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Abstract: The NiTi SMA fibers were cold drawn to intro-
duce prestrain, and then, they were made to crimped
fibers with various wave depths. The recovery stress
was measured, which was useful for closing the cracks
in fiber-reinforced concrete. The pullout behaviors were
also examined considering the existing recovery stress,
and it is found that the recovery stress did not influence
so much on the pullout behavior. According to the pullout
results, a parametric study used a finite element analyzing
(FEA) model to quantify the cohesive surface model’s para-
meters and the value of the friction coefficient. Then, the
developed model is used to investigate the crimped fiber’s
pullout behavior with various embedded lengths and wave
depths. When the fiber in the elastic range, the peak stresses
significantly raise due to increasing embedded waves; they
show a linear relationship. After the yield of the SMA fiber,
the peak stresses are also a function of embedded waves;
however, the increasing trend is slow down. Concerning the
cost, the even distribution of the fiber, and for guaranteeing
the fiber experiences the pulling out, it is recommended
that the embedded lengths and corresponding wave depths
should be designed to avoid the yield.
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1 Introduction

Various methods have been introduced to improve the
characteristics of mortar or concrete, such as adding
nanoparticles, polymeric materials, or fibers [1,2]. Adding
fibers while producing a mortar or concrete mixture is
an effective way to achieve this purpose at a low cost.
Many studies have proved that added fibers can increase
tensile ductility and the cementitious composite’s impact
resistance [3-6]. Due to the gradual pullout failure of
embedded fibers, the concrete showed more pseudo-duc-
tile behavior, increased residual strength, and enhanced
energy dissipation [7,8]. The fibers’ effect depends on
their properties and the pullout resistance between the
fibers and the cementitious matrix. Pullout resistance is
essential to induce pullout force between the fiber and
the mortar matrix to prevent slipping of the interface. A
high pullout resistance ensures the composite behavior of
fiber and mortar. According to the needed bond properties
between fiber and matrix, various pullout experimental
tests and mechanical analyses have been conducted to
assess the fiber-matrix bond behavior.

Various surface treatments, such as acid etching,
hand sanding, and sandblasting, have been studied;
among these methods, sandblasting induces the highest
resistance [9-11]. Creating an acid-etched surface is easier
than other techniques; therefore, it is widely used to
increase pullout resistance [12]. However, surface treat-
ment is not economical because it is hard to improve sur-
face conditions between the fibers and the cementitious
matrix. A recent trend in increasing pullout resistance is to
create fibers with discontinuous shapes. The pullout resis-
tance includes adhesion and friction for straight fiber,
determined by the surface condition between the fibers
and the mortar matrix [13-15]. However, discontinuous
fibers induce an anchoring bond due to their irregular
shape in addition to adhesive and frictional resistance.
Many researchers have used various fibers, such as poly-
vinyl alcohol, polypropylene, glass, and carbon fibers for
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reinforcement [16]. However, only steel fiber and shape
memory alloy (SMA) fiber can be used to create a discon-
tinuous shape because of the reasonable deformability;
the other fibers generally are used with a straight shape.

Previous studies have suggested various shapes, such
as twisted, crimped, and hooked; all these shapes are avail-
able for the mass production of steel fiber. The crimped
fibers provided the highest bond resistance among the
aforementioned fibers; multiple crimped indentations func-
tion as multiple anchors that induce a strong anchoring
bond. However, if crimped fibers are too weak, indentations
will be stretched, and the pullout behavior is similar to that
of straight fiber. The hooked shape is the second most effec-
tive one; the two hinges are too short compared to the total
embedded length. The last one is the twisted shape, in
which resistance is created by the untwisting torsional
moment resistance [17,18]. For simulation, the straight,
twisted, and hooked shapes are modeled and given out
the same pullout behavior of experimental results; the
pullout behavior is affected by various parameters such as
fiber geometry, tensile strength, embedded length, and
mortar strength [19-21].

Previous studies have validated some bond slip ana-
lytical models. Naaman et al. [22] conducted an experi-
mental pullout test with smooth steel fiber of 25 mm
length and with various cementitious matrix strengths
to assess a prediction model. The model used the peak
load, the corresponding end slip, and the initial portion
of the curve slope to solve the characteristic bond stress
versus the slip curve’s critical parameters, namely, bond
modulus, maximum shear stress, and maximum fric-
tional shear stress. The predicted stress versus slip curve
showed a good fit with the experimental curve at all
matrix strengths. For hooked steel fiber, Alwan et al.
[23] modeled the end hooks as two hinges, which were
the cause of a chain of various parabolas, while Chanvil-
lard [24] divided the fiber into distinct curves and straight
parts. Laranjeira et al. [25] introduced a model, which
was quite comparable with Alwan’s model; however,
the model did not consider fiber and matrix inclination.
A semi-analytical model suggested by Soetens et al. [26]
is applicable for straight fiber and a wide range of hooked
types combined with various cementitious matrix strengths.
For the finite element analysis, van der Aa [27] developed a
model using ABAQUS software for straight and hooked steel
fiber with a concrete matrix; three contact models were used
to model the adhesive bond and frictional behavior.

SMA fiber has been used recently because of its unique
properties, namely, the shape memory effect and the super-
elastic effect. The shape memory effect induces recovery
stress as well as deformation recovery of SMA fibers when
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they are heated. The superelastic effect produces self-
recovery stress when they are unloaded. Thus, these proper-
ties can provide crack closing [28,29], prestressing [30-32],
crack repairing [33], and self-healing [34] of SMA fiber-rein-
forced cementitious composites. The recovery stress in
the high prestrain level of the SMA fiber can delay the
debonding, and the debonding stress increased with more
prestrain [35,36]. Various SMA fiber shapes, such as L, N,
dog bone, and paddle shaped, have been suggested [37].
Experimental tests have indicated that paddle-shaped fibers
provide the highest bond resistance; the next most effective
type is dog bone-shaped fibers. They are discontinuous at
the end parts. Dog bone-shaped fibers can be mass pro-
duced by heating or by putting the end parts into boiled
water, whereas the paddle-shaped fibers can be created
only one by one. Recently, Choi et al. [38,39] reported
that the crimped shape has the greater potential for SMA
fibers. The pullout resistance of crimped fibers was 12 times
and 10 times higher than that of straight and dog bone-
shaped fibers, respectively. Moreover, fibers with this shape
can be mass produced by the crimping of straight fibers.

The bond behavior of straight superelastic SMA fiber-
and carbon fiber- reinforced polymers can be predicted
by a 3D nonlinear finite-element method using ABAQUS
software. Dawood et al. [40] conducted a pullout test
with SMA fiber embedded between two layers of unidir-
ectional carbon fiber fabric saturated by epoxy. The cohe-
sive zone was used to model the interface, and the quan-
tified parameters of the coherent model such as stiffness
(K), maximum shear stress (Tyax), and damage energy (G)
were indicated by comparison with the stress versus slip
curves of the experimental test. El-Tahan and Dawood
[41] improved Dawood’s model with stress and strain
parameters after debonding instead of the damage energy.
The parameter of friction was not considered in those stu-
dies. It is found from the previous studies that there is a lack
of the pullout model of crimped SMA fiber embedded in
cementitious matrix to determine the exact values of pullout
model’s parameters.

The cold-drawn SMA fibers induce recovery stress
and thus have the capacity of closing cracks in the fiber-
reinforced concrete with heating; this phenomenon was
called as crack closing. The crack-closing mechanism was
depended not only on recovery stress but also on the bond
resistance between the fibers and cementitious matrix.
This study determined the recovery stress of straight and
crimped SMA fibers and investigated the bond resistance of
the fibers changed due to heating. Moreover, based on the
test results, it is suggested a pullout model to further
examine the effects of the embedded length and wave depth
on the crimped fiber’s pullout behavior. In particular, first,
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the parameters of the cohesive surface model were investi-
gated by considering the results obtained for straight fiber.
Then, the friction coefficient was estimated by comparing
the experimental and predicted outcomes of crimped fiber.
Based on the observed model, crimped fiber’s pullout beha-
vior with various embedded lengths and wave depths is
discussed.

2 Experimental test

2.1 Fabricate cold drawn SMA fibers

Ni50.4-Ti (wt%) SMA fibers were cold drawn to create the
prestrain; then, a rolling device crimped them to produce
crimped fibers. The starting austenite temperature (As)
and finishing austenite temperature (A;) of the fibers
were 42.01 and 91.46°C, respectively. Those values were
indicated by a thermo-analytical technique, namely, dif-
ferential scanning calorimetry (DSC) [38]. The shape of
the crimped fibers is shown in Figure 1, and Table 1 pre-
sents the dimensions of the straight (ST) and crimped
(CR) fibers. The crimped fibers had four different wave
depths of 0.055, 0.061, 0.091, and 0.124 mm. After crimping,
the diameter of the crimped fibers did not change so much,
which was estimated as less than 0.3%.

2.2 Tensile behavior and recovery stress of
cold drawn SMA fibers

Figure 2 shows the monotonic tensile behavior of cold-
drawn fibers. All curves linearly increase up to 1.0%
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Table 1: Dimensions of straight and crimped fibers
Name Diameter Wave Wavelength Fiber
(mm) depth (mm) length
(mm) (mm)
ST 0.665 — — 30
CR1 0.665 0.055 3.3 30
CR2 0.666 0.061 3.3 30
CR3 0.667 0.091 3.3 30
CR4 0.667 0.124 3.3 30
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Figure 2: Monotonic tensile behavior of fibers.

strain with the Young’s modulus of 22.6 GPa. After that,
the crimped fibers show softening behavior compared with
straight fiber due to the stretching of indentation parts
under tensile loading. The secant modulus of straight fiber
is 10.5 GPa, while those of CR1 to CR4 fibers are 8.6, 7.5,

-
-

Fiber length

Figure 1: Photo of crimped fibers and illustration of dimensions.
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7.0, and 6.9 GPa, respectively. The higher wave depth fiber
is more stretched than a lower one; thus, crimped fiber’s
secant modulus decreases with the increasing wave depth.
All fibers yield at the same stress of 730 MPa, and they
rupture at 1,100 MPa with the ultimate strain of about
60%. Thus, the tensile behaviors of 0.665-mm diameter
crimped fibers with wave depths ranging from 0.055 to
0.124 mm are not very different.

The cold-drawn SMA wire’s tensile behavior depends
on the area reduction ratio (ARR). When the ARR ranges
from 7 to 10%, the phase transformation state looks dis-
appeared and, then, the initial slope of the response
became almost linear till the yield. Thus, the tensile
behavior of straight cold drawn SMA wire in Figure 2
apparently showed elastoplastic behavior like steel mate-
rial [42].

Choi et al. [39] indicated that the recovery stress
increased when increasing the heating temperature up
to a specific value; then, the stress decreased because
the fiber was stretched along the fiber direction due to
the thermal effect. The specific temperature produced
maximal recovery stress was 230°C for fiber with 1.0 mm
diameter and 160°C for 0.7 mm diameter. Therefore, in this
study, the temperature of 150°C was chosen to heat the
fiber. This temperature was higher than the finishing aus-
tenite temperature (91.46°C) to ensure the phase transfor-
mation happen, and it was lower than 160°C to reduce the
thermal effect. The recovery stress—temperature curves of
the ST and CR fibers presented in Figure 3a and b show
maximal recovery stress as well as residual stress, which is
the final recovery stress after heating the fiber from room
temperature to 150°C and then cooled down to room tem-
perature. In general, in the heating process, the recovery
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stress increased because all parts of the fibers gradually
reached 150°C and completed phase transformation. The
recovery stress decreases with decreasing the temperature
because NiTi SMAs show such a trend. The maximal
recovery stress and residual stress of the ST fiber were
higher than those of the CR fibers. Moreover, more stress
decreased with increasing the degree of crimping. For
maximal recovery stress, the reductions were 21.8, 32.4,
37.4, and 44.1% for CR1 to CR4 fibers in comparison with
ST fiber. The same trend occurred to residual stress.

2.3 Pullout behavior of cold drawn SMA
fibers

2.3.1 Test setup

Figure 4 presents the dimensions of specimens and test
setup. We put a half-length of a cold-drawn SMA fiber
into a mortar specimen, which had a half dog bone
shape. The compressive strength of the mortar specimen
was 55MPa, and the composition of the mortar is pre-
sented in Table 2. For each type of fiber, six specimens
were fabricated. After 28 days, half of specimens was
heated by an oven at 150°C in 6 h before conducting the
pullout test, while the other half was not heated.

A grip system gripped the bottom part of the spe-
cimen, and the fiber was pulled by an actuator, which
kept the fiber at 5mm from the top surface of the spe-
cimen. On the top of the pullout system, a load cell mea-
sured the force applied, and the stroke of an actuator was
set up to gauge the pullout displacement of fiber. The
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Figure 3: (a) Recovery stress curves at 150°C and (b) comparison maximal recovery stress and residual stress of ST and CR fibers.
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Figure 4: Test setup and dimensions of a specimen (unit: mm). (a)
Dimensions of the specimen and (b) pullout test setup.

pullout speed was 1.0 mm-min ', and the response sam-
pling rate was 5.0 Hz.

2.3.2 Experimental results

Figures 5 and 6 show the pullout stress versus displace-
ment of the specimens and their averages. In the non-
heating case, the ST fiber showed increasing bond stress
until it reached a peak at 120 MPa due to adhesive resis-
tance. Then, the fiber slipped because the adhesive resis-
tance was broken. Frictional resistance contributed to
the pullout stress in the next part; the frictional stress
decreased with the increasing displacement. Because
of a mistake in conducting the test, only two results of
the ST fiber were obtained. However, the two pullout
responses almost coincided; thus, they can represent
the response of the ST fiber.

For crimped fiber, the pullout stress versus displace-
ment curve reflects the shape of the fiber. Each wave’s
step is 3.3mm, which is equal to the wavelength of
the fiber; the pullout stresses reached the peak at the
peak of indentations. The crimped fibers had 4Y> waves
embedded in the mortar matrix; however, the shape of
curves is only evident in the first three waves. The stress
at the last peak significantly decreases.

Table 2: Composition of the mortar
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In comparison to the pullout behaviors of the CR
fibers, the peak pullout stresses of the crimped fibers
increased with increasing wave depth. The highest stress
was about 730 MPa at the first peak of the CR4 fiber; this
value equals the yield. Thus, the CR4 fiber with a 0.124-
mm wave depth yielded, whereas the other crimped
fibers with lower wave depths slipped and were deformed
in the elastic part.

Even with the heating treatment, the pullout beha-
vior of the CR SMA fibers did not change so much; the
shapes of response curves in the two cases are almost
the same. The comparison maximal pullout stress of the
fibers for the nonheating and heating cases is presented
in Figure 7. Except the CR2 fiber, the maximum pullout
stresses of the heating cases are a little larger than those
of the nonheated specimens. With heating, the fiber
bulged in diameter and produced pressure to mortar
duct; this led to the slightly increasing pullout resistance
and, moreover, made the pullout response smooth.

In the concerning fiber shape, the CR fibers should be
used for cementitious materials instead of the ST fiber
because of the extremely higher pullout resistance. The
CR fibers, moreover, provided the recovery stress for the
composite, which cannot introduce by other types of
fibers, such as steel, glass, and carbon fibers. Therefore,
the CR fibers were suitable for crack closing. When the
reinforced structures undergo loading and cracking, the
fibers played as passive fibers, which bridged the cracks.
The bond resistance and tensile behavior of the fibers
mainly contributed to the bridging capacity. When applying
the heating, the revery stress closed the crack width; in this
phase, the bond resistance was critical for keeping the fiber
not to be pulled out the matrix.

The pullout and tensile experimental results showed
that the CR fibers with higher wave depth produced a rela-
tively high bond resistance, while they provided smaller
recovery stress. Therefore, the dimensions of crimped parts
of CR fibers should be considered to guarantee providing
a reasonable bond resistance as well as recovery stress. In
the following sections, a pullout model is suggested for
designing the CR fibers with considering the embedded
length and the wave depth of the fibers. Because the tensile
behavior of cold drawn SMA fiber was elastic—plastic as
shown in Figure 2, this model can also be used for the other
elastic—plastic fibers, such as steel fiber.

Portland cement (type Ill) Fly ash

Silica sand

Water reducing admixture Water

1.0 0.15 1.0

0.009 0.35
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Figure 5: Pullout stress—displacement curves of the fibers in nonheating case: (a) ST, (b) CR1, (c) CR2, (d) CR3, and (e) CR4.
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Figure 6: Pullout stress—displacement curves of the fibers in the heating case: (a) ST-H, (b) CR1-H, (c) CR2-H, (d) CR3-H, and (e) CR4-H.
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Figure 7: Comparison maximal pullout stress of the fibers with and
without heating.

3 Numerical simulation

3.1 Finite-element model

A three-dimensional (3D) FEA was conducted using com-
mercial software ABAQUS (version 3DEXPERIENCE
R2019X, Dassault Systemes Simulia Corp.) to model the
bond mechanism of cold drawn SMA fibers and mortar
matrix. The finite-element model included two compo-
nents: the mortar matrix and SMA fiber. The mortar
matrix and the mono SMA fiber were defined as solid
elements with eight-node continuum elements with three
translational degrees of freedom at each node (element
C8D3R). The fiber for models with the embedded length of
15 mm. The fiber and the duct in the mortar matrix were
divided finely with 0.1 mm in perimeter and 0.4 mm in
the longitudinal direction. With the mesh sizes of 0.8 and
1.6 mm in the longitudinal direction, the stress response
of the FEA model differs from that of the experiment.
However, when reducing the mesh size to 0.2 and 0.4 mm,
the stress responses of the FEA model and experiment coin-
cided (Figure 8). Thus, the mesh size of 0.4 mm is chosen to
get the solution’s convergence with the experimental results
and reduce the computational time. The model used the
auto-mesh feature; the total numbers of elements with the
mortar matrix and SMA fiber were 3,000 and 1,760, respec-
tively (Figure 9).

The displacement applied at the top surface of the
SMA fiber was 15mm with a 1 mm-min~" pullout speed.
We set the bottom surface of the mortar specimen as zero
displacements in the pullout direction. The step size was
set up automatically until convergence was achieved. The
initial step size corresponded to a displacement of 0.1 mm,
and between 40 and 200 time steps were completed.
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Figure 8: Convergence of stress response with respect to element
sizes.

The mortar matrix was modeled as an elastic material
with the Poisson’s ratio of 0.19. The value of E. is indi-
cated as 4,700\/E [43], where f! is the compressive
strength. The damage properties and shrinkage effect of
the mortar matrix were not considered in this study. Cold-
drawn NiTi SMA fiber does not undergo phase transfor-
mation; thus, the elastic-plastic material built on the
ABAQUS modeled the SMA fiber. The Poisson’s ratio in
the elastic part was 0.3. Figure 10 presents the typical
tensile stress—strain curves of SMA fiber obtained from
the finite-element model and the experimental test.

(a) ()

Figure 9: Dimensions of elements in the model and meshed model.
(a) Fiber and matrix, (b) straight fiber, and (c) crimped fiber.
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Figure 10: Modeling tensile behavior of SMA fiber.

3.2 Interaction properties

According to the previous studies, there are three load
transfer mechanisms: adhesion, friction, and anchoring
bond [44]. Straight fiber does not have an anchoring
bond, which only exists in discontinuous fiber due to
the interlocking of the discontinuous part of the fiber
and the mortar matrix. Adhesive resistance develops
before slipping occurs; then, the frictional resistance
reduces due to the reduction of the embedded length.
Adhesion is defined by the cohesive behavior of the con-
tact surface, whereas the friction is dependent on the
normal and tangent behaviors.

The master surface and the slave surface of surface-
to-surface interaction are defined, in which the nodes of

Along fiber direction

v

Figure 11: Traction separation behavior.

' t1(517
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the slave surface do not penetrate the master surface.
Based on the advice of ABAQUS [45], the larger surface
should be defined as the master surface, while the smaller
one should be defined as the slave surface. Thus, the
mortar matrix’s duct is defined as the master surface,
while the surface of the SMA fiber is set as the slave
surface.

3.2.1 Adhesive resistance

Traction separation behavior describes the adhesion beha-
vior between an SMA fiber and a cementitious material or
polymer composite [27,40]. The traction separation model
assumes initially linear elastic behavior. The elastic beha-
vior of traction stress and separation is expressed as
follows:

On Kin K Kno || 6n
t=3t ;=K Kn Kpy|y61;=K8, @
tZ I<n2 I<12 K22 62

where t is the nominal traction stress vector, which
includes three components, namely, 0, which is a
normal traction stress, and t; and &, which are shear
stresses along the wire direction and in the tangential
wire direction. Separation § consists of three response
separations, 8y, 61, 6,, and K is the stiffness matrix. The
normal stiffness and tangential stiffness are noncoupled,
as shown in Figure 11. The normal separation by itself
does not increase the shear traction stress, and the shear
separation by itself does not raise the cohesive stress in
the normal direction; thus, Kj (i #j) = 0. Equation (1)
can be rewritten as follows [40]:

12(‘5‘2)"/ [
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t 0 0 Knl|ls,

3.2.2 Debonding

Because the fiber is pulled out of the mortar matrix, the
shear stress increases. When adhesion failure occurs,
the interface between the matrix and the fiber does not
fail at once; part of the stress still transfers through
the interface. This process is called debonding, which
finishes when the interface completely fails. The failure
mechanism includes a damage initiation criterion and a
damage evolution law. Damage initiation relates to the
beginning of degradation of cohesive response; there are
several damage initiation criteria, such as the maximum
stress criterion, maximum separation criterion, quadratic
stress criterion, and quadratic separation criterion. This
study does not compare the accuracy of these criteria;
thus, the popular quadratic stress criterion is used as a
damage initiation criterion.

O, 2 t; : t 2
“n a1 21 - 3
() +(t1°) +(t2°) b ®

where o2, t), and t) are the peak values of contact
stresses when the separation is pure to the interface or
the first/second shear direction. Because of the experi-
mental test, 0, and t, were negligible; only t; was eligible.
The normal traction oy, is put inside the Macaulay bracket
to indicate that pure compression cannot lead to the
initial damage. The damage evolution law is set as a
linear degradation. Figure 12 shows the traction separa-
tion response for the cohesive surface.

¢ (MPa)

o (t),5) | ———

|
6n(57.6)

6 (mm)

Figure 12: Cohesive surface model.
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3.2.3 Combining debonding and friction

The interaction behavior after adhesion is the combina-
tion of debonding and friction. First, debonding is fully
active, and friction is inactive. Then, debonding decreases,
and friction increases due to slipping. As the damage
increases, both debonding and friction partly contribute
to the shear stress. Two linear and exponential softening
models were built in ABAQUS to define the change from
fully active debonding to completely active friction, as
shown in Figure 13.

3.2.4 Friction resistance

When the fiber is no longer connected to the mortar
matrix, there remains pullout stress until the fiber com-
pletely pulls out. This stress is caused by the friction
between the fiber and the duct of the mortar. The friction
behavior is set up in ABAQUS by normal behavior and
tangent behavior.

Normal behavior is defined as “hard contact,” which
is set as the default in using contact pairs in ABAQUS
[45]. The surfaces separate when the contact pressure
between the surfaces is zero or negative, and the contact
constraint is applied when the distance separating two
surfaces becomes zero. For tangent behavior, the friction
coefficient (1) between two surfaces is used to define the
friction. According to Coulomb’s law of friction, shear
stress is a function of the friction coefficient (u) and
normal stress (Figure 14). For a 3D model, the shear stress
is defined in two directions with the assumption of a
friction coefficient (u). Because the normal force value
is very small, the penalty method in ABAQUS is used
for the calculation to get a high convergence rate.

4 Quantification of the parameters
of the pullout model

4.1 Values of traction separation model
parameters

According to Figure 4, the ST fiber shows a typical pullout
stress versus displacement curve. The fiber shows increased
bond stress until it reaches peak stress. The fiber’ shape
influences the pullout stress versus displacement curves;
thus, the peak stress is not due to pure adhesion. Therefore,
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the cohesive surface model parameters were verified by
comparison with the experimental test of ST fiber.

The two groups of finite-element models considered
to quantify the parameters are summarized in Table 3.
The value of 6,-0, displacement at the finished bonding,
is very small; this value was set as 0.5 mm based on
the previous study [27]. Preliminary analyses select the
values in this table to indicate the range of parameters. In
group 1, the cohesive model is modeled as linear elastic
without damage; the K parameter values range from 20 to
200 MPa-mm . In group 2, ti0 ranges from 2 to 5MPa,
while the K value is fixed at 50 MPa-mm™.

In the adhesion part, the bond stress reaches a peak
of 120 MPa at 0.1 mm; thus, the slope of increasing bond
stress is 1,200. Figure 15 shows the pullout stress versus

Table 3: Ranges of values of cohesive surface model parameters

K (MPa-mm™) t° (MPa) 30 (mm)
Group 1 20, 30, 40, 50, — —
100, 200
Group 2 50 2,25,28,3, 0.5
35,5

displacement curves of the finite-element analysis (FEA)
models with various elastic stiffness values and the average
curve of straight fiber in the experimental test.

A different error (DEK) is used to determine the best fit
value of stiffness. The equation is calculated as follows:

DEK = |Slopayg — Sloprgal, (4)

where Slop,yg is the average slope obtained from the
experimental test, and Slopgga is the slope predicted by
FEA with various values of K. Figure 16 shows the effect of
K on the DEK of the predicted model; the cohesive stiffness
of 50 MPa-mm™! minimizes the value of DEK. Thus, this
value is chosen to fix the interfacial stiffness of the model.

In group 2, t° ranges from 2 to 5 MPa, whereas the K
value is fixed at 50 MPa-mm™ (Figure 17).

The different peak stress errors and corresponding
displacement between experimental and FEA are named
DES and DES-D, respectively. These values are calculated
as follows:

225
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Figure 15: Determination of interfacial stiffness, K, according to the
comparison of the experimental test and predicted model.
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Figure 17: Determination of shear strength, t, according to the
comparison of the experimental test and the predicted model.

DES = |tavg — treal, (5)
DES-D = [8ayg — Orkal, (6)

where fayg, Oave, trea, Oppa are the average peak stress,
the corresponding average strain in the experimental
test, and those in the FEA model. Figure 18 shows the
relation of DES, DES-D, and the t? parameter. When the
value of shear strength, tio, is less than 3.5 MPa, it does not
affect the movement of the peak point much; however,
with a higher shear strength, the DES-D significantly
increases. The DES value is minimal when t? is 3 MPa.

Thus, the FEA model with straight SMA fiber indicates
that K = 50 MPa-mm ' and t = 3 MPa are the optimal values
of interfacial stiffness and shear strength, respectively.

SMA crimped fiber bond resistance =— 873

4.2 Value of friction efficient

The exponential softening model for combining debonding
and friction is used with the exponential parameter a = 6
[27]. A friction coefficient (FR) of 0.3 or 0.33 has been used
for most dry materials [46]. With the development of testing
machines and testing methods, various friction coefficients
for various contacting materials have been determined; the
friction coefficient between steel and concrete or mortar
can be up to 0.57 [47]. In this study, FRs ranging from 0.2
to 0.5 are used for the FEA models. The pullout stress
of crimped fiber increases when the friction coefficient
increases (Figure 19). The first three peaks of the curves
made by the FEA model are a linear function similar to
that in the experimental test. The fourth peak is significantly
smaller than the other peaks.

A different error (DEF) is used to determine the best
fit value of the friction coefficient. The equation is calcu-
lated as follows:

DEF = |0;_peak_exp — 0i_peak_FEA|, (7)

where 0; peak exp» 0i peak FEA are the first, second, and
third peak stresses, (i = 1 + 3), in the experiment and
the FEA model. Figure 20 presents DEF values with var-
ious friction coefficients. When the FR is 0.3, the DEF has
the smallest value; thus, the friction coefficient of the
crimped fibers and mortar matrix is 0.3. This value does
not change with the wave depth ranging from 0.055 to
0.124 mm. The friction coefficient is only dependent on
the nature of the surface when the specimens are sub-
jected to the same conditions. Thus, the friction coeffi-
cient is unchanged for all specimens with various wave
depths. The friction force, however, increases with the
increasing wave depth. The reason is that the friction
force depends on the normal force exerted between sur-
faces; the increase in the wave depth of the mortar duct
and crimped fiber leads to an increase in normal force.

5 The effect of the embedded
length and wave depth of
crimped fiber on pullout behavior

5.1 Free length

Free length is defined as the length of fiber from the
upper mortar surface to the pullout actuator’s pick point.
For example, the free length in the experimental test
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and wave depth = 0.124 mm.

(Section 2.3) is 5 mm. According to a previous paper, the
free length can decrease the pullout stress of twisted steel
fiber [19]; the effect of the free length is more noticeable
for fiber with larger initial pitches. The free length can be
minimized in an experiment but never eliminated. This
section investigates the effect of the free length of fiber
with various wave depths on crimped fiber’s pullout
stress curve. The curves of the experiment and the FEA
model are shown in Figure 21.

In general, the peak stress is constant regardless of
the free length. However, the curve is stretched a small
distance from the beginning of the pullout process. The
stretching develops until the first peak; then, the distance
due to stretching becomes stable. The stretched distance can
be explained by the physical stretching of the indentations

of crimped fiber. The wave depth is shallow, that is, less than
0.124 mm; therefore, the distance is also tiny.

According to this result, the free length does not have
much influence on crimped fiber’s pullout behavior; how-
ever, future pullout experiments should minimize the free
length to reduce the stretching distance. In the following
sections, the model for investigating the embedded length
and wave depth uses a free length of zero.

5.2 The effect of embedded length

In previous studies, aspect ratios (length/diameter) of
embedded fibers ranging from 1/30 to 1/100 have been
commonly used in experiments in which they were
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0.061 mm, (c) wave depth = 0.091 mm, and wave depth = 0.124 mm.

embedded in cementitious materials [48]. In this study,
the crimped fiber diameter was 0.665 mm; thus, the fiber
length could range from 20 to 66.5 mm. Therefore, the
pullout test’s embedded length was modeled from 9.9
to 33 mm, which was three to ten times the wavelength.

With the embedded length of 15 mm (4%2 waves) in
the experimental test, the CR1 and CR2 fibers reached
the maximal pullout stress of less than 650 MPa, while
the crimped fibers with a relatively large wave depth
induced a pullout stress nearly equal to the yield stress
of 730 MPa. A crimped fiber with a large wave depth can
yield or even rupture before it contributes fully to the
postcracking strength. In this case, the fiber experienced
like in a tensile test that is not a pullout test; this phe-
nomenon was observed in a previous paper [49]. When
the bond resistance is so strong, the fiber cannot be

pulled out, and as a result, the curve of the pullout stress
versus displacement is similar to that of tensile stress
versus strain.

Conversely, the pullout resistance is a function of the
embedded length [39]; thus, the stress increases with the
increasing embedded length and does not reach the yield
stress of the fiber. Thus, to guarantee that all fibers of
various embedded lengths pull out, the wave depths of
0.055 and 0.061 mm were modeled. A schema illustrating
the concept of the model is shown in Figure 22.

Figure 23 presents the pullout stress versus displace-
ment curves of the crimped fibers. For numbers of embedded
waves ranging from three to five, the pullout stresses at the
peak points show a linear relationship. Those peak stresses
are less than the tensile yield stress; thus, the crimped fibers
with less than five embedded waves are pulled out with the
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elastic deformation. For longer embedded waves, the peak
stresses of the added waves are higher than the yield stress
of the crimped fiber. They also show a linear relationship.
However, the slope is less than that of the line created by
the stresses at the first five peaks. Thus, the relationship
between the peak stresses of the crimped fiber is influenced
by its tensile behavior. In the elastic part, the pullout stress
at the peak significantly increases with additional embedded
waves. However, the increasing trend becomes blunt when
the crimped fiber is in the hardening region after yielding.

The slope of the line connecting the peak stresses
decreases with the increasing embedded length. This
means that the reduction of peak stress after each wave
of the long embedded fiber is smaller than that of the
short one. Thus, the long embedded fiber can maintain
a relatively high pullout resistance with a large slip.
However, long embedded fibers increase the cost of a
composite material, and it can be the cause of floccula-
tion and heterogeneous distribution [50].

Figure 24 shows the relationship between peak stress
and embedded length, in which the last peak stress of
each curve is ignored because it is very small. The peak
stress increases with the embedded length; however, the
increasing trend becomes dull with a long embedded
fiber. The stresses at the penultimate (2nd_e), antepenul-
timate (3rd_e), and pre-antepenultimate (4th_e) peaks
are approximately 300, 500, and 600 MPa, respectively.
Thus, the difference between the penultimate peak and
the antepenultimate peak is 200 MPa, while that between
the antepenultimate peak and the preantepenultimate
peak is only 100 MPa. The difference in stress between
two adjacent peak points is called the unit pullout resis-
tance per wave of the crimped fiber. The maximum peak
stress of the 10-wave fiber is 867 MPa, which is 20.4%
higher than the maximum peak stress of the five-wave

L 4

i=3+10

fiber of 720 MPa. Thus, the length of the 10-wave fiber
increased is double that of the five-wave fiber, whereas
the increment of pullout resistance is not proportional to
the length. This indicates that increasing the length of the
crimped fiber is not effective if its maximum peak stress
exceeds the fiber’s yield stress.

Figure 25a presents the relationship between the
unit pullout resistance of a wave and the order of the
embedded wave. The effect of a wave of crimped fiber
on pullout resistance is reduced with the increasing
embedded length. For the last four peaks, the unit pullout
resistance of a wave significantly decreases linearly,
as shown in Figure 25b. After the fourth peak, the unit
pullout resistance becomes stable at approximately
30-50 MPa.

The peak stresses of the fibers with a 0.061-mm wave
depth are higher than those with 0.055-mm wave depth
(see Figure 24). The average increase in peak stresses
is 25 MPa (3.5%), with an increase of 0.006 mm in the
wave depth. Moreover, making crimped fiber with var-
ious wave depths is easy by adjusting the gap between
the rolling device’s two crimper gears [38,39]. Thus, chan-
ging the wave depth of crimped fiber with the embedded
length of about five waves is an effective and low-cost way
to achieve enough pullout resistance. In contrast, the fiber
is not ruptured during the pullout process.

5.3 The effect of wave depth

Crimped fiber with an embedded length of 16.5mm (5
waves) was modeled with various wave depths ranging
from 0.015 to 0.075mm. Figure 26a shows the pullout
stress curves as a function of displacement of the crimped
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Figure 23: Pullout stress versus slip curves with numbers of waves ranging from 3 to 10: (a) 3 waves, (b) 4 waves, (c) 5 waves, (d) 6 waves,
(e) 7 waves, (f) 8 waves, (g) 9 waves, and (h) 10 waves.



DE GRUYTER

—B— 3 waves

—@— 4 waves
—A— 5 waves

800 — W 6waves
- 7 waves
_ 8 waves
S 700
= P 9 waves
g/ 1 —@— 10 waves
2 600
O
= -
17
-C%SOO-
)
a -
400
300
200 Tt 7r—7r——Tr—Tr7T7
00 33 6.6 99 132 165 198 231 264 297 330
Embedded length (mm)
(b) —[ I 3 waves
|4 waves
—/h— 5 waves

RAN \‘O <o JF— 6 waves
| 3 .
J Yield stre ss 7 waves
U0 e —\aén—ﬁmp‘a S waves
® o \ —»— 9 waves
1 K » —— 10 waves|
600

Peak stress (MPa)
=
(=}
-

300 a ‘;’ A \4 )

200 — T T T T T
00 33 6.6 99

L)
132 165 198 231 264 297 330
Embedded length (mm)

Figure 24: Pullout stress at the peak points with various numbers of
embedded waves: (a) Wave_depth = 0.055 mm and (b) Wave_depth =
0.061 mm.

250
\ (a)
4
= \\E! D 3 waves
E 2004 Qo (D 4 waves
— 1(\ /A5 waves
% 1 \ ¥ 6 waves
2 N 7 waves
L e - . g
S waves
g i \ > 9 waves
2 '\ P 10 waves
R T \% rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
=z )
2 R 4
- N\
2 X
= B R
a \
N lg\ b b Q O
0 L) Ll Ll ] L] Ll Ll Ll
Me 39e ghe she e 7he ghe oM

Order of embedded wave

SMA crimped fiber bond resistance =— 879

fibers, and Figure 26b presents the peak stresses. In gen-
eral, the peak stresses increase with the increasing wave
depth. The first peak of crimped fiber with a 0.075 mm
wave depth is about 800 MPa, which exceeds the yield
stress of the crimped fiber. Thus, it is unnecessary to
consider wave depths greater than 0.075 mm.

For the wave depth of 0.015 mm, the maximal peak
pullout stress is 340 MPa, which is 2.5 times higher than
the 15-mm embedded ST fiber’s peak stress in the experi-
mental test. Moreover, after the peak, the ST fiber shows
significantly reduced pullout stress without any peak
stress, while the crimped fiber shows the relatively high
pullout stresses at the peaks. Indentation of a crimped SMA
fiber even with a low wave depth improves the pullout
behavior between the SMA fiber and mortar matrix. In
Figure 27a, the slopes of lines connecting the peaks of the
pullout curves increase with the increasing wave depth.
This indicates that the fiber with a lower wave depth is
stretched less than the fiber with a higher wave depth.
The peak stress at each peak point can be predicted by
the linear function of wave depth (see Figure 27h).

These observations suggest that the pullout resistance
of a crimped fiber with a small embedded length can
increase with the increasing wave depth. For example,
the 9.9 mm fiber having three waves with a 0.105mm
wave depth shows yielding, and another fiber with a
0.905-mm wave depth reaches the yield stress with a
length of 13.2 mm having four waves. Therefore, a crimped
SMA fiber can be designed to induce its yield stress, which
is considered as the most effective fiber.

A crimped fiber in the elastic region shows a linear
relationship between the peak stress and wave depth.
The slopes of the linear relationship increase with an
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Figure 25: Pullout stress of each wave with various numbers of embedded waves. (a) Value of unit pullout resistance per wave, (b) Linear
relationship between the unit pullout resistance per wave and the last four peaks.
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wave depth.

increasing number of embedded waves. For example, the
slope of the first peaks of the five-wave fiber is 7,495,
which is larger than the corresponding values of the three-
and four-wave fibers of 6,064 and 5,513, respectively (see
Figure 27). Therefore, these findings indicate that the effect
of wave depth on pullout stress for the short embedded
length is weaker than that for the long embedded length.

6 Conclusion

Cold-drawn straight and crimped fibers with the same
diameter of 0.665mm were embedded in the mortar
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matrix at the same level of 15 mm. The fibers were pulled
out monotonically until failure. Based on the experimental
test, a parametric study was carried out using the FEA
model to quantify the cohesive surface model’s parameters
and friction coefficient at the interface between the SMA
fiber and the mortar matrix. Once the parameters were
identified, the same values of parameters were used to
investigate the effect of embedded length and wave depth
on crimped fiber’s pullout resistance. Based on the results
of the experiments and the FEA model, the following con-
clusions can be drawn:
e The cohesive surface model is defined by the para-
meters of interfacial stiffness, K, and the interfacial
shear strength, t°. The values of K and t° were found
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Figure 27: Relationship between pullout stress and wave depth of three- and four-wave fibers: (a) 3 waves and (b) 4 waves.
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to be 50 MPamm™' and 3 MPa, respectively, for the
tested specimens. When damage cohesion occurs, the
combination of debonding and friction is used with the
exponential parameter a = 6. The friction coefficient
was identified as 0.3 for crimped fiber, regardless of
the wave depth, ranging from 0.055 to 0.124 mm.

¢ The pullout stress significantly increases with the increas-
ing embedded length if the fiber remains in the elastic
range. Thus, the peak stresses of a crimped fiber before
yielding can be predicted by a linear regression as a func-
tion of the number of waves. Beyond the yielding of the
fiber, the unit pullout resistance of the crimped fibers is
equal to approximately 30 MPa. Thus, for a crimped fiber
with a 0.665-mm diameter and 0.061-mm wave depth,
its embedded length is recommended to be five times the
wavelength. Moreover, for more than five embedded
waves, the crimped fiber yields and may not induce
full pullout resistance capacity.

e A crimped fiber even with very small indentations can
increase the pullout resistance significantly in compar-
ison with a straight fiber. Therefore, crimped fiber is
more applicable than other shapes because the overall
shape of a crimped fiber with small indentations is
similar to that of a straight fiber.

¢ The analytical result obtained in this work for crimped
SMA fiber can be used to design a crimped SMA fiber to
avoid yielding considering the fiber’s diameter, wave
depth and length, as well as mortar strength.
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