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Abstract: This study examines the cyclic pullout behavior
of two types of cold-drawn NiTi shape memory alloy
fibers, such as paddled and crimped fibers. For this,
two diameters of 1.0 and 0.7 mm are considered. The
experimental cyclic pullout results show that the deep
crimped fibers produce a higher maximum pullout resis-
tance than the shallow crimped fibers. When heated, the
shallow crimped fiber increases the diameter more sig-
nificantly than the deep crimped fiber, whereas the fiber
wave depth decreases more than the deep crimped fiber.
Thus, the maximum pullout resistance increases for the
heated shallow crimped fiber and decreases for the heated
deep crimped fiber. The displacement recovery ratio (DRR)
reduction with an increasing slip is significant for the fiber
with a low anchoring bond. The high anchoring bond fiber
also introduces a higher average DRR than the fiber with a
relatively low anchoring bond. Under heating treatment,
the average DRR increases due to the prestressing in
the fiber due to the shape memory effect. However, the
anchoring bond of the fiber is enough to produce prestres-
sing in the fiber. The anchoring bond of the fiber and the
prestressing also influence the energy dissipation (ED).
The higher anchoring bond results in a higher ED value,
and the prestressing in the fiber contributes more to the
increased ED values.
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1 Introduction

In recent years, shape memory alloys (SMAs) have been
widely used for civil structures and smart devices [1-5].
Among several SMAs, NiTi SMAs are the most popular
candidate for several applications of self-centering, pre-
stressing, or crack-closing/healing in cement materials
because of their excellent superelasticiy and shape memory
effect (SME) compared to other types of SMAs [6-10].
For these reasons, several types of SMA elements, such
as bars, cables, and wires, have been used [8-14]. Bars
have been used under tension and compression for steel
frames to provide self-centering or energy dissipation
(ED). Cables or wires act only in tension. As a result,
they have been used for tension only applications, such
as restrainers and as elements in a smart device, or they
have been embedded in cement materials to achieve the
performance of self-centering or prestressing. In general,
for the self-centering capacity, superelastic (SE) SMAs are
used because of their recovery capacity from deformation
due to phase transformation during unloading [15,16].
Meanwhile, for the prestressing or crack-closing effect,
martensitic SMAs with the SME are used because the
recovery stress is needed for the above effects [17-19].
However, recently, it has been found that martensitic
SMA wires with the recovery stress realized the self-cen-
tering performance in mortar beams [6,20]. In that case, a
few tedious procedures should be conducted. First, a long
SMA wire should be elongated to introduce prestrain in
the wire. However, the direct tension is almost not applic-
able for such a long wire. Next, after embedding the
wire in cement materials, the wire should be heated to
increase its temperature in order to induce the phase
transformation to an austenitic state, resulting in the
development of recovery stress. For the heating, external
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heating methods, such as hot air using heat guns or
flame, and electric resistance heating can be used. For
the electric resistance heating, the voltage and ampere
of the electric current should be controlled for different
material types of SMAs. For example, for the NiTi SMAs,
relatively low voltage and ampere are enough to increase
the temperature, while for Fe-based SMAs, relatively high
voltage and ampere are required. However, the external
heating methods cannot heat all parts of the SMA ele-
ments equally, while the electrical resistance heating
can increase the temperature uniformly and quickly when
compared to the external heating. For the SE SMAs, the
pre-elongation and heating procedures are not required to
provide the self-centering capacity. However, the SMAs
with the SME can provide the self-centering capacity as
well as the prestressing effect. Thus, the use of SMAs with
the recovery stress can provide more benefits for cement
materials and members.

For applications of SMA wires for cementitious mate-
rials, bond resistance should be developed around the
SMA wires. The SMA wires, in general, are straight with
a circular cross-section, and their surface is very smooth.
Thus, only chemical and frictional bond resistances can
develop, as these bond resistances are too small to bear
slip behavior due to external loadings [21]. For long
wires, end-anchoring devices can be used to hold the
slip and, thus, can stand against external loadings without
a slip [22,23]. When short fibers are embedded in cementi-
tious materials, the end-anchoring device cannot be used.
In this case, the short fiber should have bond resistance by
itself. Thus, for this purpose, end-deformed shapes and/or
surface treatment have been used. Several types of short
SMA fibers have been suggested, such as, end-hooked
with a L- or N-shape, dog-bone shaped, paddled, and
chipped [24,25]. Among these, only dog-bone shaped and
chipped SMA fibers were found to be suitable for mass
production, while the others need to be made manually
one by one. However, unfortunately, the dog-bone shaped
and chipped fibers showed relatively small bond resis-
tance compared with the L- or N-shaped and paddled
fibers. In recent years, crimped SMA fibers, which can be
manufactured continuously using a special machine, have
been suggested, and they showed satisfactory bond resis-
tance during the pullout tests [26—-28]. Moreover, the pre-
strain of the SMA wires for inducing recovery stress can be
introduced by cold drawing work, which is very effective
compared to the direct tension method. If crimped SMA
fibers are made by cold-drawn SMA wires, the crimped
fiber can show recovery stress for prestressing and self-
centering capacities as well as enough bond resistance.
However, the crimping work cannot be applied for SE
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SMA wires because the applied deformation of crimping
can be recovered. Thus, for the SE SMA wires used for self-
centering, the end-anchoring devices should prevent the
SE SMA wires from slipping, while the crimped SME SMA
wires do not need such end-anchoring devices because of
their enough bond resistance. Accordingly, the crimped
SME SMA wires are more beneficial and convenient than
the SE SMA wires for applications of cementitious materials.

The monotonic pullout tests of crimped SMA fibers
have been conducted, and the results were discussed [12].
The crimped SMA fibers have shown a wave-shaped
pullout response. However, the cyclic pullout tests of
SMA fibers indicated that the fibers with end shapes of
straight, L- and N- did not show any displacement recovery,
while only the paddled fiber showed flag-shaped behavior
with a large displacement [24]. The crimped SMA fibers may
show displacement recovery due to their geometry, and
they were pulled out through wave like ducts during a
pull out test. Therefore, this study investigates the displace-
ment recovery of crimped SMA fibers through cyclic pullout
tests and estimates ED during the loading and unloading
cycles. The displacement recovery of SMA fibers could be
helpful to reduce the crack-width in concrete during the
unloading phase.

2 Specimens and pullout test

2.1 Specimens

2.1.1 SMA fibers

Ni50.4-Ti (wt%) SMA fibers with 0.7 and 1.0 mm were
prepared using the cold drawing work to introduce pre-
strain. The cold drawing process began by heating the
fibers at 500°C and reducing to room temperature at
about 25°C. During heating, the fibers bulged in diameter
to 0.702 and 1.020 mm, respectively, and then the final
diameters after cooling down were 0.660 and 0.955 mm,
respectively. Thus, the percentage of area reductions for
the fibers in the cold drawing process was 12.3 and 11.6%,
respectively. Previous studies indicated that the cold-
drawn SMA fibers that had a percentage area reduction
over 10% would show phase transformation when heated
[29-33]. This was confirmed, as shown in Figure 1, which
presents the tensile behavior of the cold-drawn SMA
fibers. The fiber in Figure 1 is described as “heating
condition, shape fiber, and diameter.” For example, the
“H-STO07” indicates a cold-drawn straight fiber with 0.7 mm
diameter with heating, whereas the “N-ST07” denotes the
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Figure 1: Tensile behavior of cold-drawn SMA fibers with and
without heating.

cold-drawn straight fiber with 0.7 mm diameter without
heating.

The non-heated fibers showed apparently elasto-
plastic behavior with yield strengths of 730 MPa for the
N-STO7 fiber and 960 MPa for the N-ST10 fiber. After the
yielding point, the fibers showed softening behavior until
they were fractured. For the heated fibers, the H-STO7
fiber showed a clear phase transformation with the starting
and finishing phase transformation stresses of 450 and
550 MPa, respectively. The phase transformation caused
more deformation of the H-STO7 fiber compared to the
N-STO7 fiber after the starting phase transformation point.
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However, the H-ST10 fiber presented just a short phase
transformation part with a little increasing longitudinal
deformation. This behavior indicated that the ST10 fiber
with a larger diameter compared to the STO7 fiber might
not perfectly complete phase transformation. The heated
fibers presented the same yield strength as the non-heated
ones with 730 and 960 MPa, respectively, for the STO7 and
ST10 fibers.

After the cold drawing process, the as-received straight
fibers were fabricated into paddled and crimped shapes.
The paddled fiber was manufactured by pressing the
5 mm end-part of the as-received straight fiber. The paddled
end of both the 0.7 and 1.0 mm diameter fibers had the same
width of 1.5 mm and the same length of 5 mm. Meanwhile,
the crimped fiber was produced by using a special rolling
device with two gears, and the gap between the two gears
was controlled to fabricate the crimped fibers with various
wave depths. The wavelength, which was the distance
between the two adjacent summits at the same side, was
fabricated with 3.3 mm. The fabricated paddled and crimped
fibers were presented in detail in previous studies [12,24,26].
The shapes of the two fibers are shown in Figure 2, and the
dimensions of the fibers with and without heating are pre-
sented in Table 1. For the paddled fiber, when heated, the
diameter bulged, and thus, the diameter increased. How-
ever, for the crimped fiber with heating, its wave depth
decreased because of the stretching effect, while the dia-
meter bulged. The increased diameter as well as the reduced
wave depth are shown in Table 1. The bulged diameter and
the reduced wave depth could influence the pullout resis-
tance of the crimped fiber.

—

(a)

(b)

Figure 2: Photo of (a) paddled and (b) crimped fibers.
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Table 1: Dimensions of paddled and crimped fibers
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Fiber Non-heating Heating Increased Reduced wave
diameter (mm) depth (mm)
Diameter (mm) Wave depth (mm) Diameter (mm) Wave depth (mm)

PAO7 0.660 — 0.671 — 0.011 —

CRO7-1 0.665 0.055 0.671 0.034 0.006 -0.021
CRO7-2 0.666 0.061 0.672 0.037 0.006 -0.024
CRO7-3 0.667 0.091 0.672 0.064 0.005 -0.027
CRO7-4 0.667 0.124 0.670 0.092 0.003 -0.032
PA10 0.955 — 0.971 — 0.016 —

CR10-1 0.965 0.053 0.973 0.030 0.008 -0.023
CR10-2 0.966 0.073 0.974 0.040 0.008 -0.033
CR10-3 0.972 0.105 0.977 0.060 0.005 —-0.045
CR10-4 0.972 0.166 0.976 0.112 0.004 —-0.054

2.1.2 Mortar matrix

The composition of the mortar matrix included Portland
cement, fly ash, silica sand, and water-reducing admix-
ture, as can be seen in Table 2. The compressive strength
of the mortar matrix was 55 MPa. After mixing, the fresh
mortar was cast into plastic molds containing one embedded
SMA fiber so that 15 mm of the fiber length was extruded from
the mortar matrix.

2.1.3 Specimens

For each fiber type, four specimens were prepared, and
half of them were heated in an oven at 150°C for 6 h to
induce the SME for the fiber. The symbols “N” and “H”
before the name of the fiber indicate non-heated and heated
specimens, respectively. For example, the “H-CR07-1”
denotes that the specimen contains one cold-drawn SMA
crimped fiber with 0.665 mm diameter and 0.055 wave
depth and was heated before conducting the pullout
test. Overall, a total of 40 specimens were cast.

2.2 Test setup and procedure

A grip at the bottom clamped the dog-bone-shaped part
of the specimen while the protruded part of the fiber was

Table 2: Composition of mortar matrix by weight ratio

Portland Silica Fly ash Water Water-reducing
cement type | sand admixture
1.00 1.00 0.15 0.35 0.002

held by a top actuator, which applied the displacement
pullout load in the vertical direction. The holding point of
the fiber was about 5mm away from the top specimen
surface; that point was as close to the top specimen’s
surface as possible to reduce the error measured displa-
cement caused by the stretching effect of the free length
of crimped fiber [28]. The pullout speed was set to be
1.0 mm-min"’, with a sampling rate of 5.0 Hz. The stroke
of the actuator measured the displacement of the fiber,
whereas the pullout force was measured by a load cell.
The unloading started from a corresponding pullout force
at a specific displacement to zero value, and then the
reloading increased from zero to the next highest

Specimen

Figure 3: Cyclic pullout test setup.
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Figure 4: Pullout response of crimped fiber with 0.7 mm diameter.

displacement. The cyclic pullout test setup for a single
fiber specimen is presented in Figure 3.

3 Test results and discussions

Figures 4 and 5 show the cyclic pullout responses of the
paddled and crimped fibers with and without heating.
The x-axis denotes pullout displacement of the fiber,
whereas the y-axis indicates pullout stress of the fiber,
which is calculated by dividing the measured pullout
force and the cross-sectional area of the fiber. The
stress—slip curve of each specimen has multiple cycles
with two distinct parts of the unloading branch and
reloading branch. The envelope curves of the cyclic
pullout tests, which were created by connecting the

DE GRUYTER
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unloading points, had the same shape as those of the
stress—slip curves of the monotonic pullout tests con-
ducted previously.

The displacement recovery ratio (DRR) and the fiber’s
ED during cyclic pullout tests are defined in Figure 6, and
their values are summarized in Table 3. Considering the
loading process that started from reloading point “A” to
unloading “B” and then ended at point “C” (Figure 6), the
displacement due to loading from points “A” to “B” was
called cycle loading displacement (x), and the displace-
ment due to unloading from points “B” to “C” was called
cycle unloading displacement (r). The DRR was defined
as the ratio between r and x. The ED was defined as the
loop area, which was the area with the red hatch in
Figure 6.

In a previous study, the SE SMA fibers with L- and N-
shapes did not show displacement recovery as well as ED
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Figure 5: Pullout response of crimped fiber with 1.0 mm diameter.
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because the anchoring bond of these fibers was too weak
[24]. Only the SE SMA paddled fiber with a high bond
resistance presented flag-shaped behavior at a large dis-
placement with displacement recovery and ED capacities.
In this study, the cold-drawn paddled and crimped fibers
all showed hysteretic behavior from the initial cycle
loading. This was caused from the tensile behavior and
the high anchoring resistance of the cold-drawn fiber. As
previously mentioned, the cold-drawn fiber did not show
perfect elastic and plastic behavior. Thus, the fiber con-
tained residual displacement after each cycle loading,
even at a small displacement loading. Moreover, the
high anchoring bond guaranteed that the fiber was deformed
during loading and then could recover the displacement
when unloading.
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Test Samples Maximum Displacement DRR (%) Dissipation Average max Average Average
series pullout (mm) (N-mm) pullout DRR (%) dissipation
stress (MPa) stress (MPa) (N-mm)
N-PAO7 #1 1,100 0.7 67.6 10.7 1,100 64.5 9.9
1.4 65.3 28.2 62.7 25.9
2.1 63.7 40.3 61.2 34.9
2.8 62.0 46.2 60.3 39.7
3.5 62.2 46.6 60.3 44.4
#2 1,100 0.7 61.4 9.0 61.8
1.41 60.2 23.7
2.11 58.7 29.4
2.81 58.6 33.2
3.5 58.3 42.1
N-CRO7-1 #1 395 0.7 31.4 3.4 356 27.9 2.6
1.41 30.1 5.1 24.7 3.5
2.11 24.5 3.3 19.1 2.0
2.8 23.7 2.5 18.0 1.3
3.5 16.3 1.0 12.5 0.5
#2 317 0.7 24.3 1.9 20.4
1.41 19.3 1.9
2.11 13.8 0.8
2.8 12.3 0.1
3.5 8.8 0.0
N-CR07-2 #1 480 0.7 38.6 3.1 438 34.3 3.0
1.41 36.3 8.0 32.3 6.1
2.11 33.0 8.3 29.6 6.4
2.8 30.1 5.8 24.8 4.1
3.5 18.8 1.9 16.1 1.4
#2 396 0.7 30.0 2.9 27.4
1.41 28.3 4.3
2.11 26.2 4.5
2.8 19.6 2.4
3.5 13.5 0.9
N-CRO7-3 #1 471 0.7 37.1 5.6 540 39.3 5.0
1.4 35.4 9.7 36.5 10.1
2.11 27.6 6.6 32.3 10.6
2.81 26.3 4.3 28.2 7.4
3.5 17.9 1.9 23.3 5.4
#2 609 0.7 41.4 4.5 31.9
1.41 37.6 10.5
2.11 37.0 14.5
2.81 30.1 10.5
3.5 28.7 9.0
N-CRO7-4 #1 718 0.7 52.9 13.2 737.5 55.7 13.3
1.41 51.1 25.0 54.4 24.4
2.11 52.8 34.3 55.3 36.3
2.8 53.0 37.5 54.8 36.4
3.5 51.1 35.0 53.1 33.1
#2 757 0.7 58.6 13.3 54.7
1.4 57.6 23.9
2.11 57.8 38.4
2.81 56.7 35.3
3.5 55.1 31.2
H-PAO7 #1 1,100 0.7 70.0 18.0 1,100 66.4 16.5
1.41 75.8 45.4 72.3 36.2
2.11 68.9 58.2 64.5 49.6

(Continued)
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Table 3: Continued

Test Samples Maximum Displacement DRR (%) Dissipation Average max Average Average
series pullout (mm) (N-mm) pullout DRR (%) dissipation
stress (MPa) stress (MPa) (N-mm)
2.8 65.0 59.2 61.4 50.2
3.51 63.3 57.4 60.3 49.3
#2 1,100 0.7 62.9 15.0 65.0
1.41 68.7 27.0
21 60.1 41.0
2.8 57.9 41.3
3.51 57.3 41.2
H-CRO7-1 #1 463 0.7 48.6 3.9 480.5 47.1 6.2
1.4 33.8 8.8 37.8 11.1
2.11 32.0 7.4 36.4 10.5
2.81 26.2 3.7 34.0 8.4
3.5 17.7 1.6 27.5 5.9
#2 498 0.7 45.7 8.4 36.5
1.41 41.7 13.3
2.11 40.7 13.7
2.8 41.7 13.2
3.5 37.3 10.3
H-CRO7-2 #1 680 0.71 46.5 9.0 663.5 45.5 7.7
1.41 44.7 16.2 43.8 18.2
21 43.0 9.9 43.0 17.2
2.8 36.1 7.8 35.9 13.1
3.5 33.0 5.6 32.1 7.2
#2 647 0.7 44.4 6.4 40.1
1.41 43.0 20.2
2.11 43.0 24.6
2.8 35.6 18.3
3.5 31.2 8.8
H-CR0O7-3 #1 551 0.71 56.3 13.4 546 54.9 12.6
1.41 46.4 20.3 46.3 19.4
2.1 41.7 15.6 41.7 15.4
2.8 41.7 14.7 42.7 14.5
3.5 40.0 12.5 40.9 13.0
#2 541 0.71 53.5 11.8 ﬂ
1.41 46.3 18.6
211 41.7 15.3
2.8 43.7 14.3
3.5 41.8 13.4
H-CRO7-4 #1 673 0.7 78.6 22.8 w 72.1 17.5
1.4 75.2 51.9 66.6 38.6
2.11 60.9 39.3 57.0 30.8
2.81 54.3 29.6 53.6 24.3
3.5 52.0 26.7 50.1 21.6
#2 628 0.7 65.7 121 59.9
1.41 58.0 25.4
2.11 53.0 22.3
2.81 52.9 18.9
3.5 48.3 16.6
N-PA10 #1 1,100 0.52 58.3 4.5 1,100 55.6 3.4
1.03 57.6 15.9 51.8 10.8
1.82 55.4 30.6 49.9 22.8
2.51 54.0 55.6 48.9 38.1
2.92 52.6 66.1 46.9 50.6

(Continued)
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Test Samples Maximum Displacement DRR (%) Dissipation Average max  Average Average
series pullout (mm) (N-mm) pullout DRR (%) dissipation
stress (MPa) stress (MPa) (N-mm)
#2 1,100 0.51 52.9 2.2 50_6
1.00 46.1 5.7
1.82 44.4 15.0
2.50 43.8 20.6
2.92 41.1 35.0
N-CR10-1 #1 427 0.52 45.4 2.4 @ 40.4 2.0
1.00 41.5 8.8 36.2 6.1
1.83 25.5 7.8 21.5 4.6
2.51 13.5 1.5 8.5 0.8
2.92 5.6 0.0 26.6
#2 340 0.52 35.4 1.7
1.00 30.8 3.4
1.83 17.5 1.4
2.51 3.5 0.0
N-CR10-2 #1 491 0.52 51.7 4.7 528 50.4 5.9
1.00 50.0 15.9 48.6 16.3
1.83 29.9 13.7 32.9 18.6
2.51 23.3 5.3 27.1 8.7
2.92 20.0 0.5 21.3 1.5
#2 565 0.52 49.1 7.1 36.1
1.00 47.2 16.8
1.83 35.9 23.5
2.51 30.9 121
2.92 22.7 2.6
N-CR10-3 #1 662 0.52 67.3 12.9 772.5 67.5 10.8
1.00 66.3 37.5 65.7 37.2
1.82 59.9 41.2 61.4 59.8
2.51 57.6 30.1 59.0 68.0
2.92 55.3 22.2 55.7 64.4
#2 882 0.52 67.7 8.7 61.9
1.00 65.1 36.9
1.82 63.0 78.4
2.51 60.5 105.9
2.92 56.2 106.5
N-CR10-4 #1 979 0.52 73.1 10.3 905.5 66.3 9.3
1.03 72.0 45,5 65.3 40.4
1.82 66.7 101.8 62.2 92.7
2.51 65.7 127.9 60.5 106.2
2.92 62.8 115.9 58.9 89.6
#2 832 0.52 59.6 8.3 62.7
1.00 58.6 35.4
1.82 57.7 83.6
2.51 55.4 84.6
2.92 55.0 63.4
H-PA10 #1 1,100 0.51 71.5 6.5 1,100 69.1 5.8
1.03 72.7 23.6 68.6 24.3
1.82 73.0 75.2 68.3 80.5
2.51 74.8 108.2 67.7 113.7
2.92 79.8 115.3 66.8 119.9
#2 1,100 0.52 66.7 5.2 68.1
1.00 70.6 25.0
1.82 73.6 85.7

(Continued)
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Table 3: Continued
Test Samples Maximum Displacement DRR (%) Dissipation Average max Average Average
series pullout (mm) (N-mm) pullout DRR (%) dissipation
stress (MPa) stress (MPa) (N-mm)
2.51 74.6 119.1
2.92 79.8 124.4
H-CR10-1 #1 468 0.31 41.9 1.0 415 37.1 1.3
1.51 22.6 9.3 19.0 14.7
3.02 3.3 0.1 3.7 0.1
#2 362 0.31 32.3 1.7 &
1.51 15.4 20.1
3.02 4.1 0.1
H-CR10-2 #1 498 0.31 54.8 1.7 5_62 59.7 1.5
1.51 27.7 20.1 35.7 35.2
3.02 3.7 0.1 14.8 13.9
#2 626 0.31 64.5 1.3 ﬁ
1.51 43.6 50.3
3.02 25.9 27.7
H-CR10-3 #1 787 0.52 76.1 8.3 780.5 74.6 6.6
1.00 75.6 38.0 72.6 37.1
1.83 64.9 79.0 64.0 78.4
2.51 62.8 88.9 61.8 88.6
2.92 60.7 66.4 60.3 70.9
#2 774 0.52 73.1 4.8 ﬁ
1.03 69.7 36.2
1.82 63.1 77.8
2.51 60.8 88.3
2.92 59.9 75.3
H-CR10-4 #1 881 0.52 771 7.0 849.5 76.1 9.5
1.00 76.7 39.3 75.2 41.7
1.82 73.4 115.2 68.0 103.3
2.51 72.0 147.1 67.0 125.2
2.92 70.9 141.6 65.5 116.2
#2 818 0.52 75.1 12.0 70.3
1.00 73.6 44.1
1.82 62.6 91.5
2.51 62.1 103.4
2.92 60.1 90.9

3.1 Maximum pullout stress

The comparison of the maximum pullout stress of crimped
fibers in heating and non-heating cases is presented in
Figure 7. For the N-CRO7 fibers, the maximum pullout
stress increased from CR1 to CR4 fibers due to the increase
of the wave depth, which ranged from 0.055 to 0.124 mm.
Due to the SME under heating treatment, the fiber bulged
in diameter and reduced the wave depth, as shown in
Table 1. The increasing diameter was significant for
shallow crimped fibers, while the decreasing wave depth
was dramatic for deep crimped fibers. The diameter
increased from 0.006 to 0.003 mm, and the wave depth

reductions were from -0.021 to -0.032mm for the
CRO7-1 to CRO7-4 fiber, respectively. Thus, the H-CR0O7-1
and H-CRO7-2 fibers introduced a significantly higher
maximum pullout stress than the non-heated fibers,
whereas the H-CRO7-3 fiber provided a little higher
maximum pullout stress compared to the N-CR07-3
fiber. In addition, the H-CRO7-4 fiber showed a smaller
maximum pullout stress than the N-CRO7-4 fiber.

The same phenomenon occurred for the CR10 fibers.
Deep crimped fibers had a higher maximum pullout
stress compared to shallow crimped fibers in the non-
heating case. In the heating case, the CR10-1, CR10-2,
and CR10-3 fibers increased the maximum pullout stress
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Figure 7: Maximum pullout stress of crimped fibers with and without heating.
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Figure 8: Recovery deformation mechanism of the fiber at each cycle loading.

because of the significantly increasing diameter and the
slightly reducing wave depth, while the CR10-4 fibers
decreased the maximum pullout stress.

The different wave depth fibers produced different
changes in the diameter and wave depth due to heating.
Therefore, the wave depth of crimped fibers is an impor-
tant parameter that must be considered to introduce rea-
sonable pullout resistances to the crimped fiber in both
heating and non-heating cases. These pullout resistances
contribute to the tensile behavior and crack-closing of the
reinforced concrete/mortar. A wave depth of about 0.1 mm
for the CRO7-3 and CR10-3 fibers seems to be optimal wave
depth for the constant maximum pullout stress due to

heating. The maximum pullout stress differences due to
the heating of the CR0O7-3 and CR10-3 fibers are only 6
and 8 MPa, respectively.

Moreover, the variation of the maximum pullout stress
due to heating is more serious for the CRO7 fibers. The
maximum pullout stress increased by about 124.5, 225.5,
and 6 MPa for the CRO7-1 to CRO7-3 fibers and decreased
by about 87 MPa for the CR07-4 fiber. These values were
only 31.5, 34, and 8 MPa increments for the CR10-1 to CR10-3
fibers and 56 MPa decrement for the CR10-4 fiber. This
behavior can be explained by the thin shape and lower
flexural stiffness of the CRO7 fibers. The small diameter
of the CRO7 fiber guaranteed that all parts of the fibers
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completed phase transformation. Moreover, the flexural
stiffness of the CRO7 fiber is only a quarter of the CR10 fiber
when considering the same wave depth. Previous mono-

Eunsoo Choi et al.

tonic pullout tests also verified this behavior [12].

3.2 Displacement recovery ratio (DRR)

The recovery displacement mechanism of the fiber is
explained in Figure 8. For simplicity, the fiber with
end-anchorage is illustrated. However, this mechanism
is also true for other anchoring fibers, such as crimped
fibers. In reloading, the fiber slipped and deformed into
longitudinal fiber (x). The adhesive bond between the
fiber and surrounding mortar matrix was fractured when
the slip occurred. Then, the anchoring bond and frictional
bond contributed to the pullout resistance of the fiber.
The adhesive bond was small and just appeared in the
initial slip. Thus, it was neglected in the cyclic pullout
behavior of the fiber. In unloading, the fiber recovered its

DE GRUYTER

deformation (r), which depended on the fiber’s tensile
properties, and caused a recovery force in the fiber.
Noting that, the anchoring bond was important for
recovery deformation. The anchorage played as a fixed
point, while other parts of fiber recovered the deforma-
tion at the anchoring point.

Figure 9 presents the DRRs of the paddled and crimped
fibers in heating and non-heating cases, which are also
summarized in Table 3. Generally, the DRR of the non-
heated 0.7mm diameter fibers reduced after each cycle
loading. The reductions of the DRRs after the first-five cycles
until displacement of 3.5 mm were 6.6% for the N-PAO7
fiber and 55.5, 52.9, 40.7, and 4.7% for the N-CRO7-1 to
N-CRO7-4 fibers. This phenomenon happened because of
reduced friction due to the damage of the mortar duct after
each unloading-reloading cycle. The N-PAQ7 and N-CR07-4
fibers had high anchoring bonds due to their paddled end
or high wave depth; their anchoring bond was significantly
higher than their frictional bond. Thus, the reduction of the
DRR of these fibers was significant. In contrast, the N-CR07-1
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Figure 9: DRRs of paddled and crimped fibers with and without heating.
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to N-CRO7-3 fibers with a shallow wave depth depended
more on the frictional bond and thus were influenced
more by the damage of the mortar duct. The reductions of
the DRR for these shallow crimped fibers were relatively
large, with about 40.7-55.5%. For the heating case, the fiber
diameters increased due to the SME, whereas the wave
depth of the crimped fibers became smaller due to the
stretching effect. The bugling in diameter of the H-CR07-1
to H-CRO7-3 fibers seemed more significant than the stretching.
The increased frictional resistance caused the DRR reduction;
the values were 42.55, 28.29, and 25.45%, respectively.
For the high anchoring bond fibers of CRO7-4 and PAO7
fibers, the frictional resistance was small compared to
the anchoring bond. Thus, the DRR reduction was almost
unchanged. These values were 9.5 and 9.09%, respectively.

The average DRRs after the first-five cycles of the
fibers were 61.8, 20.4, 27.4, 31.9, and 54.7% for N-PAO7
and N-CRO7-1 to N-CRO7-4 fibers, respectively. The fibers
with a higher anchoring bond produced a higher average
DRR. In the heating case, the average DRRs of the heated
fibers were 65.0, 36.5, 40.1, 45.3, and 59.9%, respectively.
Thus, the average DRR of each fiber after the first-five
cycles increased due to heating. In the previous mono-
tonic pullout test [12], the authors found that the cold-
drawn SMA fiber shrunk at temperatures higher than the
finished austenite temperature (4;) and exhibited pre-
stressing in the fiber.

For the non-heating case, the displacement recovery
behavior of 1.0 mm diameter fibers was similar to that of
the 0.7 mm diameter fibers. A deeper crimped fiber showed
a smaller DRR reduction than a shallow fiber. The DRR
reductions until 3mm displacement of the N-CR10-3 and
CR10-4 fibers were 17.91 and 9.09%, respectively. In com-
parison, those of the N-CR10-1 and CR10-2 fibers were
significant with 78.75 and 58.0%, respectively. The N-PA10
fibers also presented a relatively small DRR reduction
of only 16.36% because of the high anchoring bond pro-
vided by the paddled-end anchorage. The average DRRs
decreased from 62.7% for N-CR10-4 fibers to 26.6% for
N-CR10-1 fibers. These average DRRs of N-CR10 fibers
were not much higher than those of N-CR07 fibers, while
the cross-sectional area of N-CR10 fibers was double that
of the N-CRO7 fibers.

For the heating case, the DRR reductions after cycle
loading were 90.0, 74.87, 19.57, and 13.82% for the
H-CR10-1 to H-CR10-4 fibers. The DRR reductions of the
H-CR10 fibers were significant due to the heating. This
behavior was different from that of H-CRO7 fibers. The
reason was the stretching effect that exceeded the bugling
effect for H-CR10 fibers. The CR10 fibers had a larger cross-
sectional area than the H-CRO?7 fibers; thus, it may be hard
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to activate full phase transformation in all parts in the
cross-section of the H-CR10 fiber. The prestressing in the
H-CR10 fibers because of the SME due to heating also
changed the DRRs. In turn, the average DRRs of the
H-CR10-1 to H-CR10-4 fibers were 19.9, 36.7, 66.6, and
70.3%, respectively. The H-CR10-4 fibers increased average
DRR due to the heating, while the other shallower H-CR10
fibers decreased the average DRRs. Noting that, the CRO7-1to
CRO7-3 fibers and the CR10-1 to CR10-3 fibers had almost the
same shallow wave depth of 0.03-0.064 mm. However, they
showed the opposite trend of average DRRs due to the
heating. The CRO7-4 and CR10-4 fibers had a relatively large
wave depth of 0.092 and 0.112mm presented in the same
increasing trend of average DRRs due to the heating.
The pullout resistance of fiber seems important for DRR
behavior. The high anchoring bond guarantees the pre-
stressing because of SME. However, if the anchoring
bond is too weak, the prestressing could show its effect.

The H-PA10 fiber also introduced a relatively small
DRR reduction of 3.3% after the first-five cycle loadings.
This behavior was similar to that of the H-PAO7 fiber and
could be explained by the significantly high anchoring
bond compared to the frictional bond of the PA fiber.
Generally, the average DRRs of all heated 1.0 mm diameter
fibers increased because of the prestressing in fiber due to
the heating. The maximum average DRR of the H-CR10
fibers was 70.3% for the H-CR10-4 fibers, which was a little
higher than the maximum average DRR of 59.9% for the
H-CRO7 fibers (CRO7-4 fiber). Thus, the H-CRO7 fibers were
more effective than the H-CR10 fibers in recovery displace-
ment behavior. Moreover, high wave depth crimped fibers
that produce high anchoring resistance should be used to
introduce a relatively high DRR value.

3.3 Energy dissipation (ED)

The ED after each cycle until 3.5 mm displacement of the
fibers are presented in Figure 10; these values are summar-
ized in Table 3. Overall, the shape of the ED—displacement
curve looked like that of the pullout stress response of the
fiber. There was an increased curve for the PA fibers and a
parabolic curve for the CR fibers. This phenomenon was
due to the area of each loop (i.e., ED) being influenced by
the pullout stress at an unloading point.

The ED depended on the pullout resistance of the
fiber. This was relatively high for the PA07 and CR0O7-4
fibers and was small for the low anchoring bond fibers of
the CRO7-1 to CRO7-3 fibers (Figure 10a and b). The same
phenomenon occurred for the 1.0 mm diameter fibers.
The ED curve of the CR10-4 fiber was above that of the
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Figure 10: EDs of paddled and crimped fibers with and without heating.

CR10-3 fiber, the next one was the ED curve of the CR10-2
fiber, and the lowest one was of the CR10-1 fiber, as
shown in Figure 10c and d. It was easy to understand
this because the ED depended on the pullout stress and
the DRR value. The high anchoring bond fibers, including
the PA fiber and the crimped fiber with high wave depth,
introduced a relatively high pullout stress, as presented
and discussed in Section 3.1. Moreover, the DRR was also
relatively high for fibers with a high anchoring bond, as
demonstrated in Section 3.2.

The prestressing in the fiber, which is due to the SME
with heating generally increased the ED. The maximum
EDs were relatively high with 44.4 and 36.4 N-mm for the
N-PAO7 and N-CRO7-4 fibers, and small for the N-CR07-1
to N-CRO7-3 fibers with only 3.5, 6.4, and 10.6 N-mm,
respectively. Due to heat treatment, the maximum EDs
increased to 50.2, 11.1, 18.2, 19.4, and 38.6 N-mm for

H-PAO7 and H-CRO7-1 to H-CRO7-4 fibers. The 1.0 mm
diameter fibers showed the same ED behavior compared
to the 0.7mm diameter fiber. The maximum EDs of
N-CR10-1 to N-CR10-4 fibers were 6.1, 18.6, 68.0, and
106.2 N-mm, respectively. In comparison, the values of
the H-CR10-1 to H-CR10-4 fibers were 14.7, 35.2, 88.6,
and 125.2N-mm, respectively. The maximum ED of the
PAI10 fiber also increased from 50.6 to 119.9 N-mm.
Concerning the diameter effect, the 1.0 mm diameter
fibers introduced higher maximum EDs than the 0.7 mm
diameter fibers in both non-heating and heating cases.
For example, regarding the N-CR07-1 and N-CR10-1 fibers
with nearly the same wave depth of 0.055 mm, their max-
imum EDs were 3.5 and 6.1 N-mm, respectively. Meanwhile,
the H-CRO7-2 and H-CR10-2 fibers with nearly the same
wave depth of 0.037 mm had maximum EDs of 187.2 and
35.2 N-mm, respectively. However, it should be noted that
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the cross-sectional area of the 0.7 mm diameter fiber was
just half when compared to the 1.0 mm diameter fiber.
Thus, with the same volume fiber, the number of 0.7 mm
diameter fiber mixed in a mortar matrix was double that of
the 1.0 mm diameter fiber. Thus, the mono fiber of 1.0 mm
diameter showed higher maximum EDs than that of the
0.7 mm diameter fiber. However, the reinforced mortar that
contained 1.0 mm diameter fiber might not have higher max-
imum EDs than the 0.7 mm diameter fiber-reinforced mortar.

4 Discussions

The bent steel fibers, namely, end-hooked and crimped,
are assumed to be yielded at the bent part during the
pulling out process [34]. Plastic deformation was devel-
oped at the bent part while passing through the duct,
and, thus, a large ED occurred. However, the crimped
SMA fibers were generally manufactured to not be yielded
during the pulling out process, but also the yielding
inhibited the inducement of the recovery stress in the
SMA fiber. Therefore, the stress distribution of such steel
fibers at the bent part was assumed to be rectangular with
the yield stress for both tensile and compressive parts
(Figure 11a). However, the stress distribution of the crimped
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Figure 11: Stress and strain distribution of bent fibers subjected to
tension: (a) plastic bent fiber [34] and (b) elastic bent fiber.
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SMA fiber should be linear from the maximum tensile
stress to the corresponding compressive stress as shown
in Figure 11b. For the bent steel fiber, the plastic energy
was dissipated, but the strain energy of the crimped SMA
fiber was stored. As a result, the stored energy was
released during the unloading process. It was expected
that the stored energy would help recover the loaded
displacement because the stored energy helped recover
the deformation at the elastic bent part. Consequently, it
can be argued that more stored energy can induce more
displacement recovery.

Ho et al. [27] estimated the stress distribution of the
crimped SMA fiber during pulling out using a finite ele-
ment model. They showed that the stress distribution of
the convex part (the A-A cross-section in Figure 12) of the
SMA fiber was reversed at the concave part of the fiber
(i.e., the B-B cross section).

This indicates that the stresses at the top and bottom
of the fiber could be maximized when the convex part of
the fiber was placed at the concave shape of the duct.
Thus, the stored energy would be maximized, resulting
in maximum displacement recovery during the unloading.
The N-CR10-1 and N-CR10-2 cases in Figure 13a showed the
maximum displacement recovery with a slip of around
half of the wavelength, which was 1.65 mm in this study.
The two SMA fibers had a relatively small wave depth,
and, thus, the developed stress was below the yield stress.
However, the other two fibers of the N-CR10-3 and N-CR10-4
cases had a relatively large wave depth, which resulted in
a large stress in the fiber and elongated the period of pullout
response as shown in Figure 5g and i. Thus, the conjecture
was not valid, and the maximum displacement recovery
occurred at the deviated location from the half wavelength.
For the heated crimped SMA fibers, the displacement

Mortar Crimped fiber

| Pullout
/ direction

Figure 12: Stress distributions of the crimped SMA fiber at different
locations [27].
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Figure 13: Displacement recovery of crimped SMA fibers (a) N-CR10, (b) H-CR10, (c) N-CRO7, and (d) H-CRO7.

recovery showed the same trend as the non-heated cases.
For the CRO7 SMA fibers in Figure 13c and d, the maximum
displacement recovery occurred around of the 1.5 mm slip,
and, thus, it can be said that the above conjecture was
valid for the CRO7 SMA fiber. However, the displacement
recovery trend did not match well with the conjecture. It
seemed that the relatively low flexural rigidity of the CRO7
SMA fiber compared to that of the CR10 fiber induced such
displacement recovery.

The notable thing was that the displacement recovery
became larger with a larger wave depth of the fiber,
regardless of the fiber’s diameter and heating. Thus, a
crimped SMA fiber with a larger wave depth could save
more stored energy during pulling out. Finally, it should
be noted that the trend of the displacement recovery was
almost the same as that of the dissipated energy in Figure 10.
The ED was mainly from the friction during the displacement

recovery. Thus, it can be said that more displacement
recovery induces more ED.

The DRR was used to estimate the displacement
recovery capacity of the SE SMA fibers in a previous study
[35]. If the displacement recovery was a function of
applied incremental displacement, which is x in Figure 6,
the DRR could be used and had meaningful information.
However, in the tests of this study, the recovery displace-
ment might not have been related to the applied incre-
mental displacement, but it depended on the unloading
position. Thus, if the applied incremental displacement
became large, the DRR at a specific unloading point should
decrease because the displacement recovery at a specific
point was the same, regardless of the applied incremental
displacement. Thus, in this study, the recovered displace-
ment seemed to be more essential to understand the displa-
cement recovery behavior of the crimped SMA fiber.



DE GRUYTER

5 Conclusions

This study investigated the cyclic pullout behavior of
cold-drawn crimped fibers, including the maximum pullout
stress, the displacement recovery, and the ED. The cold-
drawn paddled fibers were also examined to compare the
cyclic pullout behavior of crimped fibers with multiple
anchoring bonds and that of paddled fibers with a high
end-anchoring bond. For this purpose, the fibers with
two diameters of 0.7 and 1.0 mm were prepared, prestrain
was introduced by cold drawing work, and paddled and
crimped shapes were fabricated. The pullout specimens
were tested in heating and non-heating cases to investigate
the effect of recovery stress in the fiber due to heating on the
cyclic pullout behavior. Based on the experimental results,
the following conclusions can be drawn:

¢ The maximum pullout stress of crimped SMA fibers
depended on the fiber’s wave depth, and the crimped
SMA fibers with a larger wave depth induced a higher
pullout resistance.

¢ The fiber’s diameter increased due to heating, while the
fiber’s wave depth decreased. The diameter’s increment
was significant for the shallow crimped fibers to increase
pullout resistance, while the wave depth reduction was
critical for the deep crimped fibers to decrease the pullout
resistance. Thus, the heating increased the maximum
pullout stress of the shallow crimped fibers but decreased
that of the deep crimped fibers.

e The DRRs of the paddled and crimped fibers were
reduced after cyclic loadings due to the reduction of
friction caused by the damaged mortar duct. The DRR
reductions were significant for low anchoring bond
fibers and were neglected for the high anchoring bond
fibers. Moreover, the higher anchoring bond fiber intro-
duced a higher average DRR.

e The average DRR of the fibers increased due to the
heating. The prestressing in the fibers because of the
SME due to heating shrunk the fiber and produced
more displacement recovery. However, the prestressing
only presented its effect for the fiber with a high
anchoring bond.

¢ The fibers with a higher anchoring bond generated a
higher ED. For the heating case, the prestressing in the
fiber contributed more to the increased ED. The 1.0 mm
diameter fiber produced a higher ED than the 0.7 mm
diameter for both non-heating and heating cases.

¢ The pattern of the displacement recovery was similar to
the shape of the fiber’s wave, and the maximum dis-
placement recovery occurred with the slip of half the
wavelength. Moreover, the trend of the displacement
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recovery was almost the same as ED. This means that
a larger displacement recovery can induce a larger ED.
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