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Abstract

It is well known that fiber additives provide concrete with significant ductility after the peak load depending on the fiber
content. However, due to workability and balling effects, the maximum usage limit of steel fibers is about 3% by volume.
To overcome these obstacles, a cement-based slurry is infiltrated into the vacancies between steel fibers, which is a special
type of fiber-reinforced concrete named SIFCON. Although the flexural response of SIFCON has been studied well, fracture
characteristics have not been dealt with in depth. In this work, three-point static tests were conducted on notched beams
produced with SIFCON with steel fibers (i.e., 0, 2.5, and 5.0% by volume). Fracture formations from the beginning to the
end of the experiment were traced with the digital image correlation method. Test results show that the crack mouth opening
displacement (CMOD)-to-net vertical deflection ratio was constant for the fiber ratios of 2.5 and 5.0%. It was also revealed
that steel fibers significantly improved the fracture energy but slightly changed the initial fracture toughness of SIFCON.
Nonlinear sectional analysis was also performed using several tensile models for fiber-reinforced concrete. The numerical
results indicated that the peak load in the experiment was best estimated by the RILEM TC162-TDF tension model.

Keywords SIFCON - Steel fiber - Flexural test - Digital image correlation - CMOD - Sectional analysis

List of Symbols Jema  Flexural tensile strength of concrete
a Initial notched depth Gp Fracture energy up to peak load
A Area of remaining unnotched ligament h Specimen overall depth
b Specimen width K, Size factor
ds Fiber diameter K™ TInitial stress intensity factor
Effective depth of the specimen l¢ Fiber length
E Young’s modulus of concrete m Mass of the specimen between supports
E; Young’s modulus of fiber S Clear span between supports
F Configuration correction factor Vi Volume fraction of fiber
Concrete compressive strength W, Area under load—net vertical deflection curve up to
Fr1  Residual stress at the CMOD of 0.5 mm the peak load
Frs  Residual stress at the CMOD of 2.5 mm ) Net vertical deflection
Fr4  Residual stress at the CMOD of 3.5 mm O Peak load deflection
fum  Axial tensile strength of concrete T, Bond strength between fiber and surrounding
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1 Introduction

Steel fibers have been applied for several decades to ame-
liorate the quasi-brittle nature of ordinary concrete. Fibers
used up to a certain amount improve the mechanical charac-
teristics of hardened concrete such as flexural and splitting
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strength but not compressive strength (Baran et al. 2012).
Ductility and toughness properties are also enhanced by the
addition of dispersed steel fibers. The main reason behind
these developments is that the fibers engage the newly
formed tensile cracks by bridging them (Shah and Ribakov
2011). Hence, the residual stresses transferred between crack
faces increase depending on the volume fraction of fibers
used. However, the usage limit of steel fibers in ordinary
concrete is about 2% by volume, and a greater amount causes
some workability and heterogeneity issues due to the balling
effect (Elnono et al. 2009).

To take advantage of involving a high amount of steel
fibers in the mechanical aspect, therefore, slurry-infiltrated
fiber concrete (SIFCON) was invented by Lankard and
Newell (1984). SIFCON is a special type of conventional
fiber-reinforced concrete (FRC) but differs from FRC with
respect to fiber amount utilized and manufacturing pro-
cess. In SIFCON, the volume fraction of steel fibers var-
ies between 6 and 30 vol%, which is very high compared
to conventional FRC (Rao and Ramana 2005). SIFCON is
produced by pouring flowable slurry into molds in which
steel fibers are spread before casting. Considerable attention
is paid to avoiding segregation while obtaining viscous and
flowable concrete. Therefore, it is preferred that the maxi-
mum grain size of aggregates or other powder is usually less
than 0.6 mm (Sonebi et al. 2005). A densified matrix phase
and increased fiber content in composite material provide
superior mechanical properties such as strength and tough-
ness (Farnam et al. 2010). Thus, several experimental stud-
ies have been conducted to analyze the flexural behavior
of SIFCON (Li et al. 2020; Aygormez et al. 2020; Alcan
and Bingol 2019; Kim et al. 2018; 1pek 2018; Canbaz and
Uniivar 2016; Beglarigale et al. 2016; Ipek et al. 2015, 2014;
Yazici et al. 2006; Yan et al. 2002).

Li et al. (2020) reported that the flexural properties and
fiber efficiency of functionally graded composite beams
in which SIFCON was located at the bottom layer were
greatly improved. Usage of 30-mm hooked-end steel fibers
increased the peak load and toughness of the plain speci-
men by 3.3 and 48.8 times, respectively. Alcan and Bingol
(2019) compared the effect of steel and woolen polypropyl-
ene fibers on the bending response of SIFCON and found
that steel fibers give the best results. Kim et al. (2018) stated
that flexural strength and toughness vary proportionally
with the steel fiber content in SIFCON. Ipek (2018) studied
basalt aggregates in SIFCON as a substitutive material to
quartz sand and concluded that flexural strength was almost
irrespective of the aggregate type. Beglarigale et al. (2016)
noted that while the high-temperature exposure up to 300 °C
advances the flexure strength, further rise in the temperature
results in detrimental effects. The effect of presetting pres-
sure on the hardened mechanical properties of functionally
graded concrete (Ipek et al. 2015) and only SIFCON (Ipek
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et al. 2014) were investigated experimentally. According to
their experimental results, it was noted that both the flexural
strength and the toughness were enhanced due to presetting
pressures applied. Yazici et al. (2006) pointed out that fly
ash replacement with cement amends the flexural strength,
and this enhancement is prominent at 10 vol% of steel fibers.
Yan et al. (2002) introduced the term “fractal dimension” to
assess SIFCON behavior quantitatively. Then they disclosed
the significant relationship between the fractal dimension
and fiber ratio.

On the other hand, due to the size effect phenomena and
the long tail in the flexural response of FRC, the strength
criterion may lead to misjudgment of the performance eval-
uation of materials used (Shi et al. 2020). Several studies
reported in Xie et al. (2021) attempt to implement fracture
mechanics to determine the fracture performance of FRC.
Benson and Karihaloo (2005) and Benson et al. (2005)
determined the matrix fracture toughness of fiber-reinforced
cementitious composites. However, the production process
of fiber-reinforced cementitious concrete preferred by the
authors in Benson and Karihaloo (2005) and Benson et al.
(2005) evidently differed from that of SIFCON in which the
slurry is infiltrated into the dispersed fibers. Furthermore,
there exist very limited experimental studies on the frac-
ture properties of SIFCON. Few researchers have reported
that the fracture energy of SIFCON with low fiber content
increases with the increasing fiber content (Ipek and Aksu
2019; Sengul 2018), and it significantly relies on the fiber
orientation (Yazici et al. 2010). However, other fracture
parameters of SIFCON such as stress intensity factor, energy
release rate, and effective crack length have not been estab-
lished well.

The main objective of this work is to examine the fracture
properties as well as the flexural response of SIFCON with
low fiber content. The three-point flexural test was applied
on notched beams produced with slurry-infiltrated concrete
with and without steel fibers. The cracking response was
traced by the two-dimensional digital image correlation
method (2D-DIC). The effect of the steel fiber ratio on the
crack length and width, flexural strength, fracture energy,
and stress intensity factor is discussed. In addition to the
experimental study, nonlinear sectional analysis was also
performed with several tension models recommended for
FRC. Finally, the numerical results were compared with
the experiment in terms of peak load and corresponding
toughness to determine the most accurate model capable of
simulating SIFCON. It was found that steel fibers lead to a
significant rise in the fracture energy but a slight variation
in the initial fracture toughness of SIFCON.
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Table 1 Composition apd Mixtures Weight (kg) per m Compres-
hardened strength of mixtures sive strength
Cement Powder Superplasticizer Water Steel fiber (MPa)
SFO 800 925 20 360 - 45
SF2.5 195 91
SF5.0 390 91

Table 2 Physical and mechanical properties of fibers

Diameter, d; Length, /; Density (kg/ Tensile Young's

(mm) (mm) m’) strength modulus, E¢
(MPa) (GPa)

0.55 35 7800 1345 200

2 Experimental Program
2.1 Materials and Mix Proportions

Table 1 summarizes the amount of ingredients for SIF-
CON used in this work. In order to obtain high concrete
compressive strength, a high cement dosage was preferred
in this study. The type of cement used was CEM I 52.5N
Portland cement with a density of 3.15 g/cm®. Marble
powder with a maximum grain size of 600 pm was uti-
lized as the filler. Coarse or fine aggregate was not used in
this study with the aim of (i) achieving a densified matrix
phase and (ii) decreasing segregation. High flowability of
the slurry is desired for SIFCON due to its fiber content
in large quantities. Therefore, a high water-to-cement ratio
(w/c) of 0.45 was adopted for each mixture. Moreover, a
polycarboxylate-based superplasticizer with a density of

Fig.1 Specimen production: a
steel fibers in the mold and b
infiltration of concrete slurry

1.07 kg/L was involved to satisfy the target consistency
of the slurry. The amount of the superplasticizer used in
each mixture was 2.5% of cement weight. The mixture
name consists of the letters SF and the following number,
which denotes the steel fiber and the volume fraction of
steel fibers, respectively.

In this work, hooked-end steel fibers were employed for
the manufacture of SIFCON. The amount of fibers used was
195 and 390 kg/m?® which corresponds to the ratio of 2.5
and 5.0 vol%, respectively. The geometrical and mechanical
features of the steel fibers used are given in Table 2.

2.2 Production of Specimens

A standard Hobart-type mixer with a 5 L capacity was oper-
ated to prepare the slurry of SIFCON. Cement and marble
powder were first mixed in dry conditions for about 2 min
at 140 rpm. Then, a liquid solution comprising water and
superplasticizer was gradually added to the dry mixture and
blended at 285 rpm for the next 5 min. Steel fibers were
first placed into the steel mold as in Fig. 1a. Then the flow-
able slurry was poured into the steel molds. The casting of
each specimen was completed in three layers to ensure suf-
ficient homogeneity of the composite. Following the place-
ment of each layer, one third of the steel fibers were evenly
spread over the entire surface of the concrete layer. Finally,
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to achieve better injection of slurry, fresh mixtures were
compacted through a vibrating table, as seen in Fig. 1b. The
surfaces of compacted SIFCON were covered with a plastic
sheet to prevent moisture loss due to evaporation. At 24 h
after casting, hardened concrete specimens were demolded
and put into a water tank for about 7 days of water curing.

Cube specimens of 100X 100x 100 mm and
100x 100 x 400 mm prisms were produced for compres-
sion and flexural tests, respectively. Three cubes and one
prism sample were manufactured for each mixture specified
in Table 1. Before the flexural tests, an edge notch perpen-
dicular to the casting direction was opened at the center of
the prisms using a circular saw. The length and width of
the initial notch were 30 and 5 mm, respectively. Figure 2a
illustrates the geometry of the notched beams with some
relevant dimensions.

2.3 Setup and Measurements

Figure 2b shows the experimental test setup of notched
beams. As is seen from the figure, three-point loading was
adopted for testing of notched beams. A constant displace-
ment loading of 0.1 mm/min was performed throughout
the experiment by a hydraulic loading unit. The applied
load was measured using a load cell mounted on the test-
ing machine. Full-field deformations on the surface of the
notched beams were obtained by implementing the 2D-DIC
method. A Canon EOS 1300D digital camera and EF-S
18-55 mm lens were operated together. The digital camera
had an 18 megapixel complementary metal-oxide—semicon-
ductor (CMOS) sensor, which produces an image size of

5184 x 3456 pixels. The focal length of the lens used was set
to about 50 mm to minimize distortions. The digital camera
was fixed at a distance of about 1.5 m from the specimen so
as not to cause incorrect measurements due to the vibration
of the camera. Special attention was paid to aligning the lens
and surface perpendicularly. Moreover, a remote control was
used to release the shutter without physical touching, which
would cause noisy data. During the testing of the notched
beams, digital images were captured at time intervals of 5 s.

Prior to experiments on the notched specimens, speci-
men surfaces were properly prepared for measurement by
image correlations. At first, the specimens’ surfaces were
polished by using a steel wire brush to clean up dust and
other remnants. Then a white thin layer was created by using
a lime solution on the surfaces to be analyzed. At the final
stage, a random speckle pattern was formed over the white
surface with black spray paint. Hence, the best contrast was
obtained to be used for the correlation between the refer-
ence and deformed images. Furthermore, a light-emitting
diode (LED) light was also employed to make evident the
contrast between the black dots and the white background.
Following the experiments, digital images were analyzed by
means of an open-source algorithm by Blaber et al. (2015).
Subset radius, subset spacing, and strain radius were taken
as 33, 10, and 10 pixels, respectively. Concerning the loca-
tion of the camera used in this work, the field of view was
about 371 x 247 mm?. This means that 1 pixel is associated
with an approximate area of 72 um squared or that the image
resolution equals about 14 pixels/mm.

Net vertical deflections and crack mouth opening dis-
placements (CMODs) were derived from the virtual points
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located on the surface of the notched beams. Figure 2c
displays the locations of those virtual points. Net vertical
deflections were obtained such that the average of the sup-
ports’ vertical deflections, (0, + dg)/2, were subtracted from
the vertical deflections, dy;, at mid-span. CMODs were com-
puted as the absolute difference between the lateral defor-
mations of @, and wg. In a similar way to the derivation
of CMOD, crack opening displacement (COD) was also
obtained from the multiple virtual points on the border of
the shaded area in Fig. 2c. As is seen from Fig. 2c, the lat-
eral distance between the virtual points of w; and wy was
adjusted to 15 mm to capture the curvilinear shape of a cohe-
sive crack occurring at a wide bandwidth.

3 Experimental Results and Discussions

3.1 Cracking Behavior of SIFCON

Figure 3 comparatively shows the crack patterns at the
ultimate flexural loads obtained from the full-field lateral
strain map. Limits of the contour bar for the strain levels
vary according to the mixture for better visualization of the
crack appearance. CMOD and crack length were also des-
ignated in the figure. It was observed from Fig. 3 that crack
length and CMOD at peak load were significantly influenced
by the amount of dispersed steel fibers. Critical CMODs
of SF2.5 and SF5.0 mixtures reached 2.48 and 9.07 mm,
respectively, compared to a CMOD value of only 0.02 mm
for the SFO mixture. Such impressive increments in CMODs
resulted from the bridging effect of dispersed steel fibers. It
is well known that steel fiber additives extend the tail of the

Fig.3 Crack patterns at ultimate loads

load—deflection or load—-CMOD curves. The reason is that
steel fibers were activated when the major cracks localized
after the ultimate load was reached (Soutsos et al. 2012).
However, the test results of the present study indicate that
the bridging phenomenon by steel fibers was activated even
for the onset of the localization at the ultimate load.

It is also observed from the figure that the crack length of
the SF2.5 mixture increased by 53% compared to that of the
SFO mixture. However, a further increase in the steel fiber
content (5.0 vol%) caused a slight reduction of measured
crack length by approximately 2% compared to that of the
SF2.5 mixture. Such a decline could be attributed to the
uneven distribution of steel fibers in the specimen geom-
etry, which was promoted by the increase in fiber content.
Hence, this heterogeneity triggered variation of the crack
length from section to section along the specimen width.
This finding correlates fairly well with the results in Chen
et al. (1992) and Skarzynski and Tejchman (2016). Skarzyn-
ski and Tejchman (2016) analyzed the crack pattern of the
notched beam by both X-ray micro-computed tomography
(CT) and digital image correlation (DIC), and underlined the
crack length variation along the specimen width.

3.2 Flexural Responses of SIFCON

In this section, the flexural responses of the notched beams
produced with SIFCON were investigated in terms of load
versus net deflection and load versus CMOD curves. Deri-
vation of the net vertical deflection and CMOD from the
experiments was explained in Sect. 2.3. Figure 4 compares
the flexural behaviors of the notched beams, which were
recorded until the significant drop in the load-bearing capac-
ity appeared. It is observed from the figure that the overall
load—vertical deflection shape highly resembles the compan-
ion load—-CMOD curves. However, CMODs at an arbitrary
load level in the descending branch were much greater than
the corresponding net vertical deflections. As expected, this
is a natural consequence of the bending test configuration.
Another significant inference from the test results is
based on the cracking stiffness and post-peak slope on the
load—deflection curves, because the obtained slope is an
indicator of the mixture’s brittleness. As observed from
the magnified axes of load—vertical deflection, the cracking
stiffness of the SFO mixture between the cracking and peak
load was identical to those of SF2.5 and SF5.0 mixtures.
This shows that the initial cracking behaviors depend
on the mechanical and physical properties of the matrix
phase only. However, post-peak behaviors are considerably
influenced by the presence of dispersed fibers. Consistent
with this statement, the negative slope of the SFO mixture
after the peak load illustrated the brittleness of the refer-
ence mixture without fiber, while strain hardening behav-
iors of SF2.5 and SF5.0 mixtures exhibited ameliorated

2, € Springer
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Fig.4 Load—deflection and load-CMOD curves

Table 3 Experimental load and deflection values

Specimen  First crack-  Peak load (kN) Net vertical CMOD
ing load deflection (mm)
(kN) (mm)

SFO 2.94 7.58 0.02 0.02

SF2.5 2.17 11.69 1.55 2.48

SF5.0 2.92 20.33 5.75 9.07

load-bearing capacity due to steel fiber additive. Moreover,
it should be noted that the volume fraction of dispersed
steel fibers affected the post-peak slope of SIFCON. In
the case of 2.5 vol% fiber usage, a gradual reduction in the
load-bearing capacity was observed after the peak load.
On the other hand, a wide yield plateau preceding the peak
load was observed for the SF5.0 specimen, which shows
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improved ductility and energy-absorption capacity without
unstable and rapid fracture.

First cracking and peak load, and vertical deflection
and CMOD at peak load, are presented comparatively in
Table 3, and their normalized values with the results from
the SFO mixture are drawn in Fig. 5. As seen from the
load ratio in Fig. 5, the cracking load ratios of SIFCON
marginally changed and fluctuated in the reference line
irrespective of the vol% of the fibers. However, the peak
load ratio proportionally increased with fiber additive.
The load-bearing capacity of the SF2.5 and SF5.0 mix-
tures reached 1.54 fold and 2.68 fold of the SFO mixture,
respectively, due to the cohesive stress distribution along
the crack plane given in Fig. 3. From the comparison of
deflection ratios in Fig. 5, it is observed that both the ver-
tical deflections and CMOD ratios of SIFCON obviously
ascended as the fiber content in the SIFCON increased.
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When the fibers were used at the ratio of 2.5 and 5.0 vol%,
net vertical deflections were about 77 and 287 times larger
than that of the mixture without fibers, respectively. Simi-
larly, the CMODs of those mixtures were also increased
by 123 fold and 453 fold compared to the plain mixture.
Those results proved that the SICFON with steel fibers had
a clear distinction in terms of deformation capacity and
load-resisting level compared to the plain mixture.

It is also observed from Table 3 that the peak loads
measured had a clear relationship with the correspond-
ing net vertical deflections as well as the CMODs. As
the peak load increased, both the net vertical deflection
and CMOD increased almost linearly but in different pro-
portions. The slopes of trendlines (best-fit equations) of
the peak load (x-axis) versus deformations (y-axis) were
approximately obtained as 0.46 and 0.72 for net vertical
deflection and CMOD, respectively. On the other hand,
the ratio of CMOD to net vertical deflection first increased
from 1.0 to 1.6 when the steel fiber content was increased
from zero to 2.5 vol%. However, it stayed constant at
about 1.6 for the SF5.0 mixture irrespective of the further
increase in the steel fiber content. According to the test
results, it may be deduced that the variation of CMOD
with net vertical deflection could be a material property
for SIFCON with steel fibers. Those results agree well
with the previous findings in Ding (2011). For the steel
fiber-reinforced concrete, Ding (2011) reported that the
relation between CMOD and vertical deflection could be
assessed as a material property due to the high correlation
between them.

Due to this evident relation, several experimental
studies (Ding 2011; Almusallam et al. 2016; Aslani and
Bastami 2015) and the design code (BS-EN 2005) recom-
mended the equivalence defining the correlation between
the net vertical deflection and CMOD of the notched con-
crete specimen with steel fibers. All the proposed equa-
tions are linear as in the following equation.

6=aCMOD + p ()

where the notations of 8, a, and f represent the net vertical
deflection and the coefficients of the linear equation. Table 4
demonstrates the equation’s coefficients for different studies.

Figure 6 comparatively presents the ratios of the verti-
cal deflections calculated by several methods to the com-
panion measured values at peak loads. It is seen from the
figure that all the empirical formulas overestimated the net
vertical deflections from the experiments. The most con-
servative method was Aslani and Bastami’s model which
predicted the net vertical deflections of SF2.5 and SF5.0,
respectively, by 1.53 and 1.41 times the measured ones.
Contrary to that, net vertical deflections were best esti-
mated with Almusallam et al.’s model such that the ratios

Table 4 Coefficients of the equations for different empirical models

Method a s
BS-EN14651 (2005) 0.8500 0.040
Ding (2011) 0.8830 -
Aslani and Bastami (2015) 0.8750 0.190
Almusallam et al. (2016) 0.7042 -0.121
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Fig.6 Predicted-to-measured vertical deflection ratios

of predicted to observed net deflections were only 1.05 and
1.09 for the SF2.5 and SF5.0 mixtures, respectively. These
dissimilarities in the predictions by different models may
be caused by the span-to-overall depth ratios of notched
specimens. According to the analytical derivation in the
study by Ferreira (2007), a clear span between supports-
to-depth ratio influences the net vertical deflection versus
CMOD relation. This ratio was determined as 2.6, 3.0, and
3.33 for the present work, the model by Almusallam et al.,
and by Aslani and Bastami, respectively. Another observa-
tion from Fig. 6 is that the ratio of estimated to measured
net deflection of the SF2.5 mixture was slightly larger than
that of the SF5.0 mixture in all models except for Almus-
allam et al.’s model. Accordingly, it can be stated that
the vol% of the dispersed steel fiber could be an effective
parameter in determining the calculated-to-measured net
vertical deformation ratio.

3.3 Fracture Parameters of SIFCON

Fracture energy is related to the work done by an external
load applied to the specimen. It is one of the most practi-
cal characteristics of concrete fracture mechanics. Fracture
energy can be obtained from the three-point bending test of a
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notched specimen by integrating the area under the load—net
vertical deflection curve up to a specific deflection which
contains the ultimate deflection (RILEM-Recommendation-
(TC50-FMC) 1985), peak load—deflection (Soroushian et al.
1998), a deflection level of 3 mm (Lee et al. 2018), and 3
times the peak load—deflection (Shi et al. 2020). In this work,
peak load—deflection was preferred to evaluate the fracture
energy (or energy release rate in this case) because none of
the tests were continued to the deflection of complete frac-
ture. Accordingly, fracture energy, Gy, at the peak load was
computed for each mixture by implementing the following
equation.

Gp = (W, +9.81mé,) /A (2)

where W, m, 0o, and A indicate the area under load—net
vertical deflection curve up to the peak load, the mass of
the specimen between supports, deflection at the peak load,
and the area of remaining unnotched ligament, respectively.

Calculated fracture energies are plotted in Fig. 7. From
the figure, it is seen that fracture energy raised from 0.02 to
2.32 N/mm and 16.01 N/mm, respectively, as the steel fiber
content increased from zero to 2.5 and 5.0 vol%. This means
that the fracture energy of the SF2.5 and SF5.0 mixtures
reached 116 and 801 times that of the SFO mixture, respec-
tively. From the comparison of Figs. 7 and 5, it is seen that
the most and the least contribution of fiber additives were
on the fracture energy and peak load measured. In the case
of 5.0 vol% fiber additive, fracture energy, CMOD, and peak
load were increased by 800, 452.5, and 1.68 times the plain
mixture without steel fibers, respectively. This result is con-
sistent with the findings in Liu et al. (2022) and Magbool
and Zeyad (2021). Magbool and Zeyad (2021) stated that
the use of the steel fibers amended especially the post-peak
region of the load—deflection curve, which resulted in a great
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Fig. 7 Fracture energy and initial fracture toughness
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improvement in the fracture energy by 22.8 times compared
to the control mixture. In Liu et al. (2022), it was reported
that steel fibers improved the load capacity by 103.1% but
the fracture energy by 20.6 fold compared to the reference
specimen at 28 days.

Fracture toughness is an indicator of the stress concen-
tration at the tip of a cohesive crack. Thus, crack initiation
could be evaluated in terms of initial fracture toughness,
according to Xu and Reinhardt (2000). In this study, the
initial fracture toughness (KICi“i) of SIFCON for the MOD-I
test configuration was determined based on the following
equation (Tada et al. 2000).

1.5PS\/waF

K- = 3
IC bh2 ( )

Here, P, S, and a symbolize the applied load, clear span
between supports, and crack length, respectively. b and h
stand for the width and depth of the specimen, respectively.
F is a configuration correction factor that depends on the
crack length, clear span, and overall depth of the specimen.
For the span-to-depth ratio of 2.6, F is obtained by interpo-
lation, as in Han et al. (2021). In the case of KICi"i, P and
a equal the first cracking load and the initial notch length,
respectively.

Predicted K™ values are given in Fig. 7 in comparison
with fracture energy. As seen from the figure, the estimated
K™ fluctuated as the fiber content increased. It decreased
by about 26% when the fiber content was increased from 0
to 2.5 vol%. Contrarily, it increased by about 32% when the
fiber content further increased from 2.5 to 5.0 vol%. Accord-
ing to the test results, it can be concluded that the effect
of the steel fibers could be ignored in terms of the initial
stress intensity factor of SIFCON. This inference could be
confirmed by the findings in Liu et al. (2022), in which it
was stated that the use of dispersed steel fibers indistinctly
improves the initial fracture toughness of the shotcrete
concrete.

4 Analytical Investigation of SIFCON

In this section, a nonlinear sectional analysis was conducted
for SIFCON to find the best tension model simulating the
flexural behavior of SIFCON. Therefore, a script was cre-
ated to automatically perform sectional analysis based on
the given tension and compression model. The moment
versus curvature relation of the SIFCON was produced for
the given specimen geometry and test configuration. Based
on the elastic theory, the obtained theoretical responses
were then converted to load versus net vertical deflection
behavior. Figure 8 and Table 5 demonstrate the adopted ten-
sion models for steel fiber-reinforced concrete (Meng et al.
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Fig.8 Schematic view of the
tension models
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Table 5 Tension stress—strain laws according to the different models
€ & €3 o] 02 03
Meng et al. (2021) o/E 1.86%0 1.3% Setm. g 0.39Fg 0.59Fg 4—0.26FF |
Fib model code (2010) o,/E 0.15%0 2.0% 0.9/ ,im Sotm 0.33Fy 3
Neocleous et al. (2006) o|/E 65/ E+2.0%0 4.0% Foams Foam g€ 70€, 700 0
Barros et al. (2005) o/E 1.2%0 10.4% 0.52f i a(1.6 —d) 0.36Fg K, 0.27Fg 4K,
RILEM TC162-TDF (2003) o,/E &,+0.1%0 2.5% 0.7fma(1.6 —d) 0.45Fg K, 0.37Fg 4K,
Lok and Xiao (1998) 20,/E 7, (I dp)/E; 2.0% Jotm 0.5V 7, (I/dy) 0.5V 7, (I/dy)

2021; Fib Model Code 2010; Neocleous et al. 2006; Barros
et al. 2005; RILEM-Recommendation-(TC162-TDF), 2003;
Lok and Xiao 1998). It should be noted that the bond stress
and axial tensile strength of concrete in Lok and Xiao’s
model were calculated as 7,=0.66£.%> according to Cam-
pione (2008) and f,,,,=2.12In(1 + (f. + 8)/10) according to
Fib model code (2010), respectively. Effective depth, d, for
the model by Barros et al. (2005) and RILEM-Recommen-
dation-(TC162-TDF) (2003) was assumed to be equal to
the remaining ligament length of 70 mm. Flexural tensile
strength of concrete with fibers, f., 5, was predicted by
using peak load up to the 0.05-mm CMOD value in accord-
ance with BS-EN 2005. For the compression model, an elas-
tic perfectly plastic stress—strain curve was adopted in this
work. The ultimate compressive strain value was presumed
as 0.0038 (Lok and Xiao 1998).

Figure 9 compares the theoretical and experimental load
versus net vertical deflection response of SF2.5 and SF5.0
specimens. As can be seen from the figure, theoretical
responses achieved by Lok and Xiao’s model and Neocleous
et al.’s model considerably diverged from the experimental
response in the nonlinear region. This was probably a result

of the adopted residual stress level in those models. For
instance, the ultimate residual strength for the SF5.0 mix-
ture was the highest in Lok and Xiao’s model, 10 MPa, but
the lowest in Neocleous et al.’s model, as shown in Table 5.
It is also observed that the tail of the theoretical response
obtained by Barros et al.’s model was the largest due to
the ultimate strain capacity of 10.4% which was the high-
est one compared to that of others’ models. Sudden drops
in the theoretical load capacities estimated by Meng et al.
(2021), Fib model code (2010), RILEM-Recommendation-
(TC162-TDF) (2003), and Lok and Xiao (1998) were seen
towards the end of the nonlinear regions. These were caused
by relatively low ultimate strain capacity compared to that
of Barros et al.’s model. As the tip of the main crack moved
upwards from the initial notch, the most tension fiber of
the specimen could not resist additional stresses due to the
low ultimate tensile strain capacities of the models. Conse-
quently, the reduced moment arm and the balancing lumped
tensile force resulted in a rapid decrement in the load capac-
ity of notched beams.

Further comparisons are based on the peak load and the
toughness level from the load—deflection curve given in
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Fig.9 Comparisons of the experimental and the numerical behaviors

Fig. 9. The theoretical peak load was normalized by that
from the experiments. On the other hand, toughness was
calculated as the area under the load—deflection curve up
to the peak load for the theoretical response and normal-
ized with the companion toughness from the experiment
for the same deflection value. Obtained results are pre-
sented in Fig. 10 for both SF2.5 and SF5.0. Dashed lines
in the figure signify the reference line which shows the
equality of calculated and measured values. It is apparent
from Fig. 10 that the most unsatisfactory model in simulat-
ing both the peak load and the accompanying toughness
was Lok and Xiao’s model. It yielded average errors of
58 and 66%, respectively, for the estimation of peak load
and toughness. Contrarily, the numerical results proved
that the peak load and the toughness were best predicted
by RILEM TC162-TDF (2003) and Meng et al. (2021),
respectively, with an average estimation difference of only
2.5 and 1.5%.
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5 Conclusions

This research study focused on the effect of fiber content
on the flexural characteristics of SIFCON. In this aspect,
flexural responses and fracture parameters of SIFCON
were examined by a three-point test setup for the edge notch
beams. Following the experimental part of this work, a non-
linear sectional analysis was also performed using several
tension models for steel fiber-reinforced concrete. According
to the obtained experimental and numerical results, the main
conclusions may be drawn as follows:

e Crack length at the peak load increased by 53% when the
2.5 vol% of fiber was used compared to the plain speci-
men. However, the rise of the fiber additive from 2.5 to
5.0 vol% led to an indistinct decline in the crack length
by about 2%.

e The cracking stiffness of SIFCON with and without steel
fiber was identical. However, post-peak responses of SIF-
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Fig. 10 Comparisons of normalized estimated peak loads and corresponding toughness
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CON were substantially affected by the vol% of the steel
fiber. Compared to the plain mixture, the bending capacity
of the SIFCON with 2.5 and 5.0 vol% fiber ratios increased
by 0.54 and 1.68 times. For SF2.5 and SF5.0 mixtures,
those enhancement ratios were 76.5 and 277.5, respec-
tively, regarding the net vertical deflection and 123 and
452.5 regarding the CMOD.

e CMOD to net vertical deflection at peak load were 1, 1.6,
and 1.6 for the plain mixture, 2.5, and 5.0 vol% fiber ratios,
respectively. It was found that this ratio was constant for
the SIFCON with steel fibers and may be affected by the
span-to-depth ratio of notched beams. Net vertical deflec-
tions of SF2.5 and SF5.0 were best estimated by Almusal-
lam et al.’s model (2016) and worst estimated by Aslani
and Bastami’s model (2015). The average estimation dif-
ferences in the Almusallam et al. and Aslani and Bastami
models were 7 and 47%, respectively.

e For the fiber ratios of 2.5 and 5.0 vol%, the fracture energy
of SIFCON up to the peak load reached 116 and 801 times
that of the reference mixture without fiber, respectively. It
is seen that the most and the least improvement due to fiber
additive in SIFCON were on the fracture energy and peak
load, respectively. An increase in the fiber ratio of SIFCON
led to slight changes in K™,

e Based on the nonlinear sectional analysis results, the
simulation capability of the tension model for steel fiber-
reinforced concrete by Lok and Xiao (1998) was the worst
among the others considered. It resulted in an average dif-
ference of 58 and 66% regarding peak load and correspond-
ing toughness, respectively. In contrast to that, peak load
and toughness were best estimated with an average error
of 2.5 and 1.5%, respectively, in the models by RILEM
TC162-TDF (2003) and Meng et al. (2021).
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