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a b s t r a c t

The re-centering phenomenon of superelastic Shape Memory Alloy (SMA) reinforced concrete is a unique
characteristic that is appealing for structural applications, along with the ability to respond with stable
hystereses and achieve similar strength and ductility to concrete reinforced with conventional deformed
bars. The objective of this study was to investigate the structural performance of superelastic SMA rein-
forced concrete and to develop a preliminary constitutive model applicable to nonlinear finite element
algorithms. Seven simply supported flexure-critical concrete beams, reinforced with either SMA bars in
the critical region or conventional deformed reinforcement, were subjected to monotonic, cyclic, and
reverse cyclic loading. The experiment results demonstrated the superior capacity of the SMA beams
to recover inelastic displacements. The SMA beams sustained displacement ductility and strength capac-
ity comparable to the conventional beams. 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, particularly when subjected to reverse cyclic loading. The constitutive model based on a tri-
linear backbone envelope response and linear unloading and reloading rules provided satisfactory
simulations.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete structures subjected to rare loading events, including
blasts, impacts, and earthquakes, are expected, in many situations,
to respond in the inelastic range and suffer permanent damage. As
an example, the primary objective in seismic design is to ensure
life safety and prevent structural collapse during a major earth-
quake. For concrete structures located in high seismic regions this
is typically achieved through the formation of well-defined plastic
hinges, resulting in damage due to permanent straining in the rein-
forcement and permanent deformations in the structural mem-
bers. While the main objective may be achieved, the sustained
damage could prevent the structure from being serviceable and
prohibit post-earthquake repairs.

Recently, a new group of alloys known as Shape Memory Alloys
(SMAs) has emerged in the research community. Shape memory al-
loys have the ability to sustain large deformations; however, they
return to their original undeformed shape upon removal of stress
(superelastic SMA) or with the application of heat (shape memory
effect). In addition, SMAs can dissipate energy through hysteretic
damping and be heat-treated to attain comparable strength to
conventional deformed reinforcement. The unique properties of
SMAs can address some of the shortcomings of conventional de-
formed reinforcing bars; specifically by controlling permanent
strains. Although SMAs possess characteristics that make them
appealing for structural applications, there are some disadvan-
tages, including: high cost, which leads to optimization of the
material and the use of mechanical couplers to connect to conven-
tional steel; difficulty in machining the material; the dependency
of the superelastic properties on operating temperature; the
smooth bar surface, which reduces the bond to surrounding con-
crete resulting in larger crack widths; and the low elastic modulus
that can result in larger displacements under service loads. Nickel–
Titanium (NiTi), consisting of approximately 56% nickel and 44%
titanium alloy, is the most common type of SMA investigated for
structural applications. Nitinol is the term frequently used for nick-
el–titanium SMA.

A number of studies have focused on material characterization
and mechanical properties of superelastic NiTi bars and wires to
evaluate the material for use in structural applications. DesRoches
et al. [1] demonstrated that SMA in wire form experienced higher
strength and damping properties compared to SMA bars; however,
the re-centering capabilities based on residual strains were not af-
fected by the form of the SMA. A study by Tyber et al. [2] on large
diameter NiTi bars revealed that transformation temperatures and
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Nomenclature

As area of flexural reinforcement
Ec initial tangent modulus of elasticity of concrete
Ei initial modulus of elasticity of reinforcement
Esh strain hardening modulus of reinforcement
Es modulus of elasticity of reinforcement
P load
Py yield load
Rcr residual crack width
Scr crack spacing
Wcr maximum crack width
f 0c concrete cylinder compressive strength
fm current maximum stress of reinforcement
fs current reinforcement stress
fs-i reinforcement stress from the previous load step
fu ultimate stress of reinforcement

funl unloading plateau stress of reinforcement
fy yield stress of reinforcement
D displacement
Dy yield displacement
e0c strain at peak concrete cylinder compressive stress
em current maximum strain of reinforcement
ep plastic offset strain of reinforcement
er1 first unloading strain
er2 second unloading strain
es current reinforcement strain
es-i reinforcement strain from the previous load step
esh the strain at the onset of strain hardening
eu ultimate strain of reinforcement
ey yield strain of reinforcement
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hardness depended on bar heat treatment and not bar diameter.
McCormick et al. [3] studied the deformation behavior of large
diameter superelastic bars, which confirmed that the re-centering
capability and equivalent viscous damping increased with a de-
crease in bar size. Dolce and Cardone [4] were able to show that
NiTi shape memory alloy wires are suitable as kernel components
for seismic protection devices, specifically owing to the re-center-
ing and energy dissipation characteristics. Others studies have fo-
cused on a wide range of use for SMAs [5–7], including
reinforcement in new construction or for repair and retrofitting
of existing structural elements, and as strands for prestressing
and post-tensioning. SMA-based devices for passive, semi-active
or active control of structures, including kernel components for
dampers and isolators, are other possible uses.

Experimental research involving SMAs in concrete structures is
limited and has generally been directed toward new construction.
This includes exploratory research on small-scale beams reinforced
with either embedded or externally anchored SMAs [8,9], and the
seismic behavior of columns reinforced with SMA bars and engi-
neered cementitious concrete in the plastic hinge region as a tech-
nique to reduce damage [10,11]. Other studies have included the
use of SMA embedded bars in beam–column joints [12], and SMA
bars as external structural bracing elements in low-rise shear walls
[13]. Another application of SMAs has involved the shape memory
effect to induce prestressing in concrete elements [14–19]. Other
novel techniques have incorporated the combination of SMAs with
fiber-reinforced polymers (FRPs), including superelastic SMA lon-
gitudinal bars in the plastic hinge region in beam–column joints
coupled with FRP bars extending outside the critical zone [20], or
exploiting the shape memory effect of SMAs to recovery perma-
nent damage in beams prior to bonding FRP sheets to enhance
strength [21].

Numerical modeling has also been employed to investigate the
effect of SMAs on the behavior of precast segmental bridge piers
[22] and overstrength and ductility of concrete buildings [23].
Fig. 1. Superelastic SMA stress–strain response.
2. Research significance

This paper investigates the performance of concrete beams
reinforced with superelastic SMA longitudinal bars to evaluate
the applicability of SMAs as alternative reinforcement, and to pro-
vide benchmark tests against which constitutive models can be
corroborated. This study includes the effect of loading (monotonic,
cyclic, and reverse cyclic), assesses the energy dissipation and
inelastic displacement recovery capacities, and discusses crack
patterns, failure modes and hysteretic response. The beams and
SMA reinforcement are relatively larger in size and diameter,
respectively, in comparison to previous investigations. The beams
were tested to failure. Other studies attempted to salvage the
SMA bars or limit damage to permit repairing and further testing.
This paper also presents a preliminary constitutive model for
superelastic SMAs based on linear unloading and reloading rules
that considers accumulation of permanent straining and decaying
of the unloading plateau stress, representing improvements to
the frequently used flag-shaped model [24].
3. Properties of superelastic shape memory alloys

The ideal stress–strain response of superelastic SMAs for one re-
verse loading cycle is illustrated in Fig. 1. At low strains, typically
not exceeding 1%, the response is linear elastic. Beyond the initial
elastic region, the response substantially softens demonstrating
nonlinearity followed by a near constant stress plateau. This is
the result of stress-induced transformation from Austenite to Mar-
tensite and is known as forward transformation. At large strains,
the material strain hardens due to the elastic response of the
stress-induced Martensite state. The initial unloading response is
linear followed by a sharp recovery of strains at almost constant
stress. The latter characterizes the behavior of the material during
the reverse transformation from Martensite back to Austenite. Fi-
nally, in the Austenite phase, the SMA returns to its original unde-
formed shape at zero stress.



Fig. 3. SMA and conventional reinforcement samples.
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4. Experimental program

An experimental program was conducted on seven simply sup-
ported reinforced concrete beams. The support and loading condi-
tions of the beams were intended to promote a well-defined
maximum moment location at midspan, which can be representa-
tive of maximum moment locations of other structural compo-
nents. The beams were 2800 mm long (2400 mm from center to
center of supports), 125 mm wide and 250 mm deep. The test vari-
ables included loading method and type of flexural reinforcement
in the critical section. [Note: the critical section refers to the
maximum moment location]. The specimens were named B1-SM,
B2-SC, B3-SR, B4-NM, B5-NC, B6-NR, and B7-NCM. The letter S de-
notes conventional deformed reinforcing steel and N represents
Nitinol (SMA). The letters M, C, and R denote the loading method:
monotonic, cyclic, and reverse cyclic, respectively. Beams B1-SM,
B2-SC, and B3-SR were the control specimens, while Beams B4-
NM, B5-NC, and B6-NR were the companion Nitinol reinforced
specimens.

An additional beam, B7-NCM, was constructed and tested to ad-
dress deficiencies experienced during testing of Beams B4-NM and
B5-NC. Beam B7-NCM was first tested under cyclic loading fol-
lowed by monotonic loading in the opposite direction. For Beam
B5-NC (cyclically loaded) the coupling connection between the
SMA bar and the conventional deformed bar extending outside
the critical region affected the strength, unloading response, and
residual midspan displacements. The monotonic loading was also
performed to better assess the response of an SMA reinforced beam
controlled by failure in the critical section. This test complemented
the results of Beam B4-NM, which failed outside the critical sec-
tion, thus affecting the strength and ductility.

All beams were reinforced to promote a flexural response. Spec-
imens B1-SM, B2-SC, B4-NM, and B5-NC were singly reinforced.
Deformed longitudinal reinforcement in specimens B1-SM and
B2-SC consisted of 10M bars, which have a nominal diameter of
11.3 mm and cross-sectional area 100 mm2; while 12.7 mm
300 mm 
reshaped SMA 

600 mm SMA

Couplers2-15M 6.35 mm @ 100 mm

2-15M
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2800 mm 
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Fig. 2. Reinforcement details.
diameter Nitinol bars were used in the critical region of Beams
B4-NM and B5-NC over a length of 600 mm centered at the mid-
span to optimize the material. The SMA bars were threaded at
the ends and connected to 15M deformed steel (16 mm diameter
and 200 mm2 area) with threaded mechanical couplers. The larger
bar area was used outside the critical section to prevent yielding of
reinforcement outside this region. The standard threaded mechan-
ical couplers were hexagon-shaped with an inner diameter of
12.6 mm, outer dimension of 22 mm, and approximate length of
50 mm, and provided a butt splice between the SMA and deformed
bars. In addition, the Nitinol bars were reshaped to a diameter of
9.5 mm, as shown in Figs. 2 and 3, over a 300 mm length to pro-
mote yielding (forward transformation) and failure near the mid-
span and away from the threaded sections. Two additional bars
were placed at the top of the beams that were subjected to reverse
cyclic loading (B3-SR, B6-NR, and B7-NCM). For B3-SR, this con-
sisted of 10M bars for the full length of the beam; while for B6-
NR and B7-NCM, Nitinol coupled with 15M deformed bars were
used. For the singly-reinforced beams (B1-SM, B2-SC, B4-NM, and
B5-NC), two smooth 6.35 mm diameter detailing bars where
placed at the top of the beams for the sole purpose of supporting
the transverse shear reinforcement. The shear reinforcement, con-
sisting of 6.35 mm diameter closed stirrups, was spaced at 100 mm
along the entire length of the beams. A concrete clear cover of
20 mm was provided throughout. Note that the results for B5-NC
are omitted herein due to the problems encountered during
testing.
5. Material properties

The Nitinol bars had a nickel to titanium ratio of 0.56:0.44, and
were heat treated to produce superelastic response at room tem-
perature. Cyclic tension tests were performed on 300 mm long
samples of each reinforcement type. The diameter of the Nitinol
bars was reduced to 9.5 mm at mid-height and the ends were
threaded and connected to conventional deformed 15M bars with
threaded mechanical couplers to replicate the system used in the
beams. The stress–strain responses of the 10M steel reinforcement
and the Nitinol bars are illustrated in Fig. 4a) and b), respectively.
Table 1 provides the yield and ultimate strengths, and elastic
modulus. The Nitinol bar demonstrated a rounded loading curve;
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Fig. 4. Cyclic stress–strain response: (a) 10M steel reinforcement; (b) SMA
reinforcement.

Table 1
Reinforcement material properties.

Type fy (MPa) fu (MPa) Es (GPa)

6.35 mm 570 640 210
10M 425 615 205
15M 440 650 200
Nitinol 415 800 60

2400 mm

125 mm
 (Critical Section)

Reaction Frame

Hydraulic Jack

Load Cell

Load Cell

Beam Specimen

Fig. 5. Test setup.
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therefore, the yield point was based on a 0.2% offset, and the ulti-
mate strength is based on specifications provided by the manufac-
turer. The residual strains provide a clear differentiation between
the Nitinol and conventional deformed bars. During the last load-
ing cycle, the Nitinol bar was strained to 7.7%, and upon unloading,
the residual strain was 0.65%, representing a 91.6% strain recovery
capacity. The conventional deformed 10M bar was subjected to a
comparable strain of 8.0% during the last loading cycle. The result-
ing permanent strain was approximately 7.5%, representing a
strain recovery of 6.25%.

The beams were constructed with normal-strength concrete
with a target compressive strength of 30 MPa, 10 mm maximum
aggregate size, and 100 mm slump. Table 2 provides the cylinder
compressive strength and corresponding strain, and the initial tan-
gent modulus on the day of testing for each beam type.
Table 2
Concrete material properties.

Beam type f 0cðMPaÞ Ec (GPa) e0c � 10�3

Conventional 34.6 31.4 2.45
SMA 32.7 28.4 2.52
5.1. Test setup and instrumentation

The specimens were tested using the setup shown in Fig. 5. All
beams were tested under two central loads, spaced 125 mm apart,
to ensure the midspan was subjected to constant flexure. Steel
plates, 75 mm long, 150 mm wide, and 25 mm thick were posi-
tioned under each load to prevent local crushing of the concrete.
The loading was applied by a hydraulic jack, mounted to a rigid
steel assembly, and was measured by three load cells: one
mounted under the hydraulic jack, and the other two at the sup-
ports. Deflection readings were continuously recorded at the mid-
span of the beams using two displacement cable transducers
(DCT). The crack patterns, widths and spacing were recorded at
each load stage. Loading was imposed in increments of 5 kN until
failure for the monotonic tests, whereas displacement control
was implemented for the cyclic tests following ATC-24 [25]. The
initial loading corresponded to midspan displacements starting at
0.33Dy to 1.0Dy in increments of 0.33Dy, where Dy is the yield dis-
placement. Thereafter, the loading was imposed in increments of
Dy from 1.0Dy until the end of testing. Each loading cycle consisted
of a single repetition. Following ATC-24, the displacement at yield,
Dy, is 1.33 times the displacement at first yield, which is defined as
the displacement corresponding to 75% of the yield load, Py. The
yield loads (21 kN and 28 kN, respectively for the SMA and conven-
tional reinforced beams) were determined from the experimental
monotonic load–midspan displacement response and corre-
sponded to the ordinate at the onset of yielding. Yield displace-
ments, Dy, of 6.4 mm and 5.7 mm, respectively for the SMA and
conventional reinforced beams, were calculated.

6. Test results

6.1. Cracking characteristics

For all beams, initial flexural cracking was observed, for the
most part, in the critical region. Flexural cracking also developed
outside the critical zone, and as the load increased, inclined shear
cracks were noted near the supports. Additional shear cracks be-
came evident with increased load, while the flexural cracking con-
tinued to propagate toward the loading points near the midspan of
the beams. In both the conventional and SMA beams, the first flex-
ural crack was observed at approximately 4 kN of load. At this load
level, B1-SM (conventional, monotonic) and B4-NM (Nitinol,
monotonic) had crack widths of 0.1 mm and 0.15 mm, respectively,
in the critical zone. With increased load, the flexural cracks in the
SMA beam became wider and were spaced farther in comparison
to the conventional beam. This was attributed to the smooth sur-
face of the Nitinol bars. At yielding, the flexural cracks in B1-SM
were 0.35 mm wide and spaced approximately 100 mm; while in
B4-NM, the cracks were 2.0 mm wide and spaced at 140 mm. Prior
to failure, and at a displacement ductility of approximately 7Dy,



Table 3
Cracking characteristics.

Loading cycle Beam

B2-SC B7-NCM B3-SR B6-NR
Scr = 110 mm Scr = 155 mm Scr = 100 mm Scr = 150 mm

Wcr (mm) Rcr (mm) Wcr (mm) Rcr (mm) Wcr (mm) Rcr (mm) Wcr (mm) Rcr (mm)

1Dy 0.3 021 1.8 0.28 0.28 0.15 1.8 0.15
2Dy 3.5 2.5 6 0.32 1.5 1.25 5 0.4
3Dy 4.5 3 11 1.1 2.5 2 9 0.8
4Dy 5.5 4 16 2 3.5 2.75 12 1
5Dy 6 5 24 2.4 5 4.25 21 2.5
6Dy 7 5.5 34 3 8 6.4 30 3
7Dy – – – – 9.5 7.5 48 5.5

Scr = Crack spacing; Wcr = maximum crack width; Rcr = residual crack width.
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Beam B1-SM experienced a maximum crack width of 11 mm, while
a crack width of 52 mm was recorded for Beam B4-NM.

Table 3 provides the average crack spacing, maximum crack
widths and residual crack widths for the beams tested under cyclic
loads. At a displacement ductility of 1Dy, conventional beams B2-
SC and B3-SR recovered 30% and 46%, respectively, of the crack
width opening. At 1Dy, SMA Beams B7-NCM and B6-NR were capa-
ble of recovering approximately 84% and 92%, respectively, of the
maximum crack widths. Prior to failure, and at a displacement duc-
tility of 6Dy for B2-SC and 7Dy for B3-SR, the corresponding crack
width recovery was approximately 21%. Conversely, at 6Dy for B7-
NCM and 7Dy for B6-NR, the crack width recoveries were approx-
imately 91% and 89%, respectively.

Fig. 6 illustrates the condition of the beams at the end of testing.
Note that Fig. 6d) is a photo of Beam B7-NCM at the end of the cyc-
lic loading phase.

6.2. Load–displacement response

Fig. 7a provides the load–displacement responses of Beams B1-
SM, B4-NM, and B7-NCM, while Fig. 7b provides the normalized re-
sponses to account for the tensile yield force (Asfy) of the flexural
reinforcement in the critical region. In addition, the midspan dis-
placement is replaced by the displacement ductility to reflect the
differences in yield displacement.

The conventional beam (B1-SM) failed at approximately 65 mm,
corresponding to 36 kN of load, by concrete crushing in the flexural
compression zone, after significantly yielding of the longitudinal
reinforcement. Beam B4-NM failed at approximately 60 mm, corre-
sponding to 28 kN due to rupturing of the Nitinol bar at the
threaded section adjacent to the mechanical coupler. Concrete
crushing in the flexural compression zone and a large flexural crack
in the critical section were visible at failure. Note that B4-NM failed
away from the critical section; therefore, the beam experienced
less strength and ductility. Beam B7-NCM failed at approximately
80 mm or 34 kN of load by rupturing of the Nitinol bar in the crit-
ical section coinciding with concrete crushing in the flexural com-
pression zone.

SMA Beam B4-NM had a similar elastic stiffness as B1-SM up to
approximately 17 kN. Beyond this load level, there was softening in
the response as the Nitinol bar experienced yielding (forward
transformation). The post-yielding stiffness was comparable to
B1-SM. The initial stiffness of Beam B7-NCM was less than both
B1-SM and B4-NM mostly due to damage that was experienced
by the beam during the cyclic loading phase. The post-yielding
stiffness was similar to the other beams; however, Beam B7-NCM
experienced a hardening response beyond 60 mm. Table 4 provides
the yield and ultimate loads, and the ultimate displacement ductil-
ity. Fig. 7b demonstrates that the normalized yield load was similar
for the beams. Beyond yielding, the SMA beams experienced
slightly larger normalized load capacity. Furthermore, Nitinol
Beam B7-NCM experienced larger normalized load capacity at
the end of testing.

The normalized load–displacement ductility responses of the
Nitinol and conventional reinforced beams under cyclic and re-
verse cyclic loading are shown in Fig. 8a and b, respectively. The re-
sults indicate that the SMA and conventional reinforced beams
experienced comparable normalized yield load, normalized ulti-
mate load, and ductility. Testing of Beam B7-NCM was terminated
prior to failure to permit monotonic loading in the opposite direc-
tion; therefore, the ultimate ductility was not realized. The unload-
ing curves demonstrated a similar initial unloading stiffness;
however, the SMA beams (B7-NCM and B6-NR) experienced a rapid
recovery of displacement when the Nitinol bars reached the re-
verse transformation stress. Beams B2-SC and B3-SR failed in flex-
ure by concrete crushing in the flexural compression zone,
preceded by significant yielding of the longitudinal reinforcement.
For Beam B7-NCM, a major crack was visible in the critical section
prior to halting the test. Beam B6-NR failed due to rupturing of the
Nitinol bar at the transition zone where the bar diameter changed
from 12.7 mm to 9.5 mm, resulting in a reduction in the load-car-
rying capacity and ultimate ductility. Concrete crushing near the
load application was also visible at failure.

7. Discussion of results

Fig. 9 provides the midspan displacement recovery capacities
for the beams under cyclic and reverse cyclic loading. The SMA
beam subjected to reverse cyclic loading demonstrated higher
recovery capacity relative to the cyclically loaded SMA beam. The
conventional reinforced beams demonstrated similar behavior.
This difference was associated with the reduction of stiffness in
the members due to damage experienced under load reversals.
The conventional reinforced beams experienced a significant
reduction in the capacity to recover inelastic deformations in com-
parison to the SMA reinforced beams. Under reverse cyclic loading,
and at a displacement ductility of approximately 9.5, the SMA
beam recovered 85% of the midspan displacement, while the con-
ventional beam only realized a recovery of 26%. Under cyclic load-
ing, the SMA and conventional reinforced beams recovered 80%
and 17%, respectively, at a displacement ductility of 6.5. Fig. 9 high-
lights the progressive reduction in the re-centering capability of
the conventional reinforced beams; a consequence of the linear
unloading behavior of the reinforcement, which resulted in accu-
mulation of permanent strains. The SMA beams, on the other hand,
maintained a recovery capacity of approximately 75–100% for the
ductility demands imposed during testing.

Fig. 10 provides the energy dissipation experienced by the
beams subjected to cyclic and reverse cyclic loading at each dis-
placement ductility level. In general, the SMA beam subjected to



Fig. 6. Failure conditions of test beams: (a) B1-SM; (b) B4-NM; (c) B2-SC; (d) B7 NCM; (e) B3-SR; (f) B6-NR.
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cyclic loading dissipated energy comparable to the conventional
reinforced beam; whereas, the conventional reinforced beam dissi-
pated significantly more energy than the SMA beam under reverse
cyclic loading. At the ultimate displacement ductility under reverse
cyclic loading, 3345 kN mm and 1205 kN mm of energy were dissi-
pated by the conventional and SMA reinforced beams, respectively.
Thus, the SMA beam dissipated approximately 36% of the energy
dissipated by the conventional beam. This difference in energy dis-
sipation is attributed to the flag shape response of the SMA bar un-
der cyclic loading. Accounting for differences in yield displacement
(ductility) and tensile yield force of the reinforcing bars, the SMA
beam dissipated 46% of the energy dissipated by the conventional
beam. If consideration is given to the location of failure in B6-NR at
the transition zone, the difference in energy dissipation would fur-
ther be reduced. The ultimate ductility for the beams under reverse
cyclic loading was approximately 9.5. Referring to Fig. 7, the differ-
ence in SMA to conventional beam strength capacity was 1.165 at a
displacement ductility of 9.5. Therefore, the energy dissipated by
the SMA beam under reverse cyclic loading could reasonably be
54% of that dissipated by the conventional beam. This assumes that
the monotonic response represents the backbone envelope for re-
verse cyclic loading.
8. Towards hysteretic modeling of SMA reinforced elements

A preliminary hysteretic constitutive model for superelastic
SMA bars based on a uniaxial phenomenological approach was
developed to be compatible with a compression field methodology.
The proposed model was implemented into Program VecTor2 [26],
a nonlinear two-dimensional finite element program applicable to
concrete membrane structures. VecTor2 uses a smeared, rotating-
crack formulation based on the Modified Compression Field Theory
[27] and the Disturbed Stress Field Model [28]. The program algo-
rithm is based on a secant stiffness formulation using a total-load
iterative procedure. The program was previously updated to
simulate the hysteretic response of reinforced concrete members
[29–31].



Fig. 7. Monotonic response: (a) load–displacement; (b) normalized load–displace-
ment ductility.

Table 4
Load and displacement capacities.

Beam Yield load Ultimate load Ductility

Actual
(kN)

Normalized Actual
(kN)

Normalized

B1-SM 28 0.33 36 0.42 11.3
B2-SC 28 0.33 35 0.41 8.2
B3-SR 27 0.32 35 0.41 9.4
B4-NM 21 0.36 28 0.48 9.3
B6-NR 20 0.34 23 0.39 9.5
B7-

NCMa
21 0.34 24 0.41 6.4

B7-
NCMb

21 0.36 34 0.58 12.4

a Results of the cyclic load test. This beam was not tested to failure.
b Results of the monotonic test.

Fig. 8. Normalized load–displacement ductility responses: (a) cyclic loading; (b)
reverse cyclic loading.

Fig. 9. Recovery capacity–displacement ductility behaviours.
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8.1. Superelastic SMA reinforcement model

The proposed model, as illustrated in Fig. 11, is based on a tri-
linear backbone envelope response, which is assumed to be identi-
cal to the monotonic response. The backbone includes: initial
linear elastic loading; yielding (forward transformation); and
strain hardening, which defines the stress-induced elastic response
of Martensite. Improvements to other models [24,32–35] includes
explicit consideration of permanent strains (Fig. 4b); the degrada-
tion of the lower plateau stress (reverse transformation), which re-
sults from the recovery of strains; and a trilinear unloading
response. The backbone envelope response is described by the fol-
lowing formulations:
fs ¼ fs-i þ Eiðes � es-iÞ 0 < es < ey ð1Þ
fs ¼ fy ey < es < esh ð2Þ
fs ¼ fs-i þ Eshðes � es-iÞ esh < es < eu ð3Þ

where fs is the stress at the current strain state es, fs-i and es-i are the
stress and strain from the previous load step, respectively, fy is the
yield stress, Ei is the initial modulus of elasticity, Esh is the strain
hardening modulus, ey and eu are the yield and ultimate strains,
respectively, and esh is the strain at the onset of strain hardening.
From coupon testing or specifications provided by the manufac-
turer, fy, Ei, Esh, ey, eu, and esh can be determined. The same formula-
tions apply for SMA reinforcement in tension or compression.



Fig. 10. Energy dissipation–displacement ductility responses.

Fig. 11. SMA plastic offset constitutive model.

Fig. 12. Plastic offset strain.

Fig. 13. First unloading strain.

Fig. 14. Unloading plateau stress.
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The unloading response includes: initial unloading, unloading
plateau stress, and unloading to the plastic offset strain. The
unloading branches can be described by the following
formulations:

fs ¼ fs�i þ Eiðes � es�iÞ er1 < es < em; ep < es < er2 ð4Þ
fs ¼ funl er2 < es < er1 ð5Þ

where er1 and er2 are the first and second unloading strains, respec-
tively, em is current maximum strain, ep is the plastic offset strain,
and funl is the unloading plateau stress that defines the reverse
transformation from Martensite to Austenite. The unloading modu-
lus, Ei, is set equal to the initial modulus as per Eq. (1). Relationships
for ep, er1, and funl were derived as functions of the current maxi-
mum strain using stress–strain data obtained from tensile coupon
testing of SMA bars conducted in this study:

ep ¼ 0:0013ðemÞ2 � 0:025ðemÞ þ 0:71 ð6Þ
er1 ¼ 0:86ðemÞ � 0:45 ð7Þ
funl=fy ¼ �0:006ðemÞ þ 0:73 ð8Þ

The first unloading strain er1 was defined as the strain corre-
sponding to the intersection between initial unloading as per Eq.
(4) and the unloading plateau stress. The unloading plateau stress
funl was identified as the stress corresponding to zero stiffness
along the unloading path. The second unloading strain, er2, is
implicitly determined within the program from the intersection
of the unloading plateau stress and the unloading to plastic offset
(Eq. (4)). Figs. 12–14 illustrate the strong correlation between the
above parameters and the maximum strain. The plastic offset
strain data is well captured by a quadratic formulation, while the
first unloading strain and the unloading plateau stress are
represented by simple linear relationships. Note that funl is normal-
ized with respect to the yield stress to eliminate the influence of
stress on the formulation.

The reloading response, following a full cycle, is linear originat-
ing from the plastic offset strain ep to the yield strain ey. Thereafter,
the response follows the backbone envelope curve.

8.2. Finite element analysis

Analyses were conducted using VecTor2 on the cyclically loaded
SMA reinforced beams to assess the proposed SMA hysteretic mod-
el. Fig. 15 provides a schematic of the finite element mesh devel-
oped for the beams. Rectangular plane stress elements were used
to represent the concrete, truss bar elements were used to model
the longitudinal reinforcement and the transverse shear reinforce-
ment was smeared within the concrete elements. A total of 1008
rectangular elements were used for the concrete and 224 truss ele-
ments for the top and bottom longitudinal reinforcement.
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Fig. 15. Finite element mesh for SMA beams.

Fig. 17. Numerical and experimental load–displacement responses for beam B6-
NR.
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Two different concrete types were used due to varying
reinforcement ratios. One was assigned to the concrete elements
between the top and bottom longitudinal reinforcement and
contained smeared reinforcement in the vertical direction to
account for shear reinforcement. The two concrete layers
adjacent to the longitudinal reinforcement were assigned to
the second concrete type. These elements contained smeared
reinforcement in the vertical direction due to the stirrups and
smeared reinforcement in the out-of-plane direction to account
for the legs of the stirrups. The latter explicitly accounts for
the confining effect near the edges of the beams due to the
closed stirrups.

The longitudinal 15M steel reinforcement and SMA bars (Fig. 2)
were modeled using discrete, two-nodded truss bar elements. The
threaded couplers were represented by a truss bar with the same
length, material properties, and cross sectional area as the cou-
plers. The 15M bars and the couplers were assumed perfectly
bonded to the surrounding concrete. Bond–slip elements were
used at the interface of the SMA truss elements and the rectangular
concrete elements to model the bond characteristics of the smooth
SMA. The default materials models of VecTor2 [26] were selected
for the analysis of the beams. The only exception was the proposed
SMA hysteretic model. The loading was applied as imposed dis-
placements following the same protocol that was used during
testing.

Fig. 16 shows the experimental and numerical responses of
Beam B7-NCM. In general, the analysis reasonably simulated the
behavior observed during testing. The numerical yield and ulti-
mate strengths of 20.4 kN and 26.5 kN, respectively, were only
7% and 9% greater than experimentally recorded. The residual
deformations upon unloading were accurately modeled. The
unloading curves were well simulated at early stages of loading.
With increased loading, discrepancies are evident. The initial
unloading response was better simulated than the unloading pla-
teau stress. The analysis was terminated at approximately
40 mm of midspan displacement and was not pushed to failure,
which was consistent with testing.
Fig. 16. Numerical and experimental load–displacement responses for beam B7-
NCM.
Fig. 17 provides the experimental and numerical responses of
Beam B6-NR. The hysteretic behavior was well simulated, includ-
ing peak strength, ductility, residual deformations, and unloading
response. The numerical yield strength of 18 kN was 9% greater
than experimentally recorded; whereas, the analysis provided an
ultimate load of 25.7 kN, which was 20% higher than experimen-
tally observed. The simulated failure mode was controlled by rup-
turing of the SMA at the transition zone, which was consistent with
that observed during testing.

To further assess the proposed SMA model, the numerical and
experimental responses for the experimentally recorded peak
strength for Beam B6-NR are shown in Fig. 18. The numerical re-
sponse satisfactory simulated the response. The analysis estab-
lished a load of 24.5 kN, while the corresponding value recorded
during testing was 21.6 kN. The numerical energy dissipation at
this load level was 737 kN mm which is only 11% greater than
the experimental dissipated energy of 668 kN mm.

To demonstrate the applicability of the preliminary constitutive
SMA model, an analysis was conducted on a large-scale SMA rein-
forced beam–column joint tested by Youssef et al. [12]. Superelas-
tic SMA bars were used in the plastic hinge region of the beam. The
column and beam were 3000 mm and 1630 mm in length, respec-
tively. Both members had identical cross-section dimensions
(250 mm wide and 400 mm deep). 2–20M longitudinal bars (nom-
inal diameter of 19.5 mm and cross-sectional area of 300 mm2)
were placed at the top and bottom of the beam and column, while
closed 10M ties were provided at different spacing in the members.
Screw-lock mechanical couplers were used to couple the 20 mm
diameter SMA to the 20M deformed steel bars extending beyond
the plastic hinge region into the beam and joint. The total length
of SMA bars was 450 mm (measured from center to center of the
couplers). Fig. 19 provides details of the reinforcement.
Fig. 18. Numerical and experimental peak strength responses for beam B6-NR.
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The top and the bottom of the column were pin connected to a
loading frame. The specimen was subjected to a constant axial load
applied of 350 kN at the top of the column and incremental reverse
cyclic vertical displacements at the tip of the beam. Two repeti-
tions of loading were applied at each displacement level. Testing
was terminated at a beam tip displacement of 72 mm.

The finite element model of the beam–column joint (Fig. 20)
consisted of seven concrete layers. Three layers were used to rep-
resent the column and joint, and four layers were used for the
beam. The concrete properties were similar in all the layers; how-
ever, the reinforcement ratio of the smeared transverse ties in
these layers varied. The concrete layer adjacent to the longitudinal
reinforcement also contained smeared reinforcement in the out-of-
plane direction to account for the legs of the stirrups.

The longitudinal reinforcement in the beam and column was
modeled with perfectly bonded truss bars. The couplers were rep-
resented by a truss bar with equivalent length, material properties
and cross sectional area. The finite element mesh consisted of 1008
plane stress rectangular elements to represent the concrete layers
and 232 truss bar elements to model the longitudinal reinforce-
ment. In addition, bond–slip elements were used to model the
bond between the SMA smooth bars and the surrounding concrete.
The column axial loading and beam tip vertical displacements fol-
lowed the same loading protocol as used during testing.
Fig. 19. Details of beam–colum
The numerical and experimental results are shown in Fig. 21. In
general, the SMA hysteretic model satisfactorily simulated the
experimental response in terms of stiffness, strength, ductility,
and displacement recovery. The pre-yielding stiffness was slightly
overestimated in the analysis. The numerical yield strength was
37.5 kN; an over prediction of approximately 14% in the positive
direction of loading. The post-yield stiffness was comparable to
the recorded response and the peak load captured in the analysis
was 72 kN, which was only 6% greater than recorded (68 kN) in
the positive direction of loading. There was slightly more discrep-
ancy between the numerical yield and ultimate strengths relative
to those recorded during testing in the negative direction of load-
ing; however, the general response was still well simulated. The
plastic deformations were slightly underestimated by the analysis.
At the end of the testing, the numerical and experimental residual
displacements were 6.1 mm and 9.8 mm, respectively. The experi-
mental unloading response was nearly linear and the reverse
transformation plateau was not as evident as in the analysis. These
discrepancies were probably due to the slippage of the SMA bars
inside the couplers during testing.

In general, the proposed preliminary model consisting of a ser-
ies of linear segments provided reasonable simulations demon-
strating the applicability of the model and VecTor2 to model
SMA reinforced members. Improved simulation results can be
n joint specimen JCB2 [36].
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Fig. 20. Finite element mesh for SMA beam–column joint JCB2.

Fig. 21. Numerical and experimental [36] load–displacement responses for SMA
beam–column joint JCB2.

A. Abdulridha et al. / Engineering Structures 49 (2013) 893–904 903
achieved with nonlinear unloading and reloading rules. In addition,
a reloading response that aims for the previous maximum strain
will improve the hysteretic response. Furthermore, with additional
coupon testing of SMA bars, the plastic offset strain ep, the first
unloading strain er1 and the unloading plateau stress funl formula-
tions can be updated.
9. Conclusions

This study focused on a well-defined testing program of flexure-
critical SMA reinforced beams subjected to monotonic, cyclic, and
reverse cyclic loading. In addition, a linear, plastic offset hysteretic
constitutive model for superelastic SMA compatible with a
compression field approach was proposed. The following specific
conclusions are drawn:

1. Large superelastic Nitinol bars used in larger-scale concrete
beams perform similar to smaller-scale SMA reinforced mem-
bers indicating consistency and reliability of SMAs.

2. Nitinol was superior to the conventional deformed steel at lim-
iting residual displacements and crack widths in the concrete
beams.

3. Nitinol reinforced beams experienced higher normalized yield
and ultimate loads in comparison to the conventional rein-
forced beams, provided the Nitinol bars did not rupture at the
threaded ends near the mechanical couplers or at the transition
zone.

4. The SMA beams sustained comparable displacement ductility to
conventional reinforced beams.

5. The SMA beam, under cyclic loading, dissipated energy compa-
rable to the conventional reinforced beam. However, under
reverse cyclic loading, the SMA reinforced beam dissipated
approximately 54% of the energy dissipated by the conventional
reinforced beam.

6. Threaded couplers used to connect Nitinol bars with deformed
bars should be located a sufficient distance from the critical
region to avoid failure of the Nitinol bar at the location of the
coupler.

7. The preliminary plastic offset SMA hysteretic constitutive
model consisting of a trilinear backbone envelope curve and lin-
ear segments to simulate unloading and reloading was success-
fully implemented into Program VecTor2. The model was
capable of modeling the force–displacement response of the
SMA reinforced beams and an SMA reinforced beam–column
joint.

8. A notable deficiency in the proposed model was the unloading
response with increased loading. Future refinements in the
model, including nonlinear unloading will provide improved
simulations.

In summary, the capacity to recover inelastic displacements, ex-
hibit yielding and strain hardening, while sustaining large dis-
placement ductility are structural characteristics that make
superelastic SMAs an appealing alternative reinforcement for
structural applications.
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