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Abstract: In this study, an experimental investigation was
conducted to assess the flexural tensile strength and crack-
closing performance of mortar beams containing short
shape memory alloy (SMA) fibers, randomly distributed
only on the tensile side. The SMA fibers were mainly
composed of titanium (Ti), nickel (Ni), and niobium (Nb). In
addition, the effect of tensile steel wires on the flexural
strength and crack-closing performance was evaluated. A
four-point bending test was performed to evaluate the post-
cracking tensile strength. This study also suggested a proper
model to calculate the ultimate flexural moment of the SMA
fiber-embedded beams. Subsequently, a heating plate that
could be installed at the bottom of the beam was used to
induce the shape memory effect and measure the closed
crack width. This study assessed the crack-closing perfor-
mance induced by the SMA fibers at the bottom side of the
beams and the resistance of the tensile wires in the beams.

Keywords: shape memory alloy, shape memory effect,
crack closure, ultimate flexural strength, residual flexural
strength, volume fraction, fiber reinforced, cement mortar
beams

1 Introduction

Shape memory alloys (SMAs) are considered smart
materials with two distinctive properties: superelasticity
and shape memory effect (SME). Superelasticity refers to
the ability to return to a predefined shape upon
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unloading after undergoing large nonlinear deformation.
In other words, inelastic deformation, which occurs
above the austenite finish temperature A;, can be
recovered promptly when the applied load is removed.
SME is the phenomenon of the alloy returning to its
initial shape. This implies that inelastic deformation
remains upon unloading but is recovered upon heating
the alloy to a temperature above Ay.

SMAs have been mainly used in the field of medical,
aerospace, and automotive engineering since their
development in the 1960s [1,2]. In recent years, the
application of SMAs has been extended to the field of
architectural and civil engineering. Particularly in
bridges and buildings, it is necessary to control oscilla-
tions caused by external forces, such as winds, earth-
quakes, and trafficc which could induce progressive
damage and failure [3-5]. Therefore, SMAs in the form of
a wire and plate have been used to provide resistance to
external loads and control the behavior of the structural
members. Dolce and Cardone [6,7] performed cyclic
torsion and tensile tests to examine the secant stiffness,
energy loss, equivalent damping, and residual strain of
the NiTi SMA wires. The results of the study showed that
the SMA wires had high potential for use as a seismic
device with considerable energy dissipation capacity
and fatigue resistance. Mekki and Auricchio [8] intro-
duced an energy dissipation device for cables in cable-
stayed bridges using superelasticity and damping
capability of SMAs. They assessed the effects of the
area, length, and location of the SMA device on the
control of the displacement of the cables. Torra et al. [9]
also investigated the performance of the SMA wire
dampers in stayed cables and provided suggestions on
the appropriate length and required number of SMA
wires. Zhang and Zhu [10] proposed SMA wire dampers
for controlling the seismic response of a three-story
building. A NiTi SMA wire was used in the proposed
SMA dampers for large energy dissipation during earth-
quakes. In addition to dampers, deformation control
devices, such as braces, connections, and base isolators,
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have been proposed for enhancing the seismic perfor-
mance of structures [11-14].

Studies have been conducted on the prestressing or
strengthening of the structural and concrete members
[15-17]. Abdulridha and Palermo [18] conducted an experi-
mental study to assess the performance of an SMA
steel-reinforced concrete slender shear wall, which showed
considerable displacement restoration after being subjected
to large drifts. Branco et al. [19] strengthened a composite
wall using the hysteretic behavior of NiTi wires, which
proved to be a promising technique in reinforcing old
building walls. Shahverdi et al. [20] used the SME of the iron-
based SMA strips, which develops from recovery stress owing
to their mechanical fixation, for strengthening reinforced
concrete structures. Mas et al. [21] proposed the use of NiTi
SMA cables for longitudinal reinforcement in concrete beams
on the basis of uniaxial tensile and cyclic tests. They showed
a limiting factor of SMA cables with low modulus of elasticity
in applications but observed that SMA cables showed good
strain recovery owing to the superelastic property. Choi et al.
[22] attempted to induce recovery stress of SMA wires in
reinforced concrete beams by using the heat of hydration of
the concrete.

SMA wires or bars have a concern of being connected
at both ends and interfering with steel bars in concrete
structures. Recently, several studies have employed an idea
of fiber-reinforced cement composites, prepared by mixing
discontinuous short-length fibers with cementitious mate-
rials for field applications [23-30]. Lee et al. [31] measured
crack widths in mortar beams owing to SME of the SMA
fibers installed between cracks. This experimental study
showed that the closed crack width increased as the
number of fibers increased. Furthermore, Lee et al. [32]
distributed NiTi and NiTiNb fibers randomly in mortar
beams and evaluated the crack-closing performance and the
residual flexural capacity of the SMA fiber—reinforced
mortar beams. Pazhanivel et al. [33] investigated the effects
of NiTi SMA short fibers on the mechanical and flexural
properties of the glass fiber—reinforced polymer composites.
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Xu et al. [34] proposed a finite element modeling of the
pseudoelasticity and SME in the SMA fiber-reinforced
composites using a representative volume element and a
commercial software platform.

Applications of SMAs are still limited because of a
lack of understanding of material properties, insufficient
knowledge of SMA-based design, and high cost [14,35].
This study was aimed at improving the functionality and
usability of SMAs in cement-based members. Beam
specimens with a length of 160 mm and a cross section
of 40 x 40 mm were designed. SMA fibers were randomly
mixed with cementitious materials. Subsequently, the
SMA fiber-reinforced cement composites were distributed
only at the bottom of the beams, where the beams are
most vulnerable to cracking. The SMA fibers mainly
comprised titanium (Ti), nickel (Ni), and niobium (Nb).
The austenite finish temperature was designed to be
around 100°C to prevent damage to the cementitious
material during the heating process. A four-point bending
test was performed to evaluate the tensile flexural
strength and cracks were generated at the bottom of the
beam during the test. After that, a heating plate that
could be installed at the bottom of the beam was used to
induce the SME and measure the closed crack width. The
effects of the SMA fibers on the crack-closing performance
and flexural tensile strength of beams were determined
for fiber volume fractions of 0.50%, 0.75%, and 1.00%.

2 Experiments

2.1 Preparation of specimens and material
properties

In this study, beam specimens with a cross section of
40 x 40mm and a length of 160 mm were designed.
Figure 1 shows the dimensions and geometry of the
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specimens, including a cross-sectional view. The SMA
fibers with a length of 30 mm and a diameter of 0.67 mm
were fabricated from NiTi and NiTiNb SMA wires with
compositions of 56.8% Ni and 43.2% Ti, and 42.5% Ni,
45.3% Ti, and 12.2% Nb, respectively.

The water-to-cement and sand-to-cement ratios
were 0.40 and 2.5, respectively. Superplasticizer was
added at 1.0% by the cement mass. Therefore, the
amounts of water, cement, and sand used in the study
were 0.428, 1.07, and 2.14 kg, respectively. Cement and
sand were mixed under dry conditions for approximately
3 min. After dry mixing, water was added to the mixture:
two-thirds of water was first mixed for approximately
3min, and the remaining water was mixed for 1 min.
SMA fibers were then added to the mixture, and the
cement composites randomly mixed with SMA fibers were
prepared. The cement composites incorporated with SMA
fibers were poured only in the bottom half of the beam, as
shown in Figure 1. Smooth two steel wires with 2 mm in
diameter were installed at 5 mm from the bottom of the
beam specimen. Immediately after that, normal cement
mortar was poured in the top half of the beam.

The test variable considered in this study was the
volume fractions of the SMA fibers, 0.50%, 0.75%, and
1.00%. In addition, this study evaluated the effect of
tensile steel bars on the flexural strength and crack-
closing capacity. Table 1 lists the names and numbers of
the specimens with test variables. The experimental data
of the NiTi SMA specimens were taken from the previous

Table 1: Specimen names and test variables

Specimen Types of Types of Fiber volume
name SMA fiber tensile bar fraction (%)
B00O None None None
B000-TB Smooth wire

B0OO0O-NiNb NiTiNb None 0.00
B050-NiNb 0.50
B075-NiNb 0.75
B100-NiNb 1.00
B0O0O-NiNb-TB Smooth wire 0.00
B050-NiNb-TB 0.50
B075-NiNb-TB 0.75
B100-NiNb-TB 1.00
BOOO-NiTi NiTi None 0.00
B050-NiTi 0.50
BO75-NiTi 0.75
B100-NiTi 1.00
BOO0O-NiTi-TB Smooth wire 0.00
B050-NiTi-TB 0.50
B075-NiTi-TB 0.75
B100-NiTi-TB 1.00
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study [36], which was designed by an author of the
article.

The SME of the SMA results from a phase transfor-
mation from the martensitic to austenitic state. Austenite
start and finish temperatures used in this study, As and
Ag, were 74.2 and 100.3°C for the NiTi SMA fiber and 80.1
and 93.9°C for the NiTiNb SMA fiber. In fact, A was
designed to prevent damage to the cementitious matrix
during the heating process. In addition, the mechanical
properties of the SMA fibers and steel bars — the yielding
and ultimate stresses and the modulus of elasticity —
were determined by conducting uniaxial tensile tests.
Vision measurement and image analysis technique using
targets on a wire were used to accurately obtain the
stress—strain curves of the NiTi and NiTiNb SMA and the
round steel wires, as shown in Figure 2. The yielding
stress obtained by the 0.2% offset method was approxi-
mately 1,064 and 853 MPa for NiTi and NiTiNb SMA
fibers, respectively. The ultimate stress of the NiTi and
NiTiNb SMA fibers was approximately 1,467 and
1,133 MPa, respectively. The modulus of elasticity of the
SMA fibers was 35.5 GPa, as presented in Figure 2. The
smooth steel wire showed the vyielding stress of
approximately 328 MPa, ultimate strength of 422 MPa,
and modulus of elasticity of 102.6 GPa.
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Figure 2: Stress and strain curves of the SMA fibers and steel wires.

2.2 Experimental setup and procedure

A four-point bending test was performed for evaluating
the flexural strength of the beam reinforced with SMA
fibers on the tensile bottom side. The beams developed
permanent flexural cracks during the bending test.
Therefore, heating was applied to the beams, and the
extent to which cracks were closed by the SME of the
SMA fibers was evaluated.
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Figure 3 shows the setup and instrumentation for the
bending tests and crack-closing tests. The beam span was set
to 120 mm under simply supported conditions. The load was
applied under displacement control at a rate of 0.1 mm/min.
The distance between the loading points on the top surface
of the beam was 300 mm, which led to a constant moment in
the middle of the beam. The magnitude of the load was
measured using a load cell mounted on an actuator, and the
vertical deflection was simultaneously measured with a
linear voltage displacement transducer (LVDT) installed in
the middle of the beam, as shown in Figure 3a. A preliminary
test found that the first cracking occurred at a vertical
deflection of around 0.2 mm, and thus, the bending test was
continued up to a vertical deflection three times the first
cracking deflection, which is around 0.6 mm. However, the
deflection of 0.6 mm was adjusted appropriately to prevent
the collapse of the beam. Subsequently, the applied load was
gradually removed to measure the widths of permanent
cracks formed at the bottom of the beam.
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Figure 3: Experimental setup: (a) beam test and (b) crack-
closing test.

To evaluate the flexural crack closing, heat was applied to
activate the SME of the SMA fibers embedded in the beam.
A heating plate that could be placed at the bottom of the
beam was fabricated in this study, as shown in Figure 3b.
The beam was heated up to 120°C by using a controller
installed on the heating plate. Thermocouples were installed
on the side surfaces at the middle of the beam to ensure
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that the temperature of all the SMA fibers in the beam
approached the target temperature. After the target tem-
perature was maintained for about 30 min, a magnifying
lens was used to measure crack widths and compare the
widths before and after heating. The crack width was also
measured after the beam was cooled to room temperature to
ensure that the closed crack width remained unchanged.

3 Results and discussion of
bending tests

3.1 Load and deflection curves

Figure 4 shows an example of load and vertical deflection
curves plotted from load cell and LVDT measurements for
the control specimens and the NiTiNb SMA fiber—embedded
beam specimens with fiber volume fractions (vf) of 0.50%,
0.75%, and 1.00%. The load and vertical deflection curves
of the beam specimens with NiTi SMA fibers, plotted in ref.
[36], were similar. The load increases almost linearly with
the deflection. The load, at which a crack was initiated on
the beam, was defined as the cracking load P.,. The control
beam specimens without tensile wires showed a significant
decrease in the load resistance and immediate flexural
failure once a crack occurred and propagated, as shown in
Figure 4a. On the other hand, the beam specimens without
tensile wires but incorporated with SMA fibers on the tensile
bottom side of the beam showed a load resistance after a
crack occurred. The load resistance dropped immediately
after a crack occurred on the beam but recovered to
maintain some residual resistance until failure, as shown in
Figure 4b-d. In particular, as the volume fraction of the
SMA fibers increased, the post-cracking load resistance
tended to increase. The beams with tensile wires showed a
typical behavior resisted by wires, particularly after crack,
as expected. Table 2 summarizes the critical and ultimate
loads, P, and P,, obtained from the beam tests.

The trends in P, and P, were evaluated with changes
in the fiber volume fraction and tensile wire for the NiTiNb
and NiTi SMA fibers, as presented in Figure 5. The mean
value of P. ranged from 3.85 to 5.30kN for the NiTiNb
fiber—embedded beams and from 3.85 to 4.83 kN for the NiTi
SMA fiber—embedded beams with fiber volume fractions of
0 to 1.00%. The linear regression analysis showed that the
increase of P, was approximately 1kN when SMA fibers
were incorporated in the beams. Therefore, the influence of
SMA fibers on P, was minimal, and no significant difference
was found between the control beams and the SMA
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Figure 4: Example of load and deflection curves of the beam specimens with and without tensile wires: (a) v¢ = 0%, (b) vf = 0.50%, (c) v¢ =

0.75%, and (d) vf = 1.00%.

fiber-embedded beams, as well as the embedment of tensile
wires. P, also tended to increase somewhat with increasing
fiber volume fraction. According to the linear regression
analysis, P, increased by approximately 1.7 and 0.72 KN per
a 1% increase of the NiTiNb and NiTi SMA fibers,
respectively, as shown in Figure 6. The little higher P, in
the NiTi fiber-embedded beams is attributed to the higher
ultimate strength of the NiTi fiber.

3.2 Ultimate flexural moment

This study assessed the ultimate flexural moment of the
SMA fiber-embedded beams with tensile wires. Figure 7
shows the simplified stress distribution with a linear
strain distribution. Based on the simplified rectangular
stress distribution in the compression and tension zones,
the ultimate moment can be calculated as follows:

M, = ft(bz—h)dl + Ay d, )

where A and f, are the area and yielding stress of the
tensile wire, respectively; b and h are the width and depth
of the cross section, respectively; and f; is the ultimate
tensile stress of the SMA fiber—-embedded cement compo-
sites. According to American concrete institute (ACI) 544.4R-
88 [37], based on the study of Henager and Doherty [38], f;
is calculated by the following equation:

ﬁ = 0.0072(Lijab, (2)
ds

where [ and d; are the length and diameter of the fibers,
respectively, and ay, is the bond efficiency factor, which was
taken as 1 for straight fibers in the study. f; can also be
calculated using the following equation [39].

3

fi = ao0pveay,

where o¢ is the ultimate strength of the fibers and a, is the
orientation factor, which was taken as 0.64 for the beams
with fibers only incorporated in the tension zone [40]. A
main difference is that equation (3) accounts for the stress of
the fibers instead of the aspect ratio of geometry.
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Table 2: Summary of the test results for the beam specimens with and without tensile wires

Specimens P, (kN) PP (kN) ME® (KN mm) Specimens P (kN) PP (kN) ME® (kN mm)
B000-1 4.01 4,01 80.1 B000-TB-1 3.67 5.40 108.1
B000-2 4.01 4.01 80.1 B000-TB-2 4.26 5.27 105.4
B000-3 3.60 3.60 72.1 B000-TB-3 4.30 5.09 101.9
B000-4 3.80 3.80 75.9 B00O-TB-4 3.86 5.12 102.3
Average 3.85 3.85 77.1 Average 4.02 5.22 104.4
(Std error mean) (0.097) (0.097) (1.94) (Std error mean) (0.154) (0.072) (1.45)
B050-NiNb-1 4.31 4.31 86.3 B050-NiNb-TB-1 4,51 5.31 106.2
B050-NiNb-2 5.72 5.72 114.4 B050-NiNb-TB-2 4.24 5.06 101.1
B050-NiNb-3 4.17 4.17 83.4 B050-NiNb-TB-3 5.30 5.48 109.6
Average 4.74 4.74 94.7 Average 4.68 5.28 105.6
(Std error mean) (0.494) (0.494) (9.88) (Std error mean) (0.309) (0.123) (2.47)
B075-NiNb-1 4.81 4.81 96.3 B075-NiNb-TB-1 4.70 5.29 105.9
B075-NiNb-2 5.71 5.71 114.1 B075-NiNb-TB-2 4.30 5.59 111.9
B075-NiNb-3 4.97 4.97 99.4

Average 5.16 5.16 103.3 Average 4.50 5.44 108.9
(Std error mean) (0.274) (0.274) (5.49) (Std error mean) (0.204) (0.150) (2.99)
B100-NiNb-1 5.22 5.22 104.5 B100-NiNb-TB-1 4.25 6.01 120.3
B100-NiNb-2 4,11 4,11 82.1 B100-NiNb-TB-2 4.27 6.28 125.6
B100-NiNb-3 4.51 4,51 90.2

Average 4.61 4.61 92.3 Average 4.26 6.15 122.9
(Std error mean) (0.327) (0.327) (6.54) (Std error mean) (0.011) (0.132) (2.64)
B050-NiTi-1 4.02 4.02 80.4 B050-NiTi-TB-1 3.93 5.26 105.3
B050-NiTi-2 4.08 4.08 81.6 B050-NiTi-TB-2 3.76 5.39 107.8
B050-NiTi-3 3.77 3.77 75.4 B050-NiTi-TB-3 3.90 5.00 100.1
B050-NiTi-4 3.17 3.17 63.4 B050-NiTi-TB-4 3.71 5.35 106.9
Average 3.96 3.96 75.2 Average 3.82 5.25 105.0
(Std error mean) (0.208) (0.208) (4.15) (Std error mean) (0.054) (0.086) 1.72)
B0O75-NiTi-1 4.26 4.26 85.3 B075-NiTi-TB-1 4.53 6.42 128.4
B075-NiTi-2 4.24 4.24 84.9 B075-NiTi-TB-2 4.35 6.65 132.9
B075-NiTi-3 4.87 4.87 97.4 BO75-NiTi-TB-3 4.30 6.70 134.0
BO75-NiTi-4 4.33 4.33 86.5 BO75-NiTi-TB-4 4.20 6.28 125.7
Average 4.43 4.43 88.5 Average 4.34 6.51 130.2
(Std error mean) (0.149) (0.149) (2.99) (Std error mean) (0.069) (0.098) (1.95)
B100-NiTi-1* 2.49 2.49 49.9 B100-NiTi-TB-1 4.23 6.47 129.5
B100-NiTi-2 5.70 5.70 114.0 B100-NiTi-TB-2 6.20 6.87 137.4
B100-NiTi-3 4.93 4.93 98.6 B100-NiTi-TB-3 4.54 6.43 128.7
B100-NiTi-4 4.39 4.39 87.8 B100-NiTi-TB-4 4.34 7.24 144.9
Average 5.01 5.01 100.1 Average 4.83 6.76 135.1
(Std error mean) (0.380) (0.380) (7.60) (Std error mean) (0.461) (0.190) (3.81)

These values do not include the calculation of average and standard deviation.

Table 3 compares the mean ultimate flexural
moments obtained from the bending tests with those
from equations (2) and (3). The ratio of the ultimate
moment obtained using equation (2), M2Y, to the
experimental value, MJ*®, was 0.58 to 0.70. This is
similar to the previous discussion by Swamy and Al-
Taan [40], who showed the calculated-to-test flexural
moment of 0.772, indicating the underestimation of the
ultimate flexural moment using the ACI model [37]. On
the other hand, the ultimate flexural moment calculated
using equation (3), MY, was overestimated by

approximately 141-191%. As a result, equation (2),
which accounts for the geometry aspect ratio of the
fibers, tends to underestimate the ultimate moment of
the fiber-reinforced cement composite. On the contrary,
equation (3) overestimates the ultimate moment because
of an unclear estimation of the strength of the fibers at
the ultimate state.

When calculating the ultimate flexural moment of the
SMA fiber-embedded beams with tensile wires, this study
suggests that the ultimate strain of the fibers was assumed to
be four times the vyielding strain of the tensile wire.



360 —— Chi-Young Jung and Jong-Han Lee

Beams with NiTiNb fiber
X Beams with NiTi fiber
- Linear regression (Beams with NiTiNb fiber)
--------- Linear regression (Beams with NiTi fiber)

8000

7000
6000
5000

3000

Cracking load, P,, (kKN)

2000

1000

4000 I; ...... p————

0 - T T T T
0 0.25 0.5 0.75 1

(@)

Fiber volume fraction, v/(%)

DE GRUYTER

O Beams with NiTiNb fiber+Wire
X Beams with NiTi fiber+Wire
——— Linear regression (Beams with NiTiNb fiber+Wire)
--------- Linear regression (Beams with NiTi fiber+Wire)

8000

7000 A

[=2]
o
[=
o
1

5000

4000

3000 A

Cracking load, P., (kN)

2000 A

1000 -+

0 T T T T
0 0.25 0.5 0.75 1

(b)

Fiber volume fraction, v,(%)

Figure 5: Cracking loads of the beam specimens with fiber volume fractions: (a) beam specimens without tensile wires and (b) beam

specimens with tensile wires.
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Figure 6: Ultimate loads of the beam specimens with fiber volume
fractions.

The ultimate moment calculated using the proposed method,
M., was reasonably in agreement with the experimental
value. The ratio of MV to MJ* ranged from 0.89 to 1.06.

3.3 Residual flexural tensile strength

From the load and deflection relationships obtained from the
bending tests, the residual tensile strengths of the beams
embedded with NiTiNb SMA fibers were investigated. The
NiTi SMA fiber-embedded beams, which showed relatively
large slip in the beginning of the bending tests [36], were

excluded in this investigation. The flexural tensile strength is
calculated by the following equation [41]:

PL

f‘: i;;zs

(4)
where P is the applied load and b, d, and L are the width,
depth, and span length of the beam specimen, respectively.
The cracking strength, denoted by f, is the strength at the
first cracking load P.,.. The mean vertical deflection at P, was
calculated to be 0.26 mm. Therefore, the residual strengths
after cracking, denoted by f,o0 and fo9, Were defined at
deflections of L/400 (= 03mm) and L/300
(= 0.4mm), respectively. fioo represents the reduction in
the flexural strength immediately after cracking, and f300, at
which cracks are propagated to the top of the cross section
and the beam is close to collapse, represents the trend in the
residual strength with an increase in the post-cracking
deflection.

Figure 8 shows the cracking and residual strengths with
fiber volume fractions from O to 1.00%. The dotted lines
were obtained from a linear regression analysis. The
cracking strength f. increases with the fiber volume
fraction, as shown in Figure 8a, but the increase rate in f
is relatively small. According to the linear regression, f.
increased by approximately 1.40 MPa for a 1.00% increase
in the SMA fiber volume fraction. The residual flexural
strengths f,oo and f3oo showed a definite increase in the
SMA fiber-embedded beams with increasing fiber volume
fraction, as shown in Figure 8b and c. The dotted lines for
faoo and f5oo show a rate of increase of approximately 7.00
and 6.49MPa for a 1.00% increase in the fiber volume
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beam with tensile wires at the ultimate state.

Table 3: Comparisons of the mean ultimate flexural moment of the SMA fiber—-embedded beams with tensile wires

Specimen name M*® (kN mm) MAY (kKN mm) mc M3 (kN mm) m! M® (kN mm) M

lexpl M:xpl Mue’(p’
B050-NiNb-TB 105.6 73.9 0.70 148.7 1.41 101.0 0.96
B075-NiNb-TB 108.9 75.8 0.70 184.9 1.70 115.7 1.06
B100-NiNb-TB 122.9 77.7 0.63 219.4 179 130.2 1.06
B050-NiTi-TB 105.0 73.9 0.70 170.1 1.62 100.9 0.96
B0O75-NiTi-TB 130.2 75.8 0.58 215.2 1.65 115.6 0.89
B100-NiTi-TB 135.1 77.7 0.58 257.4 1.91 130.1 0.96

fraction, respectively. For the control specimens without
SMA fibers, which proceed to collapse immediately after
cracking, fioo and f3oo are zero. The mean f,o0 and fzo0
ranged from 2.82 to 6.68 MPa and from 2.62 to 6.33 MPa,
respectively, in the beams with the volume fraction of SMA
fibers from 0.50 to 1.00%. In particular, f300 was approxi-
mately 87% to 95% of f,0, indicating that the amount of the
decrease in the residual flexural strength is small and that
the post-cracking residual strength is maintained in the
SMA fiber—embedded beams.

3.4 Energy absorption capacity

This study also evaluated the energy absorption capacity of
the NiTiNb SMA fiber-embedded beams. The energy
absorption capacity can be calculated using the load and
deflection values up to a certain point, that is, the areas
below the load and deflection curves. Figure 9 shows the
energy absorption capacities calculated up to the cracking
deflection, L/400, and L/300, which are denoted by E,
E,00, and Esgo, respectively. The linear regression line,

dotted line in Figure 9a, exhibits an almost constant slope
in the range of fiber volume fractions of 0 to 1.00%. This
indicates that the effect of SMA fibers on E, is negligible,
which corresponds to a small increase in the cracking
strength with an increase in the fiber volume fraction. On
the other hand, E,oo and E3po Show a large increase with an
increase in the fiber volume fraction from O to 1.00%, as
shown in Figure 9b and c. As the fiber volume fraction
increased from 0.50 to 1.00%, the mean E,u, up to L/300
increased from 0.579 to 0.767], and Esqo increased from
0.726 to 1.114]. According to a linear regression analysis of
the fiber volume fraction ranging from 0 to 1.00%, E,qo and
E300 showed an increase of 0.768 and 1.170 ], respectively.

4 Results and discussion of
crack-closing tests

The bending tests resulted in crack initiation at the
bottom of the beam, and the cracks propagated to the
top of the beam section. After the applied load was
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Figure 8: Residual flexural strengths of the beam specimens with fiber volume fractions: (a) fc, (b) fa00, and (c) fzoo-

completely removed in a gradual manner, the width of
the flexural crack was measured at the bottom of the
beam. The crack width was measured using a magni-
fying lens at five locations along the crack. To close the
crack, the SMA fibers embedded at the bottom of the
beam were heated up to at least the austenite finish
temperature by using the heating plate, as described in
Section 2.2. The heating continued when a thermo-
couple attached to the beam surface in the middle of
the beam reached the target temperature of 120°C. After
the SME of the SMA fibers in the beam was fully
activated, the crack width was measured again at the
same locations used for the measurement before heating, as
shown in Figure 10. The crack width was also measured
after the SMA fiber-embedded beam was cooled to room
temperature to confirm that the closed crack width was
unchanged.

Figure 11 shows the crack widths measured before
and after heating and the percentage of the crack closure
for the NiTiNb and NiTi SMA fiber-embedded beams
with and without tensile wires. For the beams without
tensile wires, shown in Figure 1la, the NiTi SMA
fiber-embedded beams show more rapid decrease in
crack width, which indicates greater crack-closing
performance, than the NiTiNb fiber-embedded beams.
The closed crack widths ranged from 0.16 to 0.23 mm
and from 0.27 to 0.34 mm for the NiTiNb and NiTi SMA
fiber-embedded beams, respectively. The percentage of
crack closure, defined as the ratio of the closed crack
width to the initial crack width, was 34.7%, 37.2%, and
44.3% for the NiTiNb fiber—-embedded beams and 56.4%,
65.4%, and 66.7% for the NiTi fiber-embedded beams
with fiber volume fractions of 0.50%, 0.75%, 1.00%,
respectively. The crack-closing performance of the NiTi
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Figure 9: Energy absorption capacities of the beam specimens with fiber volume fractions: (a) E, (b) E400, and (c) Esgo-

(b)

Figure 10: Examples of crack width measurements on the SMAF-075 specimen: (a) before and (b) after the activation of the SME in the SMA

fibers.

SMA fiber-embedded beams increased by around
22-28% in the range of 0.50-1.00% fiber content on
the tensile bottom side. In the case of the beam
specimens with tensile wires, the crack-closing

performance also tended to increase with increasing
SMA fiber content on the tensile bottom side. However,
the beams with tensile wires showed small and similar
crack-closing performance regardless of the types of
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Figure 11: Crack closure from the SME in the SMA fibers with fiber volume fractions: (a) beam specimens without tensile wires and

(b) beam specimens with tensile wires.

SMA fibers, as shown in Figure 11b. This is because of
the resistance of the tensile wires, which reduces the
crack-closing performance induced by the SME of the
SMA fibers embedded in the beam.

5 Conclusions

This study proposes cement composites containing two
types of SMA fibers randomly distributed in mortar. The
cement composites were poured only in the bottom part
of the beam specimens, which is most vulnerable to
cracking. The SMA fiber-embedded cement composites
can influence the flexural tensile strength of a beam and
also provide crack-closing capability.

In the four-point bending tests, the control beams
showed a rapid decrease in the load resistance and
sudden brittle failure. The beams embedded with SMA
fibers showed some load resistance after cracking. f3o0
was approximately 87-95% of f,q0, which indicates that
the post-cracking strength was maintained until failure.

The energy capacities E;oo and E3qp also showed a large
increase with an increase in the fiber volume fraction
from O to 1.00%.

This study discussed some models of the ultimate
flexural moment for the SMA fiber-embedded beams
with tensile wires. Previous models largely differed from
the experimental values. Therefore, this study suggested
the ultimate strain of the fibers as four times the yielding
strain of the tensile wires when calculating the ultimate
flexural moment of the SMA fiber—-embedded beams.

The bending tests generated permanent flexural
cracks at the bottom of the beam. Heating was applied
to activate the SME of the SMA fibers embedded on the
bottom side of the beam to close the flexural cracks. The
beam specimens with tensile wires tended to increase
the crack-closing performance with increasing SMA fiber
content on the tensile bottom side. However, the beams
with tensile wires showed small and similar crack-closing
performance regardless of the types of SMA fibers.
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