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SMA wires using heat of hydration for
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Eunsoo Choi1, Baik-Soon Cho*4, Joonam Park2 and Kyoungsoo Park3

Abstract
This study suggests the utilization of heat of hydration of concrete to activate the shape memory effect (SME) of shape
memory alloy (SMA) wires embedded in concrete and produce recovery and residual stress on the wires. This method
is more convenient than the previous electronic resistance heating. For the purpose, this study prepares NiTiNb SMA
wires that show appropriate temperature window for the use of heat of hydration. Axial compressive tests of concrete
cylinders confined by the NiTiNb SMA wire jackets are used to prove that the utilization of heat of hydration is valid to
generate recovery and residual stress in the SMA wires. The confined cylinders show increased peak strengths and much
larger failure strains than those of the plain concrete. The general behavior of the SMA wire-confined specimens in this
study is similar to that of specimens heated by electronic heating jacket. Also, this study explains two examples for the
utilization of heat of hydration for the SME in reinforced concrete beams and columns.
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Introduction

The applications of shape memory alloys (SMAs) for
concrete structures in civil engineering are expanding
more and more since the alloys show a shape memory
effect (SME) or superelastic behavior (SEB). The SME
is very useful to provide confinement (Choi et al.,
2010a) or introduce prestress on concrete (Czaderski et
al., 2006; Maji and Negret, 1998), and the SEB can be
used for recovering the residual deformation of con-
crete structures (Saiidi et al., 2009; Saiidi and Wang,
2006). SMA wires or bars were applied for reinforced
concrete beams or columns for the SME or SEB. For
SME applications for confining or prestressing con-
crete, the martensitic SMAs should be heated to As,
which is the temperature to start austenite, to transform
the state of the alloy to austenite and induce recovery
stress that acts as confining pressure or prestress. In
previous studies, electronic resistance or heating jackets
were used to raise the temperature of SMAs (Choi et
al., 2008; Li et al., 2007). However, the previous heating
methods were not suitable for the embedded SMA
wires or bars that should be exposed out of concrete to
connect the electronic power cables. The heating jacket
was not appropriate for large structure and the effec-
tiveness of the heat transfer was not good for deep
embedded SMAs. Both methods used external

electronic power, which increases the difficulty of con-
struction. Concrete structures generate heat of hydra-
tion during the curing process because an exothermic
chemical reaction occurs between cement and water
(Wang et al. 2010). The heat of hydration can heat the
SMAs embedded in concrete structures and raise the
temperature of the SMAs to induce state transforma-
tion. For this purpose, the temperature of concrete
reaches up to at least As. However, controlling the tem-
perature of concrete is almost impossible since it
depends on several factors such as the size of a struc-
ture, types of cement, water/cement ratio, ambient tem-
perature, and so on. Thus, the temperature window of
the SMAs in concrete should be controlled. The tem-
perature windows consist of four temperatures such as
Ms, Mf, As, and Af. In heating phase, austenitic state
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starts at As and is finished at Af. In cooling phase rever-
sely, martensitic state starts at Ms and finishes at Mf.
The As of an SMA should be higher than the highest
ambient temperature to be stored in the air and lower
than concrete curing temperature to be transformed the
state of SMA. Also, the Af is required to be lower than
the concrete curing temperature to complete the state
transformation due to hydration heat. The last require-
ment is that the Ms must be lower than the lowest
ambient temperature to maintain the developed recov-
ery stress.

In general, NiTi SMAs are most popular in the civil
applications since they show good mechanical proper-
ties (DesRoches et al., 2004). However, they show nar-
row temperature hysteresis between As and Ms and,
thus, their applications for the SME are restricted for
civil structures. NiTiNb SMAs were introduced to
overcome the problem and showed relatively wider
temperature hysteresis than NiTi SMAs (He et al.,
2004; Seigert et al., 2002; Zhang et al., 1991). Also, the
temperature hysteresis of the NiTiNb SMAs was
widened by introducing prestrain in the alloys (Choi
et al., 2010b; Dong et al., 2002). Thus, the As at around
the temperature of concrete can be archived by apply-
ing a specific prestrain on an NiTiNb SMA. The objec-
tive of this study is to manufacture an NiTiNb SMA
for the utilization of heat of hydration and to prove the
confining effect of SMA wire on concrete under the
temperature induced by the heat of hydration.

Heat of Hydration of Concrete and
NiTiNb SMA Wire

The heat generated by the cement’s hydration raises the
temperature of the concrete. Dwairi et al. (2010) mea-
sured the temperature of prestressed concrete girders
and showed that the internal temperature of the con-
crete reached a maximum of 70�C at 20 h after starting
curing of the concrete and was maintained for approxi-
mately 4 h. This result corresponded to the analytical

results of Wang et al. (2011). The simulation study
showed that the maximum temperature of 70�C of a
bridge deck of concrete box developed in 20 h. Thus,
based on the fact that the maximum temperature of
concrete due to the heat of hydration was approxi-
mately 70�C, this study intended to prepare an NiTiNb
SMA in which As and Af are located at around 70�C.
The alloy of Ni50–Ti41–Nb9 (at. %) was melt by high-
frequency vacuum induction; then hot rolling into wires
with a diameter of 1.02 mm at 850�C was conducted.
The wires were annealed at 850�C for 15 min, and then
the wires were deformed into 1.0 mm diameter wires by
cold drawing. During the process, it was estimated that
3.88% prestrain was assigned to the wires. The assigned
prestrain changed the temperature windows of the alloy
measured from differential scanning calorimetry (DSC)
as shown in Figure 1. The As and Af of the ingot an
hour after accomplishment of melting were measured
as 232.44�C and 22.78�C, respectively. However, after
assigning the prestrain due to cold drawing, the As and
Af of the wires changed to 50�C and 84�C, respectively.
The Ms and Mf of the prestrained wires were too low to
measure. Thus, the prestrained wires can start to trans-
form to austenitic state under the temperature of 70�C;
however, the transformation cannot be completed since
the Af was higher than 70�C.

In the application of SME for civil structures, the
temperature windows are of importance since the struc-
tures are exposed to the natural environments. In this
study, the As of the wires should be higher than the
highest possible ambient temperature, for example
40�C, in order to store them under ambient tempera-
ture. Also, the Ms should be lower than the possible
lowest temperature, for example 210�C, to maintain
the developed recovery stress of the wires; when the
temperature of the wires becomes lower than Ms, the
wires lose all recovery stress because of transformation
to a martensitic state. The SMA wires prepared in this
study satisfied the requirements for Ms and As, but
were not satisfactory in that the Af was higher than
70�C.
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Figure 1. DSC curves for ingot and prestrained wire of the NiTiNb alloy.
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The NiTiNb SMA wires with prestrain were heated
at 200�C for an hour to recover the residual strain and
cooled down to room temperature. Then, the tests for
measuring recovery and residual stress with varying
prestrains of 3%–7% were conducted. The wires were
elongated at room temperature, approximately 15�C,
and unloaded to zero stress. Then, the wires were
heated to 70�C or 100�C with constraining of the defor-
mation, which generated recovery stress in the wires;
wires were then cooled down to room temperature,
which reduced the recovery stress; the remaining stress
is called residual stress. The temperature 70�C repre-
sented that of concrete induced by heat of hydration,
and the temperature 100�C, which was higher than the
Af of the wires, was used to transform the wires to aus-
tenitic state perfectly. Figure 2 shows the recovery and
the residual stress for 70�C and 100�C heating, respec-
tively. The 70�C heating produced smaller recovery
stress than the 100�C heating since the 70�C heating
partially transformed the SMA wires to austenitic state.
Also, the residual stresses due to the 70�C heating were
smaller than those for the 100�C heating. When pre-
strain of 3.88% was assigned, the residual stresses for
the 70�C and the 100�C heating were estimated to be
19.03 and 27.98 MPa, respectively, using interpolation.
If prestrain of 6% or 7% is assigned to the wires, larger
residual stress can be achieved than that by 3.88% pre-
strain. Larger residual stress is better to provide more
external confining pressure. However, the temperature
windows of the wires with 6% or 7% prestrain may
deviate from the target, and thus the use of 6%–7%
prestrain should be considered cautiously.

Specimens and Test Setup

This study chose SMA wire confinement for concrete
to investigate the possibility of heat of hydration to
induce the SME. Previous studies showed that SMA
wires of NiTi or NiTiNb alloy provided external

confining pressure on concrete and increased the peak
strength and the failure strain of the concrete (Choi
et al., 2010a). In the previous studies, a high tempera-
ture of 200�C was used to generate full austenitic trans-
formation. This study, following previous studies, used
concrete cylinders with dimensions of 150 3 300 mm
(Ø 3 L), and SMA wires as external jackets wrapped
around concrete cylinders with a center-to-center pitch
of 1.0 mm. Two plain and six SMA wire jacketed cylin-
ders were prepared. Two of six SMA wire jacketed spe-
cimens were heated at a temperature of 70�C for an
hour in an electronic oven, which simulated the heating
by heat of hydration, and then cooled down to room
temperature. Two specimens were heated at a tempera-
ture of 100�C for an hour and then cooled down to
room temperature, at which the SMA wires were per-
fectly transformed to austenitic state. The last two spe-
cimens followed the same procedure as that of the 70�C
heated specimens. However, the last specimens were
put into a refrigerator for a day to reduce the tempera-
ture down to 220�C and were carried in a box of dry
ice to maintain the temperature for compressive tests.
This simulated the exposure of the specimens to an
extremely low-temperature environment. The SMA
wire jacketing procedure has been described at length
in previous studies. To describe in brief, two anchors
were fixed at the top and bottom of a cylinder to fasten
the wires, which were wrapped manually. Then, the
specimen was placed in an oven and heated to a specific
temperature.

The compressive tests were conducted with monoto-
nously increased displacement control of 0.5 mm/min
for plain or 1.0 mm/min for confined specimens. The
axial and the circumferential deformation were mea-
sured using three displacement transducers and a cir-
cumferential extensometer, respectively, as shown in
Figure 3. The three displacement transducers were
located between two sole plates at the top and bottom
of the cylinders, and the extensometers were placed at
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Figure 2. Recovery and residual stress with varying prestrains
and temperatures.

Figure 3. Test setup for the compressive tests: (a) displacement
transducer and (b) extensometer.
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the middle of the specimens. A preload of 10 kN was
applied to confirm contact of the sole plates to the top
and bottom surfaces of the concrete cylinders. The
measured deformations were used to calculate the axial
and the circumferential strain.

Test Results and Discussions

Failure Mode

The 30 mm length at each end of the specimens was not
confined by the SMA wires to place the two anchors.
Thus, both ends of the confined specimens were started
to be crushed after the onset of peak strength, as shown
in Figure 4(a). The axial strains of the confined speci-
mens at peak strength were shown up in the third
column in Table 1. The corresponding circumferential
strains at peak strength were 0.694% and 0.769% for
the specimens of 70T and 0.772 and 0.612% for the spe-
cimens of 100T, respectively. Then, the inside concrete
was crushed, which distorted the round shape of the
cylinders (see Figure 4(b)). The middle part of the cylin-
ders bulged greatly with the increasing stroke displace-
ment, and the wires at the middle were fractured and
several rounds of wires got lose, as can be seen in
Figure 4(c). The circumferential strain for the fracture

of the SMA wires was 8.5% although the axial failure
strains were different from each other as shown in the
fifth column in Table 1. The concrete at the middle,
without confinement, was crushed into a saw-like shape
as shown in Figure 4(d).

Axial Behavior

The stress–strain curves of the specimens in the axial
direction are shown in Figure 5, and the specific values
such as peak and failure strength and the correspond-
ing strains appear in Table 1. Also, the table shows the
peak strength-increasing factors ks and the failure
strain increasing factor fe of the confined specimens
against the unfenced specimens. The factors are
expressed in the equations below:

ks =
f 0cc

f 0co
ð1Þ

fe =
ef, con

ef, un
ð2Þ

where f 0cc and f 0co are the peak strengths and ef, con and
ef, un are the failure strains for confined and unconfined
concrete, respectively. The SMA wire jackets increased
the peak strengths and the failure strains of the

Table 1. Specific values of axial compressive tests.

Specimen f0co or f0cc (MPa) eco or ecc (31023) ff (MPa) ef (31022) ks fe

Plain-1 30.3 2.23 6.96 0.393 — —
Plain-2 30.3 2.34 3.62 0.592 — —
70T-1 37.8 5.15 42.7 4.24 1.25 8.6
70T-2 42.6 5.50 38.5 4.43 1.41 9.0
100T-1 43.1 6.05 43.6 4.90 1.42 9.9
100T-2 41.2 4.79 42.4 3.95 1.36 8.0
-20T-1 40.8 4.65 37.8 6.24 1.35 12.7
-20T-2 44.3 5.41 52.9 5.44 1.46 11.1

Figure 4. Failure mode of the confined specimens.

1952 Journal of Intelligent Material Systems and Structures 22(17)

 at YONSEI UNIV LIBRARY on December 26, 2011jim.sagepub.comDownloaded from 

http://jim.sagepub.com/


confined specimens as was found in previous studies.
The average peak strength increasing factor of the spe-
cimens heated to 100�C was 1.39, which was larger by
4.5% than that of the specimens heated to 70�C.
However, it seems that both types of the specimens
showed a similar peak strength increasing factor con-
sidering that a specimen of 70T showed a deviated
result. The failure strain increasing factors ranged
between 8.0 and 9.9 for both specimens of 70T and
100T.

The SMA wires provided active and passive external
confinement in concrete. The passive confinement was
provided by the stress developed in the wires due to the
lateral bulge of the concrete cylinder. Also provided
was active confinement due to the residual stress. If the
passive confinement is equal for both types of speci-
mens, only active confinement affects the difference of
the peak strength of the concrete. The residual stresses
were estimated as 19.03 and 27.98 MPa for specimens
heated to 70�C and 100�C, respectively. The active con-
fining pressures were calculated following Equation (3)
and estimated as 0.20 and 0.29 MPa, respectively. The
effect of active confining on peak strength was so small

to neglect, and the above judgment was reasonable. The
confining effect will be discussed in detail later.

fl =
2Afh

SD
ð3Þ

where A= cross-sectional area of SMAwire, fh =residual
stress, S = the spacing pitch, and D = the diameter
of the specimen.

The temperature variation of the two confined speci-
mens that were heated to 70�C and, then, cooled down
to 220�C is shown in Figure 6. The temperature of the
two specimens inside the refrigerator was 221.0�C. The
temperatures of the specimens just before starting the
tests were 0.26�C and 220.2�C for -20T-1 and -20T-2
specimens, respectively. The time for setting up the spe-
cimen of -20T-1 was delayed a little and the tempera-
ture rose to 0.26�C. The two specimens showed an
average strength increasing factor of 1.41, which was
nearly the same value as that of the other types of speci-
mens; this means that SMA wires were not transformed
to martensitic state and, thus, maintained a part of the
initial residual stress. If the SMA wires are transferred
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Figure 5. Axial behavior of the confined specimens compared to that of plain concrete cylinder: (a) 100�C versus 70�C and (b) room
temperature versus 220�C.

Figure 6. Temperature variation of -20T- specimens: (a) temperature inside the refrigerator, (b) -20T-1 specimen, and (c) -20T-2
specimen.
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to martensitic state, the wires lose all residual stress.
Under these conditions, the wires neither attach them-
selves to the concrete surface tightly nor they provide
external confinement. Thus, it was found that the Ms of
the NiTiNb SMA wires with the 3.88% prestrain was
below 220�C. However, the length of the SMA wires
shrunk at 220�C due to the thermal effect, which tigh-
tened the wires on the concrete surface. If the wires are
warmed up to room temperature, the length of the
wires is increased; this may affect the test results. The -
20T-2 specimen showed a strength-increasing factor of
1.46, the largest among the specimens and a value
larger by 8.1% than that of -20T-1 specimen. In gen-
eral, the residual stress of SMA alloys depends on the
temperature, and, thus, the lower temperature provides
the lower residual stress. However, the shrinkage of the
SMA wires due to low temperature may compensate
the relatively low residual stress to provide external
confining pressure on concrete. For the room tempera-
ture, the residual stress increases and may compensate
the expansion of the wires.

Circumferential Behavior

Figure 7 shows the circumferential strains as a function
of the axial strain. Following the study of Harries and
Kharel (2002), the curves were divided into three parts:
(1) initial, (2) transition, and (3) ultimate. The ratio of
the circumferential strain to the axial strain was con-
stant in the initial part up to the axial strain of 0:6ecc,
where ecc was the strain at the peak strength in the axial
direction. The constant ratio in the initial part repre-
sented the Poisson’s ratio of the specimen, and the esti-
mated average Poisson’s ratios were 0.12 and 0.14 for
the 70T and 100T specimens, respectively. These values
corresponded to the range of Poisson’s ratios of normal
concrete, from 0.11 to 0.21 (MacGregor and Wight,
2005). In this range, the passive confining effect was
nearly negligible since the lateral bulge was too small.

After that, the ratio increased linearly up to 2:0ecc and
became stable again with a constant value. The passive
confinement was activated effectively in the transient
part due to the large bulges of the specimens. The aver-
age peak strains were 0.00533 and 0.00542 for 70T and
100T specimens, respectively. Thus, the values of 0:6ecc

and 2:0ecc became approximately 0.00322 and 0.0107,
respectively. Figure 7 also shows the circumferential
strains at the peak strength; the average values were
0.00722 and 0.00691 for 70T and 100T specimens,
respectively. These values can be used to calculate the
passive confining pressure due to the SMA wire jackets.

Confining Effectiveness

There were about 15 models to assess the confining
effectiveness of external or internal confinement of con-
crete (Moghaddam et al., 2010). Among these, the
model proposed by Richart et al. (1928) in the equation
below was used in this study.

f 0cc

f 0co
= 1 + k1

fl

f 0co
ð4Þ

where, fl is the confining pressure and k1is the confine-
ment effectiveness coefficient; Richart et al. (1928) sug-
gested 4.1 of k1 for the transverse steel reinforcement.
A previous study indicated that the Richart model was
well matched to the experimental data of the concrete
confined by SMA wire jackets (Choi et al., 2010a).
When an external jacket is made of steel or fiber rein-
forced plastic (FRP), the confining pressure, fl, at the
peak strength is calculated using the yield stress of steel
or the fracturing stress of FRP. In this case, the fh in
Equation (3) plays the same role as that of the yield
stress of steel or the fracturing stress of FRP. However,
for SMA wire jackets, there were active and passive
confining pressure, and, thus, the confining pressure, fl,
consisted of the active and the passive pressure and is
calculated following the below equation:

0.000 0.002 0.004 0.006
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.00769

(a)

 SMA70°C-1
 SMA70°C-2

Axial strain (m/m)

C
ir

cu
m

fe
rn

ti
al

 s
tr

ai
n 

(m
/m

)

0.00694

0.000 0.002 0.004 0.006 0.008
0.000

0.003

0.006

0.009

0.012

0.015

0.00612

(b)

 100T-1
 100T-2

Axial strain (m/m)

C
ir

cu
m

fe
re

nt
ia

l s
tr

ai
n 

(m
/m

)

0.00772

Figure 7. Plot of ratios of circumferential strain to axial strain: (a) SMA 70�C and (b) SMA 100�C.
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fl = fl, active + fl, passive ð5Þ

where fl, active and fl, passisve represent the active and the
passive confining pressure. The active confining pres-
sure is developed due to the residual stress and was esti-
mated in the above section. Determination of the SMA
wire behavior under residual stress is necessary to esti-
mate the passive confining pressure. Choi et al. (2010b)
showed that the stress–strain curve of SMA wire under
residual stress reached the unloading prestrain in an
almost linear fashion, as shown in Figure 8. In the fig-
ure, the residual stress provided active confinement,
and the stress due to additional strain provided passive
confinement. The SMA wires were manufactured with
3.88% prestrain, and, thus, this study used values of
4% prestrain for each case to estimate the passive stress
on the SMA wires. In Figure 9, the solid lines represent
the behavior of the SMA wires under residual stress.
The passive stress of the SMA wires was calculated
using the slopes of the lines and the circumferential
strains. Table 2 shows the estimated active and passive
stress of the wires and the active and passive confining

pressure for each case. Figure 9 shows the total stresses
of the SMA wires including the active and passive
stress. The estimated values of k1 were 7.60 and 8.25
for 70�C and 100�C heating case, respectively. When
the data for both cases were used, k1 was estimated as
7.95, which was larger than the value of 4.33 found in
the previous study (Choi et al., 2010a). In general, the
mechanical properties of SMA wires vary a great deal
due to the components of the SMA alloys and the man-
ufacturing process. Thus, the SMA wire jackets do not
produce the same value of k1 in every case, as steel
jackets do (Choi et al., 2010a).

Discussion and Application

When SMA bars or cables are embedded in concrete,
the heating of the SMAs for SME is not easy. In labora-
tory tests, SMA bars or cables were exposed outside to
connect to electric power. The SMA bars or cables were
used for civil structures as a kind of reinforcement in
longitudinal or transverse directions. Thus, their expo-
sure may produce inconvenience during construction,
and the exposed part could be a critical section suscepti-
ble to damage due to stress concentration or discontinu-
ity of the concrete surface. The utilization of heat of
hydration of concrete can be a very effective heating

Table 2. Active and passive confining pressure.

Specimen factive

(MPa)
fpassive

(MPa)
fl; active

(MPa)
fl; passive

(MPa)
fl
(MPa)

70T-1 20.6 99.5 0.20 1.05 1.25
70T-2 20.6 110.0 0.20 1.17 1.37
100T-1 28.7 93.7 0.29 0.99 1.28
100T-2 28.7 118.2 0.29 1.25 1.54

factive, fpassive: stress on the SMA wires.

fl; active, fl; passive, fl: confining pressure due to the stress of the SMA wires.

Figure 8. Active and passive stress of SMA wires under residual
stress.
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source to induce SME of SMA bars or cables inside
concrete. For such a case, the temperature window of
the SMAs should be controlled as mentioned above,
and the NiTiNb SMA is appropriate for the purpose.
The products of precast concrete are generally cured
using steam. In such a case, the use of heat of hydration
can be more effective since a high enough temperature
of concrete can be guaranteed.

Reinforced concrete beams have flexural cracks at
the bottom around the midspan and diagonal cracks
around one-quarter and three-quarter points. The SMA
bars or cables can be used to control such cracks, as
shown in Figure 10(a). First, prestrained SMA bars or
cables are fixed to the steel reinforcement using cou-
plers, and, then, the heat of hydration of concrete can
induce the SME of the SMA bars or cables and develop
stress on the bars or cables. The reinforced columns are
usually found to fail due to the buckling of the longitu-
dinal reinforcements between transverse reinforcements
at the bottom (Choi et al., 2010c). Thus, when pre-
strained SMA wires are wrapped around a critical sec-
tion of the longitudinal reinforcement, as shown in
Figure 10(b), the SMA wires can be activated by the
heat of hydration and provide confining pressure on the

longitudinal reinforcement, preventing the buckling of
the reinforcement.

Conclusion

This study proposed the utilization of heat of hydration
of concrete to induce an SME in SMA bars or wires
embedded in concrete; this is considered to be an inno-
vative method compared with previous methods. The
NiTiNb SMA alloys are suitable for the purpose since
they can show wide temperature hysteresis and their
temperature window can be controlled by applying pre-
strain. This study prepared an NiTiNb SMA alloy to
allow for an appropriate temperature window for the
use of heat of hydration. Also, this study proved that
the concrete temperature due to the heat of hydration
activated the SME and provided active confinement in
concrete cylinders and that SMA wire jackets increased
the peak strength of the confined concrete. However,
one point was not perfect, the fact that the Af of 84�C
was higher than the concrete temperature developed by
the heat of hydration. The NiTiNb SMA wires were
not perfectly performed to an austenite state under
70�C, although the wires started to transform to an
austenite state from 50�C. In this study, there was a
slight difference between the perfect transformation
and the partial transformation of the SMA wires to
austenite state since the residual stresses at 70�C and
100�C heating did not show a significant difference.
The residual stresses developed in this study were rela-
tively small compared to those seen in the previous
study; this was not beneficial to provide large active
confinement or prestressing. Thus, it will be necessary,
in further studies, to develop NiTiNb SMA alloys that
show a proper temperature window for the use of heat
of hydration and show large residual stress.
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