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This study investigates and compares the performance of reinforced concrete buildings 

containing SMA bars and steel bars as longitudinal reinforcement of column. The use of this 

type of material is to reduce permanent deformation in the structure due to the reversible 

properties of these materials. First, a laboratory specimen of a reinforced concrete column 

with shape memory alloy bars was modeled in the OPENSEES software and the modeling 

method was validated. Then, 3- and 5-story concrete frames, in two states, reinforced with 

steel bars and SMA bars, under nonlinear static and nonlinear time history analyses with 

near-fault records were analyzed. The results of the time history analyses showed that, 

although the use of SMA bars significantly reduces the residual deformation of the structure, 

it does not show a significant effect on reducing the maximum displacement of the structure. 

The maximum rotational deformation of columns in frames with SMA bars is greater than 

of frames with steel bars. However, SMA bars have greatly reduced the permanent rotational 

deformation of columns and reduced it to zero. The maximum drift of floors in frames with 

SMA bars increases slightly. The permanent drift of the structure in frames with SMA bars 

is significantly reduced.  
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1. Introduction 

During an earthquake, heavy structures, especially 

concrete structures, are subjected to significant forces due 

to their large mass [1,2]. The ways to dissipate the energy 

imposed on structures during an earthquake without 

destroying the stability of the structure are important. One 

of the ways to reduce the concrete structures damage is to 

use shape memory alloys (SMA) [3,4,5]. These materials 

 
* Corresponding author. Tel.: +98-911-196-2921; e-mail: mahdi.mashhadiyan@gmail.com. 

are smart metals that have two different crystal structures, 

one of which is stable at high stresses and the other at low 

stresses. This reversible phase transformation has led to the 

emergence of special mechanical properties in them, which 

can improve the seismic performance of structures. 

Shape memory alloys (SMAs) are a class of materials 

that have unique properties, including Young's modulus-

temperature relations, shape memory effects, superelastic 

effects, and high damping characteristics [6]. Superelastic 
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shape memory alloys (SMAs) have the ability to undergo 

large deformations and recover all plastic deformations 

upon unloading.  Their utilization in steel structures can 

significantly reduce seismic residual deformations, which 

will facilitate post-seismic retrofitting [7]. Experimental 

results by Sharabash & Andrawes, 2009 showed that the 

SMA braced frame could withstand several strong 

earthquakes with very limited capacity degradation [8]. 

The investigations by Abdulridha et al., 2013 and Abraik 

& Youssef, 2018 demonstrate the superior seismic 

performance of superelastic SMA RC as compared to steel 

RC.  The results show that the crack widths and crack 

spacing were larger in the SMA beams; however, upon 

removal of load, the crack openings were recovered, 

Energy dissipation was lower in the SMA beams [9,10].  

The results by Nikbakht et al., 2015 indicate that in high 

seismicity zones, bridge columns with SMA bars have a 

superior performance against earthquake loading [11]. 

Recent studies showed that concrete confinement using 

shape memory alloy (SMA) spirals is a promising 

technique for seismic retrofitting of reinforced concrete 

columns that lack flexural ductility [12]. Test results by 

Jung et al., 2018 show that SMA confinement is highly 

effective in mitigating the seismic damage and improving 

the seismic performance of retrofitted RC columns, 

subjected to strong earthquakes [13]. The analyses by 

Cortés-Puentes & Palermo, 2017 showed that the SMA 

braces can improve the lateral strength capacity, energy 

dissipation, and re-centering of reinforced concrete shear 

walls, while reducing strength and stiffness degradation 

associated with shear-related damage [14]. Elbahy, 2019 

investigated the seismic performance of RC frames 

retrofitted using external superelastic SMA bars and 

compared to the behaviour of a regular steel RC frame 

structure. Analysis results show improved seismic 

performance for the retrofitted frames as compared to the 

original steel RC frame. This improvement was 

represented by lower level of damage at the same 

earthquake intensity and increased seismic capacity [15]. 

In this study, the effectiveness of shape memory alloys 

as longitudinal bars to improve the flexural performance of 

reinforced concrete beams and columns has been 

investigated. For this purpose, the performance of 

reinforced concrete frames with columns equipped with 

shape memory alloys and conventional ones has been 

evaluated. 

2. Shape Memory Alloys  

In general, two distinct behaviors can be defined for 

shape memory materials: 

• Shape memory effect: When these materials 

are in the Martensite state, after applying stress 

and reaching a nonlinear state and creating 

residual strain by unloading, the residual strain 

of the material can be eliminated by applying 

temperature and the material will return to its 

original state [16]. 

• Superelastic behavior: Another important 

property of these materials that has attracted 

attention in civil engineering is superelastic 

behavior. This means that a sample of shape 

memory materials which is initially in the 

austenite state, upon applying stress, is 

converted to a less symmetrical Martensite 

state with lower stiffness. This behavior will 

cause nonlinear behavior. If the structure is 

unloaded at this time, the structure will return 

to the initial point in a path other than the 

loading path and no residual strain will be 

created [16]. 

3. Modeling 

3.1. Structural Specifications 

In this study, two 3- and 5-story buildings are modeled 

with steel bars in the beam, and in order to compare the 

performance, the columns of each of these buildings are 

modeled separately with steel bars and with SMA bars. The 

specifications of the buildings are as follows: 

Each building has four spans in the X direction and three 

spans in the Y direction. The length of all spans is 5 meters 

and the height of the floors is 2.3 meters. The lateral load-

bearing system of the building is a reinforced concrete 

frame. The connection of the column feet to the foundation 

is modeled as a bracket and the foundation of the structure 

is assumed to be rigid. The P-Δ effect is considered for the 

columns. The dead load applied to the floor of the floors is 

550 kg/m2 and the live load applied is 200 kg/m2. The 

nodes at each floor level are interconnected in such a way 

that they can represent the behavior of a rigid roof. 

Concrete with a strength of 25 MPa has been used. The 

yield strength of steel bars and SMA bars has been 

considered to be 400 MPa. The modeling and cross-

sectional characteristics of columns in the 3-story and 5-

story frames are presented in Figure and Table 1. 

The period of rotation obtained from 3- and 5-story 

frames in two cases including steel rebar and SMA rebar is 

presented in Table 2. 

3.2. Selection of accelerograms and their scaling 

Using nonlinear time history analysis in the OPENSEES 

software, the response of the structure is obtained as a 

function of time during the seismic event. To perform such 

an analysis, the nonlinear behavior of the materials is 

modeled and the accelerogram is defined.
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Figure 1: Modeling frame view 

Table 1 

 Column cross-section specifications in 3- and 5-story frames 
3-Storey 5-Storey 

Frame  

sections 

b 

(mm) 

h 

(mm) 

Beams reinforced with 

steel bars 

Frame  

sections 

b 

(mm) 

h 

(mm) 

Beams reinforced with 

steel bars 

ρs ρs ρs ρs 

S1 400 400 1.37 1.51 S1 450 450 1.59 1.73 
S2 350 350 1.15 1.35 S2 450 450 1.00 1.00 

S3 350 350 1.59 1.66 S3 400 400 1.00 1.00 

M1 400 400 1.39 1.57 S4 400 400 1.00 1.00 
M2 350 350 1.33 1.47 S5 400 400 1.10 1.06 

M3 350 350 1.00 1.09 M1 450 450 1.76 2.11 

--- --- --- --- --- M2 450 450 1.00 1.00 
--- --- --- --- --- M3 400 400 1.21 1.28 

--- --- --- --- --- M4 400 400 1.00 1.00 

--- --- --- --- --- M5 400 400 1.00 1.00 
 

Table 2 

 Period and frequency 
5 floors with 
SMA rebar 

5 floors with 
steel rebar 

3 floors with 
SMA rebar 

3 floors with 
steel rebar 

Building 

1.08 1.15 0.79 0.84 Period 
 

To select the accelerograms and determine their 

characteristics and distance from the fault, is applied the set 

of records classified in FEMA P695, which was presented 

in 2009 under the title “Measurement of Building Seismic 

Performance Factors”. For this study, seven near-fault 

earthquake records are considered according to Table 3. 

The soil type, fault type, and distance from the epicenter 

for the near-fault accelerometer set are as follows. The 

selected earthquakes are related to soil type D according to 

the NEHRP standard. In the time history analysis method, 

the structural analysis is performed by giving the effect of 

ground acceleration as a function of time, at the base level 

of the building, and using conventional structural dynamics 

calculations. To achieve this goal, it is necessary to select 

at least three pairs of accelerometers belonging to the 

horizontal components of three different earthquakes 

recorded to satisfy the design earthquake conditions and in 

which the magnitude, distance from the fault, and the 

mechanism of the seismic source are considered. 

3.3. Validation 

Nakashoji et al. in 2014 tested a reinforced concrete 

column with a circular cross-section and a scale of one-

third. The column diameter and height was selected 457 

mm and 1.57 m, respectively. Sixteen SMA bars with a 

diameter of 13 mm were used for longitudinal 

reinforcement. Concrete with a strength of 47.5 MPa was 

used in this test [17]. 

Table 3 

Earthquake name and station for the set of near-fault accelerograms 
Earthquake ID NO. 

Name Year M 

Duzce 1999 7.1 1 
Gazli 1990 6.8 2 

Imperial 1979 6.5 3 

Nahanni 1985 6.8 4 
Loma 1989 6.9 5 

Cape 1992 7.0 6 

Northridge 1994 6.7 7 
 

Numerical modeling was performed in the OPENSEES 

software. In concrete modeling, nonlinear behavior of 

materials was considered. The well-known Kent & Park 

model was used to define the behavior curve of uniaxial 

concrete. The relationship of this model is as follows: 

𝜎𝑐 = 𝑓𝑐
′ × [2 (

𝜀𝑐

𝜀𝑐
′
) − (

𝜀𝑐

𝜀𝑐
′
)

2

] (1) 

In this relation, 𝜎𝑐  and 𝜀𝑐  are the compressive stress and 

strain, respectively, 𝑓𝑐
′ and 𝜀𝑐

′  are the compressive strength 

of the unconfined concrete cylindrical specimen and its 

corresponding strain, respectively. 



 Journal of Civil Engineering Researchers 

2024-vol6(4)-p 1-8 

 

4 

In Figure 3, the base-drift shear curve obtained from the 

experiment is plotted next to the base-drift shear curve 

obtained from the OPENSEES model. According to the 

curves in Figure 3, the OPENSEES model was able to 

simulate the behavior of the reference specimen in an 

acceptable manner. The stiffness (initial slope) of both 

graphs coincided and the strength of the finite element 

model was able to predict the strength of the reference 

model with a difference of less than 5%. 

 

Figure 2: Column cross-section characteristics 

 
Figure 3: Base shear-drift curve obtained from the experiment next to 

the base shear-drift curve obtained from the OPENSEES model 

4. Time history analysis 

4.1. Three-story building 

Time history analysis of the three-story model was 

performed in two cases of steel rebar and alloy rebar using 

seven different earthquake records. In Figure 4, the time 

history curve related to the base shear and roof floor 

displacement of the three-story frame under the effect of a 

two-three earthquake is plotted. The green graph is for the 

frame with steel rebars and the blue graph is for the frame 

with SMA rebars in the column. 

According to Figure 4, the maximum base shear applied 

to steel bars is greater than that of SMA bars and the 

maximum displacements are not much different between 

the two types of bars. In Figure 5, the lateral displacement 

curve of the floors (drift) in a three-story building with a 

column with steel bars and SMA bars under the effect of a 

two-magnitude earthquake is plotted next to each other. 

According to the obtained graphs, the maximum drift in 

both structures is similar to each other and the overall 

behavior of the two structures is not much different. 

However, the permanent drift of the structure with SMA 

bars is less compared to the structure with steel bars. 

The maximum rotation of beams and columns at 

different floors of a three-story frame is plotted in Figure 6 

(a) and (b), respectively. The blue graph is for the frame 

with steel rebar in the column and the orange graph is for 

the frame with SMA rebar in the column.  

 

 
Figure 4: Three-story frame under the influence of Duzce earthquake (a) Base shear (b) Roof displacement 

 

Figure 5: Drift curve of floors in a three-story building with a column with steel rebar and SMA rebar 
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Figure 6: Maximum rotation at different floors (average of seven records) (a) Beam rotation (b) Column rotation 

According to figure 6, the use of SMA rebar has reduced 

the rotation of beams and the use of SMA rebar has 

increased the rotation of columns. 

4.2. Five-story building  

In Figure 7-9, the time history curve of the base shear of 

the five-story frame under the effects of the Duzce, 

Northridge, and Imperial earthquakes is plotted and the 

difference in the performance of steel rebar and SMA in 

these three types of earthquakes is clearer. As shown in the 

figure, the maximum base shear applied to steel rebar is 

higher. 

Figure 10(a) and (b) show the time history curves of the 

roof displacement of the five-story frame under the 

Northridge and Imperial earthquakes, respectively. The 

steel-reinforced column (green curve) has undergone 

permanent displacement and its final displacement is not 

zero and in fact the building has not returned to its original 

state. But, the building with the SMA-reinforced column 

has returned to its original state. 

Figure 11 shows the lateral displacement curve of the 

floors (drift) in the five-story building with the steel-

reinforced column and the SMA-reinforced column under 

the Imperial earthquake. According to the obtained graphs, 

the maximum drift in both structures is similar to each 

other and the overall behavior of the two structures is not 

much different, but the permanent drift of the structure with 

the SMA-reinforced has decreased sharply and the 

structure has returned to its original state, while the 

permanent drift has occurred in the steel-reinforced 

structure. 

 

Figure 7: Base shear of the Duzce earthquake 

 

Figure 8: Base shear of the Northridge earthquake 

 

Figure 9- Base shear of the Imperial earthquake 
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Figure 10- Roof displacement (a) Northridge earthquake (b) Imperial earthquake 

  

Figure 11- Lateral displacement of floors (drift) in a five-story building under Imperial earthquake 

 

Figure 12- Maximum rotation at different floors (average of seven records) (a) Beam rotation (b) Column rotation 

The maximum rotation of beams and columns in 

different floors of the five-story frame are plotted in Figure 

12 (a) and (b), respectively. According to this figure, the 

use of SMA rebar has reduced the rotation of beams and 

increased the rotation of columns. 

5. Investigation of the effect of the ratio of shape 

memory alloy  

In order to investigate the effect of the ratio of shape 

memory alloy, a 5-story frame with an average rebar ratio 

of 1.4% and 2.1% for columns was analyzed using 

pushover analysis and the deformation of beams and 

columns in these two cases was compared. According to 

Figure 13, the maximum frame capacity in the model with 

an average rebar ratio of 2.1% was obtained as 770 kN, 

which shows a 15% increase compared to the model with 

an average rebar ratio of 1.4%. According to Figure 14, in 

the model with an average rebar ratio of 2.1%, a slight 

increase in the rotation of beams and a slight decrease in 

the rotation of columns occurred. 

6. Conclusion  

This study investigates the performance of reinforced 

concrete buildings with SMA bars in columns under near-

fault earthquakes. For this purpose, two three-story and 

five-story buildings were considered. These buildings were 

analyzed once using steel bars and once using SMA bars in 

seven near-fault accelerograms. The following results is 

obtained: 

• The performance of SMA bars did not differ 

significantly compared to steel bars in 

reducing the maximum displacements of the 

structure and their effectiveness was almost 

similar. However, the use of SMA bars has 

greatly reduced the permanent deformation of 

the structure.
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Figure 13 : Pushover curve 

 

Figure 14 : Maximum rotation at different floors (average of seven records) (a) Beam rotation (b) Column rotation 

• In frames with SMA bars in columns, the 

maximum rotational deformation of the 

columns was greater than that of frames with 

steel bars. However, SMA bars have greatly 

reduced the permanent rotational deformation 

of the columns and brought them to zero. 

• The maximum lateral displacement or 

maximum drift of the floors in frames with 

SMA bars has slightly increased. However, the 

permanent drift of the structure in frames with 

SMA reinforcement is greatly reduced. This is 

due to the elastic recovery of strain in SMA 

materials, which reduces the permanent 

deformation of the structure. 
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