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Shape memory alloys (SMAs) are unique smart materials that have many advantages, such as ability to
resist large strains without leaving residual strains and ability to recover original form. However, the
high costs of SMAs have limited their usage. This paper evaluates the behavior of concrete structures
equipped with SMAs in an optimal manner as they are being used along with plastic hinge of the beams.
For this purpose, a reinforced concrete (RC) beam, a 2D RC frame and a 3D RC building were
considered, which were tested in previous studies under cyclic loading and on a shaking table. After
verifying RC beam in the Seismostruct software, the steel rebars are replaced by SMAs in all connections
of models and time history analysis is performed. The seismic response of concrete structures equipped
with SMAs is compared with the conventional RC structures. The maximum base shear and roof
displacement, amount of residual displacement and distribution of interstory drift at the structure height
are among the factors to be evaluated. The results showed that, due to the use of SMAs in concrete
structures, the maximum base shear did not significantly change compared with the conventional RC
structures, and the residual displacements in the structure roof have been reduced. On the other hand, the
maximum displacement of the roof was increased in the structures with SMAs. The concrete structures
equipped with SMAs experience a slight residual deformation, and the distribution of interstory drift is
even more uniform at the height of such structures.

doi: 10.5829/ije.2020.33.03c.05

1. INTRODUCTION

Shape memory alloys (SMAs) are new smart
materials that can resist large nonlinear deformations and

Structures in the areas with high seismic hazard are
severely damaged by strong earthquakes. In the
reinforced concrete (RC) structures, the damages mostly
occur in the plastic hinge of the beams and cause residual
displacements in the structure [1]. Although, the RC
buildings may resist strong earthquakes, the resulting
residual displacements increase the repair and
reconstruction costs and greatly reduce the resistant of
structures to the aftershocks [2]. To solve this problem,
methods such as the reinforcement of structural elements
using the fiber reinforced polymer (FRP) [3,4] and fiber
reinforced inorganic matrix (FRIM) composites can be
utilized [5-7]. But, using the shape memory alloys with
the self-centering feature can be a more appropriate
solution.

*Corresponding  Author  Email:

(M. Bagheri)

mnsrbagheri@birjandut.ac.ir

return back to the original geometry after unloading
which made them an appropriate choice for reducing the
maintenance costs [8]. In the past decades, many
researchers have evaluated the possibility of using SMAs
for the structural applications such as dampers [9-11],
reinforcements [12-17], bracing [18,19], seismic
isolation systems [20-22] and actuators [23,24].
Although previous studies have shown that the use of
SMAs can reduce the residual displacements in the RC
structures [25-27], their operating costs is one of
challenges for using the alloys in the RC structures. One
of the strategies to reduce the cost of these alloys is to use
them only in the sections that experience more
deformation due to the applied loads. The plastic hinges
of beams are one of the sections evaluated in this paper.
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In this paper, the effect of individual SMA features on
improving seismic behavior of RC structures was
evaluated. SMAs are optimally used as an alternative to
steel rebar in the plastic hinges of beams. Three
laboratory full scale RC structures, a RC beam, a frame
and a building, were selected for the modeling. After
being assured of numerical model of RC beam and
replacing the SMAs in the plastic hinges of frame and
building beams, the time history analysis is performed.
The base shear, maximum roof displacement, residual
displacements and distribution of drift are among the
factors that are evaluated in the RC structures equipped
with the SMAs, and their seismic response is compared
with the conventional RC structures equipped by steel
rebars.

2. SHAPE MEMORY ALLOYS

Shape memory alloys are known as one of smart and
innovative materials which have unique advantages such
as ability to resist high strains without leaving residual
strains, high resistance to corrosion and fatigue, ability to
recover original shape and high energy dissipation [28].
SMAs have two crystalline phases, austenite and
martensite. Austenite is stable at high temperatures and
low stresses and martensite at low temperatures and high
stresses [29]. The transformation of austenitic to
martensitic phases and, consequently, the shape memory
and superelasticity features of the SMAs have led
researchers to use these smart materials in various areas.

In this paper, the superelasticity feature of SMASs are
used to improve the seismic behavior of RC structures.
For this purpose, the stress-strain model of these alloys is
used, which is introduced by Auricchio and Sacco [30]
and also used in SeismoStruct finite element software
[31] as illustrated in Figure 1.

The governing parameters in the model are of*
(stresses related to the start of the austenitic phase
transformation into the martensitic phase), o4 (stresses
related to the end of the austenitic phase transformation
into the martensitic phase), ¢S (stresses related to the

Stress4

&L Strain
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Figure 1. SMA stress-strain model [30]

start of the unloading step), afAS (stresses related to the
end of the unloading step), & (equivalent strain in the
unloading step), and Eswa (elastic modulus in the
austenitic phase) [30].

3. NUMERICAL MODES

In this work, three laboratory structures of a RC beam
[32], a 2D concrete frame [33] and a 3D RC building
[34], the behavior of which was evaluated in the previous
studies under cyclic loading and on the shaking table, was
used for numerical modeling in SeismoStruct finite
element software [31].

3. 1. Model Verification Figure 2 shows
geometrical properties of selected RC beam [32] which
was tested under cyclic loading including six cycles
applied as the beam rotation angle (R = 6:1+ 6-) reached
to 0.125, 0.25, 0.50, 1.0, 1.5 and 2.0%. The concrete,
steel and SMA material characteristics used in the
construction of RC beam model are reported in Tables 1
and 2, respectively.

As shown in Figure 3, the numerical model of RC
beam was constructed in SeismoStruct finite element
software [31].
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Figure 2. a) Test set-up; b) beam section (A-A); ¢) beam
section (B-B) and d) deformed shape (dimensions in mm)

TABLE 1. Mechanical properties of materials
RC 2D 3D

Materials Features beam frame building
Compressive strength (MPa) 34 25 35
Concrete Tensile strength (MPa) 2.96 2.7 34
Ultimate strain (%) 0.31 0.3 0.35

Modulus of elasticity (MPa) 186,000 200,000 200,000
Steel Yield stress (MPa) 362.9 235 385

Strain hardening ratio (%) 0.5 05 0.6
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TABLE 2. Mechanical properties of SMAs

Feature RC beam 2D frame and 3D building
of* (MPa) 203.9 320

54 (MPa) 224.6 460

625 (MPa) 2113 260

/'S (MPa) 187.4 190

Espa (MPa) 30,000 28,000

& (%) 413 4.25

Figure 3. Numerical model of RC beam

For the concrete materials, the nonlinear stress-strain
relationship was used based on Mander et al. [35] model.
The steel materials were modeled by bilinear stress-strain
relationship. The section of elements was divided into
400 fibers, and the 6 integration points were used to
obtain the stresses and strains in each of the fibers. Figure
4 shows the comparison of the hysteretic curves obtained
from the numerical analysis and the reported
experimental test.

As shown in Figure 4, there is a good agreement
between the experimental and numerical results of RC
beam and SeismoStruct software can be safely used to
model the 2D frame and 3D building.

3. 2. 2D Frame and 3D Building Models The
geometrical properties of considered 2D RC frame [33]
is shown in Figure 5. The combination of dead and live
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Figure 4. Maximum moment - rotation angle curves in
experimental test [32] and numerical analysis
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Figure 5. a) Elevation view; b) plan view; c) T-shape beam
section, and sections of column: d) C1; e) C2; f) C3; g) C4;
and h) C5 in laboratory concrete frame

load is equal to 15.1 kN/m for the 1%t to 3" stories and
12.7 kN/m for the roof. The characteristics of concrete
and steel materials used in the construction of this
concrete frame are reported in Table 1 [33].

The geometric properties of selected three-story
concrete building with the moment-resisting frames [34]
are shown in Figure 6.

Figure 7 shows the section of the elements
constituting the reinforced concrete building. The
mechanical properties of the materials used in the
construction of the concrete model are reported in Table
1. The gravity dead and live loads of this model were 0.5
and 2.0 kKN/m?, respectively.

The SMA rebars replaced the steel ones in the
location of beam plastic hinges in order to evaluate the
efficiency of the alloys. The relation proposed by Paulay
and Preiestley [36] was used to calculate the length of the
beam plastic hinge:
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0.08z + 0.022d, f, @)

In Equation (1), z is the distance between the beam-to-
column joints and the point where the sign of bending
moment diagram changes along the beam, which is

@ , 3.00m 5.00m 11.70m |,
Cs B 'c Cs
Y
& £
& 8
bl ©
L Cs Cs * Jles
A A
gl t t &
S S
n <
Cs Cr —
. Cs
B L
1 1 17
3.00m 6.00m 0.70m
(W)
&
S| Cs Cs Cs
32l
£
8| Cs Cs Cs
[32]
£
8
«| Cs Cs Cs
1 I 11
3.00m 6.00m 0.70m
© |
£
8| Cs Cs Cr
o
&
8| Cs Cs Cr
o
&
S| Cs Cs Cr
o
1 550m 500m

Figure 6. a) Plan view; b) elevation view (section A-A); c)
elevation view (section B-B) of 3D concrete building
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0.2113I (I = beam length). dy and fy are the sum of the
longitudinal rebar diameters (m) and the steel yield stress
(MPa), respectively [36]. Table 3 shows the plastic
hinges calculated by Equation (1) in the 2D frame and 3D
building model beams.

The mechanical properties of SMAs introduced into
SesimoStruct software using the stress-strain relationship
proposed by Auricchio and Sacco [30] are reported in
Table 3. Figure 8 shows the constructed models of 2D
frame and 3D building in SesimoStruct software.

4. TIME HISTORY ANALYSIS
According to Table 4, the widely recognized

accelerograms are selected and scaled based on the
design response spectrum of 0.3g intensity for type IlI

TABLE 3. Length of beam plastic hinges in models

Model beam length (m) plastic hinges length (m)
25 0.29
2D Frame
5.0 0.33
3.0 0.66
4.0 0.68
3D Building 5.0 0.69
55 0.71
6.0 0.72

Figure 8. a) 2D frame and b) 3D building models in
SesimoStruct software
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soil with the 5% damping (B_D3_0.3g) to conduct the
time history analysis in this paper. The spectral
acceleration (SA) of scaled accelerograms along with the
mean values are shown in Figure 9. As an instance,
Figure 10 shows the hysteretic curves of models resulted
from Friuli loaded accelerogram.

In the following section, maximum base shear,
maximum roof displacement, residual displacement of
roof, and distribution of interstory drifts in the height of
models were evaluated to realize the performance of
SMA:s.

4. 1. Maximum Base Shear Figure 11 shows the
maximum base shear in the 2D frame model and 3D
building in the X and Y directions in two cases,
reinforced with steel rebar (STEEL) and equipped with
SMAs (SMA) along with the mean values in each case.
Figure 11a shows that in most cases in 2D frame model,
the maximum base shear is higher in the models equipped
with the SMAs than those reinforced with steel rebar.
Figures 11b and 11c show that the maximum base shear
in the 3D building model in the both X and Y directions
is higher for STEEL reinforced case than SMA equipped
one. The maximum base shear value in the both cases in
the Y direction is greater than the X direction, which
indicates that the model stiffness in the Y direction is
greater than that in the X direction.

TABLE 4. Selected accelerograms for time history analysis
No. EventName Magnitude (Richter) Peak acceleration (g)

1 Elcentro 6.9 0.334
2 Friuli 6.5 0.498
3 Hollister 5.6 0.338
4 Imperial_Valley 6.5 0.293
5 Kobe 6.9 0.317
6 Kocaeli 75 0.346
7 Loma-Prieta 6.8 0.397
8 Northridge 6.7 0.434
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Figure 9. Spectral acceleration of scaled accelerograms for
time history analysis
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Figure 10. Hysteresis curves form Friuli loaded
accelerogram analysis: a) 2D frame; b) 3D building
(X direction); ¢) 3D building (Y direction)

In general, it can be stated that the use of SMAs as a
substitute for steel rebar in the location of beam plastic
hinges in a 2D frame model resulted in an increase in the
maximum base shear, and in a 3D building model, it
reduces the shear. It should be noted that the difference
in the maximum base shear between the two SMA
equipped and STEEL reinforced cases, relative to the
highest value in the 2D frame model is 13.4% and in the
3D building model in the X and Y direction are 10.4 and
10.9%, respectively. Therefore, the maximum base shear
could be considered the same in the both cases.

4. 2. Maximum Roof Displacement Figure 12
shows the maximum displacement of roof in models.
Figure 12a shows that by applying most earthquakes
(except Kocaeli) on 2D frame model, the maximum roof
displacement in the SMA equipped case is higher than
STEEL reinforced one. Figures 12b and 12¢ showed that
in 3D building model, the maximum roof displacement
in SMA equipped models is more than STEEL reinforced



H. Jahangirand M. Bagheri / IJE TRANSACTIONS C: Aspects Vol. 33, No. 3, (March 2020) 410-418 415

ones. The application of Friuli and Northridge
earthquakes in the X direction and the Friuli, Hollister
and Kobe earthquakes in the Y direction caused the
greatest difference between the maximum roof
displacement in the two cases.

The higher displacement in SMA equipped models
than that in STEEL reinforced ones shows that SMAs
increases the ductility of the models. The results of
maximum base shear and roof displacement indicate that
use of SMAs, while keeping the base shear constant and
increasing the displacements, causes the dissipation of
earthquake energy as deformation prevents the stress
increase in the elements.
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Figure 11. Maximum base shear: a) 2D frame; b) 3D
building (X direction); c) 3D building (Y direction)
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Figure 12. Maximum roof displacement: a) 2D frame; b) 3D
building (X direction); ¢) 3D building (Y direction)

4. 3. Residual Roof Displacement Figure 13
shows the amount of residual roof displacement in 2D
frame and 3D building models. Figures 13a, 13b and 13c
show that in all earthquakes, the amount of residual
displacement in the roof of SMA equipped models is
greatly reduced compared with STEEL reinforced ones.
Therefore, it can be stated with full confidence that the
use of SMAs will greatly help to reduce the incurred
damages and the repair costs after the end of the
earthquake in the reinforced concrete models.

4. 4. Interstory Drift Distribution Figure 14
shows the distribution of maximum interstory drifts at the
height of the 2D frame and 3D building models.
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Figure 14 shows that in the both STEEL reinforced
models, the maximum interstory drift is related to the first
floor of the model and is reduced in the higher floors.
Hence, the maximum interstory drifts are not uniformly
distributed at the height, and there is the possibility of soft
floor in the first floor of the models. In SMA equipped
models, a more uniform distribution of the interstory
drifts is resulted. As a result, SMAs prevent the formation
of soft floor and its corresponding sudden failures in
structures.
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US$24/kg in 2019. Based on the calculated plastic hinges
reported in Table 3, the cost of 2D frame and 3D building
models equipped with SMA rebars is 14.32 and 19.71%
more than the conventional steel reinforced models,
respectively. However, using SMA could significantly
decrease repair costs, which recover such an increase in
construction costs.

6. CONCLUSION

This paper evaluated the effect of shape memory alloys
on improving seismic behavior of numerical models
generated based on experimental 2D RC frame and 3D
building, through their application along the plastic hinge
of the beams. By analyzing the time history for the
models, parameters such as maximum base shear,
maximum roof displacement, residual displacement, and
interstory drift were evaluated. The results of the
analyses can be summarized as follows:

1) The difference in the maximum base shear between
SMA equipped and STEEL reinforced cases, relative to
the highest value in the 2D frame model is 13.4% and in
the 3D building model in the X and Y directions are 10.4
and 10.9%, respectively, and hence, the maximum base
shear in these two cases can be considered the same.

2) The difference in the maximum roof displacement
between SMA equipped and STEEL reinforced cases,
relative to the highest value in the 2D frame model is
equal to 7.5%, and in the 3D building model in the X and
Y directions are equal to 38.4 and 31.3%, respectively.
Therefore, it can be concluded that the use of SMAs,
while keeping the base shear constant and increasing the
displacement, causes the dissipation of earthquake
energy in the form of deformation in the concrete models
and prevents the stress increase in the elements.

3) The amount of reduction in the residual roof
displacement in SMA equipped case compared to STEEL
reinforced one, relative to the highest value in the 2D
frame model is equal to 87.1%, and in the 3D building
model in the X and Y directions are 91.4 and 84.2%,
respectively. Consequently, it can be stated that the use
of SMAs will help to reduce the damages and the
maintenance costs.

4) The analyses show that the use of SMAs results in a
more uniform distribution of the interstory drifts in the
height of the structure and, as a result, prevents the
formation of soft floor and the sudden failure in the
structure.
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