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Abstract.  This study investigated the effects of the geometric parameters of superelastic shape memory alloy (SE SMA) fibers
on the pullout displacement recovering and self-healing capacity of reinforced cementitious composites. Three diameters of 0.5,
0.7 and 1.0 mm and two different crimped lengths of 5.0 and 10.0 mm were considered. To provide best anchoring action and
high bond between fiber and cement mortar, the fibers were crimped at the end to create spear-head shape. The single fiber
cement-based specimens were manufactured with the cement mortar of a compressive strength of 84 MPa with the square shape
at the top and a dog-bone shape at the bottom. The embedded length of each fiber was 15 mm. The pullout test was performed
with displacement control to obtain monotonic or hysteretic behaviors. The results showed that pullout displacements were
recovered after fibers slipped and stuck in the specimen. The specimens with fiber of larger diameter showed better displacement
recovering capacity. The flag-shaped behavior was observed for all specimens, and those with fiber of 1.0 mm diameter showed
the clearest one. It was observed that the length of fiber anchorage did not have a significant effect on the displacement recovery,
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pullout resistance and self-healing capacity.
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1. Introduction

Cementitious materials, including mortar and concrete,
are widely used for civil structures because of their
comparatively low cost, flexibility of application, and easy
composition with other components (Kim and Cho 2018,
Mohammadzadeh and Noh 2017, Jang and An 2018, Choi
et al. 2015, Yang et al. 2017). However, these materials
generally display the disadvantage of low tensile strength;
thus, they are prone to cracking due to external loading
(Kim et al. 2012, Shokri and Nanni 2014, Mohammadzadeh
et al. 2012). The first approach to overcome this problem is
to reinforce the tensile regions of cementitious structural
members using conventional steel reinforcing bars
(Dyshlyuk et al. 2017, Mohammadzadeh and Noh 2016,
Mohammadzadeh and Noh 2014, Kang et al. 2018,
Mohammadzadeh and Noh 2015). This method works well
to provide resistance against tension due to bending;
however, steel reinforcement cannot provide crack-closing
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or recovery of displacement after cracking in members of
cementitious materials (Gribniak et al. 2018, Truong et al.
2017, Mohammadzadeh and Noh 2019, Aguirre and
Montejo 2014). During the past few decades, employing
smart materials, such as shape memory alloys has been
adopted as an alternative for providing self-repairing and
crack-closing capacities in composites and cementitious
materials (Kim et al. 2014, Qiu et al. 2018, Hadi and Akbari
2016, Jiang et al. 2015). Shape memory alloys (SMAS)
possess the unique properties of the shape memory effect
and superelasticity, which are useful characteristics for
composite structures (Kim et al. 2006, Choi et al. 2016,
Mehrabi and Karamooz 2015). The shape memory effect
which induces recovery stress can be used to provide
prestressing and crack-closing. For this purpose, wires or
bars made of the SMA have been employed (Baghani et al.
2012, Schrooten et al. 2002, Pereiro-Barcelo and Bonet
2017, Shahyerdi et al. 2016, Wang et al. 2014, Feng and
Sun 2007). In these cases, end-anchoring has been used to
hold the wires or bars, or couplers are used to connect them
to steel reinforcing bars, and electric power is supplied to
increase the temperature of the SMAs to induce the shape
memory effect; however, the end-anchoring, coupler, and
electric power supply are troublesome. Recently, SMA short
fibers using the shape memory effect have been applied to
achieve prestressing and crack-closing in mortar beams
(Choi et al. 2016, Choi et al. 2015, Liu et al. 2015). SMA
short fibers can be used without any interface to steel
reinforcing bars in reinforced concrete (RC) beams. SMA
short fibers can be placed at a specific location or randomly
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Fig. 1 Hlustrations and photographs of spearhead SMA fibers

distributed in mortar or concrete. In such cases, electronic
power cannot be used to heat the SMA fibers; therefore,
heat guns or flame are used to increase the temperature of
the SMA short fibers. NiTi SMA short fibers placed at the
bottom of the mortar beams can successfully provide a
prestressing force which induces up-lift displacement of the
beam when the SMA fibers are heated before cracking
occurs. When the SMA fibers are heated after cracking, the
recovery stress closes the opened crack and supplies closing
force at the crack-surface. If an adhesive such as epoxy is
applied on the crack-surface, the tensile strength at the
crack is recovered and, thus, the crack is repaired.
Superelastic (SE) SMAs are also applied to reinforced
concrete (RC) structures to provide self-centering or self-
repairing capacity without any external energy supply. For
SE SMA applications, wires or bars have been employed for
beams, beam-column connections, and bottom connection
of RC columns (Choi et al. 2015, Kabir et al. 2016, Oudah
and El-Hacha 2017, Li et al. 2015, Abou-Elfath 2017, Choi
et al. 2018). They were successful to recover deflection of
beams due to external loadings when the loadings were
removed, and they also increased the self-centering capacity
of conventional columns. After that, SE SMA short fiber
was applied to automatically close cracks in mortar or
concrete beams when external loading was removed.
Several pullout tests of SE SMA fibers have been conducted
with various end shapes of the fibers (Choi et al. 2018,
Horney et al. 2012, Choi et al. 2017). In addition, SE SMA
short fibers have been applied to mortar beams to obtain the
capacity to self-close cracks (Choi et al. 2018, Farmani and
Ghassemieh 2016). However, these attempts were not very
successful; the SE SMA fibers partially recovered the
deflection of the beams with unloading. In the pullout tests,
the SE SMA fibers showed residual displacement. This
result was different from those obtained for beams using
wires or bars of the SE SMA. Wires or bars of SE SMA in
beams were perfectly anchored at the ends. Thus, they were
deformed without slip and showed almost perfect deflection
recovery capacity. However, for the SE SMA fibers, the

ends of the fibers were embedded in mortar or concrete, and
the anchorage was not perfect; thus, it allowed slipping at
the ends for which displacement was not recovered.

The previous studies used different anchoring types with
fibers of one diameter, and they discussed the pullout
resistance or recovering deflection of the beams according
to the anchoring types. Therefore, this study aims to
investigate the pullout behavior of SE SMA fibers with
various diameters. However, the SE SMA was made from a
batch; hence, the fibers with different diameters were
expected to show the same stress—strain curves, although
they would be expected to show different tensile forces. For
the purposes of this study, three different diameters of SE
SMA fibers were prepared, and monotonic and hysteretic
pullout tests were conducted. The monotonic pullout test is
employed to investigate the bond behavior between fiber
and matrix while the hysteretic pullout test is employed to
assess the self-centering and displacement recovery of the
SMA fibers embedded in cementitious structures.

2. Preparation for experiment
2.1 Types of superelastic SMA fiber

In this study, two types of SE SMA fibers considering
different crimped-end lengths of 5.0 and 10.0 mm were
prepared, while each type included three types of fibers
with various diameters of 0.5, 0.7, and 1.0 mm. In total, this
study considered six types of SE SMA fibers to investigate
the effects of the geometric parameters, diameter, and
crimped length on the pullout behavior of SE SMA fibers.
The fibers were expected to have similar properties even
with various diameters. Applying external tensile load can
result in deformation of the austenitic SMA fiber and
activation of superelasticity. Austenite to detwinned
martensite phase transformation occurs upon loading
following elastic deformation of SMA. Energy dissipation
occurs through the unloading path, which is different from
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Fig. 2 Photographs of SMA fiber diameter measuring instruments

Fig. 3 Typical tensile test setup for the hysteretic tensile stress—strain behavior of SMA wires

the loading path, during detwinned martensite to austenite
phase transformation. Phase transformation starts when the
stress induced in SMA fiber reaches the upper plateau
stress. The fibers considered in this study were categorized
in two main batches with respect to crimped-end length:
1) 5.0-mm length and 2) 10.0-mm length. Each batch
included three types of SMA fibers that had different
diameters of 0.5, 0.7, and 1.0 mm. The embedment length
of each fiber was 15 mm. The general shapes of the SMA
fibers and their corresponding dimensions are presented in
Fig. 1.

To perform a set of precise experiments, the diameters
of the SMA fibers needed to be measured using the
measuring machine shown in Fig. 2 with typical
measurements of representative SMA fibers of each
diameter: 0.5 mm, 0.7 mm, and 1.0 mm. To enable analysis
and interpretation of the results, the hysteretic tensile
behavior of SMA wires of different diameters should be
known and accessible.

2.2 Hysteretic tensile stress-strain behavior

To perform the pullout tests and to investigate the
behaviors and responses of the SMA short fibers, the SMA

wire properties, namely, upper plateau stress, lower plateau
stress, hardening behavior, and strain limits should be
known. For this aim, an SMA wire tensile test under cyclic
loading was performed, and responses of the SMA wire
were recorded to draw the hysteretic tensile stress—strain
curve. A photograph of the typical SMA wire tensile test
setup is shown in Fig. 3 to provide a better understanding of
the test process and environment.

The experiment was performed at the temperature of
25°C, which is higher than the temperature of A,=18.0°C
of the SMA. The hysteretic stress—strain curves of SE SMA
wires with diameters of 0.5, 0.7, and 1.0 mm are shown in
Fig. 2. The peak values of the upper plateau stress at the
beginning were 655, 653, and 620 MPa for wires of 0.5,
0.7, and 1.0 mm diameter, respectively. The flag-shaped
behavior of the SE SMA wires appears after the peak point
of upper plateau stress is achieved. Thus, the importance of
having hysteretic tensile stress—strain curve of SMA wires
from which the short SMA fibers are going to be created is
clear.

The secant elastic modulus of the SMA wire of 0.5 mm
diameter shown in Fig. 4(a) is 44.9 GPa. The SMA started
phase transformation at a strain of 1.58% and the
corresponding stress of 655 MPa. The lower plateau stress
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Fig. 4 Hysteretic tensile stress—strain curve of superelastic SMA wires of different diameters

during unloading at a 1.15% strain was 315 MPa. In the stress-induced martensite (SIM) hardening, for which the
graph, stress-induced-martensite (SIM) hardening can be stress onset was 658.9 MPa. The residual strain of 0.025%
observed. The loading path to a 15% strain showed remained due to unloading from the 2.53% strain, and it
hardening behavior after a 10.5% strain. This indicates slightly increased as unloading deformation increased. The
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Fig. 5 Comparative graph presenting stress—strain and load-displacement envelopes of SMA wires

SMA wire of 0.7 mm diameter shown in Fig. 4(b) had the
secant modulus of elasticity of 35.8 GPa. The phase
transformation began at the strain of 1.55% and the stress of
653 MPa. The lower plateau stress of 358.4 MPa could be
observed at 1.03% strain. SIM hardening occurred at the
strain of 10.55% and the corresponding onset stress of
656.3 MPa. The graph regarding SMA wire of 1.0 mm
diameter presented in Fig. 4(c) showed a modulus of
elasticity of 25.3 GPa. The phase transformation could be
observed at 2.28% strain and 620 MPa stress. The lower
plateau stress of 142.2 MPa occurred at 0.83% strain. As the
transformation to martensite phase completed, elastic and
plastic deformations were observed. The elastic
deformation could be recovered through unloading after the
completion of transformation, but the plastic deformation
remained.

2.3 Comparison of tensile stress-strain behavior
envelopes

A comparative graph presenting the envelopes of the
load-displacement relation of SMA wires is provided in Fig.
5. It provides a good insight into the function of each type
of wire when a cyclic pullout load was applied. It would be
helpful for choosing the most appropriate type for the
desired research work or engineering application.

As seen in Fig. 5, all the SE SMA wires considered in
this study showed good strain recovery and beginning upper
plateau stresses higher than 600 MPa. However, SMA wires
having diameters of 0.5 and 0.7 mm showed very similar
upper plateau stress, while the wire of 1.0 mm showed a
lower stress. The corresponding forces were 128.6, 251.3,
and 487 N for 0.5, 0.7, and 1.0 mm diameter, respectively.
Since the force is proportional to the area of the wire, the
force of 128.3 N of the 0.5 mm diameter wire was almost a
quarter of that of the 1.0 mm diameter wire. The graphs in
Fig. 5 suggest that the SMA fibers of 0.5 and 0.7 mm are
more appropriate for practical applications, especially for
research, because the specimens are small. SMA fibers of

1.0 mm diameter and larger can be employed for large
structures and engineering applications. For these uses, the
appropriate functions can be obtained with large diameter
fibers.

3. Pullout test
3.1 Specimen preparation

The effects of SMA fiber diameter and crimped-end
length on the pullout resistance were investigated through
the pullout test. For this aim, the cement type Il was
considered for the matrix. Silica sand with 0.22 mm particle
size was mixed with cement in the sand-to-cement ratio of
1.0. Accordingly, dog-bone shaped specimens were cast
using a cementitious mortar of 84 MPa having the
characteristics defined by weight ratio as shown in Table 1.

A Hobart-type mixer with a capacity of 15 L was used in
mixing the mortar matrix. Cement was first mixed with fly
ash, and silica sand with 0.22 mm particle size in a sand-to-
cement ratio of 1.0 for 5 min in a dry condition, after which
water was added slowly and mixed for 3 to 4 min. A high-
range water-reducing agent was also added to the slurry,
which was mixed for an additional 3 min. When the mortar
mixture showed suitable workability, it was ready to be
poured into the molds. The samples were cast such that
each specimen contained one embedded SMA fiber with an
embedded length of 15.0 mm. The specimen height was
71.5 mm. To fabricate the specimens, the cement matrix
was poured into molds and fibers were embedded in the
cement matrix. Each specimen had a square shape at the
top, and a dog-bone shape was formed at the bottom to
resist against pulling force. Illustrations of representative
specimens and photographs of real molds and specimens
created and used in this study are provided in Fig. 6. It was
possible to fabricate 10 specimens at one time by using the
mold shown in Fig. 6(c).
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Table 1 Weight ratio of the mortar matrix components

Material Cement Silica - Super- Strength
(type 111) Fume SilicaSand  Fly ash plasticizer Water (MPa)
Weight ratio 0.80 0.07 1.00 0.20 0.04 0.26 84

(c) Mold

Fig. 6 lllustration of typical specimens and photographs of mold and specimen

3.2 Experimental set-up

To investigate the effects of the geometric parameters of
superelastic SMA fibers on pullout behavior, a series of
experiments was designed. This study considered crimped-
end (spearhead) fibers because, in previous studies, it has
been documented that they can provide the best pullout
resistance and show flag-shaped behavior (Choi et al. 2018)
Each specimen contained only one embedded SMA fiber
with the embedded length of 15 mm.

3.3 Test procedure

The pullout test was conducted under the condition of
displacement control with a loading speed of 1.0 mm/min.
The pullout load applied to the fiber and the strain was
increased until 1 mm displacement occurred, then the load
was released. Thereafter, 2% strain was added to the
previous strain up to failure. A half-circular holder gripped
the bottom of the specimen, and the fiber was pulled out by
an actuator. The applied force was measured by a load cell
placed on the top of the machine cross-head, and the slip
between the fiber and the mortar was measured by a linear
voltage displacement transducer (LVDT) mounted on the
specimen. Displacement control with a speed of 1.0

(b) 10 mm

(d) Specimen

mm/min was applied while the sampling rate was 5.0 Hz.
Fig. 7 shows the pullout test device and setup for a single
fiber specimen.

Upon application of the tensile load, the SE SMA fiber
showed deformation and slip. Therefore, superelasticity was
activated and flag-shaped behavior could be observed. After
the SE SMA fiber bore elastic deformation, the austenite to
martensite phase transformation occurred during loading.
Through unloading, the martensite phase transformed to
austenite and led to energy dissipation because of the
disparate paths of loading and unloading.

Typical photographs of specimens before and after the
pullout test are provided in Fig. 8. A single fiber specimen
in the pullout test machine before the load was applied is
shown in Fig. 8(a). The specimen after completion of
loading griped in the pullout test machine is shown in Fig.
8(b). The released specimen is shown in Fig. 8(c). In Figs.
8(b) and 8(c), a crack can be observed at the top of the
specimen. This crack could reduce the bond strength of the
fiber and mortar, so the fiber carrying tensile load
decreased. Therefore, after the fiber slipped, the sustainable
pullout stress decreased. Through a series of pullout tests,
the hysteretic pullout behavior of the SE SMA fibers
embedded in cementitious mortars was assessed.
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Fig. 7 Photograph and illustration of pullout test machine

(a) Gripped

4. Pullout test results

This study investigated the effects of diameter and
crimped-end length of superelastic SMA fibers on the
pullout resistance. For this purpose, pullout tests were
conducted on single-fiber specimens. Well-measured data
from the test was obtained, and the hysteretic pullout
behavior results of each type of specimen are presented in
the form of a graph. In the following subsections, the
pullout behavior of each type of SE SMA fiber is
comprehensively discussed in two main batches with
crimped lengths of 5 and 10 mm.

(b) Released

Fig. 8 Photos of a gripped and released the single-fiber specimen

(c) pulled out fiber

4.1 Crimped length of 5 mm

A pullout test was conducted on each single-fiber
specimen, and the pullout behavior of each type of fiber
was observed. The results are presented in the form of
combined force-displacement-stress curves, as shown in Fig.
9. It is appropriate to note that displacement is the sum of
fiber slip and deformation. The abscissa indicates the
displacement, while ordinate shows the pullout load on the
left side and pullout stress on the right side. They were
calculated on the straight parts of the fibers.
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Fig. 9 Combined load-displacement-stress graphs for fiber with 5-mm spearhead

To provide a good insight into the pullout behavior of
SE SMA fiber, the graphs given in Figs. 9(a) and 9(c) were
designated as a representative on which different fiber
pullout steps were indicated. As seen in Figs. 9(a) and 9(c),
in the first part of the graphs for which the stress developed
up to 400 MPa, the observed residual displacement may be
attributed to the initial slip of the fiber. Afterward, the stress
in fiber reached the upper plateau stress of 600 MPa, and
the displacement could be recovered due to superelasticity,
as indicated by displacement recovery on the graph. In the
later part, stress-induced-martensite (SIM) hardening can be
seen. The only difference between the two graphs is the
failure part. For the graphs of fibers with diameters of 0.5
mm, failure occurred due to breakage of fiber while for the
fiber of 1.0 mm diameter, failure occurred due to the
cracking and destruction of the specimen. Therefore, the
fiber could not carry any more load as indicated by a drop
in the graph. It should be noted that the pullout behavior of
the fiber with a 0.7 mm diameter is similar to that of the
fiber with a 0.5 mm diameter.

The stress developed in the SMA fiber during the
pullout test, which is called pullout stress, can be obtained
by dividing the pullout force by the cross-sectional area of
the fiber. The pullout test on the specimen having the fiber
of 0.5 mm diameter resulted in the average maximum
pullout load of 266 N and corresponding stress of 1357
MPa at the displacement of 3.33 mm.

The maximum pullout load of 459 N and the
corresponding stress of 1193 MPa at the displacement of
5.34 mm were obtained for the specimen with the SE SMA
fiber of 0.7 mm diameter. After a tensile load was applied
to the fiber of 1.0 mm diameter embedded in the
cementitious mortar, the maximum pullout load of 726 N
and pullout stress of 924 MPa were obtained for which the
displacement of 6.73 mm occurred.

4.2 Crimped length of 10 mm

The combined load-displacement-stress graphs
expressing the pullout behavior of fibers with a spearhead
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Fig. 10 Combined load-displacement-stress graphs for fiber with 10mm spearhead

end of 10 mm length are provided in Fig. 10. It should be
noted that the same pullout behavior was observed as that of
the fibers with 5.0 mm spearhead ends.

The average maximum pullout load of 252 N was
achieved for the SE SMA fiber of 0.5 mm diameter while
the maximum stress of 1283 MPa at the displacement of
2.78 mm was observed. The maximum pullout load of 482
N and the corresponding stress of 1252 MPa and
displacement of 4.32 mm were obtained for the specimen
with the SE SMA fiber of 0.7 mm diameter. Applying a
tensile load to the fiber of 1.0 mm diameter yielded the
maximum pullout load of 813 N and pullout stress of 1035
MPa while the corresponding displacement of 7.01 mm
occurred. Superelasticity was activated and flag-shaped
behavior occurred when the stress increased above the
upper plateau stress of 620 MPa. After the maximum load,
no sudden drop is seen in the graph in the Fig. 10(c). Fiber
slip occurred and resulted in residual strain or permanent
displacement. As seen in Fig. 10(c), during pullout test, the
fiber almost fully slipped, and the load-bearing capacity
gradually decreased with respect to fiber displacement.

4.3 Displacement recovery ratio (DRR)

The recovered displacement was normalized by dividing
it by the loading displacement related to each step and was
represented by displacement recovery ratio (DRR). Fig. 11
shows the DRRs of the spearhead fibers of the two main
batches of wires with 5 and 10 mm crimped lengths. As
seen in the graphs, no perfect displacement recovery (a
100% DRR) was observed for any of the types of the fibers.
For the batch of fibers with 5 mm spearhead ends, the fiber
with 0.5 mm diameter resulted in the highest DRR over
80% at a 2 mm displacement as shown in Fig. 11(a). Other
types were less effective in displacement recovery. The
highest DRR of 80% was obtained for the fiber of 0.7 mm
diameter at 2 mm displacement from the batch of fibers
with 10 mm spearhead ends. The fiber of 0.5 mm diameter
provided a displacement recovery very close to that of the
fiber of 0.5 mm diameter. It can be inferred that they
recovered the displacement with almost the same DRR. As
seen in Fig. 11, before a crack appeared in the cementitious
mortar and caused the mortar to fracture, all the specimens
could provide an acceptable displacement recovery, but
after cracking, the DRR reduced to almost zero for all types
except for the fiber with 0.7 mm diameter. However, they
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Fig. 11 Displacement recovery ratio for two main batches of SE SMA fibers

followed approximately the same trend such that an
increase in DRR can be seen until the maximum amount,
which occurred just before cracking. Later on, it was
followed by a decrease in DRR. This demonstrates that the
existence of a crack resulted in a decrease in self-centering
capacity and load-bearing capacity.

As seen in Fig. 11, the graphs do not begin from the
origin, and at the starting point, an initial displacement can
be seen. This is because of initial slip, which occurs due to
the geometry of the fiber end. After a small slip, the fiber
griped in the cementitious mortar and the stress induced in
the fiber developed to upper plateau stress, so,
superelasticity was activated and displacement could be
recovered.

5. Discussions
5.1 Pullout behavior

The results of the pullout test on the specimen including
the fiber of 0.5 mm diameter with a 5 mm crimped-end
length showed that as fiber slip occurred, the bond strength
between the fiber and cementitious mortar was degraded;
thus, it could not carry additional pullout load and the
frictional resistance was reduced with a decrease in the
embedded length. Upon application of the maximum
pullout load, the chemical adhesion disappeared, and the
bond strength was destroyed. After the stress in the SMA
fiber developed beyond the upper plateau stress of 655 MPa,
flag-shape behavior was observed. Therefore, the self-
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centering capacity was activated, and the fiber displacement
was recovered.

For the fiber of 0.7 mm diameter with a 5 mm crimped
end length, the stress in the fiber developed beyond the
upper plateau stress of 653 MPa. Therefore, superelasticity
was activated and flag-shaped behavior was observed. For
this type, the fiber slip also resulted in a decrease in bond
strength. After the maximum load was applied, it was
suddenly destroyed, after which no more pullout load could
be carried. As seen in the graph, despite flag-shaped
behavior, permanent displacement (plastic displacement)
occurred. A reason for this is that the displacement is the
sum of fiber slip and deformation. After each load cycle,
deformation was recovered because of superelasticity, but
fiber slip remained; therefore, plastic displacement was
observed.

For the specimen including the fiber with 1.0 mm
diameter and 5 mm spearhead length, superelasticity was
activated and flag-shaped behavior was observed as the
stress increased above the upper plateau stress of 620 MPa.
After the maximum load was applied, as the displacement
increased, the bond strength between fiber and the
cementitious mortar and the load-bearing capacity gradually
decreased, and no sudden drop was seen. For this type,
plastic displacement was also observed due to fiber slip.
The pullout test continued until all the embedded length of
the fiber almost slipped.

The results of the pullout test on specimens with a
spearhead length of 10 mm are shown in Fig. 10. Like the
fibers with 5 mm spearhead length, it was observed that the
bond between the fibers and cementitious mortar was
gradually weakened, but a sudden drop occurred after the
maximum load was applied. Despite having activated self-
centering and flag-shaped behavior, a perfect displacement
recovery was not achieved. However, compared with the
fibers with the crimped end of 5 mm length, they could not
provide a better flag-shaped behavior, and plastic
deformation was still observed.

In general, the pullout behavior of the SE SMA fibers
can be divided into three parts; namely, 1) initial slipping
range, 2) recovering range, and 3) hardening and slipping
range. The first initial slipping range continued until the
stress of the SMA fiber reached the upper plateau stress. In
the range, all residual displacement was due to the slip of
the fiber because the SMA fiber was in the elastic range;
thus, its elastic deformation was totally recovered.
Therefore, in this range, as shown in Fig. 11, the DRRs of
the fibers were relatively low because of the fiber slip
(permanent displacement). The second recovering range
occurred when the fiber reached the upper plateau stress. In
this range, the SMA fiber showed superelastic behavior;
thus, the pullout behavior became flag-shaped. Because of
this superelastic behavior, the fiber showed good self-
centering capacity (recovering displacement), and the DRR
increased to 80%. The third hardening and slipping range
occurred when the stress of the fiber exceeded the upper
plateau stress. Thus, the fiber entered into the stress-
induced-martensitic hardening range. As a result, residual
deformation remained in the fiber, and the anchoring action
did not bear the developed force in the fiber; this triggered

slipping. Therefore, the pullout behavior was still flag-
shaped, but the residual displacement increased with more
loading displacement. Thus, in this range, the displacement
consisted of pure slip and residual deformation of the fiber.
After the maximum pullout force developed, the fiber was
fractured, or the mortar was broken; therefore, the pullout
force dropped abruptly. Based on these observations, the
stress of the SE SMA fiber should be controlled not to
exceed the upper plateau stress so that the fiber will show
good self-centering capacity.

5.2 Comparison

Pullout tests were conducted to assess SMA fiber
pullout resistance with respect to fiber end shape length and
fiber diameter. Two types of comparisons were made to
gain insight into the effects of SE SMA fiber geometrical
parameters on the bond strength between the fiber and
mortar, pullout load bearing capacity, and displacement
recovery of the fiber through its self-centering property. The
pullout stress results for the various fiber diameters for each
spearhead length were compared. For this aim, a
quantitative parameter, maximum bond stress t,,,,, was
considered as given in Eq. (1)

Pmax

ndeem 1)

Tmax

where P, is the maximum pullout force, d; is the fiber
diameter, and L., is the fiber embedded length. From Eq.
(1), it was found that the maximum bond strength is a
function of the maximum pullout force. Fig. 12 compares
the maximum pullout stress values obtained for the various
types of fibers.

Fig. 12(a) compares the pullout stress results
demonstrating the effects of crimped length on pullout
strength. From the figure, it can be inferred that for the
smallest fiber size the highest pullout stress was achieved.
As shown for the fiber of 5 mm length, the smaller crimped
length resulted in a higher pullout stress induced in the
fiber. For other cases, as expected, an increase in the length
of the anchorage end resulted in enhanced pullout
resistance. Formation of a crack at the interface of the fiber
and cementitious mortar could result in a decrease in bond
and fiber slip. As the embedded length of fibers is similar,
the frictional force did not have a substantial effect.
Actually, it can be concluded that an increase in the crimped
end length could not enhance the bond strength and load
carrying capacity.

The effects of fiber geometric parameters on the self-
centering capacity of the fibers are shown in Fig. 12(b). For
the 5 mm crimped length the fiber of 0.5 mm diameter
provided the best displacement recovery, while in the batch
of fibers with 10 mm crimped length, the fiber with 0.7 mm
diameter provided the best performance. However, as
differences among the displacement recovery of fibers,
which was shown in the form of displacement recovery
ratio (DRR), was small, it seems that the fiber diameter and
crimped length did not have much influence on the self-
centering capacity of the SE SMA fibers. Therefore, based
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and displacement recovery

on the desired application, any size of fiber can be
employed.

To have a better understanding of the pullout behavior
of the SE SMA fiber, we attempted to calculate the pure slip
and pure displacement of each type of fiber. The
displacement of fiber was calculated based on the results
obtained from the tensile test of SE SMA wire from which
the fibers were manufactured. At each stress level, the
corresponding strain could be obtained. Multiplying the
strain by the total length of the fiber resulted in the
corresponding pure deformation of the fiber. Subtracting the
pure deformation from a total displacement of the fiber, the
pure fiber slip was obtained. Knowing this could facilitate
finding the weak points of the pullout resistance, such as
whether the fiber slip should be further considered to be
prevented or more consideration should be devoted to fiber
deformation. For fiber slip, the fiber end shape can be
chosen and created such that the minimum slip occurs,
while for fiber deformation, a material can be used that
yields smaller plastic deformation, i.e., a better
superelasticity can be achieved.

Fig. 13 compares the total fiber displacement (fiber slip
and deformation) and pure fiber slip. In Fig. 13, the abscissa
indicates the number of loading—unloading cycles for which
an amount of slip occurred, while the ordinate indicates the
amount of slip that occurred for each loading—unloading
cycle.

As seen in Fig. 13, at the initial loading cycles, the total
displacement comes from the fiber slip, i.e., only fiber slip
occurs. With the application of more loading cycles, the
fiber deforms and it increases in length. Therefore, the total
displacement consists of fiber slip and fiber deformation.
The only exception is for the fiber of 1.0 mm diameter, for
which at the later loading cycles and before the failure of
the specimen, the fiber slips and sustains no more
deformation. Therefore, the total displacement comes from
fiber slip only

6. Conclusions

This study investigated the pullout resistance and self-
centering capacity of superelastic SMA fibers considering
effects of the crimped end (spearhead-shaped end) length
and fiber diameter. For this purpose, a pullout test was
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performed on single-fiber specimens. Specimens were
fabricated in two main batches using fibers with crimped
end lengths of 5 and 10 mm. Each batch was also divided
into three subsets according to three diameters, namely, 0.5,
0.7, and 1.0 mm. The results of the pullout test on the fibers
with 5 mm spearhead showed that the fiber of 0.5 mm
diameter could provide the highest pullout stress, while the
lowest stress belonged to the fiber of 1.0 mm diameter. The
same trend was also observed for the batch of fibers with 10
mm crimped length. However, because the differences
among the obtained results were small, it can be concluded
that fiber diameter does not have much effect on the pullout
resistance. A comparison of the obtained pullout stress
results indicated that increase in the length of the crimped
end had a negligible effect on the pullout resistance.
Therefore, it can be suggested that spearhead fiber can be
employed to provide anchoring action and enhance the
pullout resistance of the fiber embedded in cementitious
mortar regardless of the crimped length. Investigating the
displacement recovery of the SE SMA fibers showed that
the geometric parameters of the fibers did not have a
significant effect on their self-centering capacity. It can be
concluded that, based on the application and SMA fiber
availability, any dimension of spearhead fiber can be
employed. For practical applications, small fibers can be
used with respect to the size of the structural member.
Using small fibers helps to provide a bigger interface of
fiber and matrix and higher frictional force and bond

strength. Moreover, because small fibers can be more
distributed through the cement mortar, they can close more
cracks than larger fibers. In the case of large structural
members, larger fibers can be used to reduce the number of
fibers to be fabricated.

The results showed that as the pullout test started, the
fiber slipped at the initial step due to the geometry of the
fiber end. Then, the fiber was stuck in the cementitious
mortar, and through the development of stress in the fiber,
superelasticity was activated and displacement was
recovered. Thereafter, SIM hardening occurred, and after
displacement recovery, a residual strain was observed,
showing that the fiber underwent plastic deformation.
Finally, a drop was seen in the load-displacement and DRR
graphs because of specimen failure. The total pullout
behavior of the fiber can be summarized as follows. The
fiber experienced slip at the initial loading—unloading
cycles, then it sustained deformation, and finally, the fiber
tolerated slip and the specimen failed. It should be noted
that to have a good self-centering capacity, the stress in the
SE SMA fiber should not develop beyond the upper plateau
stress.
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