block param-

eters suitable for designing SMA reinforced 

sections. 

Applications
To optimize the SMA given its higher cost 

relative to steel reinforcement, these materi-

als are typically placed in the plastic hinge 

region and coupled to steel reinforcement 

outside this zone. Threaded mechanical and 

screw lock couplers have been used to facili-

tate the coupling. The latter is more practical 

and eliminates the need to thread the SMAs, 

which is a challenging task requiring carbon 

bits. However, slip between the SMA and 

screw lock coupler can arise (Alam et al. 

2010). 

Two examples of the successful implemen-

tation of SMAs are provided in Figures 2 and 

3, showing a slender concrete shear wall and 

a concrete beam-column joint, respectively. 

In both cases, longitudinal SMA bars were 

placed in the critical (plastic hinge) region, 

at the base of the wall and at the end of 

the beam adjacent to the joint. The longi-

tudinal reinforcement in the plastic hinge 

region in the beam-column joint consisted 

entirely of SMAs, while the critical section 

of the shear wall was reinforced with a com-

bination of SMAs and steel reinforcement. 

The longitudinal SMAs were confined to 

the end boundary regions of the wall, while 

longitudinal steel reinforcement was placed 

in the web section. Thus, the shear wall 

represented a hybrid SMA-steel reinforced 

member. In both structural components, 

regular deformed steel was used for shear 

reinforcement, and for the anti-buckling re-

inforcement in the boundary elements of the 

shear wall.  

Figure 2(a) illustrates the level of dam-

age sustained by the hybrid SMA-steel 

reinforced concrete shear wall, while Figure 

2(b) provides the lateral load-displacement 

response. Figures 3(a) and (b) illustrate the 

condition of the SMA reinforced beam-

column joint and the corresponding beam 

tip load-storey drift behaviour, respectively. 

The responses of the SMA shear wall and 

beam-column joint demonstrated superior 

recovery capacity relative to companion 

steel reinforced specimens. In addition, the 

SMA members sustained similar lateral load 

Canadian Civil Engineer | Winter 2013 27

TECHNICAL: MATERIALS FOR THE 21ST CENTURY | TECHNIQUE : LES MATÉRIAUX DU 21E SIÈCLE

Figure 2(a): SMA shear wall (Abdulridha and Palermo 2013).
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and lateral displacement capacities to their 

companion specimens. The photos illustrate 

that failure of the SMA reinforced compo-

nents was concentrated along a major crack, 

which is attributed to the smooth surface 

of the SMA bars. This tends to promote 

rocking-type behaviour along the dominant 

crack. Both structural components dem-

onstrated stable hysteretic response with 

significant energy dissipation, although less 

than the companion steel reinforced members. 

The other notable difference between the 

SMA and steel reinforced members is the 

initial stiffness; the SMA members are less 

stiff owing to the reduced elastic modulus of 

the material.

Analytical models that simulate the be-

haviour of SMA reinforced members were 

developed by Alam et al. (2008), Billah and 

Alam (2012), and Abdulridha et al. (2013). 

A study by Youssef and Elfeki (2012) on 

full-scale frames reinforced with SMAs 

demonstrated that improved seismic per-

formance is possible when using SMA bars 

in the beams of critical floor levels. Alam et 

al. (2012) demonstrated that overstrength in 

SMA RC frames is similar to that of steel 

RC frames; however, SMA RC frames pos-

sess less ductility due to its reduced stiffness. 

Summary
Shape memory alloys offer the unique char-

acteristic of recovery of high deformations 

after removal of load (superelasticity). This 

salient feature provides new opportunities 

for concrete structural design. The superelas-

tic phenomenon is an attractive attribute for 

seismic performance, permitting the develop-

ment of self-centering structural components. 

Large-scale experimental research has success-

fully demonstrated this potential in structural 

concrete. Analytical models that can predict 

the performance of SMA reinforced concrete 

elements have also been developed. Research 

of RC frame structures has also highlighted 

the advantages of using SMA bars in beams 

located on critical floor levels.
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Figure 2(b): 

Response of  SMA 

shear wall 

(Abdulridha and 

Palermo 2013).

Figure 3(a): SMA beam-column joint  

(Youssef et al. 2008).

https://www.researchgate.net/publication/256968183_Seismic_overstrength_and_ductility_of_concrete_buildings_reinforced_with_superelastic_shape_memory_alloy_rebar?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968183_Seismic_overstrength_and_ductility_of_concrete_buildings_reinforced_with_superelastic_shape_memory_alloy_rebar?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968183_Seismic_overstrength_and_ductility_of_concrete_buildings_reinforced_with_superelastic_shape_memory_alloy_rebar?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968183_Seismic_overstrength_and_ductility_of_concrete_buildings_reinforced_with_superelastic_shape_memory_alloy_rebar?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968183_Seismic_overstrength_and_ductility_of_concrete_buildings_reinforced_with_superelastic_shape_memory_alloy_rebar?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/222515756_Analytical_prediction_of_the_seismic_behavior_of_superelastic_shape_memory_alloy_reinforced_concrete_elements?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968575_Behavior_and_modeling_of_superelastic_shape_memory_alloy_reinforced_concrete_beams?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968575_Behavior_and_modeling_of_superelastic_shape_memory_alloy_reinforced_concrete_beams?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968575_Behavior_and_modeling_of_superelastic_shape_memory_alloy_reinforced_concrete_beams?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968575_Behavior_and_modeling_of_superelastic_shape_memory_alloy_reinforced_concrete_beams?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==
https://www.researchgate.net/publication/256968575_Behavior_and_modeling_of_superelastic_shape_memory_alloy_reinforced_concrete_beams?el=1_x_8&enrichId=rgreq-b11da44b1ca41c3273c2e293998f24a9-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjc2NTU1NztBUzoxMDM2OTI1NzMzNDc4NDJAMTQwMTczMzY0NTExOA==


Bars to Steel or FRP Bars,” Materials and 

Structures, 43(1s): 91-107.

Alam, M.S., Youssef, M.A., and Nehdi, 

M. (2008). “Analytical Prediction of the 

Seismic Behaviour of Superelastic Shape 

Memory Alloy Reinforced Concrete Ele-

ments,” Engineering Structures, 30(12): 

3399-3411.

Alam, M.S., Youssef, M.A., and Nehdi, M. 

(2007). “Utilizing Shape Memory Alloys to 

Enhance the Performance and Safety of Civil 

Infrastructure: a Review,” Canadian Journal 

of Civil Engineering, 34(9): 1075-1086.

Billah, A.H.M., and Alam, M.S. (2012). 

“Seismic Performance of Concrete Col-

umns Reinforced with Hybrid Shape 

Memory Alloy (SMA) and Fiber Rein-

forced Polymer (FRP) Bars,” Construction 

and Building Materials, 28(1): 730-742.

Elbahy, Y.I., Youssef, M.A., and Nehdi, M. 

(2009). “Stress Block Parameters for Con-

crete Flexural Members Reinforced with 

Superelastic Shape Memory Alloys,” Ma-

terials and Structures, 42(10): 1335-1351.

Youssef, M.A., Alam, M.S., and Nehdi, M. 

(2008). “Experimental Investigation on 

the Seismic Behaviour of Beam–Column 

Joints Reinforced with Superelastic Shape 

Memory Alloys,” Journal of Earthquake En-

gineering, 12: 1205–22.

Youssef, M.A., and Elfeki, M.A. (2012). 

“Seismic Performance of Concrete Frames 

Reinforced with Superelastic Shape Mem-

ory Alloys,” Smart Structures and Systems, 

9(4): 313-333.

Canadian Civil Engineer | Winter 2013 29

TECHNICAL: MATERIALS FOR THE 21ST CENTURY | TECHNIQUE : LES MATÉRIAUX DU 21E SIÈCLE

Figure 3(b): 

Response of SMA 

beam-column joint 

(Youssef et al. 2008).
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